

[image: image]





Frontiers eBook Copyright Statement

The copyright in the text of individual articles in this eBook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers.

The compilation of articles constituting this eBook is the property of Frontiers.

Each article within this eBook, and the eBook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this eBook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version.

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or eBook, as applicable.

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with.

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question.

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-88971-193-2
DOI 10.3389/978-2-88971-193-2

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area! Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers Editorial Office: frontiersin.org/about/contact





SYNTHESIS, FUNCTIONALIZATION, AND CLINICAL TRANSLATION OF PHARMACEUTICAL BIOMATERIALS

Topic Editors: 

Jianxun Ding, Chinese Academy of Sciences, China

Mingqiang Li, Sun Yat-Sen University, China 

Shixian Lv, University of Washington, United States

Citation: Ding, J., Li, M., Lv, S., eds. (2021). Synthesis, Functionalization, and Clinical Translation of Pharmaceutical Biomaterials. Lausanne: Frontiers Media SA. doi:10.3389/978-2-88971-193-2





Table of Contents




Editorial: Synthesis, Functionalization, and Clinical Translation of Pharmaceutical Biomaterials

Huimin Kong, Shixian Lv, Mingqiang Li and Jianxun Ding

Strategies to Obtain Encapsulation and Controlled Release of Small Hydrophilic Molecules

Qi Li, Xiaosi Li and Chao Zhao

The Roles of Exosomes in Visual and Auditory Systems

Pei Jiang, Shasha Zhang, Cheng Cheng, Song Gao, Mingliang Tang, Ling Lu, Guang Yang and Renjie Chai

Functional Biomaterials for Treatment of Chronic Wound

Xi Zhang, Wentao Shu, Qinghua Yu, Wenrui Qu, Yinan Wang and Rui Li

Role and Mechanism of Rhizopus Nigrum Polysaccharide EPS1-1 as Pharmaceutical for Therapy of Hepatocellular Carcinoma

Guangyu Chu, Yingying Miao, Kexin Huang, Han Song and Liang Liu

Biphasic Double-Network Hydrogel With Compartmentalized Loading of Bioactive Glass for Osteochondral Defect Repair

Bingchuan Liu, Yanran Zhao, Tengjiao Zhu, Shan Gao, Kaifeng Ye, Fang Zhou, Dong Qiu, Xing Wang, Yun Tian and Xiaozhong Qu

Soft Matrix Combined With BMPR Inhibition Regulates Neurogenic Differentiation of Human Umbilical Cord Mesenchymal Stem Cells

Yingying Sun, Ziran Xu, Meijing Wang, Shuang Lv, Haitao Wu, Guangfan Chi, Lisha Li and Yulin Li

Injectable Gelatin Hydrogel Suppresses Inflammation and Enhances Functional Recovery in a Mouse Model of Intracerebral Hemorrhage

Jiake Xu, Zhongxin Duan, Xin Qi, Yi Ou, Xi Guo, Liu Zi, Yang Wei, Hao Liu, Lu Ma, Hao Li, Chao You and Meng Tian

Ultrasound Molecular Imaging as a Potential Non-invasive Diagnosis to Detect the Margin of Hepatocarcinoma via CSF-1R Targeting

Qiongchao Jiang, Yunting Zeng, Yanni Xu, Xiaoyun Xiao, Hejun Liu, Boyang Zhou, Yao Kong, Phei Er Saw and Baoming Luo

Stannic Oxide Nanoparticle Regulates Proliferation, Invasion, Apoptosis, and Oxidative Stress of Oral Cancer Cells

Hui Li, Qiushi Li, Yingcai Li, Xue Sang, Haotian Yuan and Baihong Zheng

Advances in the Application of Supramolecular Hydrogels for Stem Cell Delivery and Cartilage Tissue Engineering

Xin Yan, You-Rong Chen, Yi-Fan Song, Jing Ye, Meng Yang, Bing-Bing Xu, Ji-ying Zhang, Xing Wang and Jia-Kuo Yu

Biomedical Application of Functional Materials in Organ-on-a-Chip

Chizhu Ding, Xiang Chen, Qinshu Kang and Xianghua Yan

Modular Orthopaedic Tissue Engineering With Implantable Microcarriers and Canine Adipose-Derived Mesenchymal Stromal Cells

Chara Simitzi, Maja Vlahovic, Alex Georgiou, Zalike Keskin-Erdogan, Joanna Miller and Richard M. Day

Oriented Neural Spheroid Formation and Differentiation of Neural Stem Cells Guided by Anisotropic Inverse Opals

Lin Xia, Yixuan Shang, Xiangbo Chen, He Li, Xiaochen Xu, Wei Liu, Guang Yang, Tian Wang, Xia Gao and Renjie Chai

The Delivery of Extracellular Vesicles Loaded in Biomaterial Scaffolds for Bone Regeneration

Hui-Chun Yan, Ting-Ting Yu, Jing Li, Yi-Qiang Qiao, Lin-Chuan Wang, Ting Zhang, Qian Li, Yan-Heng Zhou and Da-Wei Liu

Growing Polymer Vesicles Generated by Polymerization Induced Self-Assembly Coupled With a Living Chemical Reactor

Zhihui Lu and Jinshan Guo

Encapsulation-Dependent Enhanced Emission of Near-Infrared Nanoparticles Using in vivo Three-Photon Fluorescence Imaging

Ye Du, Nuernisha Alifu, Zhiyuan Wu, Runze Chen, Xiaozhen Wang, Guang Ji, Qian Li, Jun Qian, Bin Xu and Dong Song

Thermogel Delivers Oxaliplatin and Alendronate in situ for Synergistic Osteosarcoma Therapy

Yifu Sun, Ke Li, Chen Li, Ying Zhang and Duoyi Zhao

PEGylation of Deferoxamine for Improving the Stability, Cytotoxicity, and Iron-Overload in an Experimental Stroke Model in Rats

Jiake Xu, Tong Sun, Rui Zhong, Chao You and Meng Tian

Additive Manufacturing of Nerve Guidance Conduits for Regeneration of Injured Peripheral Nerves

Shaochen Song, Xuejie Wang, Tiejun Wang, Qinghua Yu, Zheyu Hou, Zhe Zhu and Rui Li

Polymer-Based Scaffold Strategies for Spinal Cord Repair and Regeneration

Wenrui Qu, Bingpeng Chen, Wentao Shu, Heng Tian, Xiaolan Ou, Xi Zhang, Yinan Wang and Minfei Wu

Biomimetic Approaches for Separated Regeneration of Sensory and Motor Fibers in Amputee People: Necessary Conditions for Functional Integration of Sensory–Motor Prostheses With the Peripheral Nerves

Atocha Guedan-Duran, Nahla Jemni-Damer, Irune Orueta-Zenarruzabeitia, Gustavo Víctor Guinea, José Perez-Rigueiro, Daniel Gonzalez-Nieto and Fivos Panetsos

Effects of Selenium Nanoparticles Combined With Radiotherapy on Lung Cancer Cells

Jingxia Tian, Xiaoying Wei, Weihua Zhang and Aiguo Xu

Injectable Magnesium-Zinc Alloy Containing Hydrogel Complex for Bone Regeneration

Wei-Hua Wang, Fei Wang, Hai-Feng Zhao, Ke Yan, Cui-Ling Huang, Yin Yin, Qiang Huang, Zao-Zao Chen and Wen-Yu Zhu

Recent Progress in 3D Printing of Elastic and High-Strength Hydrogels for the Treatment of Osteochondral and Cartilage Diseases

Wenli Dai, Muyang Sun, Xi Leng, Xiaoqing Hu and Yingfang Ao

Synergistic Therapy of Celecoxib-Loaded Magnetism-Responsive Hydrogel for Tendon Tissue Injuries

Jingxin Wang, Likang Wang, Yueming Gao, Zhao Zhang, Xiaofeng Huang, Tong Han, Biyuan Liu, Yujie Zhang, Yilan Li and Lining Zhang

Implantable and Injectable Biomaterial Scaffolds for Cancer Immunotherapy

Jie Li, Yiqian Luo, Baoqin Li, Yuanliang Xia, Hengyi Wang and Changfeng Fu

Cepharanthine as a Potential Novel Tumor-Regional Therapy in Treating Cutaneous Melanoma: Altering the Expression of Cathepsin B, Tumor Suppressor Genes and Autophagy-Related Proteins

Yufang Liu, Yang Xie, Yao Lin, Qingfang Xu, Yunfen Huang, Mengran Peng, Wei Lai and Yue Zheng

Design and Application in Delivery System of Intranasal Antidepressants

Jingying Xu, Jiangang Tao and Jidong Wang

Study on Development of Composite Hydrogels With Tunable Structures and Properties for Tumor-on-a-Chip Research

Zaozao Chen, Fei Wang, Jie Zhang, Xiaowei Sun, Yuchuan Yan, Yan Wang, Jun Ouyang, Jing Zhang, Tess Honore, Jianjun Ge and Zhongze Gu

Charge-Mediated Co-assembly of Amphiphilic Peptide and Antibiotics Into Supramolecular Hydrogel With Antibacterial Activity

Lei Xu, Qian Shen, Linzhuo Huang, Xiaoding Xu and Huiyan He

Effects of Astragalus Polysaccharides Nanoparticles on Cerebral Thrombosis in SD Rats

Qian Sun, Pengqiang Shi, Cuiling Lin and Jing Ma

In vivo Therapeutic Effects and Mechanisms of Hydroxyasiaticoside Combined With Praziquantel in the Treatment of Schistosomiasis Induced Hepatic Fibrosis

Huilong Fang, Ling Yu, Da You, Nan Peng, Wanbei Guo, Junjie Wang and Xing Zhang

ROS-Sensitive Nanoparticles Co-delivering Dexamethasone and CDMP-1 for the Treatment of Osteoarthritis Through Chondrogenic Differentiation Induction and Inflammation Inhibition

Xiaodong Wu, Pengpeng Li, Jian Cheng, Qiang Xu, Beiji Lu, Conghui Han and Weiling Huo

Strain Distribution and Drug Susceptibility of Invasive Fungal Infection in Clinical Patients With Systemic Internal Diseases

Xuehua Zeng, Mengran Peng, Guirong Liu, Yongqing Huang, Tingting Zhang, Jing Wen, Wei Lai and Yue Zheng

Impact of Excipients on Stability of Polymer Microparticles for Autoimmune Therapy

Emily A. Gosselin, Maeesha Noshin, Sheneil K. Black and Christopher M. Jewell

Rational Design of Hyaluronic Acid-Based Copolymer-Mixed Micelle in Combination PD-L1 Immune Checkpoint Blockade for Enhanced Chemo-Immunotherapy of Melanoma

Chaopei Zhou, Xiuxiu Dong, Chunxiang Song, Shuang Cui, Tiantian Chen, Daji Zhang, Xiuli Zhao and Chunrong Yang

The Availability of the α7-Nicotinic Acetylcholine Receptor in Early Identification of Vulnerable Atherosclerotic Plaques: A Study Using a Novel 18F-Label Radioligand PET

Dawei Wang, Yong Yao, Shuxia Wang, Huabei Zhang and Zuo-Xiang He

Enhancing Permeation of Drug Molecules Across the Skin via Delivery in Nanocarriers: Novel Strategies for Effective Transdermal Applications

Yi-Qun Yu, Xue Yang, Xiao-Fang Wu and Yi-Bin Fan












	
	EDITORIAL
published: 21 June 2021
doi: 10.3389/fbioe.2021.707963






[image: image2]

Editorial: Synthesis, Functionalization, and Clinical Translation of Pharmaceutical Biomaterials

Huimin Kong1, Shixian Lv2*, Mingqiang Li1* and Jianxun Ding3*


1Laboratory of Biomaterials and Translational Medicine, Center for Nanomedicine, The Third Affiliated Hospital, Sun Yat-sen University, Guangzhou, China

2Department of Bioengineering, University of Washington, Seattle, WA, United States

3Key Laboratory of Polymer Ecomaterials, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, Changchun, China

Edited and reviewed by:
Hasan Uludag, University of Alberta, Canada

*Correspondence: Mingqiang Li, limq567@mail.sysu.edu.cn
 Shixian Lv, shixian@uw.edu
 Jianxun Ding, jxding@ciac.ac.cn

Specialty section: This article was submitted to Biomaterials, a section of the journal Frontiers in Bioengineering and Biotechnology

Received: 11 May 2021
 Accepted: 26 May 2021
 Published: 21 June 2021

Citation: Kong H, Lv S, Li M and Ding J (2021) Editorial: Synthesis, Functionalization, and Clinical Translation of Pharmaceutical Biomaterials. Front. Bioeng. Biotechnol. 9:707963. doi: 10.3389/fbioe.2021.707963



Keywords: biomaterial, pharmaceutics, bioengineering, biotechnology, clinical translation


Editorial on the Research Topic
 Synthesis, Functionalization, and Clinical Translation of Pharmaceutical Biomaterials



In recent years, emerging biomaterials have made significant contributions to biomedical manipulation, pharmaceutical enhancement, and efficient and targeted delivery of agents for disease theranostics. In addition, the ongoing improvements in synthesis and functionalization of pharmaceutical biomaterials can bring innovations to practical clinical translation.

This invited Research Topic is provided through 38 articles, including 25 original research articles and 13 review articles, contributed by 245 researchers worldwide (Total views: 68,531 by June 7, 2021). These reviews cover Research Topics discussing both biomaterials and pharmacology. Some review articles provide guidelines for synthesis and functionalization of biomaterials, for example, proper material characteristics for nerve regeneration and integration (Guedan-Duran et al.) and biomaterial-mediated delivery strategies of small hydrophilic drugs (Li Q. et al.). The other reviews discussed various biomaterials applied to improve pharmacological efficacy and safety, such as implantable and injectable scaffolds for cancer immunotherapy (Li J. et al.), exosomes applied in visual and auditory systems (Jiang P. et al.), extracellular vesicle-based biomaterial scaffolds for bone regenerative medicine (Yan H. C. et al.), polymer-based scaffolds to repair spinal cord injury (Qu et al.), hydrogels with 3D printing to treat osteochondral and cartilage diseases (Dai et al.), supramolecular hydrogels for cartilage tissue engineering (Yan X. et al.), nerve guidance conduit biomaterials with additive manufacture for peripheral nerve regeneration (Song et al.), functional materials applied in treating chronic wound (Zhang et al.) or organ-on-a-chip technology (Ding et al.), nanocarriers to enhance drug bioavailability through transdermal delivery (Yu et al.) and nasal administration (Xu, Tao, et al.), and so forth.

In this Research Topic, a diverse of original works have given critical aspects of pharmaceutical biomaterials on their synthesis, functionalization, and potential clinical translation. Emerging pharmaceutical biomaterials are promising to establish diagnostic platforms or evaluate systems for diseases and lesions. For example, Wang et al. synthesized the 18F-labeled positron emission tomography molecular probe to predict vulnerable atherosclerotic plaques with the target to the α7-nicotinic acetylcholine receptor. Moreover, Jiang Q. et al. demonstrated a non-invasive detection of hepatocarcinoma tumor margin by the nanobubble-mediated ultrasound imaging. Fluorescence imaging is another promising diagnostic toolkit. An emission-enhanced near-infrared fluorescent nanoparticle was presented, containing matrices with polystyrene moiety and AIEgen and showing application potentials for in vivo three-photon brain imaging (Du et al.). Moreover, artificial models for biomimetics offer opportunities to understand and evaluate biomedical effects. For example, the tunable-structured composite hydrogels with gelatin-methacrylate (GelMA) and hydrolyzed collagen were generated with three-dimensional bioprinting and further applied in a tumor-on-a-chip system to model tumor micro-environment and evaluate cancer invasiveness (Chen et al.). Besides, growing polymer vesicles with Belousov-Zhabotinsky reaction-coupled polymerization-induced self-assembly were illustrated as the biomimetic chemical oscillation promising for cell model developments (Lu and Guo).

Apart from diagnostic applications, advanced biomaterials with outstanding therapeutic outcomes are also included. Among them, some biomaterials can manipulate cell behaviors, for example, an anisotropic inverse opal for neural regeneration via regulating the growth of neural stem cells (Xia et al.), a prepared tin dioxide nanoparticle with high cytotoxicity in oral cancer cells via resisting cancer activities (Li H. et al.), an injectable gelatin hydrogel for intracerebral hemorrhage recovery via suppressing the inflammation (Xu, Duan, et al.), a biphasic double-network hydrogel majorly containing glycol chitosan, sodium alginate, and bioactive glass for osteochondral repair (Liu B. et al.), etc. Significantly, nanoparticle-based drug delivery systems are manipulated to optimize their therapeutic efficacies. Nanocarriers have been prepared and functionalized to achieve high/stable encapsulation, efficient and targeted delivery, controlled release of cargos. Typically, proper-selected excipients that drive excellent stability for polymer microparticles were reported for further clinical translation to antigen-specific immunotherapy (Gosselin et al.). Furthermore, a stable astragalus polysaccharide nanoparticle improved the activity and bioavailability of the single drug to inhibit cerebral thrombosis (Sun Q. et al.). Additionally, PEGylation of deferoxamine, a drug to treat iron-overload-related diseases, was verified to be more stable and lower cytotoxic in a stroke mouse model (Xu, Sun, et al.).

To perform optimized effects in dysfunctional sites, efficient, and targeted delivery is needed to guarantee therapeutic specificity. For instance, an implantable porous poly(D,L-lactide-co-glycolide) microsphere (PLGA MP) loaded with mesenchymal stem cells was developed for modular tissue engineering (Simitzi et al.). This cellularized PLGA MP achieved efficient delivery of MSCs and significant osteogenic or chondrogenic differentiation. Likewise, hydrogels complexed with a soft polymer matrix and well-carried bone morphogenetic protein receptor inhibitors were proved to promote neural differentiation of MSCs (Sun, Xu, et al.). While for targeted delivery, a copolymer-mixed micelle with hyaluronic acid and Pluronic F68 to co-deliver docetaxel and programmed cell death ligand-1 antibody, which showed excellent efficacy of tumor-targeting and immune-chemotherapy (Zhou et al.).

Proper drug release profiles are essential for the drug delivery system toward different therapeutic goals. For stimuli-responsive drug release, a reactive oxygen species (ROS)-sensitive micelle was developed for the co-delivery of dexamethasone and cartilage-derive morphogenetic protein 1 to treat osteoarthritis (Wu et al.). Likewise, a magnetism-responsive and celecoxib-loaded gelatin hydrogel was applied to deliver celecoxib to achieve synergistic pulsed electromagnetic field and drug therapy of tendon tissue injury (Wang J. et al.). Moreover, a synthesized thermo-sensitive hydrogel containing oxaliplatin and alendronate effectively enhanced in situ osteosarcoma therapy (Sun, Li, et al.). An antiviral supramolecular hydrogel was constructed for sustained release via charge-mediated co-assembly of amphiphilic peptide and polymyxin B antibiotics (Xu L. et al.). This supramolecular hydrogel realized sustained release of antibiotics and effective bacteria inhibition.

Furthermore, biomaterials have been explored to synergize with other therapy strategies. As an example, the combination of selenium nanoparticle and radiotherapy significantly inhibited the tumor growth of lung cancer, providing a new anti-cancer method (Tian et al.). Besides, combined biomaterials have been developed to perform double therapeutic effects. An injectable GelMA hydrogel and magnesium-zinc alloy complex for accelerated bone regeneration to repair the calvarial defect (Wang W. H. et al.).

Lastly, the choice of different drugs according to drug susceptibility, drug resistance, and compatibility of medicines is essential in clinical applications. For instance, the strain distribution changes and drug susceptibility of invasive fungal strains, providing references for selecting sensitive antifungal drugs in patients with systemic internal diseases (Zeng et al.). Besides, the combination of hydroxyasiaticoside and praziquantel performed a significant therapeutic effect in vivo to treat schistosomiasis-induced hepatic fibrosis (Fang et al.). Furthermore, the ongoing drug discovery offers ideal candidates to be bioengineered for future clinical treatments. For example, cepharanthine, a natural alkaloid extracted from the genus Cephalophyllum, showed efficient cathepsin B targeting therapy for cutaneous melanoma (Liu Q. et al.). Additionally, Rhizopus nigrum polysaccharide EPS1−1 was studied as a potential target of drug or therapeutic adjuvant for hepatocellular carcinoma (Chu et al.).

Overall, the current Research Topic reports the fundamental research and clinical applications of various pharmaceutical biomaterials. This interdisciplinary hot issue showed the inexhaustible power to tightly connect biomaterial innovation with clinical translation, greatly benefiting biomaterials, bioengineering, biotechnology, and pharmaceutics.
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The therapeutic effect of small hydrophilic molecules is limited by the rapid clearance from the systemic circulation or a local site of administration. The unsuitable pharmacokinetics and biodistribution can be improved by encapsulating them in drug delivery systems. However, the high-water solubility, very hydrophilic nature, and low molecular weight make it difficult to encapsulate small hydrophilic molecules in many drug delivery systems. In this mini-review, we highlight three strategies to efficiently encapsulate small hydrophilic molecules and achieve controlled release: physical encapsulation in micro/nanocapsules, physical adsorption via electronic interactions, and covalent conjugation. The principles, advantages, and disadvantages of each strategy are discussed. This review paper could be a guide for scientists, engineers, and medical doctors who want to improve the therapeutic efficacy of small hydrophilic drugs.

Keywords: small, hydrophilic, drug, encapsulation, controlled release


INTRODUCTION

Small hydrophilic molecules are widely used for treating diseases such as infectious diseases (Macielag, 2012; Zhang et al., 2015; Chandel et al., 2018), cancer (Xu et al., 2014; Zhao et al., 2016), and local anesthesia (Howell and Chauhan, 2009; Jug et al., 2010). Although effective, the dosage, therapeutic effect, and patient accomplishment of such compounds are usually limited by the tendency to distribute into the biological aqueous environment of the human body, leading to side effects (Weiniger et al., 2010; Wang et al., 2019). The pharmacokinetics and biodistribution profile of small hydrophilic molecules can be improved by encapsulating them in delivery systems which allow the sustained release and prolonging retention period. However, due to the good water solubility, hydrophilic nature, and low molecular weight, such compounds have weak interactions with many conventional drug carriers, such as hydrogels (Yu et al., 2013), poly(lactic-co-glycolic acid) microspheres (Ramazani et al., 2016), and electrospinning fibrous mat (Oliveira et al., 2015; Sultanova et al., 2016), leading to low encapsulation efficiency, undesired leakage, and initial burst release. Although many delivery systems have been attempted and shown promise in encapsulation and sustained release of hydrophilic molecules (Vrignaud et al., 2011), most of them only work well for molecules with the moderate hydrophilicity and medium molecular weight. When it comes to the super hydrophilic and very small molecules, their effectiveness is not adequate. In this review, the emphasis was given to the group of super challenging small hydrophilic molecules: compounds that have a molecular weight below 1000 Da and have a logP (partition coefficient, or XLogP3, a computed form of logP) or logD (distribution coefficient) value less than 3.0 under their administration condition. In particular, tetrodotoxin (TTX, Mw 319.27 g/mol, LogP = −1.89), one of the most challenging compounds to encapsulate because it is small and very hydrophilic, was selected as a reference. We introduce three efficient strategies that have been validated to encapsulate TTX and to achieve sustained TTX release, including physical encapsulation in micro/nanocapsules, physical adsorption via electronic interactions, and covalent conjugation (Figure 1). The advantages and limitations of each strategy were summarized (Table 1).
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FIGURE 1. Strategies to obtain encapsulation and controlled release of small hydrophilic molecules. (A) Drugs are physically encapsulated inside the aqueous pockets of the micro/nanocapsules. (B) Drugs are physically encapsulated in the polymer particles via electronic interaction. (C) Drugs are chemically conjugated onto polymer backbones via covalent bonds.



TABLE 1. Advantages and limitations of strategies for small hydrophilic molecules.
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PHYSICAL ENCAPSULATION IN MICRO/NANOCAPSULES

Micro/nanocapsules are colloidal drug carrier systems composed of aqueous pockets surrounded by a hydrophobic membrane (Couvreur et al., 2002). Based on whether the shell is composed of lipids or polymers, the capsules are categorized as “liposomes” and “polymersomes,” respectively. Liposomes (Torchilin, 2005; Chen, 2010; Eloy et al., 2014) and polymersomes (Levine et al., 2008; Anajafi and Mallik, 2015; Müller and Landfester, 2015) have been properly summarized in many other review articles. Here, we only briefly highlight the principles of encapsulating drugs in them and their associated advantages and limitations.

Liposomes and polymersomes encapsulate small hydrophilic molecules inside the internal aqueous pockets to achieve a high encapsulation efficiency. The hydrophobic shell prevents the encapsulated drug from rapid clearance, achieving sustained release (Figure 1A).

There are three types of liposomes: multilamellar vesicles, small unilamellar vesicles, and large unilamellar vesicles. The encapsulation efficiency is highly influenced by the liposome size and the drug release rate is determined by the liposome stability and shell permeability (Taylor et al., 1990; Glavas-Dodov et al., 2005). A larger internal volume leads to the higher efficiency of drug loading, while a stable liposome structure avoids the leakage of small molecular hydrophilic drugs. These essential parameters of liposomes can be adjusted to a great extent by the lipid membrane composition, chain length of the phospholipid, drug to lipid ratio, and charge property (Eloy et al., 2014).

Many liposomal formulas for small hydrophilic drugs have been FDA approved and marketed due to the high drug encapsulation efficiency, extended drug half-time, and excellent biocompatibility (Fan and Zhang, 2013). For example, DOXIL®, Myocet®, and CAELYX® are marketed liposomal formulations for doxorubicin hydrochloride (DOX-HCl, Mw 580 g/mol, logD = −0.45 at pH 5.8; Dubbelboer et al., 2014), and the DAUNOXOME® is a marketed liposomal formulation for daunorubicin (Mw 527.5 g/mol, LogP = 1.83) (Chen, 2010).

Kohane and colleagues encapsulated TTX into liposomes and functionalized the liposome shell with gold nanorods (Zhan et al., 2016; Guo et al., 2020), photosensitizer (Rwei et al., 2015, 2017b), and sonosensitizer (Rwei et al., 2017a; Cullion et al., 2018), making the liposome sensitive to effects of near-infrared (NIR) light and ultrasound. The prepared formulations could release the encapsulated TTX to treat pain after operations with on-demand irradiation (Figure 2A).
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FIGURE 2. Strategies that have been validated to encapsulate tetrodotoxin (TTX). TTX is a naturally occurring potent sodium channel blocker. Being small and super hydrophilic, TTX is selected as the gold standard for the drug delivery systems in this review. (A) Schematic of the photo-triggerable liposomes loaded with TTX (reprinted with permission from Nano Lett. 2017, 17, 2, 660–665). (B) Schematic of TTX-loaded hollow silica nanoparticles (reprinted with permission from Nano Lett. 2018, 18, 1, 32–37). (C) Schematic of the polymer-TTX conjugate, a (reprinted with permission from Nat Commun. 2019, 10, 2566).


The applications of liposomes are still limited by (1) instability in plasma: untailored or unmodified capsules can be adsorbed by human albumin or serum and further cleared by the immune system, inducing a short half-life in blood circulation (Wakaskar, 2018); (2) leakage during storage: the permeability of the lipid bilayer could cause leakage of the capsuled molecules during the formation process and the afterward storage (Zariwala et al., 2018), inducing an initial burst release when implemented after storage; and (3) high cost due to the expensive raw lipid materials and cumbersome production procedures.

Polymersomes have many advantages over liposomes, which give them greater potential as drug carriers. They are more stable and less permeable than liposomes due to their membrane thickness, entanglement, and lateral diffusivity (Chandrawati and Caruso, 2012; Rideau et al., 2018). Properties of polymersomes, including size, permeability, and charge property, are far more versatile than that of liposomes due to the abundantly available natural and synthetic polymer (Anajafi and Mallik, 2015; Dan, 2018; Rideau et al., 2018). The advances of polymer chemistry allow the conjugation of active ligands, functional molecules, antibodies onto the polymer, enabling polymersomes the functions of targeted and stimuli-responsive (pH, redox, enzyme, ultrasound, magnetic field, light) drug delivery (Levine et al., 2008; Müller and Landfester, 2015; Leong et al., 2018).

However, the clinical applications of polymersomes are hampered by the residual organic solvent, incompetent control of the early drug release, cumbersome fabrication steps, and toxicity concerns (Vrignaud et al., 2011; Anajafi and Mallik, 2015).



PHYSICAL ADSORPTION

Physical adsorption strategy refers to that the molecules are physically adsorbed on carriers via inter-molecule interactions, such as ionic interaction, H-bond, van der Waals forces, hydrophobic interactions, dipole–dipole interactions (Margenau and Kestner, 2013). For the delivery of small hydrophilic molecules, ionic interaction is more preferred since others are weaker and less efficient (Yu et al., 2017) (Figure 1B).

Such a strategy is commonly utilized to load drugs into nanoparticles, silica nanoparticles, magnetic nanoparticles (Guo et al., 2020), and carbon nanodots (Tang et al., 2013). Yu utilized bioactive glass nanoparticles (BGNs) as carriers to load two different model drugs—diclofenac sodium (DS, Mw 318.13 g/mol, LogD = 1.1 at pH 7.4) and 5-fluorouracil (5-Fu, Mw 130.08 g/mol, XLogP3 = −0.9) (Carrer et al., 2018). GNs demonstrated ∼45 folds improvement of DS loading because of the strong ionic interaction between the calcium iron of BGNs and the carboxylate group of the drug. On the contrary, BGNs showed limited loading capability to 5-Fu because there are weak electronic interactions between BGNs and 5-Fu (Yu et al., 2017). Liu loaded the positively charged TTX into the negatively charged silica nanoparticles through electronic interactions (Figure 2B). The resulted formulation achieved sustained TTX release and decreased TTX toxicity (Liu et al., 2018).

Polyelectrolytes (PEs) are polymers that have repeating units bearing electrolyte groups. When placed in the ionizing solvent, PE will dissociate into polycations and polyanions. Then, ionized PEs in the solution can form a complex with oppositely charged PEs—a PE complex (PEC) (Meka et al., 2017). Such “chaotic” aggregation of polyanions and polycations might only be the result of partial mutual charge compensation, leaving a huge number of ionic sites compensated by small molecules with counter ions to preserve the electro neutrality (Philipp et al., 1989).

One major type of PE is natural polysaccharide such as chitosan, auricularia auricular polysaccharide (Xiong et al., 2016), alginate, and hyaluronic acid. They are charged due to the possession of a considerable number of charged functional groups such as carboxyl and amino groups (Liu et al., 2008), which cannot only capture and entrap hydrophilic drugs but also compact the polymer chains into stable nanoparticles.

The physical adsorption method can be considered as an energy-efficient way to achieve a high loading capacity by merely mixing the small molecules and carriers under ambient temperature. Physical adsorption is also advantageous in the diversity of polymers, which allowed the regulation of drug encapsulation efficiency, drug release profile, physical/chemical property, and biocompatibility of the PEC (Philipp et al., 1989). Besides, this strategy reduces the use of solvents and chemical crosslinking agents, addressing the potential toxicity problem (Lankalapalli and Kolapalli, 2009).

One shortcoming associated with the physical adsorption strategy is the initial rapid drug release, which is due to the saturation of the counter-ions of the carriers or the fast ion exchange (Xiong et al., 2016; Yu et al., 2017). Besides, the release profile of the drug significantly impacts on the pH, the salt concentration of the environment, which makes the drug release less controllable (Kulkarni et al., 2016).



CONJUGATE DELIVERY SYSTEM

In the conjugate delivery system, small hydrophilic molecules are covalently bonded onto the polymer or lipid chains through cleavable linkage, turned to be prodrugs and applied in a wider range of release routes (Figure 1C) (Adhikari et al., 2017; Irby et al., 2018; Markovic et al., 2019).

Conjugate delivery systems overcome the main drawbacks of non-covalent physical methods, unfavorable leakage and burst release, due to stable linkers between drugs and polymers (Chen et al., 2014). Zhao et al. (2019) synthesized a range of rationally designed PEGylated and non-PEGylated polymers to which the ultra-potent local anesthetic TTX was conjugated by hydrolysable ester bonds. Zhao demonstrated that TTX was released in its native form, and the release rate can be regulated by manipulating the polymer composition (the TTX release rate is proportional to the hydrophilicity of polymer backbone). In vivo, the polymer-TTX conjugate obviated TTX burst release to allow the administration of 80 μg of TTX into rats, which that is 20-fold higher than the reported dose tolerance limits. The described formulation produced a sciatic nerve blockade lasting for 3 days in rats but did not cause any animal death or adverse effects (Figure 2C).

Conjugated delivery systems allow drug loading to be controlled by adjusting the drug-to-polymer ratio (Singh et al., 2008). The amount of drug loaded depends on the number of reactive sites on the backbones. Besides, through selecting covalent bonds, stimuli-responsive drug release can be achieved (Dutta et al., 2019). For example, hydrazone bonds show strong stability under a neutral pH environment and sustained release in a lower pH environment (Tang et al., 2018). The disulfide bond is widely used as a reduction-responsive linker (Sun et al., 2018). These bonds can facilitate rapid and differential release of chemotherapeutic drugs in tumor cells to achieve the tumor-targeted drug delivery (Chang et al., 2019).

Through chemical bonds, some inapplicable delivery system for small hydrophilic molecules can be preferable. Micelles have the typical structure containing a hydrophilic shell and a hydrophobic core. Based on the structure, micelles were investigated for encapsulating hydrophobic drugs because of the hydrophobicity of the inner core (Li et al., 2011; Jhaveri and Torchilin, 2014). While the hydrophobicity decreases their interactions with the hydrophilic drugs, leading to low loading capacity. The high and stable hydrophilic drug loading in micelles could be achieved by covalently linking the drug with polymer backbone (Liao et al., 2016; Danafar et al., 2017).

Coupling agents, catalysts, and solvents are used for the covalent conjugation of drug to polymers. The compound residue usually causes concern over their toxicity.



CONCLUSION AND PERSPECTIVES

Physical encapsulation in micro/nanocapsules, physical adsorption via electronic interactions, and covalent conjugation are the most efficient strategies to improve the therapeutic efficacy and to minimize side effects of small hydrophilic drugs. Among them, liposomal formulations have been clinically used due to the excellent lipid biocompatibility. The biocompatibility of other materials needs to be carefully examined before their clinical practice. Each strategy has its advantages and limitations. The selection of a delivery method depends on the drug property, desired drug dose, and the preferred drug release profile.

The route of administration would affect the effectiveness of the strategies in encapsulating small hydrophilic drugs. The three strategies described in this review would show good controlled release for the drugs administrated by the intramuscular, subcutaneous, intradermal injections. However, their effectiveness may be significantly reduced for oral and intravenous administrated drugs. The enzymatic digestion at acidic pH in the stomach would rapidly destroy the carrier structure and/or drug–carrier interaction, leading to the burst drug release. The long-term circulation in the blood would lead to the drug’s early release before the carriers reaching to the target sites. The encapsulation of oral and intravenous administrated small hydrophilic molecules into carriers that could considerably improve the drug efficiency would be a significant need in the future.
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Exosomes are nanoscale membrane-enclosed vesicles 30–150 nm in diameter that are originated from a number of type cells by the endocytic pathway and consist of proteins, lipids, RNA, and DNA. Although, exosomes were initially considered to be cellular waste, they have gradually been recognized to join in cell-cell communication and cell signal transmission. In addition, exosomal contents can be applied as biomarkers for clinical judgment and exosomes can as potential carriers in a novel drug delivery system. Unfortunately, purification methods of exosomes remain an obstacle. We described some common purification methods and highlight Morpho Menelaus (M. Menelaus) butterfly wings can be developed as efficient methods for exosome isolation. Furthermore, the current research on exosomes mainly focused on their roles in cancer, while related studies on exosomes in the visual and auditory systems are limited. Here we reviewed the biogenesis and contents of exosomes. And more importantly, we summarized the roles of exosomes and provided prospective for exosome research in the visual and auditory systems.
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INTRODUCTION

Extracellular vesicles (EVs) belong to a class of phospholipid bilayer membrane enclosed vesicles, and they are classified according to their biological origin and size (Shao et al., 2018; van Niel et al., 2018). Over the past decade, EVs have been found adjust and boost intercellular communication (El Andaloussi et al., 2013b), including signal transduction between cells, and thus invovled in cell proliferation, cell migration, immune regulation, etc (Meldolesi, 2018; Seo et al., 2018; Zhang S. et al., 2018). EVs are divided into three main types by their biological processes: exosomes, microvesicles and apoptotic bodies (El Andaloussi et al., 2013b; Shao et al., 2018; Gurunathan et al., 2019). Here, we focus on the exosomes, which were first identified by Johnstone (Johnstone et al., 1987). Exosomes are cell secreted vesicles that can be isolated from various humor, such as blood, plasma, urine, tears, and lymph (Ibrahim and Marban, 2016), and they range in size from 30 to 150 nm.

A new cell-cell communication system has recently been identified, that lie with exosomes’ ability to target recipient cells and to transfer exosomal proteins, lipids, and nucleic acids to these cells (Milane et al., 2015; Zhang et al., 2015; Poe and Knowlton, 2018; Gurunathan et al., 2019). Exosomes have been shown to be closely related to tumorigenesis (Rodrigues et al., 2019), and exosomes have become a new type of clinical targets, for example, circulating exosomes containing glypican-1 have been used for the early judgment of early pancreatic cancer (Melo et al., 2015). Moreover, recent studies that exosomes are a potential system for targeted drug delivery (Kibria et al., 2018; Arrighetti et al., 2019; Sun et al., 2019).

The visual and auditory systems are the two major sensory systems. Many signaling pathways, such as Wnt, FGF pathway, are involved in the development of these two sensory systems (Heavner and Pevny, 2012; Żak et al., 2015). There are many factors that can lead to vision and hearing loss, and aging is a common cause of both. Hereditary factors are also important causes for hearing and vision loss. The Leber’s hereditary optic neuropathy is an inherited disease with mutations mitochondrial DNA that affects both visual and auditory functions (Rance et al., 2012; Bianco et al., 2017; Karanjia et al., 2017). Recent studies showed that exosomes can be secreted by visual and auditory cells (Han et al., 2017; Klingeborn et al., 2018; Breglio et al., 2020). Based on exosomes studies in other fields, exosomes might have similar uses in studying and treating disorders of the visual and auditory systems.

This article reviews the latest research in exosomes, described from exosome biogenesis, detection, and enrichment methods to their functions in visual and auditory systems.



BIOGENESIS OF EXOSOMES

Exosomes are vesicle-like bodies with a size of 30–150 nm that are produced by a variety of cells, and they have cup-shaped structures when observed under an electron microscope (Shao et al., 2012). Exosomes are originated from a number of type cells by the endosomal membrane pathway. First, the plasma membrane invaginated to produced endocytic vesicles, and multiple endocytic bodies then gather together to form early endosomes. Next, the invagination of early endosomes further transformed into multivesicular bodies (MVBs). Finally, MVBs move and touch to plasma membrane to secrete vesicles into the extracellular space, and these vesicles are defined as exosomes (Figure 1; Shao et al., 2018).


[image: image]

FIGURE 1. The biogenesis of exosomes. the plasma membrane invaginated to produced endocytic vesicles, which are further transformed into MVBs. MVBs then move and touch to the plasma membrane to secrete vesicles into the extracellular environment, at which point the vesicles are defined as exosomes.


Exosome formation involves content sorting and release, and the precise regulation of this process requires the coordinated functions of many different proteins. Subunits of endosomal sorting complex required for transport (ESCRT) are necessary for exosome biogenesis, including ESCRT complexs from 0 to III (Farooqi et al., 2018). There are two mechanisms for exosome secretion, ESCRT-independent and ESCRT-dependent.

In the ESCRT-dependent mechanism, the ESCRT-0 complex recruit proteins by ubiquitin or clathrin. ESCRT-I and ESCRT-III control the budding process, the formation of ILVs, and the subsequent formation of exosomes. The ESCRT-independent mechanism involves syntenin, ALIX and ESCRT-III. Syntenin recruits proteins to form cargo cluster, and then ALIX, and ESCRT-III regulate the budding process, the formation of ILVs, and the subsequent formation of exosomes. The proteins recruitment and cargo clustering can be achieved by either the ESCRT-dependent or the ESCRT-independent mechanisms (van Niel et al., 2018).



COMPOSITIONS OF EXOSOMES

Exosomes contain a variety of bioactive substances, mainly proteins, nucleotides, and lipids, and they are encapsulated by a phospholipid bilayer membrane that their internal bioactive substances avoid proteases degradation in the extracellular fluid (Tao et al., 2017). The phospholipid bilayer of exosomal membrane is composed of glycerophospholipids, sphingolipids, cholesterol, diglycerides, phospholipids and polyglycerophospholipids (Subra et al., 2010). Therefore, these exosomal proteins and nucleotides have potential use as reference index for disease judgment.

Membrane transport and fusion proteins are the protein with the largest proportion on the surface of exosomes (Ibrahim and Marban, 2016; Farooqi et al., 2018), and these include tetraspanins (e.g., CD9, CD63, and CD81), heat shock proteins (e.g., Hsp70, Hsp90), cytoskeletal proteins (e.g., actin, fibronectin), and viral proteins (e.g., LAMP1, Tsg101). Other proteins also present in exosomes including signal transduction proteins, vesicle biogenesis proteins, and enzymes. Moreover, there are a variety of RNAs in exosomes, such as mRNAs, miRNAs, ncRNAs, and LncRNAs (Sexton et al., 2019; Figure 2).
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FIGURE 2. The compositions of exosomes. Exosomes are composed of in a variety of bioactive substances, mainly proteins, nucleotides and lipids. Proteins include tetraspanins (e.g., CD9, CD63, and CD81), heat shock proteins (e.g., Hsp70, Hsp90), cytoskeletal proteins (e.g., Actin, Fibronectin), viral proteins (e.g., Tsg101) and enzymes. Nucleotides include RNA and DNA.




ISOLATION AND PURIFICATION OF EXOSOMES

The isolation and purification of exosomes shows significant promise for biomedical research (Witwer et al., 2013; Gardiner et al., 2016), but there are still difficulties to be solve in using exosomes in research and clinical applications. The main challenge is that the size and physicochemical properties of exosomes overlap with those of lipoprotein and protein complexes. Based on the size and biological characteristics of exosomes, many enrichment methods have been used to purify them, including differential ultracentrifugation, gradient ultracentrifugation, size-exclusion chromatography (Fonseca et al.), immunoaffinity enrichment, and co-precipitation. More speed and efficient methods are being exploited to purified exosomes.


Ultracentrifugation

In cell culture medium, blood, urine, and breast milk, exosomes are often mixed with other impurities that have similar physical and chemical properties, including lipoproteins, cell fragments, etc. According to their specific size and density distribution range, exosomes can be effectively separated from these particles by ultracentrifugation and density gradient centrifugation. Ultracentrifugation is considered the most common traditional strategy for exosome enrichment (Gardiner et al., 2016). Combinations of different speeds and times are used in ultracentrifugation to remove other impurities in the sample step-by-step, and finally the separation and enrichment of exosomes are achieved. First, whole cells and large apoptotic bodies are depleted for 15–30 min by low-speed centrifugation (600–2,000 × g) at 4°C (Crewe et al., 2018; Langevin et al., 2019). Next, the supernatant centrifuged for 45–60 min by 12,000 × g centrifugation at 4°C to remove MVBs (Langevin et al., 2019). Lastly, the supernatant is moved to a new ultracentrifuge tube and centrifuged for 1–2 h by 100,000 × g-120,000 × g centrifugation at 4°C (Witwer et al., 2013; Langevin et al., 2019). The supernatant is deleted and the particles are resuspended in 100 μL phosphate-buffered saline. Exosomes cannot be separated completely by particle size using this protocol, because sedimentation is based on the density and other non-exosome vesicles can also be enriched (Zhang M. D. et al., 2018). EVs have a unique lipid membrane structure that encapsulates a certain amount of nucleic acids and proteins, resulting in a density range of 1.13–1.19 mg/ml (Thery et al., 2006). Density-gradient centrifugation involves centrifuging through an iodixanol or sucrose density gradient and different particles settle at different points in the gradient based on their different densities (Shao et al., 2018). Compared to differential centrifugation, the density-gradient centrifugation approach results in purer exosomes, but it requires a longer time to reach equilibrium and thus leads to greater damage to the instrument.



Size-Exclusion Chromatography (SEC)

SEC is a chromatography technique that differentiate molecules in a solution depend on their size and molecular weight (Boing et al., 2014; Burgess, 2018). The purification column is made up of spherical beads with a specific aperture pores, and examples of commonly used materials are Sephadex, Sepharose, and Sephacryl. When the sample flows into column, large molecules block out the pores, while small molecules can diffuse into the pores. Therefore, larger molecules pass through the column faster than small molecules, and exosomes are separated due to their size. Purified exosomes can be isolated from complex biological media such as milk, urine, and plasma using SEC (Lozano-Ramos et al., 2015; Blans et al., 2017; Kreimer and Ivanov, 2017; Shao et al., 2018).



Immunoaffinity Enrichment

Immunoaffinity enrichment is based on antibodies to specific exosome marker proteins. Proteins such as CD9, CD63, and CD81 are located on the exosome surface, and tumor-associated markers (HER2, EpCAM) are also present on tumor-associated exosomes (Taylor and Gercel-Taylor, 2008; Woo et al., 2016; Barok et al., 2018). Antibodies against these proteins linked with beads or other substrates by covalent or high-affinity interactions, and these antibodies bind to exosomes using low-speed centrifugation or magnetic techniques (Witwer et al., 2013). Taylor and Gercel-Taylor have successfully isolated circulating exosomes secreted from tumors using EpCAM magnetic beads (Taylor and Gercel-Taylor, 2008). This method has the potential for high specificity and efficiency (Tauro et al., 2012) and is usually performed using commercially available kits.



Co-precipitation

Recently, polymer co-precipitation strategies have been exploited to enrich exosomes. The common methods are protamine precipitation, acetate precipitation, protein organic solvent precipitation, and hydrophilic polymers precipitation (Brownlee et al., 2014; Deregibus et al., 2016; Gallart-Palau et al., 2016). These reagents precipitate EVs by reducing the hydration and thus the solubility of EVs (Shao et al., 2018). Therefore, it is possible to isolate exosomes using low centrifugal forces. Based on this method, many exosome extraction kits have been developed, for instance Total Exosome Isolation (Invitrogen, United States).



New Enrichment Methods

In the past few years, many exosome enrichment methods have been developed, here we summarize some of the recent progress.

Microfluidic filtering is a novel technology that extracts exosomes from a small amount of liquid (10–9 to 10–18 liters) through channels ranging from tens to hundreds of micrometers (Whitesides, 2006). With recent developments in nanomaterials, some emerging nanomaterials have been used for the capture of exosomes. For example, Lim et al. (2019) produced nanowires with CD63, CD9, and CD81 antibodies attached to their surfaces for capturing exosomes.

Recently, Chai et al. developed a noval microvortex chips method using Morpho Menelaus (M. Menelaus) butterfly wings modified by lipid nanoprobe, which, when integrated into microfluidic chips, greatly improved the efficiency of EV enrichment by over 70%. M. Menelaus wings have an original three-dimensional (3D) microgroove structure linked with many intersection points, and these microgrooves are distributed on wing surface parallelly. Due to this structure of M. Menelaus wings and the lipid bilayer structure of EVs, the lipid nanoprobe modified M. Menelaus wings can be applied to isolate and purified EVs (Figure 3) (Han et al., 2020). These results demonstrated that the efficiency is greatly improved by using new microvortex chips. Based on this method, enrichment exosomes by M. Menelaus wings is possible. There are many exosomal marker proteins, which are present on the surface of exosome (e.g., CD9, CD63, and CD81). Based on M. Menelaus wings structure, antibodies of these marker proteins can be modified on M. Menelaus wings. When samples enter M. Menelaus wings, antibodies of these marker proteins will bind to marker proteins on exosome surface and thus capture exosomes effectively.
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FIGURE 3. Scheme of isolation and enrichment of EVs by M. Menelaus wings. M. Menelaus wings were modified by lipid nanoprobes. When samples through M. Menelaus wings, the lipid nanoprobes can insert into the EV membranes to capture EVs.




CHARACTERIZATION AND DETECTION OF EXOSOMES

Exosomes not only have extremely small particle size, but also have a high heterogeneity and diversity among individual exosomes due to different cell sources, cell states, and secretory pathways (Tkach and Thery, 2016). Thus it is a challenge to accurately detect and characterize exosomes. Here we review some methods for the characterization and detection of exosomes.


Scanning Electron Microscopy (SEM)

SEM is a common method to observe the morphology of exosomes (van der Pol et al., 2010; Sokolova et al., 2011). The surface of the exosome sample is scanned by an electron beam to produce the images. Information about the three-dimensional surface morphology and the elemental composition of the exosomes is obtained through various signals that result from the interaction between the electron beam and atoms in the sample (Shao et al., 2018). Under SEM, most exosomes show a cup-shaped morphology (Thery et al., 2006).



Transmission Electron Microscopy (TEM)

TEM is another method commonly used for exosome characterization (Thery et al., 2006). Compared to SEM, TEM has superior resolution and can resolve objects less than 1nm in size. Using short wavelength electrons, TEM can also detect the cup-shaped morphology of exosomes. Exosome samples need to be stained with special chemical reagents such as osmium tetroxide and phosphotungstic acid in order to be observed by TEM (Shao et al., 2012).



Nanoparticle Tracking Analysis (NTA)

NTA was first applied for exosome detection and characterization in 2011 (Sokolova et al., 2011). NTA is a technique using optical particle to track nanoparticles for measuring concentration and size distribution of the nanoparticles (Dragovic et al., 2011; Sokolova et al., 2011; Gardiner et al., 2013). The principle of NTA is that the random Brownian motion of nanoparticles in liquids can be recorded with a high-speed camera (Bachurski et al., 2019), and this information can be used in the Stokes-Einstein equation to determine the size and concentration of the tracked particles (Dragovic et al., 2011; Kestens et al., 2017). Compared with other methods, NTA is now apply for exosome analysis at the single particle level in many studies.



Dynamic Light Scattering (DLS)

DLS is also lied with the Brownian motion of the particles, and this method can detect particle sizes ranging from 5 to 10 nm to 6 μm through fluctuations in the scattered light intensity (Erdbrugger and Lannigan, 2016). When particles do Brownian motion, the scattered light waves emitted by all particles interferes with each other, and their intensities change over time (Shao et al., 2018). The hydrodynamic radius of the particles is calculated by using the Siegert relationship to convert the intensity autocorrelation function into the scattering electric field correlation function (Sitar et al., 2015).



Tunable Resistive Pulse Sensing (TRPS)

TRPS is an approach to quickly characterizing the particle size distribution and concentration of nanoparticles at the single particle level (Coumans et al., 2014; Vogel et al., 2016). The TRPS device has a membrane with a pore, and a current through the pore is produced by applying a voltage to the membrane (Blundell et al., 2015). The exosome sample is placed on one side of the membrane and only one particle is allowed to pass through the pore at a time under the drive force of the pressure and voltage difference (Koritzinsky et al., 2017). The particle concentration and size are determined by particle passing through the pore frequency and the drop in current, respectively.



Western Blotting and Enzyme-Linked Immunosorbent Assay (ELISA)

Proteins are one of the main components of exosomes, and the quantification and identification of exosomal proteins is essential not only for explaining exosome biogenesis and transport, but also for identifying disease markers (Shao et al., 2018). Western blotting and ELISA are conventional protein analysis techniques. Western blotting, also called immunoblotting, is the most common protein assay approach and is widely used in molecular biology research. This process relies on antibody-protein interactions and generally apply to detect the existence of target proteins in exosomes.

ELISA is another available approach for protein quantification. ELISA also relies on antibody-protein interactions, but it uses a specific antibody attached to an enzyme. The antigen and antibody are directly proportional to the antibody, and the absorbance of the enzyme is measured to quantify the protein (Engvall and Perlmann, 1971; Aydin, 2015; Knight et al., 2018). Compared to western blotting, ELISA can be faster and scaled up for high throughput measurements.



Mass Spectrometry (MS)

MS has high specificity and sensitivity, can not only recognize and characterize the molecular components of vesicles, but can also be used for high-throughput peptide profiling (Kreimer et al., 2015; Pocsfalvi et al., 2016). Sample-preparation for proteomics analysis normally follows three steps: (1) SDS-PAGE separation (Lin et al., 2004; Pisitkun et al., 2004), (2) isoelectric focusing-based fractionation (Choi et al., 2012), and (3) two-dimensional liquid chromatography (Gonzalez-Begne et al., 2009). Over the past decade, the integration of qualitative MS applications and quantitative protein analysis has been greatly improved in terms of sensitivity, resolution, and speed. There are two main technical methodologies for MS quantitation: label-based and label-free quantitation (Choi et al., 2015). Label-free quantitation is more widely applied than label-based.



New Detection Methods

As the development of exosome detection technologies have developed in recent years, more and more studies have focused on the detection of single vesicles. Total internal reflection fluorescence microscopy, based on aptamer fluorescent DNA nanodevice on target exosome surfaces, is an ultra-sensitive method that has been developed to directly quantify and visualize tumor exosomes in plasma samples at the single-vesicle level (He et al., 2019). Localized surface plasmon resonance imaging platform detects single exosome by using a nano-microarray with gold sensing element atop quartz nanopillars binding anti-CD63 (Raghu et al., 2018). Single particle interferometric reflectance imaging sensor, which is based on interference reflectance, and requires LED lights and a COMS camera, is used to count exosomes (Daaboul et al., 2016).



APPLICATIONS OF EXOSOMES

Exosomes mediate a number of biological processes, including physiological and pathological processes. Exosomes contain various important biomolecules (e.g., proteins and RNAs) that regulate intercellular communications, and clinical applications of exosomes have also achieved breakthroughs (Thery, 2015; Meldolesi, 2018; Huang and Deng, 2019). Currently, most of the exosome research is focused on the tumors, and it has been identified that exosomes encourage cell polarity and control cell motility by altering extracellular matrix (ECM) components (Sung et al., 2015). Exosomes can also stimulate angiogenic activities (Zhang et al., 2016), and tumor-derived exosomes can activate the immune response (Greening et al., 2015). In contrast to research in tumors, few studies have focused on exosomes in diseases of the eye and the inner ear. Based on the roles of tumor-derived exosomes, eye cells-derived exosomes might play similar roles. Consequently, we summary the applications and exosomes’ functions reported in the visual and auditory systems.


Exosomes in the Visual System

The eye is a vital sensory organ, and eye diseases can have significant negative impacts on daily life. Age-related macular degeneration, cataract, diabetic retinopathy, and glaucoma are the four most widespread eye diseases (Saldanha et al., 2017). Aging is the main cause of eye disease, and age-related visual impairment involves corneal endothelial cells’ death, a decline in the number and sensitivity of neurons in the retina, and changes in the tissue structure of eye (Lei et al., 2011; Gambato et al., 2015; Nadal-Nicolás et al., 2018; Wang et al., 2018).

Exosomes have been identified promote cells and the ECM communication and to participate in ECM assembly and adhesion (Hoshino et al., 2013; Mead et al., 2013; Wang et al., 2017). Glaucoma is a common eye disease, and its pathogenesis involves the ECM of the trabecular meshwork (TM), oxidative stress, the TGFβ signaling pathway, and apoptosis (Suri et al., 2018). Human TM explants exposure in dxamethasone induces fibronectin production, and reduces the interaction of exosomes for the fibronectin surface, and this might explain the abnormal amassing of ECM substances in steroid-induced glaucoma patients (Dismuke et al., 2016). Studies have shown that alters in the ECM in the lamina cribrosa and TM are behind the irreparable vision loss in glaucoma (Klingeborn et al., 2017), and illumination the exosome-related defects in the ECM in both tissues will likely lead to a better explanation of the pathogenesis of glaucoma.

Exosomes have been shown effect immune regulation in many diseases, including tumors (Seo et al., 2018), inflammatory diseases (Cypryk et al., 2018), autoimmune diseases (Anel et al., 2019), and neurodegenerative disorders (Tofaris, 2017). However, there have been few studies showing the roles of exosomes in immune regulation in eye diseases. Corneal transplantation is an effective treatment for blindness, but immune rejection is still a significant problem, and studies have indicated that exosomes are involved in recovery process after corneal transplantation (Coulson-Thomas et al., 2013; Harrell et al., 2018). Short collagen-like peptides (CLPs) such as CLP-PGE promote the regeneration of stable corneal tissues and nerves by stimulating the production of exosomes by corneal epithelial cells (Jangamreddy et al., 2018). In addition, mouse-derived exosomes have been identified that as a medium, involved in signal transmission between cells during corneal wound healing (Han et al., 2017).

Mesenchymal stem cell (MSC) derived exosomes show therapeutic potential in various diseases. MSC-derived exosomes can relieve the symptoms of type two diabetes mellitus (Sun et al., 2018), and hypoxia-conditioned bone marrow MSC-derived exosomes can promote heart repair after ischemic injury by reducing myocardial apoptosis (Zhu et al., 2018). Similarly, MSC-derived exosomes have been identified make significant contributions in the visual system. The degree of in vitro wound healing by corneal MSCs (cMSCs) of human corneal epithelial cells is higher than controls, and corneas treated in vivo with cMSC-derived exosomes also have a higher degree of wound healing (Samaeekia et al., 2018). In the rat retinal detachment model, MSC-derived exosomes can inhibit apoptosis of photoreceptor cells and maintain normal retinal structure (Ma et al., 2020). MSC-derived exosomes inhibit the migration of inflammatory cells and decline the infiltration of white blood cells to ease the progress of experimental autoimmune uveitis (Bai et al., 2017). MSC-derived exosomes also improve visual function by downregulating the vascular endothelial growth factor-A produced (He et al., 2018).

Exosomes not only participate in pathological and physiological processes, but also have therapeutic and diagnostic potential. Adeno-associated virus (AAV), a small, non-enveloped virus (Samulski and Muzyczka, 2014), is often used as a gene therapy carrier with its high efficiency and safety (Wassmer et al., 2017). Exosomes (exo) can be combined with AVV to produce exo-AAVs that have higher gene transfer efficiency compared to AVVs alone (Hudry et al., 2016). Wassmer et al. packaged the green fluorescent protein gene into AAV2 and exo-AAV2 vectors and injected them into mouse eyes through intravitreal (IVT). The data indicated that the exo-AAV2 vector was superior compare to AAV in terms of delivery and retinal transduction and that exo-AAV2 could enhance gene transduction in the ganglion cell layer and in the deep retina (Wassmer et al., 2017). Owing to exosomes can pass across the blood-brain barrier, and the endothelial barrier (El Andaloussi et al., 2013a; Hudry et al., 2016), they might provide a chance to treat of eye diseases.

Exosomal RNA is significantly increased in both myopic and normal aqueous humor (AH) samples, and there are several specific miRNAs that might be useful biomarkers of myopia (Chen et al., 2019). Exosomes are widely found in all kinds of fluids, including tears, so it might be possible to find exosomal markers of in eye diseases from tears. Some studies have identified the appearance of exosomal marker proteins in tears, such as CD9, CD63 (Aass et al., 2015; Matheis et al., 2015; Grigor’eva et al., 2016).



Exosomes in Hearing System

Deafness is a common sensory disease and sensing hair cells (HCs) in the inner ear are sensors for recognizing sound. In mammals, HC loss due to noise, aging, and ototoxic drugs is irreparable and is thus the major cause of permanent hearing loss (Brigande and Heller, 2009; Furness, 2015). Recent studies showed that exosomes are present in the inner ear, and the release of inner ear exosomes is decreased and the protein profile of exosomes is significantly changed after treatment with ototoxic drugs such as neomycin and cisplatin (Wong et al., 2018). Exo-AAV has been successfully used as a non-toxic and noval gene vector for gene therapy of retinal diseases in mouse models, and György et al. have demonstrated that exo-AAV is also an effective gene vector for inner ear HCs (György et al., 2017). The addition of the exo-AAV vector to the in vitro culture medium showed that about 95% of the vector was transduced into inner and outer HCs (IHCs and OHCs). The vector was also injected into the mouse cochlea in vivo through round window (RW), and the transduction efficiency in IHCs and OHCs was 88 and 25%, respectively. LHFPL5, also called Tmhs, is an essential component of the mechanical transduction mechanism of OHCs and IHCs, and its deletion can cause hearing loss (Xiong et al., 2012). Exo-AAV- HA-Lhfpl5 injection through RW could partically rescue hearing in Lhfpl5-/- mice (György et al., 2017), thus exo-AAV vectors might provide a new method in gene therapy for treating clinical deafness.

Exosomes can mediate intercellular communication between different cells by delivery of exosomal proteins, nucleic acid and lipids to recipient cells (Colombo et al., 2014). Heat-shock 70-kDa protein (HSP70) is widely found in exosomes (Fonseca et al., 2016), and previous study by Lisa L Cunningham et al. showed that supporting cells (SCs) require HSP70 to protect HCs (May et al., 2013). Recently, they found that SCs derived exosomes are significantly increased by heat shock, and these exosomes can improve promote HCs survival under neomycin exposure. Furthermore, they found that HSP70 in SCs-derived exosomes interact with TLR4 receptors on the cell membrane of HCs, which can protect HCs from damage (Breglio et al., 2020).

Exosomes are likely associated with the pathological processes of inner ear diseases, for instance sensorineural hearing loss and genetic deafness. At present, although there are only a few reports on exosomes in the auditory system, we believe that exosomes will make significant contributions in future clinical treatment of inner ear diseases and prediction of deafness.



CONCLUSION AND PERSPECTIVES

Exosomes contain abundant proteins and nucleic acids, and they are considered to be a medium for transmitting information between cells. Exosomes have significant functions not only in the metastasis and growth of tumor cells, but also in normal physiological processes. The phospholipid bilayer structure and rich proteins and nucleic acids of exosomes also make them useful as biomarkers for medical diagnose. Due to their heterogeneity and not restricted by the blood-brain barrier, exosomes can design as targeted drug-delivery vehicles, and will likely be important components of novel therapeutic strategies.

Many new methods for analyzing exosomes have been developed in recent years, but the isolation and analysis of exosomes remains a challenge because the molecular interactions and the precise functions of exosomes are still difficult to analyze. New technologies for single exosome analysis are required to reveal the unique molecular functions and diversity of exosomes. Exosomes exist not only in various body fluids, but also in tissues, and the requirement for extraction specified steps are different in different samples. Therefore, further studying the functions of exosomes in disease processes, it is vital to establish standard protocols based on different exosomal sample types to be extracted to avoid influence from human normal physiological factors.

Research on exosomes in the visual and auditory systems is still a relatively young field, especially the field of hearing, and the related research is summarized in Figure 4. To further study exosomes in the field of vision and hearing, it is necessary to develop animal models for exosom research, such as mouse, zebrafish or Drosophila models. With the help of animal models, we can more clearly explain the function of exosomes. It was reported that exosome reporter mice has been used to show exosomes involved in central nervous system communication (Men et al., 2019).
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FIGURE 4. Applications of exosomes in the visual and auditory systems. (1) Exosomes are involved in cell ECM changes. Dexamethasone treatment decreases the affinity of exosomes to fibronectin, which can explain the abnormal accumulation of ECM substances in steroid-induced glaucoma patients. (2) Exosomes are involved in immune regulation, and they can reduce immune rejection after corneal transplantation. MSC-derived exosomes ameliorate autoimmune uveoretinitis by inhibit the migration of inflammatory cells and decline the infiltration of white blood cells into the eye. (3) Exosomes can accelerate wound healing and exo-AAVs are considered to be a novel gene therapy tool. (4) Exosomes in tears, AH and blood have the potential to be used as diagnostic markers.


The discovery of more and more exosomal disease markers and the chance as a novel drug delivery vehicle are expected to apply in disease judgment, and thus improve patients’ outcomes.
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The increasing number of patients with chronic wounds caused by diseases, such as diabetes, malignant tumors, infections, and vasculopathy, has caused severe economic and social burdens. The main clinical treatments for chronic wounds include the systemic use of antibiotics, changing dressings frequently, operative debridement, and flap repair. These routine therapeutic strategies are characterized by a long course of treatment, substantial trauma, and high costs, and fail to produce satisfactory results. Biomaterial dressings targeting the different stages of the pathophysiology of chronic wounds have become an active research topic in recent years. In this review, after providing an overview of the epidemiology of chronic wounds, and the pathophysiological characteristics of chronic wounds, we highlight the functional biomaterials that can enhance chronic wound healing through debridement, anti-infection and antioxidant effects, immunoregulation, angiogenesis, and extracellular matrix remodeling. It is hoped that functional biomaterials will resolve the treatment dilemma for chronic wounds and improve patient quality of life.
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INTRODUCTION

Owing to an increasing number of patients with chronic diseases such as diabetes, there are more than 6.5 million patients with chronic wounds worldwide, and the overall medical cost for treating chronic wounds exceeds 25 billion US dollars per year (Sen et al., 2009). Chronic diseases including diabetes, cardiovascular and cerebrovascular diseases, hypoxia, cancer, and immunosuppression are causes of chronic wounds, as are local vascular disease, infection, and repetitive trauma (Morton and Phillips, 2016). According to the etiology, the categories with the highest incidence of chronic wounds are diabetic foot ulcers (DFUs), venous leg ulcers, and pressure ulcers. DFUs alone occur in more than 450 million adult diabetes patients, and there is a 25% lifetime chance of developing diabetes (Boulton et al., 2005; Cho et al., 2018). The high prevalence, high amputation rate, and high recurrence rate of DFUs cause a serious economic and social burden (Boulton et al., 2005; Cho et al., 2018). However, innovations in clinical treatment methods and wound care have been insufficient for the past century (Harding, 2015). Familiarity with the anatomical structure and function of the skin, as well as the difference between acute wound healing and chronic wound healing, is essential for the treatment of chronic wounds.

The anatomy of normal skin is mainly composed of epidermis, dermis, and subcutaneous tissue. The avascular epidermis layer is closely connected to the dermis layer through the basement membrane, and the barrier function and prevention of fluid loss of the skin are mainly provided by the stratum corneum structure in the epidermal. Dermal matrix components, predominantly collagen (Col) and elastin, are derived from fibroblasts. The main cell types of the subcutaneous tissue are fibroblasts and adipocytes (Mathes et al., 2014).

Epidermal stem cells located in the epidermis, sweat glands, and sebaceous glands can effectively promote skin regeneration under physiological and pathological conditions (Snippert et al., 2010). To ensure the continuity of the skin structure and the integrity of its function, a dynamic and highly controlled recovery process can be initiated after injury. This healing process, which involves different types of cells and intracellular and intercellular signaling pathways, has been extensively studied (Gurtner et al., 2008). The healing process of acute wounds in healthy individuals is rapid and orderly. This process consists of four sequential and partially intertwined stages, hemostasis, inflammation, proliferation, and tissue remodeling, which represent the repair principles of most tissues (Gurtner et al., 2008; Gonzalez et al., 2016). The fibrin network formed during the hemostatic phase not only helps to enhance the barrier function but also promotes cell migration and fibroblast proliferation. Increased local penetration of neutrophils, lymphocytes, and monocytes represents the entry into the inflammatory phase, which generally lasts less than a week. During the proliferation phage, after the keratinocytes migrate to the damaged dermis, granulation tissue replaces the fibrin network formed during the hemostasis period. This new matrix is conducive to the maturation of keratinocytes, which completes the epithelialization process. The tissue remodeling period can start 2 weeks after injury, and the duration may be up to 1 year. The cells activated in the previous stage are reduced, and the conversion of type III Col to type I Col under the action of matrix metalloproteinases (MMPs) can enhance the repair of skin tissue during this stage (Gurtner et al., 2008; Gonzalez et al., 2016). The outcomes of acute wound healing can be classified as regeneration or repair, that is, epidermal-specific tissue replacement or repair with scar tissue, respectively (Reinke and Sorg, 2012).

If the healing process does not proceed smoothly, the wound will evolve into a chronic wound (Nunan et al., 2014). It is generally believed that chronic wounds cannot be repaired in a normal, orderly, and timely manner. In humans, anatomical and functional integrity cannot be restored within 3 months (Nunan et al., 2014). The physical space-occupying effect of the increase in local necrotic tissue, infection caused by various pathogens, poor local vascular conditions, and excessive levels of pro-inflammatory cytokines, proteases, and reactive oxygen species (ROS), etc. can all cause a wound to stagnate at the inflammatory reaction stage, resulting in delayed healing, or failure to heal. This may occur even after some tissue remodeling in partial wounds, which often leads to severe scar hyperplasia or keloids (Nunan et al., 2014; Zhao et al., 2016). There are clinical treatments for these complications, including systemic application of antibiotics, frequent changing of dressings, operative debridement, and flap repair. Other therapeutic techniques include the application of hyperbaric oxygen therapy (HBOT) to improve the wound microenvironment by increasing local oxygen content, the use of negative pressure-assisted wound therapy (RNPT) to improve the local blood supply, and the use of platelet-rich plasma (PRP) that is rich in cytokines and nutritional factors to treat chronic wounds (O'reilly et al., 2011; Topaz, 2012; Powers et al., 2016; Weller et al., 2019). However, the conventional treatment methods have the several disadvantages, including the need for anesthesia in patients undergoing operative debridement, the side effects of systemic application of antibiotics, and the repair of chronic wounds caused by flaps and skin grafts. HBOT, RNPT, and PRP only serve as adjuvant treatments for wounds. In short, all the above treatment methods fail to change the microenvironment of chronic wounds, which is not conducive to repair, and thus they do not represent breakthroughs in the treatment of chronic wounds. In addition, progress in wound care over the past century has been very slow (Harding, 2015).

In view of the limitations of traditional treatments, biomaterials have received extensive attention regarding their potential applications in chronic wounds. Many commercial wound dressings, such as alginate and hydrocolloid-based dressings, shorten the healing time of chronic wounds by maintaining a moist microenvironment that can maintain cell activity and accelerate debridement and vascularization, and have been shown to have therapeutic potential (Field and Kerstein, 1994; Serena et al., 2016; Jones et al., 2018). Protease-modulating matrix products have also shown promise in the treatment of chronic wounds (Jones et al., 2018). In view of the increasing number of basic research studies of the treatment of chronic wounds with biomaterials, it is necessary to systematically summarize the functionalization of biomaterials. In this review, we focus on research progress with respect to biomaterials used for debridement and to achieve anti-infection and antioxidation effects, immunoregulation, angiogenesis, and extracellular matrix (ECM) remodeling in chronic wounds. A schematic of this review is shown in Scheme 1.
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SCHEME 1. Functional biomaterials for repair of chronic wounds.




FUNCTIONAL BIOMATERIALS FOR TREATMENT OF CHRONIC WOUNDS

The main role of functional biomaterials in the treatment of chronic wounds is to promote skin repair by adjusting the microenvironment of the wound (Kruse et al., 2015). Here, we introduce the characteristics of various functional biomaterials, their mechanisms, and their effects on chronic wound healing. Modern functional biomaterial dressings for chronic wounds are summarized in Table 1.


Table 1. Modern functional biomaterial dressings for chronic wounds.
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Debridement

Debridement is one of the key processes in preparing chronic wound beds. Bacteria and toxins often accumulate in necrotic tissue, which is composed mainly of inactivated Col. The long-term presence of necrotic tissue can cause local or even systemic infections. Tight combination of the necrotic tissue and the wound bed also has a physical occupying effect, which seriously hinders wound healing. Clearing the necrotic tissue can reduce the burden of bacteria and abnormal-phenotype cells, reduce local edema, and normalize the microenvironment of the wound surface (Falanga, 2004). Despite the obvious advantages of wound debridement, the impact of multiple operative debridement procedures and the requirement for anesthesia have severely limited its wide application in patients with underlying diseases.

Hydrogels with different gel-forming mechanisms and components are among the most widely used biomaterials (Wang Y. et al., 2019; Zhang et al., 2019c; Lin et al., 2020), and also play an important part in chronic debridement. Hydrogel dressings achieve debridement by rehydration, molting, and removal of inactivated and necrotic tissue. Sterigel®, an amorphous hydrogel derived from corn bran, was used for debridement of wound necrotic tissue and sloughing as early as 1997 (Williams, 1997). Hydrogel dressings are not suitable for chronic wounds with substantial or continuous exudation, and their applications are limited by the water absorption capacity of the hydrogel. As carboxymethyl cellulose adsorption particles have strong water absorption capacity, hydrocolloid occlusive dressings composed of carboxymethyl cellulose and polyurethane are suitable for wounds with more exudate. When the hydrocolloid dressing comes into contact with the wound exudate, the hydrogel matrix forms a hydrogel layer after swelling with water; the moist milieu created by the hydrocolloid promotes debridement and stimulates the formation of granulation tissue (Eaglstein, 2001). One meta-analysis of 12 randomized controlled trials including patients with venous ulcers and pressure ulcers showed that the healing rate of ulcers in the hydrocolloid dressing group was higher than that in the traditional gauze dressing group (Singh et al., 2004). Protease loaded polyacrylate-based dressing can also achieve effective debridement of chronic wounds (Humbert et al., 2014).

The effect of autolytic debridement after injury is often limited and the time is longer, the application of dressings with various debridement functions has also achieved good therapeutic effects in chronic wounds. Such dressings are especially suitable for patients in poor physical condition.



Anti-infection

Chronic wounds have an increased risk of endogenous and exogenous infections. Infections lead to increased local or systemic inflammation, which is often an important cause of chronic wounds not healing or even deepening (Gjdsbl et al., 2006; Agostinho et al., 2011). Chronic wounds are often colonized by more than two bacterial species, the most common of which are Staphylococcus aureus and Pseudomonas aeruginosa (Gjdsbl et al., 2006). Bacteria in chronic wounds do not exist in a suspended state but colonize the ECM in the form of complex bacterial biofilms. This is often the reason for the emergence of drug-resistant bacteria, such as extended-spectrum β-lactamase-positive Escherichia coli (ESBL E. coli) and methicillin-resistant S. aureus (MRSA) (Suryaletha et al., 2018).

The treatment of chronic wounds with bacterial colonization generally involves interfering with the formation of new bacterial biofilms, removing the biofilms that have formed, and minimizing the use of antibiotics. A variety of natural and synthetic polymer-based antibacterial functional dressings, including types of hydrogel, foam, and fiber, have been shown to have anti-infection effects. Hydrogels are polymer solid materials with a three-dimensional (3D) network structure containing water as a dispersion medium. Chitosan (CS)-based dressings have many advantages, including excellent degradability and compatibility; they are also non-toxic and exhibits excellent antibacterial activity (Wang et al., 2012). In short, antibacterial CS dressings can effectively improve the local microenvironment of a wound (Archana et al., 2013); Ding et al. synthesized a series of polyurethane foam dressings with different cationic group contents, which showed antibacterial properties against both Gram-positive cocci and Gram-negative bacilli (Ding Y. et al., 2019); the uniquely high surface area to volume ratio and high porosity of fiber and electrospun nanofiber scaffolds enable them to effectively simulate the microenvironment of the ECM. Thus, such scaffolds are widely used in tissue repair, including in antibacterial treatments for chronic wounds (Ranjbar-Mohammadi et al., 2016; Ding J. et al., 2019; Feng et al., 2019a; Zhang et al., 2019a,b). Arenbergerova et al. prepared a polyurethane electrospun nanofiber dressing loaded with a photosensitizer, tetraphenylporphyrin (TPP). The activation of TPP by visible light produced cytotoxic singlet oxygen, which enhanced the antibacterial function of the dressing. The thin and transparent nature of this dressing maximized the photosensitizer activity (Arenbergerova et al., 2012).

Silver ion products such as silver sulfadiazine are excellent antibacterial agents and have been widely used in the treatment of burn wounds. However, they have shortcomings, including causing increased MMP expression. In recent years, silver nanoparticles (AgNPs) have been widely used in the treatment of chronic wounds owing to their broad-spectrum antimicrobial properties and safety. AgNPs inactivate pathogenic microorganisms by breaking disulfide bonds in proteins, thereby changing the tertiary structure of the proteins (Liau et al., 1997; Lara et al., 2011). Masood et al. fabricated AgNPs incorporated in a CS/poly(ethylene glycol) (PEG) hydrogel. Silver nitrate was reduced by CS and PEG solution to prepare the AgNPs, and then cross-linked with glutaraldehyde to produce the AgNP-loaded CS/PEG hydrogel. The incorporation of AgNPs increased the porosity and swelling capacity of the CS/PEG hydrogel. Further in vivo experiments confirmed that the AgNP-CS/PEG hydrogel effectively promoted the healing of diabetic wounds in rabbits (Masood et al., 2019). As one of the important trace elements, copper ions have attracted attention for their antibacterial function in chronic wounds. Qiao et al. developed protein-stabilized nano-copper sulfate (CuS) nanodots, using the photothermal effect of CuS to enhance their bactericidal properties. As shown in Figure 1, the synergistic action of the photothermal effect of the CuS nanodots and the release of copper ions produced a robust bactericidal effect on ESBL E. coli and MRSA in vitro. Further in vivo experiments used an MRSA-infected circular wound with a diameter of 0.7 cm in diabetic mice, and found that the experimental group basically healed after 12 days (Qiao et al., 2019).


[image: Figure 1]
FIGURE 1. Antibacterial effect of laser-activated CuS nanodots. (A) Schematic diagram of CuS nanodots combined with laser irradiation to enhance antibacterial effect. (B) Wound images of MRSA-infected diabetic wound in mice. (C) Quantitative analysis of wound areas. ***p < 0.001. Reproduced with permission from Qiao et al. (2019).


Optimization of drug delivery systems is also an effective way to improve antibacterial performance. A cyclodextrin-based hydrogel was used as a drug delivery system to improve the efficacy of gallic acid, a polyphenol and broad-spectrum antimicrobial agent. The hydrophobic porosity and hydrophilic surfaces of cyclodextrin-based hydrogels improve their ability to encapsulate multiple molecules, which in this case helped to maintain the activity of gallic acid and enhance its antibacterial ability (Pinho et al., 2014). López-Iglesias et al. used CS/aerogel particles as carriers to enable sustained release of vancomycin, and achieved effective inhibition of MRSA while reducing the amount of antibiotic used and avoiding bacterial resistance (López-Iglesias et al., 2019). He et al. prepared a two-stage wound dressing, using nano silver and Calculus bovis as anti-infection and anti-inflammatory agents, respectively. Drug release experiments showed that the antibacterial phase occurred earlier than the long-duration drug release phase. Thus, the drug-loading system achieved rapid anti-infection, continuous reduction of inflammatory response, and accelerated healing of S. aureus-infected wounds (He et al., 2017).



Antioxidant

The increase of the right amount of oxidant accelerates the healing of wounds in mice, as low concentrations of ROS, including superoxide anions ([image: image]), hydrogen peroxide (H2O2), and hydroxyl radicals (·OH), serve as signaling messengers to regulate gene expression. Low level of ROS are beneficial for maintaining cellular environmental homeostasis (Sen et al., 2002), whereas excessive ROS causes significant damage to nucleic acids and growth factors, and impairs angiogenesis in chronic wounds, which in turn hinders the healing process.

It has been proven that biomaterials and bioactive agents with antioxidative function, including diol-citrate esters, edaravone, and cerium dioxide, can accelerate chronic wound healing (Luo et al., 2004; Zhu et al., 2016; Speidel et al., 2017; Fan et al., 2019; Wu et al., 2019).

Zhu et al. fabricated a poly(polyethylene glycol citrate-co-N-isopropylacrylamide) (PPCN) hydrogel through continuous polycondensation and free radical polymerization reactions. The antioxidant diol-citrate esters endowed this temperature-sensitive PPCN hydrogel with antioxidant properties. Compared with the PBS group, the antioxidant PPCN hydrogel group more effectively promoted the regeneration of the epidermis and the appendages. Moreover, the PPCN content of the hydrogel could be adjusted to obtain better encapsulation and slow release of angiogenic chemokine stromal cell derived factor-1 (SDF-1), which achieved the desired functions of antioxidation and promotion of neovascularization (Zhu et al., 2016). Kim et al. reported that in the absence of biologically active agents, phytochemically stabilized gold nanoparticles increased the content of superoxide dismutase in acute wounds, with an antioxidant effect. They also showed that increasing angiopoietin 1 (ang1) and ang2 expression promoted angiogenesis in in vivo experiments (Kim et al., 2015). However, the effectiveness of these approaches in chronic wounds needs to be verified.

Edaravone, a commercial drug with the ability to scavenge ·OH, is used to treat cerebral ischemia and has also been used in chronic wounds. The therapeutic effect was dose-dependent, which proved the dual role of ROS in chronic wound healing (Fan et al., 2019). Ceria have also attracted attention as potential treatments for excessive-ROS-related diseases owing to their ability to mimic the activity of multiple antioxidant enzymes. miR-26a is an important microRNA that inhibits neovascularization in DFUs, only on the basis of removing excessive ROS, antagomiR-26a can effectively reverse the neovascularization inhibition caused by miR-26a and promote vascular regeneration. Wu et al. combined the use of antagomiR-26a and ceria nanozymes to treat non-healing wounds in diabetes patients. Ceria nanozymes with a diameter of 3 nm were prepared and covalently modified with 25 kDa polyethyleneimine (PEI25K) to produce PCN. PCN-miR was fabricated by electrostatic adsorption with negatively charged antagomiR-26a. The design of this drug delivery system ensured that antagomiR-26a had direct contact with the ceria nanozymes, preventing ROS from destroying its activity, as shown in Figure 2. In vivo experiments showed that this self-protecting hydrogel effectively promoted the repair of non-healing wounds in diabetes (Wu et al., 2019).


[image: Figure 2]
FIGURE 2. PCN-miR/Col hydrogel exerts antioxidant and neovascularization properties to promote healing of oxidative diabetes wound. (A) Schematic of PCN-miR/Col hydrogel preparation, antioxidation, and vascularization in chronic wounds. (B) In vivo results of ROS by immunofluorescence. (C) Quantitative analysis of results shown in (B). *p < 0.05. (D) Masson staining images from day 28 post-operation. Scale bars, 100 μm. Reproduced with permission from Wu et al. (2019).




Immunoregulation

The immune response is essential to clear pathogens in the early stages of wound healing. Toll-like receptors recognize signals from necrotic tissue and damaged ECM to activate tissue-resident macrophages and recruit other inflammation-related cells, including neutrophils and lymphocytes. Neutrophils produce antibacterial substances and secrete cytokines that promote angiogenesis to promote the recovery of tissues. However, a persistent inflammatory response can lead to the formation of chronic wounds (Percival et al., 2014). Furthermore, it is closely related to the activation type of macrophages in the wound microenvironment. Pro-inflammatory M1 macrophages aggravate tissue damage, whereas anti-inflammatory M2 macrophages are conducive to wound healing (Krzyszczyk et al., 2018).

The polarization of M1 macrophages into M2 macrophages is an effective treatment method that can effectively reduce an excessive inflammatory response (Hesketh et al., 2017; Feng et al., 2019b). Therefore, the development of anti-inflammatory biomaterials based on immunoregulation is a research hotspot. As shown in Figure 3, studies have shown that konjac glucomannan-modified SiO2 nanoparticles (KSiNPs) can induce macrophages to differentiate into M2 phenotypes by inducing the accumulation of nano-clusters of the mannose receptor on the macrophage surface. Without containing any drugs, the material itself has an anti-inflammatory effect and promotes wound healing (Gan et al., 2019).


[image: Figure 3]
FIGURE 3. KSiNPs activate macrophages to differentiate into M2 phenotypes and promote wound healing. (A) Schematic of the mechanism by which KSiNPs promote chronic wound healing. (B) Immunofluorescence identification of macrophages in each experimental group 7 days post-operation. Scale bars, 20 μm. (C) Quantitative analysis of the results from (B), showing that the proportion of M2 macrophages in the KSiNP group increased. *P < 0.05, **P < 0.01. (D) Flow cytometry detection of macrophage activation status in different groups of wounds on day 7. Reproduced with permission from Gan et al. (2019).


Proteases and excessive ROS produced by the immune response also hinder wound healing by inactivating growth factors (Sies, 1991; Schafer and Werner, 2008; Westby et al., 2018). Inhibiting the inflammatory response and reducing the cytokines produced during the inflammatory response are of great significance for improving the microenvironment of chronic wounds, and many biomaterial dressings or medicines with anti-inflammatory effects have been used in chronic wounds.

The anti-inflammatory effects of new hydrocellular foam dressings have been verified in acute wound models; they reduced the gene expression levels of inflammation-related factors including IL-1β, IL-6, and IL-10 (Banks et al., 1997; Yamane et al., 2015). Amin et al. compared the anti-inflammatory effect of Chinese medicine bee venom on chronic wounds with that of diclofenac hydrogel. They incorporated bee venom into a poly(vinyl alcohol) (PVA)/CS-based hydrogel using a freezing-thawing method. In vivo experiments showed that this bee venom-loaded PVA/CS hydrogel increased the gene expression levels of hydroxyproline and glutathione and reduced the level of IL-6, and its anti-inflammatory effect was comparable to that of the diclofenac hydrogel (Amin and Abdel-Raheem, 2014).



Angiogenesis

Various conditions, such as hyperglycemia, cause endothelial dysfunction, resulting in insufficient blood supply to a chronic wound and an insufficient supply of nutrients and oxygen around the wound (Sorg et al., 2018). Therefore, reconstruction of the vascular network is essential to accelerate the healing of chronic wounds with local blood supply shortage. Impaired angiogenesis is associated with abnormal migration, proliferation, and regulation of endothelial progenitor cells. Some studies have confirmed that endogenous gas signaling molecules such as nitric oxide and hydrogen sulfide, which promote angiogenesis and granulation tissue formation, are closely related to wound healing (Durante, 2016; Malone-Povolny et al., 2019). In addition, insufficient blood supply will also affect the local skin temperature and thus the wound microenvironment. Acute wounds will increase the temperature of the wound under the mediation of certain factors, thereby causing vasodilation and achieving the purpose of providing more nutrition. Chronic wound blood flow is blocked in vascular disease, which reduces skin temperature and affects wound healing (Wilmore et al., 1977; Fierheller and Sibbald, 2010). At present, many kinds of dressings made using hydrogels, electrospinning, etc. with angiogenic effects have been used alone or in combination with angiogenic bioactive substances for the neovascularization of chronic wounds.

Hyaluronic acid (HA), a non-sulfated glycosaminoglycan, is the main component of ECM. HA promotes angiogenesis through controllable mild inflammation caused by degradation products (Toole and Slomiany, 2008; Gaffney et al., 2010; Hemshekhar et al., 2016). Tokatlian et al. used HA hydrogels with different pore sizes to carry a plasmid containing VEGF plasmids for the treatment of chronic wounds. When applied to a splinted wound in a diabetic mouse model, the hydrogel with pores of 60 μm in diameter had the strongest healing ability, but the combination of VEGF plasmids did not further enhance the regeneration of granulation tissue (Tokatlian et al., 2015). Gelatin, also known as hydrolyzed Col, has also been used as a drug delivery vehicle for chronic wound neovascularization. It has excellent biocompatibility and biodegradability, and low antigenicity (Yeh et al., 2011). Mesenchymal stem cells (MSCs) exert a chemotactic effect through paracrine signaling to promote the regeneration of chronic wounds. In order to verify the therapeutic effect of chemokines that can induce the migration of MSCs on chronic wounds, Yoon et al. developed an IL-8 or macrophage inflammatory protein-3α (MIP-3α)-loaded gelatin-hydroxyphenyl propionic acid (GH) hydrogel. This GH hydrogel achieved the encapsulation of IL-8 and MIP-3α during the in-situ polymerization process and maintained the vitality of chemokines. In vivo experiments using a 1.0 cm diameter round wound in diabetic mice confirmed that IL-8, which is involved in recruiting a variety of cell types, including MSCs and endothelial cells, had a stronger repair-promoting ability than MIP-3α. Further histological and immunohistochemical results indicated that the restoration of regeneration ability was due to the enhancement of neovascularization (Yoon et al., 2016). Col-based hydrogels have the advantages of high water absorption, good biocompatibility, and low antigenicity. Col also enhances granulation tissue and neovascularization by eliminating high concentrations of MMPs (Simpson et al., 2007; Laghezza Masci et al., 2019). Alginate is an anionic polysaccharide that can form hydrogels under very mild conditions and in the absence of organic solvents (Lee and Mooney, 2012). In addition, alginate effectively prevents dehydration and has long been regarded as an excellent biomaterial for use in wound healing dressings. Alginate hydrogel can be used as a drug delivery carrier to solve the problems of low bioavailability and poor stability of large molecules such as proteins and growth factors (Momoh et al., 2015). For instance, calcium alginate hydrogel has served as a drug carrier for protamine with a neovascularization function in the treatment of chronic wounds (Wang T. et al., 2019). A CS based-dressing was also used to deliver small interfering RNAs (siRNAs) with ECM remodeling function. This RNA interference therapy also strongly promoted vascular regeneration of chronic wounds (Castleberry et al., 2016). For more detail, see section “Extracellular Matrix Remodeling” below.

In addition to hydrogels, oriented electrospun fibers dressing can also serve as a delivery system for pro-angiogenic drugs for the treatment of chronic wounds. Dimethyl xalylglycine (DMOG) is a small molecule that promotes angiogenesis. To solve the problem of its rapid inactivation in the body, Ren et al. used nano-mesoporous silicon as an intermediate carrier to prepare a DMOG-loaded poly (L-lactic acid) (PLLA)-oriented electrospun dressing. As shown in Figure 4, this drug-loading system achieved slow release of DMOG and Si ions; the oriented electrospun fibers regulated the arrangement of cells and the signal transmission mechanism of special phenotype expression through physical cues guided by orientation. In vitro tests confirmed that it increased gene expression levels in human umbilical vein endothelial cells, and in vivo experiments showed that it promoted wound healing and neovascularization in diabetic mice (Ren et al., 2018).


[image: Figure 4]
FIGURE 4. DMOG-loaded PLLA electrospun membrane dressing promotes chronic wound angiogenesis. (A) Schematic of material preparation and angiogenesis-promoting mechanism. (B) Immunofluorescence CD31 staining images of wounds 7 days post-operation. Scale bar, 100 μm. (C) Quantitative analysis of the results shown in (B). **P < 0.01. Reproduced with permission from Li et al. (2018).




Extracellular Matrix Remodeling

The reduction of locally related ECM is an important cause of chronic wound non-healing. Col is the most important component of ECM in skin. Increasing the content and the stability of Col fibers accelerates wound healing. Compared with type III Col, type I Col has better tensile properties. Type III Col is mainly formed in the early stages of wound healing, and the ratio of these two types of Col has a greater impact on the wound healing and the skin quality after healing (Rhett et al., 2008). Mechanistic studies have shown that the reduction in ECM content observed in chronic wounds is related to the overexpression of ECM proteases, such as MMP-9. Decreased ECM results in impaired granulation tissue formation and epithelial formation (Hayden et al., 2011; Castleberry et al., 2016). Therefore, strategies to promote wound healing by optimizing the ECM have gradually attracted attention in recent years.

Caetano et al. confirmed that the polyelectrolyte complex obtained by cross-linking of CS and alginate. The cross-linked polyelectrolyte compound combining the characteristics of CS and alginate reduced the infiltration of neutrophils, promoted the proliferation of fibroblasts, promoted Col formation, and improved the chronic wound microenvironment (Caetano et al., 2015).

An important strategy for ECM remodeling during chronic wound healing is the direct application of Col-based dressings. The components of the dressing can be directly degraded by MMPs, thereby reducing the consumption of Col in the ECM. The 3D structure provided can provide space for vascular regeneration and keratinocyte migration, effectively promoting wound repair (Liden and May, 2013; Bohn et al., 2016).

Local silencing of sequence-specific MMP genes using RNA interference is another important strategy for regulating MMP, which avoids the disadvantages of using MMP inhibitors such as low efficiency and side effects on skeletal muscle (Overall and Kleifeld, 2006). Castleberry et al. used layer-by-layer (LbL) self-assembly technology to fabricate two coatings on commercial nylon bandages to deliver an MMP-9-specific siRNA (siMMP-9). As shown in Figure 5, the first layer of degradable coating material was poly(β-amino ester) 2 (Poly 2)/dextran sulfate (DS); the second coating was CS with siMMP-9. The drug release properties and silencing of MMP-9 were optimized by adjusting the number of layers of coatings. In vivo experiments confirmed that this siMMP-9-loaded (Poly 2/DS)/CS film had a good ability to promote wound healing in diabetic mice and caused a steady increase in Col content. These results demonstrate the therapeutic potential of silencing MMP-9 gene expression in chronic wounds (Castleberry et al., 2016).


[image: Figure 5]
FIGURE 5. Silencing the MMP-9 gene accelerates the healing of chronic wounds through ECM remodeling. (A) Chemical structures of the materials used in the dressing, and schematic diagram of the double coatings fabricated by LbL self-assembly; X and Y represent the number of layers of Poly 2/DS and CS/siRNA, respectively. (B) Schematic of the in vivo experiments. (C) Post-operative photographs of wounds areas. Scale bar, 5 mm. (D) Sirius Red staining images of Col tissue infiltration and fusion with wound edges. UD, undamaged dermis. GT, granulation tissue. Scale bars, 75 μm. Reproduced with permission from Castleberry et al. (2016).




Others

In addition to the above commonly used functional dressings, other dressings, such as those used for diabetic foot neuropathy and scars, also need attention.

Diabetic neuropathy-related ulcers often occur on the plantar surface, and local ulcers often occur on parts of the foot that are under long-term pressure. The main clinical treatment is to use pressure-reducing shoes (Zimny et al., 2003; Clements et al., 2017; Feldman et al., 2017). Zimny et al. used a commercial felted foam dressing to treat patients with neuropathic DFUs. This felted foam dressing contained a thicker foam layer to relieve pressure on the sole of the foot and a thin sticky layer. In their retrospective study, patients using the felted foam dressing achieved the same treatment results as those using traditional clinical therapies (Zimny et al., 2003).

The formation of chronic wound scars often presents a trend of increasing within a year after the wounds healing. Scar formation often leads to repeated ulceration, infection, and even cancer of the wounds. Some researchers have added epidermal growth factor and silver sulfadiazine to silk protein biomaterials to make dressings. The material encapsulates the drug in three forms: a silk membrane, a layered porous silk membrane, and an electrospun nanofiber. It promotes the proliferation of dermal cells and the synthesis of Col, and reduces the formation of scars, thereby providing a feasible strategy for the treatment of chronic wounds (Gil et al., 2013).




CONCLUSIONS AND PROSPECTS

In the past two decades, functional biomaterials that can change the wound microenvironment, such as the continuous inflammation, have had a profound impact on the development of dressings for the treatment of chronic wounds. However, many basic studies have been carried out in rodent models, which are characterized by a predominance of M2 macrophages and tend to contracture healing. Thus, the results of these studies need to be further verified using large mammalian models. Current commercial dressings do not meet the needs of patients with chronic wounds, and cost-effective alternative designs containing various types of materials should be developed. Given the clinical problems of patients with chronic wounds, an important research direction is the development of diagnostic functional dressings that clarify the condition of the wound, especially the early symptoms of the subcutaneous tissues with temporary intact skin. As the skin healing process represents the repair process of most tissues, it is widely used in orthopedics and nerve repair technologies, such as 3D printing, and is also suitable for chronic wounds. Therefore, according to the actual characteristics of the patient's wound, such as the position, size, depth, and surrounding tissue of the wound, a more diverse and personalized functional dressing can be produced using computer-aided design. In short, as the application of functionalized biomaterials in chronic wounds is further developed, their therapeutic effects on chronic wounds will be greatly improved, and these materials will replace more clinically invasive operations.
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Objective: This work is to study the effect of Rhizopus nigrum polysaccharide EPS1-1 on hepatocellular carcinoma (HCC) in vitro and in vivo.

Methods: HepG2 and Huh-7 cells and nude mice models of liver cancers were used in this study. The cells and nude mice were treated with EPS1-1 at different concentrations. The CCK8 assays were used to measure the proliferation activities of cells, apoptosis was determined with flow cytometry, cell migration was measured by wound-healing assays, cell invasion was evaluated by Transwell assay, and the survival periods of different groups of tumor-bearing mice were compared. Real-time PCR and Western blot were used to measure the expression levels of mRNAs and proteins of the genes related to proliferation, apoptosis, migration, and invasion.

Results: In vitro experiments revealed that when treated with EPS1-1, HepG2 and Huh-7 cell proliferation activities decreased, while there was an increase for the apoptosis rate, and the migration and invasion capabilities were significantly reduced. In vivo experiments showed that EPS1-1 could significantly reduce the tumor growth and lung metastasis of HCC, and prolong the survival periods of tumor-bearing nude mice. Furthermore, EPS1-1 has no apparent damage to the heart, liver, and kidney. Further studies showed that EPS1-1 could affect the expression of proliferation-related genes CCND1 and c-Myc, apoptosis-related genes BAX and Bcl-2, and migration and invasion related genes Vimentin and Slug, thereby affecting the biological process of HCC.

Conclusion: EPS1-1 can inhibit the malignant process of HCC in vitro and in vivo, which indicates that EPS1-1 has the potential value of clinical application as chemotherapy or adjuvant in the treatment of liver cancer.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is a common malignant tumor, with its incidence and mortality rate ranks fifth and second in terms of the worldwide cancer death, respectively (Shi et al., 2017; Craig et al., 2019; Sun et al., 2019; Wang Q. et al., 2019). The main reason for the high mortality rate of liver cancer is its high rate of advanced diagnosis. However, at this time, surgical resection is not effective, and there are only a few options available for the treatment of advanced cancer (Vogel and Saborowski, 2020). Therefore, it is an urgent task for researchers to develop drugs that not only have the anti-tumor activity to control the progress of liver cancer but also can be easily used to assist other cancer treatments (Ding et al., 2019; Feng X. et al., 2019; Gao et al., 2019; Ma et al., 2020).

In recent years, there has been increasing attention on the natural antitumor compounds due to their biological activities and little or no side effects (Zhang et al., 2018; Kokudo et al., 2019; Li et al., 2019). Rhizopus nigrum is a zygote filamentous fungus that has been widely used in the brewing and pharmaceutical industries due to its biocatalytic and bio-transformative functions (Pan et al., 2019). Studies have shown that the polysaccharide EPS1-1 of 31930 Da can be extracted from the fermentation liquid of Rhizopus nigrum. The monosaccharide composition of EPS1-1 is rhamnose, xylose, fructose, mannose, dextran, and galactose, with a relative ratio of 16.2:14.4:1:25.8:23.6:48.1 (Massimi et al., 2019). Furthermore, it has been confirmed that EPS1-1 not only significantly inhibits colitis-related colorectal cancer (Bouattour et al., 2019), but also plays a vital role in relieving functional diseases of colorectal cancer mice (Feng B. et al., 2019). In terms of regulating immunity, EPS1-1 can also improve immunity by enhancing cellular and humoral immunity (Hussain et al., 2016). Therefore, as an effective natural antitumor compound, Rhizopus nigrum polysaccharide EPS1-1 has strong potential in the clinical application as an adjuvant medicine.

However, the role of EPS1-1 in HCC has not been studied. Therefore, the study of EPS1-1 in liver cancer has a good innovation and will provide new insights for drug or adjuvant treatment of liver cancer. In this study, we extracted EPS1-1 to study its effects on the proliferation, transformation, migration, and invasion of HCC in vitro, and its effect on the survival of tumor-bearing mice In vivo. In addition, we also investigated the corresponding mechanisms and evaluated the potential value of EPS1-1 as a chemotherapeutic or adjuvant drug for the clinical treatment of HCC.



MATERIALS AND METHODS


Extraction and Identification of EPS1-1

The Rhizopus nigrum mycelium with better growth was selected for fermentation, decolorization, dialysis, and drying. Then DEAE Sepharose Fast Flow ion-exchange chromatography was used to isolate the crude polysaccharide of Rhizopus nigrum. After that, the polysaccharide EPS1-1 was purified by the dextran gel chromatography column (Pan et al., 2019). Finally, HPLC was used to identify the components within EPS1-1.



Cell Culture

The HCC cell line, including HepG2 and HuH-7 cells, were purchased from Shanghai Fuheng Biotechnology Co., Ltd. They were cultured in DMEM medium containing 10 % fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin. The cells were cultured in a humid environment of 37°C with 5% carbon dioxide in the cell plates. Then, different concentrations of EPS1-1 (25, 50, 100, 200, and 400 μg/mL) were added in the cell plates, and one group of cells without EPS1-1 treatment was used as a control group.



Cell Proliferation Experiment

Cell proliferation experiments were tested using the CCK8 kit, which was purchased from MedChemExpress, USA. Specifically, cells with a density of 1 × 103 cell/mL were first seeded in 96-well plates and incubated at 37°C for 24 h, EPS1-1 with different concentrations was added. After a certain period (24, 48, and 72 h), the CCK-8 solution (10 μL) was added to each well, and cells were further incubated at 37°C for a while. Finally, the absorbance of samples with different treatments at 450 nM was measured using a spectrophotometer. Three independent experiments were carried out in this test.



Cell Scratch Test

For the cell scratch test, cells were grown to a 90% confluence in a 6-well culture plate. Then, gently scratch the attached cells with the tip of a sterile 10.0 μL micropipette on the plate surface to form a wound in the monolayer cells, which was defined as the starting time 0 h. After scratching, PBS was used to wash the culture plates three times to remove the detached cells, and after that, the serum-free medium containing different concentrations of EPS1-1 was added to the plates. Cells were then incubated for 24 h in a humid environment at 37°C with 5% carbon dioxide. After incubation for a specific time, cell migration was observed and photographed under a microscope. The relative mobility is represented by the distance at which the scratch decreases, with 0 h as the control. The test was repeated at least three times.



Cell Invasion Assay

The invasion ability of the cells was evaluated with an 8 μm Transwell Chamber (BD, Bioscience). Specifically, EPS1-1with different concentrations were first added in the cells that were cultured in the cell plates. After 48 h of treatment, cells were trypsinized, resuspended, and subsequently counted in serum-free DMEM medium. 2 × 104/100 μl cells in the serum-free medium were seeded in the upper cavity of Transwell Chamber that was coated with 50 μl matrix gel (BD Biosciences), and DMEM containing 10% FBS was added to the lower cavity. After incubating at 37°C for 12 h, the non-invasive cells in the upper cavity were removed with a cotton swab. Cells moving to the bottom of the membrane were then fixed with a 4% paraformaldehyde. After cell fixation, a crystal violet solution was added to stain the cells for 30 min before a microscope was used to observe the stained cells. The test was repeated at least three times.



Detection of Cell Apoptosis by Flow Cytometry

To detect the cell apoptosis, the cells were first seeded in a cell plate at 37°C for 24 h, and EPS1-1 was added after incubation. After 48 h, the cells were then collected and stained with Propidium iodide/Annexin V-FITC reagent (BD, Bioscience). Apoptosis was then detected by flow cytometry. In the flow cytometry, Annexin V-FITC emitted green fluorescence, and propidium iodide (PI) emitted red fluorescence. The apoptosis rate was calculated based on the results of flow cytometry. The test was repeated at least three times.



RNA Extraction and qRT-PCR

Total RNA was extracted from cells using Trizol reagent (Invitrogen), and the purity and concentration of RNA were measured with a spectrophotometer. A PrimeScript RT Reagent Kit kit (Takara) was used for reverse transcription reaction. cDNA obtained by reverse transcription was analyzed by SYBR Green PCR Master Mix (Applied Biosystems) reagent and Roche LightCycler 480 real-time PCR system (Apple BioSosies). The relative expression of mRNA was calculated by the 2−ΔΔCt method, and β-actin was used as an internal reference. The primer sequences are shown in Table 1.


Table 1. qRT-PCR primer sequences.
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Western Blot

To measure the expression of genes that are related to proliferation, apoptosis, migration, and invasion, Western blot was used to quantify the amount of protein of interest. Specifically, total protein was first extracted from the cells using RIPA protein lysate, which was purchased from Bao Dede Biological, and the total protein was then quantified using the BCA protein quantitative detection kit (Sigma). After protein quantification, 20 μg of protein from each group were taken and separated by 10% sodium lauryl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The separated proteins were then electroporated to a polyvinylidene fluoride (PVDF) membrane (Millipore, USA). After that, 5% skim milk powder was used to incubate the membrane at room temperature for 1 h for blocking. After blocking, the primary antibody was added to the sample, and it was then incubated at 4°C overnight. The primary antibody was then recovered afterward, the PVDF membrane was then washed three times with PBST, and the membrane was then incubated with an HRP-labeled secondary antibody, and washed three times with PBST after the incubation. Finally, the ECL chemiluminescence kit (Thermo Fisher Scientific) was used to visualize the protein bands. The antibodies used in this test includes Anti-Cyclin D1 antibody (1:1,000, ab16663, Abcam), Anti-c-Myc antibody (1:1,000, ab32072, Abcam), Anti-Bax antibody (1:1,000, ab32503, Abcam), Anti-Bcl-2 antibody (1:1,000, ab32124, Abcam), Anti-Vimentin antibody (1:1,000, ab8978, Abcam), Anti-SLUG antibody (1:1,000, ab106077, Abcam),Anti-β-actin antibody (1:1,000, ab8226, Abcam). The test was repeated at least three times.



Animal Experiments and Ethics

Animals used in this research were purchased from Changzhou Cavins Experimental Animal Co., Ltd., and the Animal Experiment Ethics Committee has approved the animal experiments of this research of our institution. Male nude mice of 6–7 weeks old, were cut and open the abdominal cavity and HepG2-GFP cells (1 × 106) suspended in serum-free medium were injected into their livers to construct liver cancer-bearing, mouse models. A total of 24 nude mice were then randomly divided into four groups, and then 100.0 mg/kg, 200 mg/kg, 400 mg/kg EPS1-1 or saline was injected intraperitoneally. At regular intervals, FluorVivo small animal live imaging system was used to detect the green fluorescence of GFP and represents the tumor volume by the size of the fluorescence range. The fluorescence on the lungs of the nude mice represents the positive liver metastasis of liver cancer. At the end of the experiment, all surviving mice were euthanized by cervical dislocation.



Serum Marker Detection

Serum CK, CK-MB, LDH, ALT, AST, BUN, and Cr detection kits were purchased from Sigma for the serum marker detection. The test was repeated at least three times.



Statistical Analysis

SPSS (version 22.0) and Graphpad Prism (version 5.0) were used in this study for the statistical analysis. All data in this study were expressed as mean ± standard deviation (mean ± S.D.). The t-test and one-way analysis of variance were used to compare the statistical differences between the groups. The difference between different comparisons was considered statistically significant when the P < 0.05.




RESULTS


Extraction and Identification of EPS1-1

EPS1-1 was isolated from mycelium of the Rhizopus nigrum mycelium. HPLC was used to identify the components within EPS1-1, which include rhamnose, xylose, fructose, mannose, dextran, and galactose, as shown in Figure 1.


[image: Figure 1]
FIGURE 1. The high-performance liquid chromatography analysis of (A) monosaccharide standard sample and (B) EPS1-1 hydrolysate.




EPS1-1 Inhibits HCC Proliferation

As shown in Figure 2, after adding 25, 50, 100, 200, and 400 μg/mL of EPS1-1 to HCC cell lines including HepG2 and HuH-7, the cell proliferation ability was decreased significantly (P < 0.05) in both HepG2 and HuH-7 when the concentrations of EPS1-1 were at 100, 200, and 400 μg/mL, respectively. The inhibition of EPS1-1 on the proliferation of HCC was in a dose-dependent manner. The results from this test indicate that the EPS1-1 is able to inhibit the HCC proliferation when the EPS1-1 reached a certain level.


[image: Figure 2]
FIGURE 2. The effect of EPS1-1 on the proliferation activity of HCC detected by CCK8 test. Results are expressed as mean ± standard deviation, N = 3, compared with the control group, *P < 0.05.




EPS1-1 Promotes Apoptosis of HCC

EPS1-1 was able to inhibit the proliferation of HCC at the concentrations of 100, 200, and 400 μg/mL, as indicated in Figure 2, 100, 200, and 400 μg/mL of EPS1-1 were then added to the HepG2 and HuH-7 to test their effects on the HCC apoptosis. As shown in Figure 3, after adding 100.0, 200.0, and 400.0 μg/mL of EPS1-1 to HepG2 and HuH-7 separately, the apoptosis rates of the cells were then measured by flow cytometry. The results indicated that the apoptosis rates in both HepG2 and HuH-7 were significantly increased (P < 0.05), and with a higher level of EPS1-1, a positively correlated increase in the apoptosis rates were observed. The results in this test demonstrated that the addition of the EPS1-1 at ceratin concentration is able to increase the apoptosis rates of HCC.


[image: Figure 3]
FIGURE 3. The effect of EPS1-1 on the apoptotic activity of HCC detected by flow cytometry. Results are expressed as mean ± standard deviation, N = 3, compared with control group, *P < 0.05.




EPS1-1 Inhibits Migration of HCC

A cell scratch test was used to measure the effects of the EPS1-1 on the migration of HCC. As shown in Figure 4, after 24 h of adding 100, 200, and 400 μg/mL of EPS1-1 to HepG2 and HuH-7, the percentages of the wound closures were decreased on a concentration-dependent manner, with the 400 μg/mL of the EPS1-1 had the most significant effect on the percentages of wound closure in both HepG2 and HuH-7. Therefore, it appears that the migration ability of HCC was significantly reduced (P < 0.05) with the treatment of the EPS1-1.


[image: Figure 4]
FIGURE 4. The effect of EPS1-1 on the migration activity of HCC measured by the scratch test. Results are expressed as mean ± standard deviation, N = 3, compared with the control group, *P < 0.05.




EPS1-1 Inhibits Invasion of HCC

The invasion ability of the HCC was evaluated with an 8 μm Transwell Chamber (BD, Bioscience) as described in the method. As shown in Figure 5, after adding 100.0, 200.0, and 400.0 μg/mL of EPS1-1 to HepG2 and HuH-7 for a certain time, the number of cells that moved to the lower cavity was steadily decreased, and the decrease seems to be negatively correlated with the concentration of the EPS1-1, with the addition of 400 μg/mL of EPS1-1, there were comparatively far fewer cells. In general, the results in this test indicated that the invasion ability of HCC was significantly reduced (P < 0.05) with the treatment of the EPS1-1.


[image: Figure 5]
FIGURE 5. The effect of EPS1-1 on the invasion activity of HCC detected by Transwell tes. Results are expressed as mean ± standard deviation, N = 3, compared with the control group, *P < 0.05.




EPS1-1 Affects Tumor Growth, Metastasis, and Survival in Nude Mice Bearing Tumors

To evaluate the effects of the EPS1-1 on the dynamic progression of liver cancer in vivo. 100, 200, and 400 mg/kg of EPS1-1 were intraperitoneally injected into the liver tumor-bearing nude mice. The tumor size of tumor-bearing nude mice with different treatments at different time points was then measured. The results showed that compared to the control group, the tumor sizes of the nude mice were significantly reduced in all EPS1-1 treated groups (P < 0.05), with the 400 mg/kg of EPS1-1 achieved the most significant tumor size reduction after 20 days of treatment as shown in Figure 6A. The effects of EPS1-1 on the lung metastasis were also determined, as depicted in Figure 6B, where the proportion of positivity was positive correlates with the percentage of the lung metastasis. As the results suggested, with the increasing concentration of EPS1-1 treatment, the percentage of the lung metastasis dropped significantly, with the 400 mg/kg of EPS1-1 treatment, there was almost no observable lung metastasis. To determine the effects of the EPS1-1 on the overall survival of the tumor-bearing nude mice, the overall survival time in each treatment group were also recorded. As suggested in Figure 6C, apparently, all the EPS1-1 treated mice had a significantly longer overall survival time (P < 0.05) compared with the control group, and with the mice in the 400 mg/kg of EPS1-1 treatment group achieved the highest percentage of survival rates which was around 60% after 40 days. In contrast, all the mice decreased in the control group after 35 days. Taken all these together, apparently, the treatment of EPS1-1 could reduce the tumor size, mitigate the lung metastasis and increase the overall survival of the tumor-bearing mice, indicating the suppressive effects of EPS1-1 on the tumor in vivo.


[image: Figure 6]
FIGURE 6. Intraperitoneal injection of EPS1-1 affects tumor growth, metastasis, and survival of tumor-bearing nude mice; (A) EPS1-1 inhibits tumor growth; (B) EPS1-1 inhibits tumor lung metastasis; (C) EPS1-1 promotes survival of nude mice; Results are expressed as mean ± standard deviation, N = 3, compared with the control group, *P < 0.05.




EPS1-1 Has a Better Safety

To test the safe dosage of the EPS1-1, a variety of serum markers were measured after the EPS1-1 treatment of the nude mice. As shown in Figure 7, after intraperitoneal injection of EPS1-1 at different concentrations (100, 200, and 400 mg/kg), compared with the control group (0 mg/kg), serum CK, CK-MB, LDH, ALT, AST, BUN and Cr levels in the experimental group did not change significantly (P > 0.05) suggesting that EPS1-1 has no observable damaging effects to the heart, liver, and kidney in terms of the concentrations of these serum markers. The results in this test indicated that EPS1-1 could be used safely from 100 to 400 mg/kg.


[image: Figure 7]
FIGURE 7. No significant effect on serum CK, CK-MB, LDH, ALT, AST, BUN, and Cr levels in nude mice was observed after EPS1-1 treatment (P > 0.05).




EPS1-1 Affects Expression of Genes Related to Proliferation, Apoptosis, Migration, and Invasion

To measure the effects of the EPS1-1 on the genes mRNA and proteins that are related to cell proliferation, apoptosis, migration, and invasion, the expressions were determined with the qRT-PCR and Western blot. As shown in Figures 8A,B, after adding 100, 200, and 400 μg/mL of EPS1-1 to HepG2, the expressions of CCND1, c-Myc, BAX, Bcl-2, Vimentin, as well as Slug were measured. The results showed that EPS1-1 could affect the expression of genes mRNA and proteins related to proliferation, apoptosis, migration, and invasion differently. Specifically, the addition of EPS1-1 at 100, 200, and 400 μg/mL were all able to decrease the expression of CCND1, c-Myc, Bcl-2, Vimentin as well as Slug significantly (P < 0.05), with the EPS1-1 at 400 μg/mL showed the most significant inhibition. On the other hand, the treatment of EPS1-1 at all tested concentrations was able to increase the expression of BAX protein, and similarly with the EPS1-1 at 400 μg/mL achieved the most significant effect.


[image: Figure 8]
FIGURE 8. EPS1-1 affects the expression of genes related to proliferation, migration, invasion, and apoptosis. (A) mRNA;(B) proteins. Results are expressed as mean ± standard deviation, N = 3, compared with the control group, *P < 0.05.





DISCUSSION

Recently, many reports studying polysaccharides of natural origin have indicated that there are a variety of biological functions, such as anti-tumor, immune stimulation, antibacterial, anti-oxidant, with various polysaccharides (Song et al., 2008; Chen et al., 2010, 2019; Opoku-Temeng et al., 2019; Wang X. et al., 2019; Zhang B. et al., 2019). The antitumor effect of these polysaccharides is mainly exerted by regulating the host's immune function. However, the direct inhibition of tumor cells has also conferred some anti-tumor effects of polysaccharides (Chen et al., 2013). An increasing amount of evidence shows that fungal-derived polysaccharides can effectively kill or inhibit cancer cells and are less toxic to healthy cells. These substances cause a variety of changes in cancer cells, such as cellular stress reactions, disruption of the expression of signaling molecules, induction of cell death, cell cycle arrest and autophagy (Huang et al., 2012; Jiang et al., 2019). Therefore, fungal polysaccharides that can induce cancer cell apoptosis are expected to become potential antitumor drugs.

In this study, we extracted polysaccharide EPS1-1 from Rhizopus nigrum and studied its inhibitory effect on HCC in vitro and its effect on the survival of tumor-bearing nude mice in vivo. In vitro experiments show that EPS1-1 at 100, 200, and 400 μg/mL can significantly affect the proliferation activity of HCC, promote its apoptosis, and inhibit its migration and invasion. Further, in vivo animal experiments show that intraperitoneal injection of Rhizopus nigrum polysaccharide EPS1-1 can significantly inhibit tumor growth and lung metastasis in vivo, and prolong the survival time of tumor-bearing nude mice. Moreover, EPS1-1 has no apparent damaging effects on the heart, liver, and kidney, and has better safety. Therefore, our results indicate that EPS1-1 has significant tumor-suppressive activity in liver cancer. Previous studies on EPS1-1 have shown that EPS1-1 has a significant inhibitory effect on colorectal cancer in animals (Yu et al., 2018a; Song et al., 2019), and EPS1-1 can inhibit tumor invasion and angiogenesis in vivo as well as inhibiting tumor metastasis both in vitro and in vivo (Yu et al., 2018b). Another polysaccharide RPS of Rhizopus nigrum can induce apoptosis and G2/M arrest of gastric cancer BGC-823 cells and play an antitumor role in gastric cancer (Chen et al., 2013). The results in this study demonstrated the antitumor effect of EPS1-1 in liver cancer, which is not only a confirmation of previous research but also an extension of the effect of EPS1-1.

In addition, our further research showed that EPS1-1 regulated the expression of oncogenes and tumor suppressor genes, thereby through which might exert its biological function. These genes include cell proliferation promoting factors including CCND1 and c-Myc (Wang G. et al., 2019; Zhang D. et al., 2019), cell apoptosis regulators BAX and Bcl-2 (Zhang Q. et al., 2019; Hu et al., 2020), and factors that promote cell migration and invasion, such as Vimentin and Slug (Lillo Osuna et al., 2019; Shahid et al., 2019). Study by Song et al. (2019) showed that EPS1-1 could reduce the expression of oncoproteins such as COX-2, β-catenin, CyclinD1, and C-Myc, and down-regulate the expression of proliferation-related proteins including Ki-67 and PCNA and the anti-apoptotic gene Bcl-2, up-regulate the expression of pro-apoptotic genes such as p53 and Bax, reduce the number of CD68, F4/80, and NF-κB positive cells, as well as reducing the concentrations of inflammatory factors in serum including TNF-α and IL-6. This study is a further improvement and supplement of the antitumor mechanism of EPS1-1 and provides a theoretical basis for the antitumor effect of EPS1-1.



CONCLUSION

In this study, we found that EPS1-1 can inhibit the malignant process of liver cancer cells in vitro by affecting the proliferation, apoptosis, migration, and invasion of HCC. The animal studies demonstrated that EPS1-1 can significantly inhibit tumor growth and lung metastasis in vivo, and prolong the survival time of nude mice bearing tumors without significant damage to the heart, liver, and kidneys, and has excellent safety. Results in this study indicate that EPS1-1 has potential value as a chemotherapeutic or adjuvant drug in the clinical application of liver cancer treatment.
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Periarticular injury usually causes the defects of superficial cartilage and the underlying subchondral bone. Although some efficacious outcomes have been achieved by the existing therapeutic methods both in clinics and research, like symptomatic treatment, microfracture surgery, and tissue engineering technology, they still present specific disadvantages and complications. To improve this situation, we designed a biphasic (bi-) scaffold aiming to repair the structure of cartilage and subchondral bone synchronously. The scaffold consisted of a superior double-network (DN) hydrogel layer and a lower bioactive glass (BG) reinforced hydrogel layer, and the DN hydrogel included glycol chitosan (GC) and dibenzaldhyde functionalized poly(ethylene oxide) network, and sodium alginate (Alg) and calcium chloride (CaCl2) network. To investigate its effectiveness, we applied this biphasic scaffold to repair osteochondral full-thickness defects in rabbit models. We set up six observation groups in total, including Untreated group, Microfracture group, BG only group, DN gel group, bi-DN gel group, and bi-DN/TGF-β gel group. With a follow-up period of 24 weeks, we evaluated the treatment effects by gross observation, micro-CT scan and histological staining. Besides, we further fulfilled the quantitative analysis of the data from ICRS score, O’Driscoll score and micro-CT parameters. The results revealed that neat GC/Alg DN hydrogel scaffold was only conductive to promoting cartilage regeneration and neat BG scaffold merely showed the excellent ability to reconstruct subchondral bone. While the biphasic scaffold performed better in repairing osteochondral defect synchronously, exhibiting more well-integrated cartilage-like tissue with positive staining of toluidine blue and col II immunohistochemistry, and more dense trabecular bone connecting closely with the surrounding host bone. Therefore, this method possessed the clinical application potential in treating articular injury, osteochondral degeneration, osteochondral necrosis, and sclerosis.

Keywords: osteochondral repair, biphasic scaffold, double-network hydrogel, dynamic cross linking, experimental research


INTRODUCTION

Periarticular osteochondral structure usually includes three layers from the surface: articular cartilage, calcified cartilage, and the underlying subchondral bone, which can be further classified into cortical and trabecular bone. These well-organized anatomical structures closely integrate with each other and behave as a functional and structural unit supporting regular weight-bearing and joint motion (Bian et al., 2016; Goldring and Goldring, 2016). Normally, this unit could be damaged by several key reasons as follows: (1) vertical violence of peripheral joint; (2) severe degenerative osteoarthritis; and (3) osteonecrosis and sclerosis of peripheral joint caused by bone infarction. Whatever the reason is, one will suffer progressive joint swelling, pain and loss of motor function once encountering osteochondral defect. In order to ameliorate persistent symptoms and improve joint function, clinicians may choose some available conservative treatments such as non-steroidal anti-inflammatory drugs, pain killers, and surgical therapies including microfracture surgery, autologous chondrocyte implantation, and osteochondral auto/allograft transplantation, etc. Among the surgical options, microfracture surgery has been mostly applied in clinics. The prosthetic joint replacement will become the last-step for alleviation of severe symptoms. But the newly formed tissue regenerated via the existing repairing surgery is confirmed as a mixture of fibrous tissue and fibrocartilage mostly, and the subchondral bone cannot be sufficiently reconstructed (Mahmoud et al., 2017; McCarrel et al., 2017), which leads to the early good outcomes tending to deteriorate in long follow-up (Solheim et al., 2020).

Tissue engineering (TE) is considered as one of the most promising candidates to deal with the present dilemmas. Specific-designed substitute that provides sufficient functionalities comparable to the original tissue can be created by TE method. Thanks to constantly emerging advanced materials and techniques, TE-based therapies have achieved some effective outcomes in treating osteochondral defect (McCarrel et al., 2017; Rai et al., 2017; Nie et al., 2019). Nevertheless, numerous disadvantages still exist, such as tissue hyper-proliferation, dislocation of implants or cell death (Rai et al., 2017), besides, novel techniques are always hard to be directly translated into clinical application. In addition, articular osteochondral repair and functional restoration still face an essential problem nowadays, namely cartilage destruction always accompanies with subchondral bone injury, which can influence on the metabolism of the upper cartilage and further accelerate its deterioration. Though cartilage and subchondral bone are gradually being deemed as a whole construct when designing a therapeutic strategy, and many attempts have proposed that biphasic scaffold is a better choice to meet the different requirements for simultaneous healing of cartilage and bone (McCarrel et al., 2017; Rai et al., 2017; Filardo et al., 2018; Nie et al., 2019). But these approaches also possess some limitations. Some of the biphasic scaffolds were fabricated with different host materials, which resulted in weak bonding strength of both layers due to the absence of continuous phase (Rai et al., 2017), while some scaffolds depended on the cell insertion to play a more effective role (Kon et al., 2015).

In a previous research, we have successfully fabricated a novel biodegradable double-network (DN) hydrogel (Yan et al., 2017), consisting of glycol chitosan (GC) and dibenzaldhyde functionalized poly(ethylene oxide) (OHC-PEO-CHO) network, and sodium alginate (Alg) and calcium chloride (CaCl2) network (GC/Alg DN hydrogel). As reported, we evaluated its cytotoxicity, biodegradability, mechanical strength, and found its ability to promote chondrogenic differentiation and potential to repair cartilage defects. Compared with other hydrogels, the GC/Alg DN hydrogel could be prepared under physiological conditions, its mechanical strength could meet the requirements of supporting cartilage growth. When used as a scaffold to repair defective tissues, it would be completely degraded in the later stage of repair, and there would be no occupying phenomenon. And the degradation rate matched the growth rate of cartilage appropriately. In the current work, expecting to solve the weakness that the hydrogel itself does not have the ability to promote bone growth, we integrated bioactive glass (BG) particles inside the lower layer of GC/Alg DN hydrogel to form a biphasic scaffold and further added TGF-β1 to act as a positive reference. BG has exhibited its positive ability to enhance mechanical strength and promote bone regeneration in previous studies (El-Rashidy et al., 2017; Fu et al., 2018). By designing an animal model of full-thickness joint structure defect, including articular cartilage, subchondral cortical bone and the lower trabecular bone, we implanted the biphasic scaffold into the defect space in a surgically filled form to mimic a real clinical situation. We hypothesized that, in the early stage, surficial cartilage and the underlying bone could achieve homochronous regeneration due to the function of both GC/Alg hydrogel and BG particles. In the meanwhile, the scaffold could provide stable mechanical support for gradual cartilage crawling on its surface. In the later stage, with degradation of the DN hydrogel and slow-release of BG particles to accelerate bone regeneration, new cartilage can maintain structural and functional integrity with the help of underlying newly formed bone. In this way, the defect of both cartilage and subchondral bone can be repaired enduringly, with a potential of excellent long-term effects. We hope to use this experiment to explore the growth of joint structures and find an effective cell-free method to repair articular full-layered defects.



MATERIALS AND METHODS


Materials

Poly(ethylene oxide) (PEO; MW = 2 kDa), glycol chitosan (GC, MW ∼ 250 kDa), and sodium alginate (MW ∼ 150 kDa, M/G ratio ∼ 1.6) were purchased from Sigma-Aldrich (St. Louis, United States). Benzaldehyde-capped poly(ethylene oxide) (CHO-PEO-CHO) and silica nanoparticles (average diameter of 12 nm) were synthesized according to our previous reports (Ding et al., 2010; Zhu et al., 2016, 2017). BG particles were synthesized according to our previous work (Ji et al., 2017). RPMI1640 medium, pancreatic enzymes, fetal bovine serum (FBS), penicillin-streptomycin solution, and phosphate-buffered saline (PBS) were purchased from Gibco (Grant Island, United States).



Preparation of GC/Alg DN Hydrogel and the Biphasic Scaffold

An aqueous solution of GC and CaCl2 was prepared at a concentration of 4 wt% for each solute, while another solution of OHC-PEO-CHO and Alg was made with concentration of 6 wt% and 2 wt% respectively. Then partial GC/CaCl2 was mixed by desired amount of BG particles. In order to prepare a biphasic structured hydrogel scaffold, equal volume of the GC/CaCl2 and the OHC-PEO-CHO/Alg solutions were mixed together under vigorous vortex for 30 s and the mixture was quickly injected into a cylinder-shaped mold with a 4 mm inner-diameter, followed by a subsequent injection of a mixture of GC/CaCl2/BG and the OHC-PEO-CHO/Alg dispersions at ambient temperature. The mold was then removed a few minutes after the injection to allow the gelation of the scaffold. Upon a well-controlled injection volume, the obtained biphasic scaffold, named as bi-DN gel scaffold had an overall thickness of 4 mm, consisted of two 2 mm-thick hydrogel layers respectively containing BG particles and not containing BG. Such a topology was according to the previous studies on cartilage regeneration of osteochondral tissue on rabbit model (Kitamura et al., 2011; Higa et al., 2017). For the loading of growth factor (TGF-β1, 100 ng/mL), the bioactive molecules were just dissolved in either solution before the injection into the mold. The harvested scaffold samples were stored at 4°C under sterile condition for further use. The preparation process was illustrated in Figure 1.
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FIGURE 1. Illustration scheme of the formation of bi-DN gel.




Characterizations

Surface morphology was observed using a Quanta-250 scanning electron microscope (SEM, Hitachi SU8000) Samples were prepared by freeze-fracture of wet samples through immersing the hydrogel pieces into liquid nitrogen, fractured and sputter coated with gold. XRD measurements were performed on a Rigaku D/MAX 2500 PC with Cu Kα radiation (λ = 1.54 Å), operated at 40 kV and 200 mA. The powder XRD patterns was collected at a scanning rate of 4°/min over a diffraction angles (2θ) from 10° to 70°. Infrared spectroscopy was recorded using a Bruker tensor 27 FT-IR spectrometer. Freeze-dried samples were pressed with KBr and scanned from 4000 to 400 cm–1. As described above, the mixed solution/dispersion was vortexed for a given time. Then the mixture was poured onto the bottom plate (diameter 25 mm) of a rheometer (Thermo Haake MARS). Time sweeping and frequency sweeping were carried out at 37°C with a gap of 1 mm at a shear strain of 1% amplitude which was predetermined in the linear viscoelastic region.



In vitro Mineralization

Molded DN gel sample (1 mL) was immersed in 4 mL of simulated body fluid (SBF) at 37°C, and the SBF was changed every 2 days. At predesigned time points, the samples were washed gently with DDI water and lyophilized for further characterizations.



Cytotoxicity

Cytotoxicity was assessed by CCK-8 assay on L929 cell line. DN gel samples (0.2 mL) were immersed into 0.8 mL of RPMI1640 culture medium at 37°C for 24 h, 48 h, and 72 h. The leach liquor was collected to incubate the cells. L929 cells were seeded in 96-well plates at a density of 1 × 104 cell/well. After 24 h incubation, the culture media was removed by the sample solutions, and the plates were incubated at 37°C for 24 h. 100 μL of freshly prepared medium with 10% CCK-8 reagent solution was added to each well and incubated for 1 h before measurement at the absorbance of 450 nm using a microplate reader (Thermo MULTISKAN MK3).



Animal Grouping, Model, and Harvesting Samples

The study animals were bred at the Department of Laboratory Animal Science of Peking University Health Science Center. Animal selection and feeding, surgical protocol, and preparation procedures were carried out in accordance with the guidelines of Good Laboratory Practices (GLP) regulations and were approved by the Ethical Committee of Laboratory Animal Science Research (No. LA201708). A total of fifty 6-month-old male New Zealand white rabbits (weighting from 3.0 to 3.5 kg) were enrolled in this study. Both knees of each rabbit were included in the whole process, so we obtained one hundred experimental legs in all. They were divided into six groups, including Untreated group (defect was left empty without any intervening method, n = 15), Microfracture group (defect was repaired by microfracture technique, n = 15), BG only group (defect was repaired by BG scaffold implantation, n = 15), DN gel group (defect was repaired by GC/Alg DN hydrogel scaffold implantation, n = 15), bi-DN gel group (defect was repaired by the novel biphasic scaffold implantation, n = 15), and bi-DN/TGF-β gel group (defect repaired by bi-DN hydrogel plus TGF-β1 scaffold implantation, n = 15). And the remaining ten legs were regarded as additional supplements in case of probability for sample degeneracy.

All rabbits were preserved for 1-week acclimation period to confirm rabbits’ health and normal patellofemoral joint movement, and before surgery, all rabbits got food and water removed for 24 h to relieve gastrointestinal reaction during surgical procedure. General anesthesia was completed by the ketamine hydrochloride (50 mg/kg, IM) and fentanile (0.17 mg/kg, IM). After being postured appropriately, their knees were shaved carefully and cleaned with iodophor for three times, and sterilely draped. Routine surgical protocol was carried out by the lateral parapatellar approach. The patella was everted laterally, and intra-articular structures were thoroughly inspected for any abnormal conditions, such as infection and deformity. After confirmation of normal intra-articular environment, the knee joint was fully flexed and a surgical corneal trephine was applied to create the uniform cylindrical defect at the peak area of trochlear groove. Then the surgical field was continuously flushed with sterile saline solution to minimize heat generated by the drilling process. The full-thickness osteochondral defect model (3.0 mm in diameter, 4.0 mm in depth) was created, and the modeling process was precisely guided by the scale line on a corneal trephine. According to the preoperative plan, we implemented the specific intervention for each group. In Untreated group, the defects were kept empty along with washing carefully by saline solution. In Microfracture group, we successfully performed the microfracture technique by needle drilling until blood overflowed from the medullary cavity covered defects absolutely. In other experimental groups, the defects were repaired by implanting the corresponding scaffolds. After ensuring the stability of scaffold, joint capsule and overlying muscles and skin were carefully sutured. Rabbits were housed in separated cages and allowed to move without limitation. In the early 5 days after surgery, intramuscular antibiotics (cefazolin sodium, 0.2 g/kg) were administered to prevent potential infections. During follow-up, rabbits’ general conditions were collected with time, including range of knee motion, walking gait, dietary and mental status, and wound recovery. At 4, 12, and 24 weeks postoperatively, rabbits were sacrificed by means of euthanasia and their distal femurs were cut off to finish further steps. 5 samples were harvested at each time point in each group; timely replacement would be completed once unexpected failure or death happened.



Gross Observation

After harvest, samples were observed for evidence of severe inflammation, extensive fibrosis, and scaffold ectopia. Coloration, luster, irregularity, any depression or bulging of regenerated tissue and inherent cartilage, and ectopic osteophyte were also carefully examined. Besides, we also applied the International Cartilage Repair Society (ICRS) score to quantitatively evaluate the macroscopic cartilage regeneration in aspects including degree of defect repair, integration to the border zone, macroscopic appearance and overall repair assessment.



Micro-CT Analysis

Micro-CT scan was performed by the microtomography scanner (INVEON, Siemens, Germany) to visualize the mineralized tissue in growth inside the defects (5 samples in each group). To quantify the amount and quality of newly formed trabecula, we chose a region of interest (ROI) inside the defects with three-dimensional reconstruction system. The microstructure parameters, including bone volume fraction (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), and average space distance between trabecular structures (Tb.Sp), were took notes and analyzed.



Histological Evaluation

The eligible samples were fixed in 10% paraformaldehyde for 3 days and then decalcified in 10% EDTA solution. Following appropriate decalcification, samples were dehydrated, embedded in paraffin, cut into 5-μm slices sagittally, and stained with Hematoxylin and Eosin (H&E), and Toluidine Blue (TB). Besides, collagen type II (Col II), which is one of the most important components of hyaline cartilage, was assessed by immunohistochemical (IHC) staining. The H&E staining was good at recognizing the cellular density, morphology, type and distribution; in addition, it displayed the degradation process of the scaffold. The content and distribution of the glycosaminoglycans (GAGs) and Col II in the extracellular matrix (ECM) could be evaluated by TB and IHC staining. Based on the O’Driscoll histological grading scale (El-Rashidy et al., 2017), the regenerated tissues were graded blindly by three independent researchers for the overall evaluation of tissue morphology, matrix staining, surface regularity, structure integrity, thickness of neo-formed cartilage, bonding to adjacent cartilage, chondrocyte clustering, hypocellularity, degenerative changes in adjacent cartilage and inflammation in the defects. Total score ranges from 0 to 26, and higher points indicate better repair effect.



Statistical Analysis

Statistical analysis was performed by SPSS 20.0 software. Difference in sum of ICRS score, O’Driscoll score and micro-CT parameters were compared by the Kruskal-Wallis Test. P < 0.05 was defined as statistically significant difference. The results were displayed in a graph.



RESULTS


Preparation of Biphasic Hydrogel Scaffold (bi-DN gel)

The synthesis of neat GC/Alg DN hydrogel has been studied previously (Yan et al., 2017). The crosslink of the hydrogel was achieved via the combination of benzoic-imine dynamic covalent bonding and ionic interaction, which endowed the injectability and the self-healing ability of the hydrogels. Besides, the double-network structure contributed to improving the mechanical properties of the gel, especially under compression, when compared to the present single-network gels. In this work, the capacity of the DN gel for the incorporation of BG microspheres was further investigated. The sol-gel transition of the composite gelling system was first monitored using a rheometer, by which it showed that with 3 wt% of BG particles, the gelation time of the sol solution containing 3 wt% of GC, 3 wt% of sodium alginate, 2 wt% of benzaldehyde capped PEO and 1 wt% of CaCl2 was slower than that without BG at 37°C, i.e., 140 s vs. 110 s (Figure 2A). Meanwhile, the shear modules, i.e., G’ and G”, of the BG loaded hydrogel, denoted as DN/BG gel, were also slightly lower than those of the pure DN gel (Figure 2B). The phenomenon could be attributed to the barrier effect of the inorganic particles on the close of the polysaccharide chains, and hence decreased the crosslink degree to the DN/BG gel. However, the injectability of the DN/BG gel was not influenced with the inorganic component, which allowed the molding of the composite hydrogel scaffolds. Besides, with the dynamic nature of the crosslinks, the composite hydrogel still possessed self-healing characteristic, which favored the construction of hierarchical structured bulk gels. It helped the fusion of hydrogel blocks with different functional materials or different crosslink degrees to build a multi-compartmental structure in three-dimension. As demonstrated in Figure 1, double-layered hydrogel cylinder was fabricated as the simplest example by a step-by-step way of injection of the DN/BG gel and the neat DN gel respectively into a cylinder-shaped mold. The biphasic hydrogel, denoted as bi-DN gel scaffold, showed a clear and firm interface. The loading of BG was expected to help the regeneration of bone tissue while the neat hydrogel, being a viscoelastic matter, would benefit the formation of cartilage tissues at articular surface (Yan et al., 2017).
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FIGURE 2. (A) Time sweeping and (B) frequency sweeping curves of DN gel and DN/BG gel; (C) Compressive properties of DN, bi-DN and DN/BG gels.


The mechanical property of the bi-DN gel was then assessed as shown in Figure 2C. The compressive moduli of individual DN/BG gel was higher than that of the pure DN gel, due to the reinforcement function of the particles in the hydrogel matrix (El-Rashidy et al., 2017; Fu et al., 2018). However, it was found that the fracture energy of the composite hydrogel was much lower, attributed to the smaller break point (ca. 40%, Figure 2C), which was reasonable for that the inclusion of hard particles in a hydrogel matrix made the gel more brittle (Filardo et al., 2014). Also from Figure 2C, it was somehow interesting to see that the bi-DN gel afforded the largest deformation against compression, i.e., ca. 47%, and thus, gaining the highest fracture energy among the three samples, although it had the lowest compressive modulus. Considering that the bi-DN gel was composed of two different bulk gels, such results could be just explained by the asymmetric deformation on the DN and the DN/BG parts under a compressive stress. During the compression, it was observed that the transitional interface between the DN and the DN/BG parts kept stable, indicating the strong evidence on the affinity of the healed interface, which could be able to balance the energy dissipation between the two parts.

Hydrogel is a water-rich scaffold. Herein, the incorporation of BG particles is to endow the osteogenic activity for the repair of subchondral bone that may be damaged along with cartilage during articular injury. Therefore, the mineralization of BG inside the DN/BG gel was checked in vitro in simulated body fluid (SBF). The formation of hydroxyapatite (HA) was revealed from the XRD, FTIR spectra, and thermogravimetric analysis (TGA) (Figures 3A–C), in which classic diffraction peaks of HA and typical absorbance of phosphate groups became more obvious with the mineralizing time up to 14 days. SEM observation (Figure 3D) showed that particulate components could be distinguished in the porous structure of the freeze-dried DN/BG gel. And larger inorganic aggregates were then viewed in the sample at longer time point, e.g., 14 days. The observation was in agreement with the XRD and FTIR data, indicating the conversion of HA from the BG particles. Nevertheless, since the loading of BG was at low level, i.e., 3wt%, either the BG or the resultant HA remained as a dispersed phase in the hydrogel. It is certainly sure that the size of the inorganic particles, i.e., ca. 5 μm in this work, was far outweighing the mesh size of DN gel. Thus, there was no possibility for the inorganic component to migrate to the other part of the bi-DN gel across the interface. The compartmentalization can guarantee the realization of the functions in each individual layer.
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FIGURE 3. (A) XRD diagrams of freeze-dried DN/BG gel after different days of mineralization in SBF; (B) FTIR spectra of freeze-dried DN/BG gel after different days of mineralization; (C) TGA traces; and (D) SEM images of freeze-fractured DN/BG gel after different days of mineralization.


The safety of the bi-DN gel was first assessed using CCK-8 assay on L929 cell line with the leach liquor and results were showed in Figure 4. Percentage cell viability was expressed relative to the negative control (untreated cells) and the positive control (10% CCK-8 in medium), show non-toxicity as a function of extraction time up to 72 h.
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FIGURE 4. Cytotoxicity of leach liquor of DN gel with BG, DN gel with TGF-β1, and DN gel with BG and TGF-β1 on L929 cell line.




Osteochondral Defect Repair by bi-DN Gel Scaffold on Rabbit Model

Totally six groups of animals were under investigation for 24 weeks. Two rabbits were excluded from this study due to wound infection, and alternative samples were supplied immediately. Surgical incisions healed normally at about 14 days after surgery. All surviving rabbits expressed different levels of claudication at 1 month after surgery, and they gradually returned to normal with time.


Gross Observation

At 4 weeks after surgery, the defects on the joints were similar in gross appearance for all groups (Figure 5). Only small part of neo-tissue appeared at marginal area, while the rest area kept empty, leaving the defects at the trochlea groove still obvious. At 12 weeks, it was a little bit surprising that fewer cartilage tissue was found in the group treated just using the BG particles (BG only group). Instead, randomly distributed fissures were observed in the surface and the margin. However, in the hydrogel treated groups, together with the microfracture group and the negative control group, the wounds were already partially covered by the regenerated tissue, leaving some un-filled area at the central of the defects. Particularly in the hydrogel treated groups (DN gel group), the regenerated tissue was relatively smooth, transparent and integrated well with the nature cartilage, regardless the inclusion of a DN/BG gel layer. Besides, the regenerated tissue was reddish-white, which seemed like the mixture of fibrous and fibrocartilaginous tissue. Nonetheless, the neo-tissue in the hydrogel treated groups was still thinner than surrounding cartilage, especially in the groups without growth factor, so that the boundary at the marginal region was more obvious. At 24 weeks, the gross appearance of all groups, except for the BG group, became smoother and well-integrated. Still, the BG treatment failed in the regeneration of cartilage although the defect was covered by a thin layer of fibrocartilaginous-like tissue. Among the hydrogel-treated groups, the administration of TGF-β1 with the BG particles eventually achieved positive result. The neo-tissue demonstrated pearly white color and translucent superficial surface, and resembled well with the surrounding normal cartilage. Meanwhile, the treatment using DN gel and bi-DN gel also resulted in finely regenerated cartilage tissue, fully covering the defects, integrating with by the adjacent cartilage, showing the mildest abrasion degree than the control and microfracture groups.
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FIGURE 5. Gross observation of defect surface at 4, 12, and 24 weeks after surgery. The defect areas were highlighted by red circles (BG, bioactive glass; DN gel, GC/Alg double network hydrogel; bi-DN gel, double-layered DN gel).




Micro-CT Evaluation

Micro-CT images including three-dimensional reconstruction of sagittal plane, newly regenerated trabecular bone and entire femoral condyle, which were collectively dedicated to evaluate the quality of new bone formation (Figure 6). Overall, from 4 to 24 weeks, the new bone grew scatteredly from the margins to the middle in the Untreated, Microfracture and DN gel groups without uniform trabecular structures. While in other three groups, new bone could grow densely around the scaffold with the help of the promotion function from BG particles and interweaved with the surrounding normal trabecular bone. At 4 weeks after surgery, new bone hardly appeared in the defects of Untreated, Microfracture and DN gel group, while disturbed mineralization seemed the most obvious in other three groups. At 12 weeks, new regenerated bone could be confirmed at the marginal region in the surface layer of all defects, besides, the volume of new bone increased in the deep region compared with before. Part of new trabecular structures interconnected to each other clearly, but there existed some irregular new trabecular clustering desultorily. Interestingly, the three groups that were better at 4 weeks still exhibited excellent bone reconstruction effect at this time point. At 24 weeks, new regenerated bone almost filled the deep space of defects in BG only, bi-DN gel and bi-DN/TGF-β gel groups, thick trabecular structures closely interweaved together and mostly arranged in the same direction as normal bone. In addition, the new bone in the surface layer nearly connected as whole from both ends to middle. This could provide stable mechanical support for the new cartilage crawling on its surface. But in some marginal areas, the newly regenerated bone also existed with cluster and irregular structures. Whereas, in other three groups, the deep space of defects still kept empty mostly with low mineral density, and the new bone in the surface layer was just confined to the margin region.
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FIGURE 6. Three-dimensional reconstruction micro-CT images of sagittal plane, newly regenerated bone (blue tissues) and entire femoral condyle at 4, 12, and 24 weeks after surgery. The volume and structure of trabecula were displayed clearly. Red boxes can highlight the quality of new bone from the surface layer to the deep space (BG, bioactive glass; DN gel, GC/Alg double network hydrogel; bi-DN gel, double-layered DN gel).



(a) H&E staining;

(b) Toluidine blue staining;

(c) Col II immunohistochemical staining.





Histological Observation

The tissue regeneration of the sections was monitored by H&E staining, TB staining and immunostaining of Col II (Figure 7). At 4 weeks, the histopathological sections inferred that the defects in all groups were mostly covered by immature fibrous tissue. Only a small amount of cartilage-like tissue was implied by the positive TB staining and the increased cell density at the edge of the defect in the bi-DN/TGF-β group. By the H&E staining, residual scaffolds could be clearly seen in the implanted areas of hydrogel treated groups. At 12 weeks, in the Untreated group, the cartilage loss was still replaced by fibrous-like tissue with low content of GAGs and Col II, whereas subchondral structure started to reconstruct, evidenced by the bone trabecula growth. Similar in the BG group, it showed the formation of subchondral bone together with the poor cartilage regeneration. On the other hand, the Microfracture group demonstrated some neo-cartilage tissue, with higher Col II and GAG expression, and meanwhile a smoother and more integrated surface of the defect was also observed. However, the growth of subchondral bone seemed slower than the BG group. Comparably, in the DN gel treated groups, the cartilage-like tissue had covered nearly the whole defect, supported by both the TB staining and the Col II distribution results. Similar in the bi-DN and bi-DN/TGF-β groups, although the cartilage layer was not yet completely repaired, the uncovered defects were much smaller. At this time point, the hydrogel residues could still be distinguished in all the gel treated groups. And notably, primary growth of subchondral bone was revealed in the bi-DN and the bi-DN/TGF-β groups. From the preceding gross observation (Figure 5), the defects of bi-DN/TGF-β gel group appeared more obviously than bi-DN gel group at 12 weeks after surgery, but according to the corresponding H&E staining in Figure 7A, the height of repaired tissue in bi-DN gel group was significantly lower than the surrounding normal cartilage, besides, poor Toluidine blue and Coll II immunohistochemical staining intensity indicated that the repaired tissue was mainly composed of fibrocartilage. While in bi-DN/TGF-β gel group, as showed by Figure 7A, the repaired tissue integrated more tightly with normal cartilage, and the height of repaired tissue was closer to the surrounding host cartilage. These staining characteristics collectively proved that the repaired tissue of bi-DN/TGF-β gel group was much closer to normal cartilage, and the implantation of TGF-β1 was helpful to promote cartilage regeneration to a certain degree. At 24 weeks, cartilage defect still existed in the Untreated group, while subchondral structure could be seen, but accompanied by considerable amount of cicatricial tissues, fibrous tissues and fat cells. In the BG group, the defect was covered by irregular fibrocartilage-like tissue with less positive expression of TB and Col II staining, but the regenerated subchondral bone seemed denser than in the Untreated group. In the Microfracture group, the GAG content, as represented by the TB staining, was more positive, in both the cartilage and the bone areas. However, it was obvious that the formed cartilage layer was discontinuous, showing a crack on the edge to the original tissue. The expression of Col II on the cartilage layer was also less pronounced, implying a fibrocartilage-like structure. Nonetheless, the subchondral defects were quite filled by plenty amounts of new bone, attributing to the favorable blood supply. The statuses of cartilage and bone regeneration were typical to the microfracture treatment, which was considered as a gold standard. At 24 weeks, as expected, cartilage-like tissue had completely filled the defects in the hydrogel treated groups, having good integrity with the surrounding nature tissue. The cartilaginous extracellular matrix could be identified by the TB staining and the level of Col II expression (Figures 7A,G–L,M–R). The clearer and mature structure of tideline and calcified cartilage was detected (Figures 7A,G–L). At the same time, the scaffolds had seriously degraded, especially in the DN gel groups, where a cavity could be seen under the newly generated subchondral bone. In contrast, although residual scaffold was still recognized in the bi-DN and the bi-DN/TGF-β groups, both the density as well as the thickness of the subchondral tissue was higher, which was comparable to the BG group, an indication of the bioactivity of BG. This proved that the double-layered scaffolds had favored the generation of both cartilage and bone tissue. Besides, it was also noticed that with the growth factor, more features of hyaline cartilage were revealed in the bi-DN/TGF-β group. In terms of the integration between the repaired tissue and surrounding normal cartilage, as showed by the enlarged margins in Figure 7A. Figures 7A–F, they integrated smoothly without obvious crack and collapse appearing in DN gel group. In bi-DN gel and bi-DN/TGF-β groups, the height of the repaired tissue had been close to the normal cartilage, but some cracks still existed. While in Microfracture and BG only groups, the repaired tissue collapsed and the height of new tissue was significantly lower than the surrounding normal cartilage.
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FIGURE 7. Histological evaluation of new cartilage and subchondral bone formation at 4, 12, and 24 weeks after surgery (NT, normal tissue; RT, repaired tissue; TL, tideline; CC, calcified cartilage; SB, subchondral bone; the arrows indicated the margins of the normal tissue and repaired tissue). H&E staining (A), Toluidine Blue staining (B), and Col II immunohistochemical staining (C) were integrally applied to recognize the cellular density, morphology, type and distribution, degradation of scaffolds, and to evaluate the structure, content and distribution of the glycosaminoglycans and Col II in the extracellular matrix (BG, bioactive glass; DN gel, GC/Alg double network hydrogel; bi-DN gel, double-layered DN gel). A–R indicated the enlarged observation of the corresponding region in the little box.




Quantitative Analysis

The results of ICRS score, O’Driscoll score and micro-CT data were displayed in Figure 8. For statistical analysis, on one hand, we compared the differences in sum of ICRS score, O’Driscoll score and micro-CT parameters at 24 weeks after surgery between two adjacent groups in the histogram. On the other, we set the Microfracture group as the reference because its most wide application in clinics, and further compared the results of other groups with it. The statistical result could help to identify the differences between traditional method and this novel method for treating articular osteochondral defects. According to the results, as time went by (from 4 to 24 weeks), the parameters of ICRS score, O’Driscoll score, BV/TV, Tb.N, and Tb.Th displayed an increasing tendency, indicating that both cartilage and subchondral bone gradually regenerated in all groups. Besides, the decreasing tendency of average space distance between trabecular structures (Tb.Sp) reflected that newly formed trabecular bones interconnect and integrated with each other more closely. In terms of ICRS score, the BG only group was significantly lower than Microfracture and DN gel groups (P < 0.01), and no statistical difference was acquired among the Microfracture, DN gel, bi-DN gel, and bi-DN/TGF-β gel groups (P > 0.05). But the score of Microfracture group was higher than Untreated group with a statistical difference (P < 0.05). In the light of O’Driscoll score, the results were almost consistent with ICRS score. The score of Untreated and BG only groups was relative lower compared with Microfracture and DN gel groups (P < 0.05), which indicated that leaving the defect empty and implanting a neat BG scaffold were not beneficial to cartilage repair. Yet though the O’Driscoll score presented a gradual increasing trend in the order of Microfracture, DN gel, bi-DN gel, and bi-DN/TGF-β gel group, no significant statistical difference existed (P > 0.05). When it came to BV/TV, Tb.N, Tb.Th, and Tb.Sp, at 24 weeks, the three groups of Untreated, Microfracture, DN gel were relatively worse than other three groups (P < 0.05 or P < 0.01). The same statistical law indicated that new bone could regenerate better in the groups containing BG. But it was also interesting to note that, when comparing bi-DN/TGF-β gel and bi-DN gel groups, though the results exhibited some positive effects, the implantation of TGF-β1 did not increase the ICRS score, O’Driscoll score and micro-CT parameters to the extent of a statistical difference (P > 0.05).
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FIGURE 8. Quantitative analysis graphs of ICRS score (A), O’Driscoll score (B), BV/TV (C), Tb.N (D), Tb.Th (E), and Tb.Sp (F) at 4 and 24 weeks after surgery. Significant differences were marked (BG, bioactive glass; DN gel, GC/Alg double network hydrogel; bi-DN gel, double-layered DN gel; *P < 0.05 and **P < 0.01).




DISCUSSION

Objectively, articular cartilage and subchondral bone are two dissimilar tissues as to their biochemical constitutions, mechanical properties, architectures and intrinsic healing capacities (Neufurth et al., 2014), and thus, simultaneous rehabilitation of osteochondral unit remains a prominent challenge in clinics. On one hand, the neo-cartilage regeneration cannot match the underlying mechanical support ideally, which can cause the gradual crack and collapse spreading on the neo-cartilage under the repeated joint abrasion and compression. On the other hand, failure to form stable integration between regenerated tissue and surrounding host tissue will lead to cartilage deterioration through inhibition and synthesis of the important components of cartilage matrix such as Col II and aggrecan during the long-term period (Goldring and Goldring, 2016). In some previous studies, many researchers attempted to focus on the reconstruction of cartilage layer alone, whereas accumulating evidences have shown the close correlation of surficial cartilage with underlying subchondral bone, which is involved in the pathogenetic process and may affect treatment results (Filardo et al., 2014). Due to the limited ability of cartilage to heal spontaneously, progressive degeneration and osteochondral defect may become inevitable once articular cartilage encountered the damage. Just like the progression of osteoarthritis, cartilage loss could occur in the same regions of the joint with the changes in subchondral bone (Goldring and Goldring, 2016). Currently, in order to overcome the limitations of the existing treatments as mentioned above, scaffold-based method is gradually emerging as a hopeful alternative and taking positive effects in repairing osteochondral defects (McCarrel et al., 2017; Rai et al., 2017; Saltzman and Riboh, 2018; Airapetov et al., 2019). In particular, multifunctional biphasic scaffold, which is composed of a cartilage phase and a subchondral bone phase, has attracted more attentions due to its appropriate and adjustable properties for each specific environment (Ruan et al., 2017; Zhang et al., 2017; Nie et al., 2019). But most studies are at exploratory stages, the optimal therapeutic option still needs more innovative and original attempts from researchers and physicians.

In this study, we applied an absorbable biphasic construct to repair osteochondral defect in a rabbit model. The double-layered structure was divided into an upper layer consisted of GC/Alg DN hydrogel intending to favor chondrogenesis and a lower layer composed of GC/Alg gel with BG particles to meet special requirement for subchondral bone growth. These two layers produced by the same host material, aiming to hold a tight interfacing conjunction between them. We have demonstrated the cytocompatibility and chondrocyte-induction of the GC/Alg DN gel in our previous study (Yan et al., 2017). But the ability of this DN gel for treating osteochondral tissue was also demonstrated, that is, a hydrogel may not have any osteogenic activity (Khorshidi and Karkhaneh, 2018). As seen in the presented data, thinner subchondral bone was resident in the DN group (Figure 6). In clinical practice, this may influence the stability and durability of repaired cartilage layer for patients, and further result in a mild collapse and rough surface of the joint.

So far, various strategies have been attempted for improving osteogenic capacity of hydrogel scaffolds, including the addition of growth factor and the corporation of functional materials like BG and hydroxyapatite. Since hydrogel is an ideal carrier of bioactive molecules, loading of inorganic components is considered as an efficient way to help the mineralization for the bone generation. Nevertheless, herein we observed that the osteogenic process, if mediated by BG particles alone, could disturb the formation of cartilage tissue (Figures 5, 7). Given the layered structure of articular surface, it should be preferable that the scaffold has a hierarchical architecture that enables to adapt the specific requirements for either bone or cartilage growth. The bi-DN gel scaffold was thus designed, based on the dynamic crosslink mechanism, which benefited the formation of a continuous matrix, where the BG particles could be restricted by the polysaccharide mesh in the bottom layer. Meanwhile, the loading of growth factor to the scaffold was not affected.

Using the bi-DN gel scaffold, we proved that the defects were repaired mostly at 24 weeks, with better quality in comparison with both GC/Alg DN gel and the use of neat BG scaffold. Specifically with the loading of TGF-β1, stronger positive TB and Col II were observed, suggesting the characteristics of cartilage-like tissue formulation (Reyes et al., 2014; Zhou et al., 2017). By adjusting the degradation rate, to match the cartilage regeneration process, the hydrogel worked as a reservoir to control the release of the encapsulated bioactive factor and gradually took effects during the postoperative period. By using the biphasic scaffold, the mature tideline and subchondral bone were superiorly visible in both the bi-DN and bi-DN/TGF-β groups 24 weeks after surgery (Figure 7A,G-L). Tideline is a histologically distinct basophilic boundary between non-calcified and calcified cartilage, which is a marker for cartilage maturation and regeneration (Chen et al., 2011; Wu et al., 2014). Through the structure of tideline and calcification, the new cartilage and subchondral bone was connected tightly. In addition, high-density subchondral bone layer was also harvested in these two groups compared to the DN gel treated group. According to the micro-CT calculation, the difference became statistically significant after BG attrition in the aspects of BV/TV, Tb.N Tb.Th, and TB.Sp. Whereas the newly formed fibrocartilage tissue after microfracture surgery, an universally applied method in clinical settings, occurred obvious collapse with the breakage of marginal connection (Figure 7A). Without stable support from the underlying scaffold or bone, the incipient effects were difficult to sustain for a long time.

As shown by Figure 8, it was worthy to point out that the addition of TGF-β1 did not significantly promote the regeneration of cartilage and bone, without statistical difference between bi-DN gel group (P > 0.05). The reason might be related its dual-directional function in regulating the growth and regeneration of cartilage and bone. TGF-β1 could play a positive role via promoting the proliferation and differentiation of mesenchymal stem cells (MSCs) as well as the synthesis and secretion of the specific cell matrix (Zhen et al., 2013; Reyes et al., 2014; Zhou et al., 2017; Utsunomiya et al., 2020), but it could also exert an inhibiting effect. Some reports revealed that the concentration of TGF-β1 might play an imperative role, and local excessive concentration had the potential to inhibit the formation of new bone and cartilage, even resulting in osteoarthritis (Zhen et al., 2013; Utsunomiya et al., 2020). Further studies are required to profoundly understand this controversial issue that how to maximize the performance of TGF-β1 for osteochondral defect repair. Besides, the delayed release of BG particles embedded in the GC/Alg DN hydrogel might be other reason to cause lesser volume of newly formed trabecular bone compared with BG only group. Yet this was exactly the key guarantee for long-term effects of cartilage repair, and slow new bone promotion of BG particles could provide durable mechanical support for cartilage crawling, and further avoiding late cartilage collapse.

Through our study, the results definitely proved that cartilaginous and osseous layers should be regarded as a structural and functional unit to be repaired synchronously. During the progression of disease, these two compartments are intimately located and pathological changes take place in parallel. As shown in Figures 5, 7, 8, the scaffold-treated groups with adding BG particles into the underlying layer performed better in articular cartilage repair and long-term sustainability compared with the DN gel group. From the mechanical viewpoint, the cartilage transmits and distributes loads to the subchondral bone through the soft-to-hard interface during the chronically exposed to high mechanical stress. The underlying subchondral bone is responsible for maintaining the outline shape of articular bone and creating an appropriate biomechanical environment for the differentiation and development of new cartilage (Goldring and Goldring, 2016; Ansari et al., 2019; Fell et al., 2019). With respect to the biochemistry crosstalk, some small molecules can transit between two layers, and meanwhile the nutrient substance and metabolic waste can be exchanged by interlinked vessels and pores. Imhof et al. once claimed that more than 50% of the glucose, oxygen, and water requirements of cartilage are provided by perfusion from the subchondral vessels (Imhof et al., 2000). At the cellular level, there is mounting evidences that normalization of chondrocytes and osteoblasts behavior may influence each other (Valverde-Franco et al., 2012; Findlay and Atkins, 2014). It was highlighted that, in a coculture study, the excision of subchondral bone from articular cartilage resulted in an increase in chondrocyte death at 7 days (Amin et al., 2009).



CONCLUSION

In summary, we demonstrated that a double-layer structured, double-network hydrogel-based scaffold, designed with chondrogenic and osteogenic functionalities respectively, could be implanted by a one-step surgery, and hence accelerated the growth of cartilage and bone tissue simultaneously in the anatomical space of damaged articular defect on a rabbit model. It was believed that this method owned the clinical application potential in treating articular injury, osteochondral degeneration, osteochondral necrosis and sclerosis. The construction of the bi-DN gel was facile and flexible, due to the utility of dynamic bonding and interaction as the crosslinks, harvesting the self-healing ability and easy-incorporation of inorganic or biomacromolecular components. The DN structure improved the mechanical property and prolonged the degradation of the scaffold, which benefited the regeneration of osseous tissues, by providing better supporting during the time-consuming period of trauma restoration. With these features, future work on the construction of 3D compartmental scaffolds using the DN gel would provide new opportunities for more efficiently treatment of periarticular defects.
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Stem cells constantly encounter as well as respond to a variety of signals in their microenvironment. Although the role of biochemical factors has always been emphasized, the significance of biophysical signals has not been studied until recently. Additionally, biophysical elements, like extracellular matrix (ECM) stiffness, can regulate functions of stem cells. In this study, we demonstrated that soft matrix with 1–10 kPa can induce neural differentiation of human umbilical cord mesenchymal stem cells (hUC-MSCs). Importantly, we used a combination of soft matrix and bone morphogenetic protein receptor (BMPR) inhibition to promote neurogenic differentiation of hUC-MSCs. Furthermore, BMPR/SMADs occurs in crosstalk with the integrinβ1 downstream signaling pathway. In addition, BMPR inhibition plays a positive role in maintaining the undifferentiated state of hUC-MSCs on the hydrogel substrate. The results provide further evidence for the molecular mechanisms via which stem cells convert mechanical inputs into fateful decisions.
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INTRODUCTION

Various types of stem cells and progenitor cells have the ability to demonstrate the stiffness of extracellular matrix (ECM; Smith et al., 2018). The cytoskeleton, morphology, and migration of these cells all respond to ECM mechanics within a few hours, and then influence cell proliferation, and/or differentiation at following days (Rammensee et al., 2017). It is important that phenotypic changes in cell morphology occur with several hours: myoblast-like elongation on an intermediate stiff gel, osteoblasts expand on a stiff gel, and neuron-like dendritic branching on a soft gel (Lv et al., 2015).

Discher et al. indicated that the culture of mesenchymal stem cells (MSCs) on a very soft surface enhanced neuromorphological changes and the expression of neural genes (Engler et al., 2006). In particular, MSCs implanted in the polyacrylamide gel with a surface modulus of <1 kPa, suggesting the stiffness of brain tissues, highly expression of neural markers, such as neural structural proteins, including neurofilament and β-III tubulin, and microtubule-associated protein 2 (Hadden et al., 2017). Moreover, other studies have demonstrated that the soft surfaces have a neural-inducing effect on some types of stem cells such as induced pluripotent stem cells, adult neural stem cells, and epidermal stem cells (Thompson and Chan, 2016). There are four major types of polymers that are used in mechano-sensitivity studies: polyacrylamide (PAAM), polydimethylsiloxane (PDMS), and polyelectrolyte multilayer films made of synthetic polyelectrolytes, which are mostly employed as 2D culture substrates; whereas the fourth, poly (ethylene glycol; PEG), is used as a 3D hydrogel with cells embedded in it (Her et al., 2013). Some researchers have synthesized type I collagen and hyaluronic acid scaffolds, found that MSCs were likely to differentiate into neuronal lineage in substrate of 1 kPa, while transformed into glial cells in matrix of 10 kPa (Her et al., 2013). Soft matrix has been displayed to increase the neuronal function and neurogenic differentiation (Lv et al., 2015; Mao et al., 2016).

Stem cells are extremely sensitive to their physical environment, but it is not clear how physical stimuli signals are transduced in the cells (Stukel and Willits, 2018). It has been reported that the BMP signaling pathway is a crucial pathway associated with neural induction of stem cells on stiff surfaces, tissue development, and cell differentiation (Thompson and Chan, 2016). Sun et al. substantiated the inhibitory effect of soft poly (dimethylsiloxane) on Smad1/5/8 phosphorylation of human pluripotent stem cells using immunoblots technique. Indeed, it is supported that YAP/TAZ-mediated nuclear accumulation of SMADs regulates stiffness-dependent neural induction of stem cells (Dupont et al., 2011; Sun et al., 2014). Moreover, in these different cellular responses, focal adhesions formed by integrin clustering are considered to modulate several pathways, making them an vital component of substrate-mediated transduction (Stukel and Willits, 2016).

After understanding the process of interaction between human umbilical cord mesenchymal stem cells (hUC-MSCs) and their physical environment, it is possible to control the differentiation direction of hUC-MSCs by the construction of substrates with unique stiffness characteristics. According to our previous work, PAAM prepared by polymerizing cross-linking of acrylamide and bis-acrylamide, are being used to construct substrates of 1–10, 35–38, and 62–68 kPa. In this study, we adopted a method that soft matrix combined with small molecule inhibitor to regulate the neurogenic differentiation of hUC-MSCs, and to investigate the molecular mechanism underlying how biophysical signals are transduced.



RESULTS


Matrix Stiffness Regulates the Morphology and Neural Differentiation

The morphological characteristics of hUC-MSCs changed dramatically when cultured on matrix gels with different stiffness at days 1 and 7. From the results, comparing day 1 with the control group (cells on Tissue Culture Plate TCP), cells on matrix with 1–10 kPa became two ends shortened and round; cells on 35–38 kPa showed spindle-shaped; while cells on 62–68 kPa were well spread and irregularly shaped, with a few cells still being spindle-shaped. Furthermore, the morphological differences in cells in each group at day 7 were more apparent compared to those at day 1 (Figure 1B).
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FIGURE 1. Matrix stiffness regulates cell morphology and neural differentiation ofhuman umbilicalcordmesenchymal stem cells (hUC-MSCs). (A) A summary of substrate stiffness construction. Matrixes of different stiffness were prepared by mixing the same concentration of acrylamide (AAm) with different concentrations of bis-acrylamide (Bis-AAm; 0.05, 0.3, and 0.7%). Sulfo-SANPAH (hexanoate) was cross-linked via ultraviolet irradiation and then coated with fibronectin for cell adhesion. (B) Matrix stiffness affects the morphological characteristics of hUC-MSCs. Morphological characteristics of hUC-MSCs were observed under a scanning electron microscope at days 1 and 7. TCP group: cells on Tissue Culture Plate. Scale bar = 20 μm. n = 3 independent wells. (C) The cell aspect ratio was calculated using NIH Image J. The aspect ratio of the cell is the ratio of the major to minor axes (n = 3, *p < 0.05,and **p < 0.01). (D) The cell area was calculated using NIH Image J (n = 3, *p < 0.05,and **p < 0.01). (E) qRT-PCR analyses were performed to detect the expression of neuronal-specific markers Nestin and βIII-tubulin in hUC-MSCs at day 1 and day 7 (Results are presented as mean ± SEM, n = 5 independent experiments, *p < 0.05, and **p < 0.01). (F) Western blotting analysis of Nestin and βIII-tubulin at day 7 (Results are presented as mean ± SEM, n = 3, *p < 0.05, and **p < 0.01). (G) qRT-PCR analysis of stem cells self-renewal markers SOX2 and OCT4 at day 1 (Results are presented as mean ± SEM, n = 5 independent experiments, *p < 0.05, **p < 0.01, and ***p < 0.001).


Subsequently, the aspect ratios (ratio of cell length to width) of hUC-MSCs at day 1 and day 7 were calculated. It is obvious that the aspect ratio in the stiffness groups was significantly lower than that in the control group, at both day 1 and day 7. In the stiffness groups, the length-width ratios of hUC-MSCs were highest on 35–38 kPa, followed by 62–68 kPa, and the lowest on 1–10 kPa. Under the same culture conditions, the cell morphology changed markedly in each stiffness group, which indicated that matrix stiffness affected the morphology of the cells. In addition, there was no significant difference in aspect ratios over time in each group (Figure 1C). Then the cell area of hUC-MSCs was measured at days 1 and 7. The results showed that, at day 1, the area of cells on 1–10 kPa was the smallest, medium on 35–38 kPa, and the largest on 62–68 kPa. Interestingly, the spreading area of these cells was increased with the increasing stiffness. However, at day 7, the spreading area of cells on 62–68 kPa decreased instead. In general, the spreading ability of the cells was higher on 35–38 kPa than that on 1–10 kPa soft matrix and 62–68 kPa stiff matrix. The results showed that the cell area increased gradually on 1–10 kPa over time, but it was not the same on 62–68 kPa, which may be related to cell differentiation (Figure 1D).

Thereafter, the neural stem cell marker (Nestin) and the specific marker in early stage of neurons (βIII-tubulin) were detected using qRT-PCR. It was shown that the expression levels of Nestin and βIII-tubulin were higher in hUC-MSCs on 1–10 kPa than TCP and the other two groups (35–38 kPa and 62–68 kPa). With the stiffness increasing, the expression of neural markers decreased (Figure 1E). It confirms that hUC-MSCs highly expressed neuronal markers on matrix of 1–10 kPa, that is stiffness of 1–10 kPa induced the neural differentiation of hUC-MSCs. Subsequently, the total proteins of hUC-MSCs were collected at day 7, and western blotting was utilized to examine the protein expression levels of Nestin and βIII-tubulin. The results showed that, the cells highly expressed Nestin, and βIII-tubulin on 1–10 kPa compared with the TCP group, which was consistent with the results of the qRT-PCR. It further proved that hUC-MSCs tend to differentiate in neural direction on 1–10 kPa (Figure 1F). However, the expression of βIII-tubulin on 35–38 kPa was higher than that on 1–10 kPa, which conflicted with the result of mRNA detection, which may be affected by many other factors.

Furthermore, mRNA expression of stem cell self-renewal specific genes SOX2 and OCT4 were detected using qRT-PCR. The results showed that SOX2 and OCT4 expression by hUC-MSCs on 1–10, 35–38, and 62–68 kPa were prominently downregulated compared with that of TCP, as well as there was a difference between each group (Figure 1G). These genes included some that are known to participate in the process of self-renewal; those observed indicated that the self-renewal ability of hUC-MSCs decreased, which was induced by stiffness of matrix.



Soft Matrix Combined With BMPR Inhibition Enhances the Neural Differentiation of hUC-MSCs

The mRNA expression of bone morphogenetic protein receptor (BMPR; BMPRIA, BMPRIB, and BMPRII) was detected using qRT-PCR after cells were cultured for 24 h and 7 days. The highest expression level of BMPR was found on matrix of 1–10 kPa. BMPRIA was 7.9-fold higher, BMPRIB was 8.5-fold higher, and BMPRII was 7.5-fold higher than that of the control group. In addition, the expression of BMPR subtype decreased gradually with increasing stiffness, and there was a difference between each group (Figure 2A). Moreover, BMPR (BMPRIA, BMPRIB, and BMPRII) expression in the cells at the protein level was detected using western blotting at day 7. Results showed that, the expression of BMPRIA in hUC-MSCs was significantly higher than that of the TCP group, with a statistically significant difference. However, the expression of BMPRII on 1–10 kPa was the lowest (Figure 2B). It has been reported that BMPRIA is involved in the neural differentiation which is regulated by stiffness, therefore we investigated the role of BMPRIA in the following experiments (Du et al., 2011; Xu et al., 2014).
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FIGURE 2. BMPR is involved in stiffness-mediated neural differentiation of hUC-MSCs. (A) qRT-PCR detection of BMPR subtypes expression at day 1 and day 7 (Results are presented as mean ± SEM, n = 5 independent experiments, *p < 0.05, and **p < 0.01). (B) Expression of BMPR subtypes detected using western blotting, and statistical analysis diagram (Results are presented as mean ± SEM, n = 3, *p < 0.05, and **p < 0.01). (C) The best concentration of BMPR inhibitor was determined using western blotting, the best concentration of inhibitor was 2 μM (n = 3 independent experiments). (D) The cells were collected at day 7 for detection of BMPR expression after stiffness groups adding inhibitor using RT-qPCR (Results are presented as mean ± SEM, n = 5 independent experiments, *p < 0.05, and **p < 0.01). (E) Expression of p-SMAD was detected using western blotting before and after BMPR inhibition, and statistical analysis diagram (Results are presented as mean ± SEM, n = 3, *p < 0.05, and **p < 0.01). (F) qRT-PCR analysis of Nestin and βIII-tubulin expression after BMPR inhibition for 24 h. Statistical analysis was performed using one-way ANOVA. Statistical significance was defined as p < 0.05. Results are presented as mean ± SEM (n = 5 independent experiments, p < 0.05). (G) qRT-PCR analysis of SOX2 and OCT4 expression after BMPR inhibition for 24 h. Statistical analysis was performed using one-way ANOVA. Statistical significance was defined as p < 0.05. Results are presented as mean ± SEM (n = 5 independent experiments, p < 0.05, and ***p < 0.001).


To further explore the role of BMPR, we selected BMPR inhibitor (LDN-193189) to inhibit BMPR. The concentration gradient of BMPR inhibitor was 0, 2, 3, 5, 10, and 15 μM according to previous reports (Yu et al., 2008; Al Madhoun et al., 2016). The best concentration of BMPR inhibitor was detected using western blotting. Under a microscope, the cell death rate was higher when the concentration of the inhibitor was 10 and 15 μM, therefore, the concentration of the inhibitor was 0, 2, 3, and 5 μM in this study. When the concentration of the inhibitor was 2 μM, BMPR expression level in hUC-MSCs was significantly inhibited compared with that of the non-inhibitor group (Figure 2C), thus the concentration of the inhibitor was 2 μM in subsequent experiments. Next, BMPR expression in cells, after inhibition for 7 days, was detected using qRT-PCR. It was shown that after adding inhibitor, the expression of BMPR in hUC-MSCs on 1–10 kPa was still higher than that on TCP (the control group without inhibitor), but it was significantly lower than that without inhibitor at day 7, which proved that BMPR was effectively suppressed (Figure 2D). Furthermore, the expression of BMPR downstream protein p-SMAD was detected using western blotting after adding BMPR inhibitor for 7 days. We found that the expression of p-SMAD was downregulated in all groups after BMPR inhibition and decreased with increasing stiffness (Figure 2E).

Next, the expression levels of Nestin and βIII-tubulin in hUC-MSCs after BMPR inhibition were detected. It is found that the expression of Nestin and βIII-tubulin were both significantly upregulated after BMPR inhibition in all groups (Figure 2F). Moreover, the expression of neural markers in 1–10 kPa was the highest in different stiffness groups after BMPR inhibition (Figure 2F). It proved that soft matrix of 1–10 kPa combined with BMPR inhibition can further enhance the ability of hUC-MSCs neural differentiation. In addition, we detected the mRNA expression of stem cell self-renewal specific genes SOX2 and OCT4 after BMPR inhibition using qRT-PCR. It was shown that SOX2 and OCT4 expression in hUC-MSCs in all groups was prominently upregulated compared to those not inhibited, and there was a difference between each group (Figure 2G). It indicated that the self-renewal ability of hUC-MSCs on the hydrogel matrix was increased after BMPR inhibition. From these results, we conclude that the 1–10 kPa soft matrix promotes the neurogenic differentiation of hUC-MSCs, and BMPR may play a negative role during this process. In addition, compared with the TCP group, the hydrogel stiffness regulates the directional differentiation of hUC-MSCs, and when BMPR is inhibited, the characteristics of hUC-MSCs are maintained and the differentiation is inhibited, indicating that BMPR has a positive regulatory effect on the characteristics of hUC-MSCs in each stiffness group.



BMPR Has Crosstalk With Integrin Pathway in Soft Matrix Inducing Neural Differentiation of hUC-MSCs

To detect the changes of integrin pathway in the process that soft matrix promotes the neural differentiation of hUC-MSCs, we detected the mRNA expression of integrinβ1 after BMPR inhibition for 24 h using qRT-PCR. It was shown that, integrinβ1 expression in hUC-MSCs after BMPR inhibition in three stiffness groups decreased prominently compared with those not inhibited, and there was a difference between each group (Figure 3A). Then, we focused on 1–10 kPa and performed immunofluorescence staining of integrinβ1 at 24 h. The results showed that integrinβ1 was mainly distributed on the cell membrane before BMPR inhibition. Moreover, integrinβ1 expression decreased significantly after BMPR inhibition (Figure 3B). In addition, total hUC-MSCs proteins were collected at day 7, and the levels of integrin related proteins FAK, AKT, and GSK-3β were detected using western blotting. Comparing the three groups of TCP, 1–10 kPa soft matrix and 62–68 kPa stiff matrix, the protein expression levels of AKT and GSK-3β in the two stiffness groups were higher than those in the TCP, representing the original state of cells, and increased with increasing stiffness; while the level of FAK in the stiffness groups was lower than that in the TCP, but there was no significant difference between the stiffness groups (Figure 3C). This indicates that at this point of time, AKT and GSK-3β were involved in stiffness regulating the directional differentiation of hUC-MSCs, whereas FAK did not play an important role at this time. Next, we compared the levels of integrin related signaling proteins before and after BMPR inhibition in the TCP and 1–10 kPa groups. The results showed that in the TCP group, the levels of AKT and FAK decreased after BMPR inhibition, while the level of GSK-3β increased (Figure 3D). It indicates that BMPR inhibitor decreased the levels of AKT and FAK but suppressed the level of GSK-3β in the primitive state of hUC-MSCs. In the 1–10 kPa group, after adding BMPR inhibitor, the level of AKT was downregulated and GSK-3β was upregulated, while the level of FAK showed no significant change (Figure 3D). This suggests that AKT and GSK-3β cooperated with BMPR to be involved in the soft matrix promoting neural differentiation of hUC-MSCs, while FAK was not involved in this regulatory process at this point.
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FIGURE 3. The downstream molecules of integrinβ1 were detected after BMPR inhibition. (A) qRT-PCR analysis of integrinβ1 after BMPR inhibition for 24 h. Results are presented as mean ± SEM (n = 5 independent experiments, *p < 0.05, and **p < 0.01). “+”represents the group contained inhibitor. (B) Staining for integrinβ1 in hUC-MSCs, which were treated on 1–10 kPa before and after BMPR inhibition for 24 h, and then observed under a confocal microscope (Olympus FV 1200; n = 3 independent experiments, scale bars, 10 μm). (C) Western blotting detection and statistical analysis diagram showing proteins associated with integrinβ1 including AKT, GSK-3β, and FAK on TCP, 1–10 kPa, and 62–68 kPa before adding inhibitor (Results are presented as mean ± SEM, n = 3, *p < 0.05, **p < 0.01, and ***p < 0.001). (D) Western blotting detection of expression of AKT, GSK-3β, and FAK on TCP and 1–10 kPa after adding inhibitor (Results are presented as mean ± SEM, n = 3, *p < 0.05, **p < 0.01, and ***p < 0.001). “+” represents the group contained inhibitor.




DISCUSSION

In recent years, increasing attention has been given to the application of hUC-MSCs in cell therapy (Shang et al., 2017). Three properties make MSCs optimal for tissue regeneration:immunoregulatory capacity beneficial to alleviate abnormal immune responses; paracrine or autocrine functions that generate growth factors, and the ability to differentiate into target cells (Han et al., 2019). This study adopted a new method to promote neural differentiation of hUC-MSCs in vitro and laid a solid theoretical foundation for the design of regenerated materials in tissue engineering. In this study, polyacrylamide hydrogel was successfully constructed to imitate the stiffness of brain and bone tissues, through gradient elasticity of 1–10, 35–38, and 62–68 kPa. Although soft matrix is able to induce stem cells to neural differentiation, the stiffness is not the same for different matrix materials (Tse and Engler, 2011; Oh et al., 2016). The stiffness of 1–10 kPa was selected in this experiment according to our previous study.

These results suggest that soft matrix regulates neural differentiation of hUC-MSCs,and small molecule inhibition of BMPR can improve neural differentiation of stem cells. Small-molecule LDN-193189, a selective inhibitor of BMP type I receptors, can selectively suppress the activities of receptor-like kinases (ALK2, ALK3, and ALK6; Han et al., 2015; Chiba et al., 2017). Additionally, BMP ligands can promote the phosphorylation and activation of BMP type I receptors by BMP type II receptors (BMPRII, ActRIIA, and ActRIIB; Miyazono et al., 2010). The activated BMP type I receptors phosphorylate BMP signaling effectors SMAD1/5/8, which regulates gene transcriptions through the transport to the nucleus (Yu et al., 2008). Studies have shown that SMADs localization can be transferred from the nucleus to the cytoplasm when MSCs differentiation is induced on stiff or soft substrates (Du et al., 2011). Therefore, from this study we concluded that BMPR inhibition prevented the entry of SMADs into the nucleus, which further promoted neural differentiation of hUC-MSCs.

Importantly, our results have also proved the synergistic effect of BMPR and integrinβ1 on soft matrix inducing neural differentiation of hUC-MSCs. It has been demonstrated that integrinβ1 is the key molecule in the process of cell sensing matrix stiffness (Jiang et al., 2016; Desai et al., 2019). Soft ECM can promote the neural differentiation of BM-MSCs through the endocytosis of integrinβ1 (Du et al., 2011). In addition, the co-localization of BMPRIA and integrinβ1 results in receptor internalization, which in turn regulates downstream SMADs phosphorylation and nuclear translocation, thus regulating cell fate (Provenzano et al., 2009; Shih et al., 2011). Based on these data, the observations in this study are consistent with previous reports. In summary, we demonstrated that not only is BMPR involved in the process of MSC differentiation induced by soft matrix, but also there is crosstalk between BMP signaling pathway and integrin-related AKT, GSK-3β signaling. It is reported that MSCs respond to mechanical stimuli through activation of FAK and AKT pathways by vibration induced RhoA signaling, F-actin remodeling, and repression of adipogenic gene expression (Graham and Burridge, 2016). However, further study is needed on how these protein molecules interact with each other.

Understanding how soft surfaces affect molecular signaling pathways could help us to design the materials that strengthen neural differentiation; thus better design surfaces that promote neural function. However, the cells are in a multifactorial internal environment in vivo. Therefore, further researches are needed to be conducted, such as neural differentiation was induced by the combination of soft surfaces and soluble factors, to mimic the ECM environment of cells in vivo, thus promoting later differentiation into specific subtypes of neurons.



MATERIALS AND METHODS


Cell Culture and Identification

The culture and identification of hUC-MSCs were based on our previous research methods (Xu et al., 2017). hUC-MSCs were used for all experiments. All experimental procedures were approved by the ethics committee of Jilin University and conformed to the regulatory standards.



Fabrication of Polyacrylamide Matrix With Gradient Stiffness

Matrixes with gradient stiffness were prepared as previous reports (Engler et al., 2006; Sun et al., 2018). The concentrations of acrylamide (AAm; Sigma-Aldrich, St. Louis, MO, United States) and bis-acrylamide (Bis-AAm; 0.05, 0.3, and 0.7%; Sigma-Aldrich) are shown in Figure 1A.



Cell Culture on the Hydrogel and Analysis of Cell Morphology

Human umbilical cord mesenchymal stem cells were passaged 4–6, and then seeded on 6-well plates (1–1.5 × 105/cm2 cells) with hydrogel matrix. The growth medium was changed every 3 days. NIH ImageJ was utilized to compute the major and minor axes of the cells based on the binary image of the cells. The aspect ratio of the cell was the ratio of the major to minor axes.



Gene Expression Assay

Total RNA was isolated with TRI reagent (Takara, Tokyo, Japan), and then a PrimeScript RT reagent kit (Takara) was used to synthesize first strand cDNA. Afterwards, qRT-PCR was applied to examine the relative expression of related genes. The sequences of all primers were shown in Table 1.


TABLE 1. Primer sequences for qRT-PCR.
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Detection of Integrinβ1 Using Immunofluorescence Staining

Human umbilical cord mesenchymal stem cells were counted and seeded on a 24-well culture plate with different stiffness at day 1, rinsed with PBS 3 times. The cells were then fixed with 4% paraformaldehyde for 15 min, and blocked with 1% bovine serum albumin (BSA) for 1 h. Anti-integrinβ1 was prepared with 0.5% BSA, 300 μl was added to each well, and then stored at 4°C overnight. After incubation of the secondary antibodies for 1 h, Hoechst33342 (proportion 1:10000) was prepared and used to dye the nucleus for 10–15 min. After rinsing with PBS, the cells were observed under a laser scanning confocal microscope.



Western Blotting

The proteins were extracted from cells using buffer containing protease and phosphatase inhibitors (Dingguo, Beijing, China). The proteins were separated by electrophoresis on 8% polyacrylamide gels, and then transferred to polyvinylidene fluoride (PVDF) membranes. Afterwards, the membranes were blocked and probed with antibodies for BMPRIA (Abcam), BMPRIB (Abcam), BMPRII (Abcam), GAPDH (CST), Nestin (CST), βII-tubulin (CST), GSK-3β (CST), and FAK (CST) overnight at 4°C. The secondary antibodies were incubated with the membranes on the next day. Finally, the protein bands were visualized using chemiluminescence.



Statistical Analysis

Descriptive analysis was performed to describe the characteristics of the variables. Statistical analysis was performed with the Student’s unpaired t-test and one-way ANOVA. Statistical significance was defined as p < 0.05. At least three independent experiments were performed in all cases.
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Injectable Gelatin Hydrogel Suppresses Inflammation and Enhances Functional Recovery in a Mouse Model of Intracerebral Hemorrhage
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Intracerebral hemorrhage (ICH) is a devastating subtype of stroke with high morbidity and mortality. However, there is no effective therapy method to improve its clinical outcomes to date. Here we report an injectable gelatin hydrogel that is capable of suppressing inflammation and enhancing functional recovery in a mouse model of ICH. Thiolated gelatin was synthesized by EDC chemistry and then the hydrogel was formed through Michael addition reaction between the thiolated gelatin and polyethylene glycol diacrylate. The hydrogel was characterized by scanning electron microscopy, porosity, rheology, and cytotoxicity before evaluating in a mouse model of ICH. The in vivo study showed that the hydrogel injection into the ICH lesion reduced the neuron loss, attenuated the neurological deficit post-operation, and decreased the activation of the microglia/macrophages and astrocytes. More importantly, the pro-inflammatory M1 microglia/macrophages polarization was suppressed while the anti-inflammatory M2 phenotype was promoted after the hydrogel injection. Besides, the hydrogel injection reduced the release of inflammatory cytokines (IL-1β and TNF-α). Moreover, integrin β1 was confirmed up-regulated around the lesion that is positively correlated with the M2 microglia/macrophages. The related mechanism was proposed and discussed. Taken together, the injectable gelatin hydrogel suppressed the inflammation which might contribute to enhance the functional recovery of the ICH mouse, making it a promising application in the clinic.
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INTRODUCTION

Intracerebral hemorrhage (ICH) is a devastating subtype of stroke with high morbidity and mortality, However, there is no effective therapy method to improve its clinical outcomes to date (Krishnamurthi et al., 2013; Poon et al., 2014). Although the injury mechanism is complex and not fully understood, increasing evidence has shown that the inflammatory cascades are closely related with the progression of the injury such as activation of the microglia, the release of inflammatory cytokines, and neuron loss, and therefore inflammation could be regarded as one of the most important targets for the overall prognosis of ICH (Duan et al., 2019; Guo et al., 2019; Tschoe et al., 2020).

Recently, injectable hydrogels have attracted more and more research interests due to their innate merits, e.g., capable of minimally invasive implantation (Dimatteo et al., 2018; Wang C. et al., 2019), especially for stroke, since they can be injected initially as a fluid through a needle into the brain with stereotactic procedures, and then formed the gel upon crosslinking to irregularly shaped cavities at the implant site (Nih et al., 2016). In this context, there are some reports that injectable hydrogel has been used to promote host cell infiltrate and endogenous brain tissue repair (Ghuman et al., 2016), encourage angiogenesis and recovery of nerve circuits through guided drug and growth factor delivery (Nih et al., 2018), and also, injectable hydrogel could be applied to transplant stem cells to restore lost neurons (Hu, 2016). For brain implantation, like other implants, the immune response which partly depending on the characteristics of the implants such as biocompatibility significantly influences the interaction between the hydrogel and the surrounding host tissues (Tsui et al., 2019; Wissing et al., 2019). As a key innate immune cell in the brain, microglia is the most important defense against exogenous threats, where activated microglia/macrophages develop into two subtypes: pro-inflammatory microglia (M1, classically activated) and anti-inflammatory microglia (M2, alternatively activated) (Xiong et al., 2016), the polarization of which plays a crucial role in promoting the recovery of brain injury and nerve (Bai et al., 2020). Nevertheless, how to modulate the immune response and neuroinflammation through the implanted biomaterials such as hydrogel remains a great challenge to date.

In the case of hydrogel itself, a variety of different repair and anti-inflammatory cell pathways were induced through the binding of the implanted hydrogel to specific cell surface receptors(integrin mostly, which mediates the cell-signaling, the mutual recognition, and adhesion between cells and cells as well as cells and extracellular matrix) of endogenous brain cells via cell-adhesion peptides (Zhang et al., 2016; Rajkovic et al., 2018; Rowley et al., 2019; Michael and Parsons, 2020). For example, the arginine-glycine-aspartic acid (RGD) that binds to integrin is one of the mostly reported peptides (Huettner et al., 2018). However, previous study reported that RGD-modified hydrogel might result in the pathological angiogenesis (Li et al., 2017). In this regard, hydrogels based on natural proteins, such as collagen and gelatin or decellularized membranes, have the advantage of generally possessing the ligands necessary for cell adhesion. Gelatin derived from denatured and partly degraded collagen, and was widely used in the tissue engineering for its good biodegradability and biocompatibility, as well as adhesion to cells and lack of antigenicity (Lin et al., 2017; Mobaraki et al., 2019; Shi et al., 2019a, b; Zhang et al., 2019), and often used for cell encapsulation (Barthes et al., 2018), More importantly, gelatin retains cell adhesive motifs of RGD (Echave et al., 2017), a key biological functional sequence that could be used as an active target (Ge et al., 2018), promote angiogenesis and nerve regeneration (Li et al., 2017; Dursun et al., 2019; Samadian et al., 2020; Wu et al., 2020), reduce gliosis and accelerate neural progenitor cell migration (Nih et al., 2017; Motamed et al., 2019), influent inflammation (Zaveri et al., 2014; Nguyen et al., 2016), and elicit M2 polarization from macrophages in vitro (Cha et al., 2017; Wang et al., 2018; Kang et al., 2019) when binds to integrin receptor through ligand-receptor specific interactions. However, in vivo, we know that the interaction between host immunity and the implant depends on the microenvironment of adjacent tissue, resulting in a tissue-specific response to biomaterials (Taraballi et al., 2018; Feng et al., 2019; Wang Y. et al., 2019). Besides, unlike microglial or macrophage lines, the gene expression signature of microglia in vivo was shown to be unique (Butovsky et al., 2014), therefore it is inappropriate to apply the conclusions derived from macrophages or cell lines to microglia in vivo.

Herein, the possibility of modulating neuroinflammation using injectable gelatin hydrogel was explored. We hypothesized that gelatin hydrogel could specifically interact with brain immune cells through RGD-integrin and regulate the polarization of the immune cells, and thus suppressing the pro-inflammation and ameliorating the brain injury. To address this possibility, thiolated gelatin was first synthesized, and then the injectable gelatin hydrogel was prepared by Michael addition reaction (Figure 1A). The hydrogel was characterized by SEM, rheology, and cytotoxicity before an in vivo evaluation was performed in a mouse model of ICH (Figure 1B).
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FIGURE 1. (A) Synthesis pathway of thiolated gelatin. (B) Schematic presentation of gelatin hydrogel injection into the lesion site in a mouse model of ICH. (C) Experimental protocol and timeline.




MATERIALS AND METHODS


Materials

Gelatin (type B ∼ 225 bloom), N-(3-Dimethylaminopropyl)-N’-ethyl carbodiimide hydrochloride (EDAC), 5, 5′-dithiobis (2-nitrobenzoic acid) (DTNB), polyethylene glycol diacrylate (PEGDA, MW 6000 Da), cysteamine, and dithiothreitol (DTT) were purchased from Sigma (St. Louis, MO, United States). N-hydroxysuccinimide (NHS) was obtained from Pierce. Viability/Cytotoxicity Assay Kit was purchased from Invitrogen. Primary antibodies consisted of mouse anti-GFAP, rabbit anti-Iba-1, rabbit anti-iNOS, mouse anti-Arginase 1, and rabbit anti-neun were purchased from Proteintech (United States). Rabbit anti-integrin β1 was purchased from Huaan (China). Rabbit anti-IL-1β and TNF-α were obtained from Santa Cruz Biotechnology (United States). Secondary antibodies consisted of fluorescent Alexa 488 and 555 antibodies were purchased from Invitrogen (United Kingdom). Horse radish peroxidase (HRP-conjugated AffiniPure goat anti-rabbit) was obtained from Jackson (United States).



Synthesis and Characterization of Thiolated Gelatin

The synthesis of thiolated gelatin is illustrated in Figure 1. The thiolated gelatin was synthesized according to a previous protocol with slight modification (Shu et al., 2003). Briefly, 1 g of gelatin was dissolved in 100 ml distilled water, and then cysteamine and EDAC were added as solids to the reaction with a molar ratio of -COOH/cysteamine/EDAC 1:2:2. The pH of the reaction solution was maintained at 4.75 by the addition of 1 M HCl. After 4 h the reaction was stopped by neutralizing the solution with 4 M NaOH. Five gram DTT was then added to the resulting solution and the pH of the solution adjusted to 8.5. After stirring for 8 h under N2, the pH of the solution was adjusted to 4.0 by the addition of 1 M HCl. The resulting solution was first dialyzed (3500 Daltons molecule weight cut-off) against HCl solution (pH 4.0) containing 100 mM NaCl under N2, followed by dialysis against HCl solution (pH 4.0) under N2. The solution was clarified by centrifugation, and the supernatant was sterilized with a 0.2 μm Millipore filter and then lyophilized. The degree of substitution (DS) of free thiols was determined using the Ellman method. The structure of thiolated gelatin was characterized by 1H NMR spectrum in D2O.



Preparation of Injectable Gelatin Hydrogel

PEGDA was dissolved in PBS to obtain a 10% (w/v) solution. Thiolated gelatin was dissolved in PBS. For the preparation of the hydrogel, the PEGDA solution was added to the thiolated gelatin solution with a molar ratio of acrylate/thiol 1:2 to prepare hydrogel precursor solution and initiate crosslinking, in which the final concentration of thiolated gelatin was 3% (w/v). Gelation time was determined by a test tube inverting method.



Scanning Electron Microscopy (SEM) and Porosity Measurement

SEM was used to observe the morphology of the freeze-dried hydrogel. After coating with gold, the cross-sectional morphologies were viewed with a JSM-6390LV SEM. The porosity of the hydrogels was measured according to the literature (Tian et al., 2012). Briefly, the freeze-dried hydrogel was immersed in ethanol under vacuum for 20 min and then taken out to be weighed after absorbing the excess of ethanol with filter paper. The porosity was calculated according to the following equation:
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where W1 and W2 are the weights of the hydrogel before and after immersion in ethanol, respectively, ρ is the density of ethanol and V is the volume of the hydrogel.



Rheological Test

The storage and loss modulus were measured with a plate-to-plate rheometer (MCR 302, Anton Paar, Ashland, VA, United States) using a 25 mm plate under a constant strain of 1% and frequency of 10 rad/s at 37°C.



Cytotoxicity of the Hydrogel

For assay the cytotoxicity of the hydrogel, the primary rat MSC cells were encapsulated in the hydrogel with a cell density of 1 × 105 cells per 100 μl of the hydrogel precursor solution. After 1 and 5 days of culture, the viability of the encapsulated cells was determined using the live/dead viability/cytotoxicity assay kit from Invitrogen. Briefly, 1 μM of ethidium homodimer-1 and 0.25 μM of calcein acetoxymethyl ester from the kit were diluted with 500 μl DMEM without phenol red. The hydrogels were stained for 30 min at room temperature in the dark and imaged with confocal microscopy (Nikon A1R + MP, Japan). Green (live cells) and red (dead cells) fluorescence images were collected separately and merged to determine cell viability as the ratio of viable cells to total cells counted.



Animals and ICH Model

The animal experimental protocols were approved by the Animal Ethical Committee of Sichuan University. Twenty four adult Kunming (KM) mice (2–3 months old and weighing 22–28 g, Dashuo Laboratory Animal Co. Ltd, China) were housed under a 12/12 light/dark cycle conditions with free access to food and water for this study.

The ICH modeling in mice was induced by intracranial injection of type VII collagenase. Baseline weight was recorded for each mouse before the experiment. The mice were anesthetized intraperitoneally by the injection of 10% chloral hydrate (30 μl/10 g) and placed in a stereotactic frame (RWD life science, China). A burr hole of 1mm diameter was drilled in 0.8 mm anterior and 2.0 mm lateral (right) of bregma, and then injected with collagenase type VII (0.075 Units in 0.5 μl saline; Sigma, United States) into the right basal ganglia region from the hole (2.9 mm depth below the surface of the skull) at a rate of 0.1 μL/min. After injection, the needle was left in the place for 10 min before withdrawal, and the skull hole was closed with bone wax. Finally, the wound was sutured, and the animal was placed in a warm box with free access to food and water.



Gelatin Hydrogel Injection

Three days post-ICH with the hematoma size became stable (Yang et al., 2017), mice were subjected to the gelatin hydrogel injection procedure by placing in a stereotactic frame with 10% chloral hydrate (30 μl/10 g, i.p.) anesthetized, and the body temperature maintained at 37°C using the heating pad. After removing the bone wax covering the cranial window, the lesion site was exposed. The hydrogel precursor solution was loaded into a microsyringe. For the ICH + Hydrogel group (n = 12, 4 mice per time point), mice were injected 4 μl precursor solution at a rate of 1 μl/min to the lesion using the previous coordinates. The needle was left in the place for 10 min to allow the solution to gel before removing it from the brain slowly, and the skull hole was closed again with bone wax followed by suturing the wound. In the ICH + Vehicle group (n = 12, 4 mice per time point), mice were injected with the same volume of PBS as control.



Body-Weight Change and Neurobehavioral Testing

To assess the body-weight change and neurobehavior of the mice, an investigator blinded to two groups evaluated the mice with corner turn and seven neurological deficits tests on day 1 and 3 after the ICH modeling and day 1, 3, and 7 after gelatin hydrogel and vehicle injection, and measuring the weight simultaneously. For the corner turn test, the mice were placed between the two boards facing a 30°corner. When mice entering deep into the corner, both sides of the vibrissae are stimulated together, healthy animals tend to turn left or right randomly, while animals with unilateral brain damage tend to turn to the ipsilateral side. Twenty tests were repeated in each testing day with at least 30 s interval time between two tests, and the right turn percentage was calculated as right turns/all turns (Zhang et al., 2002). Neurological deficits tests include body symmetry, gait, climbing, circling behavior, front limb symmetry, compulsory circling, and whisker. Each test was graded from 0 to 4, and the maximum deficit score of 28 (Hazel, 1998).



Histology and Immunostaining


Histological Treatment

Mice were deeply anesthetized by an overdose of 10% chloral hydrate and sacrificed via transcardial perfused with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer saline (PBS, pH = 7.4). The brain tissues were collected and post-fixed in 4% paraformaldehyde for 24 h, and then the tissues were trimmed as appropriate size (3 mm anterior and posterior to the bregma) for paraffin embedding and cut into 3-μm-thick coronal sections with a microtome (Leica RM2235, Germany). The slides were dried on a warmer at 60°C for 12 h. Before the staining, each brain sections were deparaffinized with pure xylene(three times) for 15 min each, then rehydrated in alcohol gradient (100% to 70%, 10 min each) and washed with distilled water.



Hematoxylin and Eosin Staining

Routine hematoxylin and eosin (H&E) staining was conducted for the perihematomal morphological changes observing and showing the host tissue-gelatin hydrogel interface. After the deparaffinized, the paraffin sections stained with hematoxylin for 5 min, rinsed under the tap water for 30 s, then put sections into 1% hydrochloric acid ethanol differentiation liquid solution for 5 s, and rinsed water for 5 min. Next, the eosin dye was redyed for 30 s, washed with distilled water for 10 s. After dehydrated with graded ethanol, the sections were mounted with mounting medium. Histologic sections were observed with a light microscope (BX43; Olympus, Tokyo, Japan).



Immunostaining

After the deparaffinized, antigen retrieval was achieved by microwave in EDTA buffer (PH9.0) for 20 min, cooled at room temperature. For immunofluorescence staining, sections were incubated in 10% blocking sera for 40 min prior at 37°C (Endogenous peroxidase activity was blocked with 0.6% hydrogen peroxide for immunohistochemical), then washed in 0.1 M PBS again, and incubated with primary antibody overnight at 4°C. Primary antibodies consisted of mouse anti-GFAP (1:500 dilution) to visualize the glial scar, rabbit anti-Iba-1 (1:200 dilution) to detect microglia/macrophages, rabbit anti-iNOS (1:200 dilution) and mouse anti-Arginase-1 (1:200 dilution) to detect different subtypes of Microglia/macrophages, rabbit anti-Neun (1:200 dilution) to detect surviving neurons, rabbit anti-integrin β1 (1:100 dilution) to detect the expression of integrin β1, and rabbit anti-IL-1β and TNF-α (1:200 dilution) to quantify the level of inflammation with immunohistochemical. After rinsing and washing with 0.1 M PBS three times for 5 min, sections were incubated with a secondary antibody for 30 min at 37°C and washed in PBS. Secondary antibodies consisted of appropriate fluorescent Alexa 488 or Alexa 555 antibodies (1:500 dilution). The immunofluorescence staining sections were observed through a fluorescence microscope (AX10 imager A2/AX10 cam HRC; Carl Zeiss, Germany). For immunohistochemistry, the sections were incubated with secondary antibody HRP for 30 min at 37°C and followed by washing in PBS. The color was visualized using peroxidase reaction with 3′,3′-diaminobenzidine, and then observed under a light microscope (BX43; Olympus, Tokyo, Japan).



Image Analysis

The results were measured and evaluated by a blinded observer with the open-source software ImageJ/Fiji (US National Institutes of Health1). Three sections per mouse and three randomly selected microscopic fields per section around the hematoma area were used for quantitative analysis. The number of M1 microglia (iNOS+/Iba1+ cell), and M2 microglia (Arginase-1+/Iba-1+ cells) were evaluated by cell counts, then the ratio to Iba-1+ cells represents the percentage of microglia of different subtypes (%). Neuron density is expressed as the ratio of the number of Neun+ cells in the microscopic field to the area of the microscopic field (/mm2). The IL-1β, TNF-α, Iba-1, and GFAP positive areas around hematoma were quantified in each field to assess the expression level of IL-1β and TNF-α, the activation levels of microglia and astrocytes, respectively. Fluorescence stained image of integrin β1 was constant-thresholded using ImageJ/Fiji program to subtract background staining, then the fluorescence intensity in each cell area was calculated.



Statistical Analysis

All data were expressed with mean ± standard error of the mean. Comparison of means between two groups was analyzed by the Student’s t-test, and statistical evaluations were performed using the GraphPad Prism 6.0. P-value was set at 0.05 for statistical significance.



RESULTS AND DISCUSSION


Synthesis of Thiolated Gelatin

Thiolated gelatin was synthesized through EDC chemistry as shown in Figure 1A, where cysteamine was coupled to the gelatin carboxylates at pH 4.75, at which carbodiimide nitrogens appear to be sufficiently protonated while gelatin mainly presents as the carboxylate. The structure of the final product was characterized by 1H NMR spectrum in D2O. As shown in Supplementary Figure S1, there are two new peaks that appeared, one is at 2.8 ppm corresponding to hydrogen of methylene close to thiol, and the other is at 2.6 ppm that assigned to hydrogen of methylene adjacent to amide. The content of thiol in thiolated gelatin was determined by Ellman method, and the results showed that the product has a thiol content of 0.48 mmol/g, which corresponds to 39.2% DS.



Preparation and Characterization of Injectable Gelatin Hydrogel

The injectable gelatin hydrogel was prepared by Michael addition reaction between the thiols in the thiolated gelatin and acrylates in the PEGDA to form a three-dimensional network under physiological conditions. The molar ratio of thiol relative to acrylate was set at 2/1 to ensure that no unreacted and potentially cytotoxic electrophiles remain in the hydrogel. The gelation time of the hydrogel was 6.5 ± 1.3 min, which was in the range of the clinical operation time (5–15 min). Within the gelation time, the injectable operation of the hydrogel was shown in Figure 2A. To study the pore structure of the hydrogel, SEM was carried out on the cross-sectional morphology of the freeze-dried hydrogel. As shown in Figure 2B, the cross-sectional of the hydrogel exhibited a three-dimensionally interconnected pore structure, with a pore size of 30–100 μm. The porosity of the hydrogel was 88.8 ± 2.5% when measured by the liquid displacement method. Thus, based on SEM and porosity measurements, it was reasonable to assume that the hydrogel would be beneficial for cell infiltration and the exchange of nutrients and metabolites. The storage (G’) and loss modulus(G”) were measured with a plate-to-plate rheometer. The maximum G’ for the hydrogel was 857 Pa (Figure 2C), which was in the range of the modulus of the brain tissue (100–1000 Pa), indicating that the hydrogel was sufficiently soft and might be compatible with brain tissue (Engler et al., 2006; Budday et al., 2017). Prior to the in vivo study, cytotoxicity of the hydrogel was evaluated using live/dead staining. As shown in Figure 2D, on day 1, the cell exhibited round morphology, whereas extensive spreading was observed on day 5, indicating that the RGD sequences within the hydrogel promoted the cell adhesion. The cell viability was 92.3 and 95.1% on day 1 and 5, respectively, both of which indicated that the hydrogel was compatible with the cells in vitro.
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FIGURE 2. (A) Injection operation of the gelation hydrogel (staining with phenol red). (B) SEM image of the hydrogel, scale bar = 100 μm. (C) The rheological curve of the hydrogel. (D) Live/dead staining of the cells within the hydrogel on day 1, and 5, scale bar = 100 μm.




Body-Weight Change and Functional Recovery After Gelatin Hydrogel Injection

In consideration of the potential side effects after the hydrogel injection, the body-weight change and neurobehavior of the mice were monitored. As shown in Figure 3A, after ICH modeling (ICH-Day 1, and 3), the mice had a weight drop from the baseline. When the hydrogel or vehicle injection, the body-weight of the mice remained below the baseline on day 1, while they are recovering with time prolonged, with body-weight steadily increased on day 3 and 7. No significant variation had been detected between the two groups at each time point, implying no overt adverse effects of the hydrogel.
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FIGURE 3. (A) Body-weight change. (B) The statistical graph of the corner turn test. (C) The statistical graph of the neurological deficit testing. (D) Representative images for Immunofluorescence staining of neuron marker Neun, scale bar = 20 μm. (E) The statistical graph of the Neun positive cells. Data are present as mean ± SD (n = 4), *P < 0.05, ***P < 0.001.


In the corner turn test, the percentage of right turn had a gradual decline in both two groups, and there was no statistical difference between them in each time point (Figure 3B). In the neurological deficit testing (Figure 3C), scores of both two groups were highest on the first day after ICH and descended with time. Recovery in the ICH + Hydrogel group was quicker than that in the ICH + Vehicle group and showed a significant difference on day 7 (4 ± 1 vs. 2 ± 1, P < 0.05). Just as tests differ in their selectivity and sensitivity for various deficits, neurological deficit scores mainly assess a variety of motor, sensory, reflex, and balance responses (Schaar et al., 2010), which is sensitive to nerve function deficit in the acute stage. In contrast, the corner turn test mainly focuses on the sensorimotor and postural asymmetry after ICH (Zhang et al., 2002). In our study, the assessment period was within 7 days and thus the neurological deficit test appears more sensitive to monitor the neurobehavior of the mice.

To explain why the ICH + Hydrogel group exhibited an enhanced functional recovery in comparison with the ICH + Vehicle group, the neuron density around the lesion was investigated since it plays an important role in motor function recovery after ICH (Miao et al., 2018; Chen et al., 2019). Figures 3D,E show the immunofluorescence staining and the statistical analysis of the neuron marker Neun, which, as expected, indicated that the hydrogel injection significantly rescued ICH-associated neuron loss, and had higher neuron density than that in ICH + Vehicle group on day 3 (2703 ± 311 cells/mm2 vs. 3844 ± 297 cells/mm2, P < 0.001) and 7 (3436 ± 290 cells/mm2 vs. 4117 ± 384 cells/mm2, P < 0.001).



The Overall Change of the Gelatin Hydrogel After Injection

The H&E staining of the brain sections as shown in Figure 4. In both two groups, the lesion site consisted of a large amount of necrotic debris on the first day (Figures 4A,B). With the time prolonged, the lesion areas decreased on day 3 and 7. In the ICH + Vehicle group, there are many inflammatory cells surrounding and infiltration the lesion, and then a scar formed with hemosiderin deposition on day 7 (Figures 4E,e, red arrow). On the contrary, in the ICH + Hydrogel group, there is less inflammatory cell appearance and the hydrogel filled the lesion and was evenly spread throughout the entire stroke cavity over time, without dense glial scar surrounding (Figures 4B,D,F). Interestingly, some cells are infiltrating into the hydrogel on the first day. This phenomenon is similar to the Ghuman’s (Ghuman et al., 2018) study, who suggested that these cells are not a brain origin, but likely an immune origin (Modo, 2019), which was responding quickly to the damaged tissue.
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FIGURE 4. H&E staining. (A–F) The overall morphology of the injured brain in different time-point after gelatin hydrogel injection, scale bar = 500 μm. (a–f) Magnified images show the host tissue-lesion or gelatin hydrogel interface, scale bar = 50 μm. (g) Local magnification image of hemosiderin deposition. *Represents the hydrogel.




Gelatin Hydrogel Injection Inhibited the Activation of Microglia/Macrophages and Astrocytes

Microglia/macrophages and astrocytes are abundant around the lesion site, which defines the boundary between the normal tissue and the injured area, and thus Iba-1 and GFAP were stained to investigate the activated microglia/macrophages and astrocytes over time. As shown in Figure 5A, in ICH + Vehicle group, the activated microglia/macrophages and astrocytes gradually developed a structurally disordered scar structure around the lesion as time went on, while in the ICH + Hydrogel group, commonly the cells with the deepest infiltration distance on day 1 and 3 are activated microglia/macrophages and followed by astrocytes. This chain-like path formed might allow other cells to pursue their infiltration (Ghuman et al., 2016). On day 7, the invading microglia/macrophages and astrocytes were evenly distributed around the remaining hydrogels.


[image: image]

FIGURE 5. Gelatin hydrogel affects the activation of microglia/macrophages and astrocytes. (A) Double immunofluorescence staining was performed with astrocyte marker GFAP (green) and microglia/macrophages marker Iba-1 (red) in brain sections, scale bar = 20 μm. (B) Representative images for Immunofluorescence staining of Iba-1, scale bar = 50 μm. (C) The percentage of Iba-1 positive area analysis. (D) Representative images for Immunofluorescence staining of GFAP, scale bar = 50 μm. (E) The percentage of GFAP positive area analysis. *Represents the hydrogel. Data are mean ± SD, n = 4 mice per group, *P < 0.05, ***P < 0.001.


For the activated microglia/macrophages, the Iba-1 positive area in both two groups increased from day 1 to 7 (Figure 5B), and there were more activated microglia/macrophages in ICH + Vehicle group at each time point than that in the ICH + Hydrogel group with a significant difference on day 1 (17.84 ± 2.81% vs. 14.15 ± 2.09%, P < 0.05) and 3 (23.30 ± 2.58% vs. 17.90 ± 1.86%, P < 0.05) (Figure 5C), indicating that the activation of the microglia/macrophages was suppressed in the ICH + Hydrogel group. This phenomenon may be related to the presence of the RGD adhesion motif in the hydrogel as previously reported (Nih et al., 2017).

In the case of the activated astrocytes, as illustrated in Figure 5D, astrocyte activation increased rapidly in both two groups from the first day, and reached the peak on day 3, followed by a decline on day 7, and the activated astrocytes in the ICH + Hydrogel group at each time point were significantly less than that in the ICH + Vehicle group consistently (Figure 5E, p < 0.001), which means the hydrogel injection can inhibit astrocyte activation. In general, loss of neurons in the core of the lesion will be replaced by the glial scar eventually, while if it’s displaced by the hydrogel, the glial scar would be potentially decreased, which has been observed previously as attributing to the biomaterial-glial scar interaction (Ghuman et al., 2016, 2018; Gorenkova et al., 2019).

Glial scar, the final form of reactive astrogliosis after stroke, on the one hand, has been thought to be detrimental to neuronal growth, preventing axonal regrowth in chronic stages since the mid-20th century (Cregg et al., 2014), however, a recent study revealed that relieving glial scar was failed to result in axonal regeneration after spinal cord injury, which did not address the effect of scar ablation on other cells in the damaged CNS (Anderson et al., 2016; Adams and Gallo, 2018). So, it remains difficult to determine what the confounding factor is. On the other hand, activated astrocytes are neuroprotective by limiting the inflammatory response and restricting the immune cascade of the damaged tissues in the acute phase of stroke (Doyle et al., 2008). Thus in our conditions further studies are required to determine the effect of the interaction between the hydrogel and the glial scar on this process.



Gelatin Hydrogel Injection Modulated Microglia/Macrophages Polarization

To determine the effect of the hydrogel on the microglia/macrophages polarization, the expression of nitric oxide synthase 2 (iNOS) and Arginase1(Arg-1) was chosen to identify M1 and M2 phenotype, respectively (Lan et al., 2017). Figures 6A,C respectively show the double immunofluorescence staining of iNOS/Iba-1 and Arg-1/Iba-1 on day 1, 3, and 7 after hydrogel injection. Figure 6B revealed that the percentage of M1 cells peaked on day 1 in both two groups and then fell with time. Meanwhile, ICH + Hydrogel group showed a significantly lower percentage of M1 cells than that in the ICH + Vehicle group on day 1 (56.25 ± 8.84% vs. 44.68 ± 5.04%, P < 0.05), 3 (54.39 ± 3.16% vs. 40.14 ± 5.05%, P < 0.05), and 7 (51.41 ± 9.57% vs. 37.74 ± 1.18%, P < 0.05). On the contrary, the percentage of M2 cells in the ICH + Vehicle group maintained the similar level on day 1 and 3 and had a slight decline on day 7, while it was shown a steady increase in the ICH + Hydrogel group, and there were significant differences between the two groups at each time point (Figure 6D, day 1: 23.46 ± 2.38% vs. 43.65 ± 3.54%, P < 0.001; day 3: 24.59 ± 2.47% vs. 47.44 ± 4.41%, P < 0.001; day 7: 22.01 ± 5.49% vs. 49.92 ± 5.35%, P < 0.001).
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FIGURE 6. Effects of gelatin hydrogel on microglia/macrophages polarization. (A) M1 pro-inflammatory microglia/macrophages marker iNOS+Iba-1+. (B) The percentage of iNOS+Iba-1+cells/Iba-1+cells in two groups. (C) M2 anti-inflammatory microglia/macrophages marker Arg-1+Iba-1+. (D) The percentage of Arg-1+Iba-1+ cells/Iba-1+cells in two groups. Scale bar = 20 μm. Data are mean ± SD, n = 4 mice per group, *P < 0.05, ***P < 0.001.


The mechanism by which biomaterials enable microglia/macrophages polarization into the anti-inflammatory phenotype remains largely unknown. Gelatin retains the cell adhesive motifs-RGD, which has been reported to elicit anti-inflammatory effects from macrophages in vitro as well as increase cellular adhesion (Lynn et al., 2010; Zaveri et al., 2014; Cha et al., 2017; Wang et al., 2018; Kang et al., 2019). Besides, osteopontin containing RGD can significantly suppress the inductions of iNOS in postischemic brains, demonstrating anti-inflammatory effects (Jin et al., 2016). Consistently, our results demonstrate that the injected gelatin hydrogel in the ICH cavity can inhibit the M1 polarization while promoting anti-inflammatory M2 phenotype, which may have potential promising to modulate inflammatory response after ICH.



Gelatin Hydrogel Injection Reduced the Release of IL-1β and TNF-α

Pro-inflammatory cytokines, such as interleukin-1β (IL-1β), and tumor necrosis factor-α (TNF-α), play an important role in maintaining cellular function and inflammatory activation (Möller and Villiger, 2006; Zhou et al., 2019; Gao et al., 2020). Nevertheless, it is harmful if the cytokines keep working throughout inflammation. After ICH, microglia were activated and various circulating immune cells immediately entered the brain, then the chemokines, pro-inflammatory cytokines (IL-1β and TNF-α) and other immune molecules were released (Wang and Doré, 2007) which further activated resident and migrating immune cells, and caused a continued cycle of the inflammatory response, the process of which increased the brain cell death produced inflammatory injury to the surrounding brain tissue (Tschoe et al., 2020). To investigate whether the hydrogel injection has the anti-inflammatory effect, the expression of pro-inflammatory cytokines such as IL-1βand TNF-αwas determined by immunohistological staining. As shown in Figures 7A–D, the expression of both IL-1β and TNF-α was decreased over time in two groups, and the ICH + Hydrogel group showed significantly lower of both two pro-inflammatory cytokines than that in the ICH + Vehicle group (P < 0.001), indicating that the hydrogel is capable of anti-inflammation in the ICH mouse model. In general, proinflammatory cytokines are thought to be produced mainly by activated M1 microglia/macrophages in the brain (Bai et al., 2020), Our results have shown that the hydrogel injection can inhibit the M1 phenotype, which might explain the decreased expression of the IL-1β and TNF-α.
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FIGURE 7. Effects of gelatin hydrogel on pro-inflammatory cytokine. (A) Immunohistochemical staining of IL-1β around the lesion. (B) The area percentage of IL-1β. (C) Immunohistochemical staining of TNF-α around the lesion. (D) The area percentage of TNF-α. Scale bar = 50 μm. *Represents the hydrogel. Data are mean ± SD, n = 4 mice per group, ***P < 0.001.




Gelatin Hydrogel Injection Upregulated the Integrin β1 Expression

The injectable gelatin hydrogel contains cell adhesive motifs-RGD, which is a ligand of the integrin. Previous studies have found that the integrin recruitment was elevated by RGD adhesive motifs to aid the formation of adhesive structures, and the β1, an integrin subunit, mediated interactions can control macrophage polarization and promote Schwann cells migration in vitro (Zhang et al., 2016; Cha et al., 2017; Kang et al., 2019). Therefore, to examine whether the difference of microglial/macrophages phenotype in two groups might result from downstream signaling regulation via integrin, the expression of β1 was detected by fluorescence intensity using immunofluorescence staining. Double staining was performed at first to localize the β1, and the results indicated that the β1 was mainly expressed in the activated Iba-1 positive microglia/macrophages around the lesion (Figure 8A), which consistent previous report that β1 was expressed on the microglia in the CNS (Milner and Campbell, 2002). Next, the expression of β1 in two groups was compared, and it was shown that the expression of β1 in the ICH + Hydrogel group exhibited an increasing tendency, while the one was decreased gradually with time in the ICH + Vehicle group, and showed a statistical difference on day 3 and 7 (Figures 8B,C), indicating that the injectable gelatin hydrogel is capable of upregulating the β1 expression around the lesion in the brain after ICH.
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FIGURE 8. Gelatin hydrogel affects the expression of integrin β1. (A) Double immunofluorescence staining was performed with integrin β1 (red) and microglia marker/macrophages Iba-1 (green) in brain sections on day 7, scale bar = 20 μm. (B) Immunofluorescence staining of integrin β1 around the lesion, scale bar = 20 μm. (C) Fluorescence intensity (FI) analysis of the images. (D) The correlation analysis between the Arg+IBA+ double-positive cells positive percentage and fluorescence intensity of β1, the correlation coefficient is 0.73 (P < 0.01). *Represents the hydrogel. Data are mean ± SD, n = 4 mice per group, *P < 0.05, ***P < 0.001.


Interestingly, our results also showed that the expression of β1 in the two groups was consistent with the changing trend of the Arg + Iba-1 + double-positive cells. We further analyzed the correlation between the trends of these two parameters. It was found that both parameters correlated well, with a correlation coefficient of 0.73 (p < 0.01) in the ICH + Hydrogel group (Figure 8D), which means, the expression of integrin β1 was positively correlated with the percentage of the Arg-1 + Iba-1 + cells, while the expression of integrin β1 in the ICH + Vehicle group did not change significantly over time and the percentage of the Arg-1 + Iba-1 + cells remained stable, so it is tempting to speculate that integrin β1 appears to play an important role in microglia/macrophages polarization.



Mechanism Discussion

In this study, injectable gelatin hydrogel displays the interaction with different host cells such as decreasing the astrocytes activation, reducing the neuronal loss, especially affecting the microglia/macrophages response, which makes it possible to suppress inflammation and enhance functional recovery (Figure 9). However, there is no clear idea about the reasons to explain this phenomenon. The polarization of microglia/macrophages is a complex multi-factor interaction process that regulated by a variety of intracellular signaling molecules and pathways, e.g., JNK, PI3K/Akt, Notch, and JAK/STAT signaling pathway (Zhou et al., 2014).


[image: image]

FIGURE 9. Schematic presentation of the effect of the injectable gelatin hydrogel on the host cells and proposed mechanism.


Integrin was found to be involved in the polarization of microglia/macrophages through multiple signaling pathways. For example, in the tumor microenvironment, interstitial flow through the integrin β1 promotes autophosphorylation of FAK, which activates downstream Src/Akt, and transmits the signal to STAT3/6, thus promoting the M2-type polarization of macrophages (Li et al., 2018). In the pulmonary fibrosis model, the extracellular matrix via the α4β1 integrin leads to the activation of Rac2 and potentially regulates macrophage M2 differentiation (Joshi et al., 2017). In the colitis model, the Integrin αVβ3 polarized macrophages toward M1-type by promoting the overactivation of STAT1/3 downstream of the ILK/Akt/mTOR signaling pathway (Piedra-Quintero et al., 2019). In vitro environment of hydrogels containing RGD, with the presence of interleukin-4, integrin α2β1 may cause the polarization of macrophages to M2 through STAT6 and to M1 through IRF5 (Cha et al., 2017).

Our study revealed that, after the gelatin hydrogel injection, the pro-inflammatory M1 microglia/macrophages polarization was suppressed while the anti-inflammatory M2 phenotype was promoted, and the secretion of inflammatory cytokines was reduced, which was accompanied by the upregulation of integrin β1. Therefore, integrinβ1 appeared to play an important role in the negative regulation of neuroinflammation in our condition. However, the mechanism in this process still needs further verification. Meanwhile, other integrins’ interaction with different ligands may also have significant effects on the microglia/macrophages (Plow et al., 2000). Here, a mechanism was proposed as follows based on literature and our results.

When the gelatin hydrogel was injected into the lesion site, the RGD sequences along the molecular chains were steadily exposed, which would bind to and promote the expression of the integrins on the surface of the surrounding cells such as microglia/macrophages around the lesion. Due to the acceptor-ligand interactions, the binding integrins activated the FAK-mediated signal transduction through the M2-associated signal pathways, e.g., FAK-PI3K-AKT/Rac-JNK, or FAK-STAT3/6, and then the signals were transmitted to transcription factors(NF-κB, SOCS, or PPAR-γ) and promoted the M2 phenotype polarization of the microglia/macrophages (Figure 9).

Overall, our study suggested that the integrin might play an important role in the polarization of microglia/macrophages after the gelatin hydrogel injection, and therefore systematical analysis of the role of the integrin family on microglia/macrophages could provide the fundamental basis for creating next-generation biomaterials that controllably induce M1 or M2 microglia/macrophages polarization.



CONCLUSION

In conclusion, we successfully synthesized the thiolated gelatin and prepared the injectable gelatin hydrogel. The hydrogel was characterized by SEM, porosity, rheology, and cytotoxicity in vitro, and then evaluated in a mouse model of ICH. The in vivo study indicated that the hydrogel injection could reduce the neuron loss, promote the nerve functional recovery, decrease the activation of the microglia/macrophages and astrocytes, and modulate microglia/macrophages polarization to decrease the release of the inflammatory cytokines such as IL-1β and TNF-α. The related mechanism was proposed and discussed, which would provide the basis of new design concepts for the biomaterials that can directly suppress inflammation.
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Ultrasound Molecular Imaging as a Potential Non-invasive Diagnosis to Detect the Margin of Hepatocarcinoma via CSF-1R Targeting
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Though radiofrequency ablation (RFA) is considered to be an effective treatment for hepatocellular carcinoma (HCC), but more than 30% of patients may suffer insufficient RFA (IRFA), which can promote more aggressive of the residual tumor. One possible method to counter this is to accurately identify the margin of the HCC. Colony-stimulating factor 1 receptor (CSF-1R) has been found to be restrictively expressed by tumor associated macrophages (TAMs) and monocytes which more prefer to locate at the boundary of HCC. Using biotinylation method, we developed a CSF-1R-conjugated nanobubble CSF-1R (NBCSF–1R) using a thin-film hydration method for margin detection of HCC. CSF-1R expression was higher in macrophages than in HCC cell lines. Furthermore, immunofluorescence showed that CSF-1R were largely located in the margin of xenograft tumor and IFRA models. In vitro, NBCSF–1R was stable and provided a clear ultrasound image even after being stored for 6 months. In co-culture, NBCSF–1R adhered to macrophages significantly better than HCC cells (p = 0.05). In in vivo contrast-enhanced ultrasound imaging, the washout half-time of the NBCSF–1R was significantly greater than that of NBCTRL and Sonovue® (p = 0.05). The signal intensity of the tumor periphery was higher than the tumor center or non-tumor region after NBCSF–1R injection. Taken together, NBCSF–1R may potentially be used as a non-invasive diagnostic modality in the margin detection of HCC, thereby improving the efficiency of RFA. This platform may also serve as a complement method to detect residual HCC after RFA; and may also be used for targeted delivery of therapeutic drugs or genes.

Keywords: ultrasound imaging, HCC tumor margin, non-invasive tumor margin detection, CSF-1R targeting, macrophage


INTRODUCTION

Hepatocellular carcinoma (HCC), is the third leading cause of cancer death in China (Chen et al., 2016). Radiofrequency ablation (RFA) which considered to be a valid local treatment method with curative intent and shows a comparable overall outcome to that of liver resection when patients with HCCs smaller than 3 cm in diameter (N’Kontchou et al., 2009; Kang et al., 2015). However, one major cause of insufficient RFA (IRFA) is the uncertain ablation margin, which may lead to local recurrence with a more aggressive phenotype and worse prognosis (Kim et al., 2010; Wang et al., 2013; Liu et al., 2015; Shady et al., 2016; Sotirchos et al., 2016; Dai et al., 2017; Zhang et al., 2019).

Some researchers found that colony-stimulating factor 1 receptor (CSF-1R) expression and tumor associated macrophage (TAM) density (CSF-1 receptor, CSF-1R or CD68) in the adjacent liver tissues are associated with patient survival after resection of HCC (Zhu et al., 2008; Jia et al., 2010; Kong et al., 2013). CSF-1R is highly expressed by monocytes (precursors of macrophages) and TAMs which support tumor cell proliferation, motility, and drug resistance (Lewis and Pollard, 2006; Pyonteck et al., 2013). CSF-1R and macrophages are the front line of defense to prevent tumor growth. The peritumoral liver tissue, which possessed of abundant CSF-1R, plays an opposite role in anti-tumor effect by providing a fertile environment for metastasis (Qian and Pollard, 2010). A high density of CSF-1R in peritumoral liver tissue, but not in tumor tissue, was associated with poor survival and a high incidence of metastasis after resection of the primary tumor (Zhu et al., 2008; Nandi et al., 2013). Leftin et al., 2019 confirmed that macrophage-targeted inhibition of CSF-1R by immunotherapy inhibits macrophage accumulation and slows mammary tumor growth in vivo. Thus, CSF-1R might be a feasible target for molecular imaging of HCC.

Ultrasound molecular imaging can provide high specificity and sensitivity imaging as it combines the advantages of ultrasound contrast agents (UCAs). UCAs can targeted with ligands such as antibodies or other proteins to detect expression of cancer-specific molecular markers (Jiang et al., 2016; Li et al., 2018; Wang et al., 2018). Unfortunately, traditional UCAs composed of microbubbles with a diameter about several micrometers, which cannot penetrate through the vasculature and have the short circulation time, which has constrained the advancement of ultrasound molecular imaging (Krupka et al., 2010; Wang et al., 2010). Nanobubbles (NBs, <1000 nm) were then introduced as a contrast agent enhancer in ultrasound imaging. However, NBs may decrease the echogenicity under clinical ultrasound (Sheeran et al., 2013). So it extremely challenging to fabricate not only small, highly echogenic particles but also can provide new, paradigm shifting applications of ultrasound agents in diagnosis and therapy (theranostics; Guvener et al., 2017; Tang et al., 2017; Liu et al., 2019).

Herein, to address the above shortcomings, we designed a novel CSF-1R targeted nanobubble (NBCSF–1R) and characterized its properties in vitro and in vivo. We also investigated the specificity and efficacy of the nanobubbles (NBCTRL and NBCSF–1R) against HCC xenograft tumors and IRFA models to evaluate the feasibility of using NBCSF–1R in the clinical diagnosis of HCC margin (Scheme 1).
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SCHEME 1. After radiofrequency ablation (RFA), macrophages are highly condensed at the tumor margin, highly expressing CSF-1R. By using nanobubbles targeting CSF-1R (NBCSF1R), we developed an ultrasound-guided CSF-1R specific targeted real-time monitoring of tumor margin. NBCSF1R could penetrate through the vascular and adhered to the macrophages, which can provide ultrasound molecular imaging to reveal the accurate margin of HCC.




MATERIALS AND METHODS


Materials

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-dipalmitoyl-sn-glycero- 3-phosphoethanolamine (DPPE) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, United States). Polyethylene glycol (PEG4000) was purchased from Aladdin Limited Company (Shanghai, China). 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000] (DSPE-PEG2000-Biotin) was purchased from A.V.T. Pharmaceutical Co., Ltd. (Shanghai, China). 4′,6-diamidino-2-phenylindole (DAPI) and 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanineperchlorate (DiI) were obtained from Beyotime (Haimen, China). Octafluoropropane (C3F8) was purchased from Guangzhou Walter (Guangzhou, China). Antibodies for flow cytometric analysis or Western blot of CSF-1R were purchased from Novus International, Inc. (St Charles, MO, United States). Antibodies for immunohistochemistry (IHC) or immunofluorescence (IF) for CSF-1R were obtained from Abcam (Cambridge, MA, United States). Other chemicals and reagents were of analytical grade. Phorbol 12-myristate 13-acetate (PMA) was purchased from Sigma-Aldrich (St. Louis, MO, United States).



Cells

Human monocyte THP-1 was purchased from Sun Yat-sen University Cell Bank. SMMC-7721 and HepG2 human liver cancer cell lines were kindly donated by the Radiology Department, Sun Yat-sen Memorial Hospital. The H22 cell line was obtained from Procell Life Science & Technology Co., Ltd. (Wuhan, China). Hepa1-6 mouse liver cancer cell lines were purchased from Guangzhou Genebio Biotechnology Co., Ltd. (Guangzhou, China). SMMC-7721, HepG2, and Hepa1-6 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, GIBCO Gaithersburg, MD, United States) and supplemented with high glucose and 10% fetal bovine serum (FBS, GIBCO) at 37°C with 5% CO2. THP-1 and H22 were cultured separately in RPMI 1640 (GIBCO) and supplemented with 10% FBS at 37°C with 5% CO2. Macrophages were obtained from induction of THP-1 cells by 100 ng/ml of PMA for 24 h.



Animals

All animal procedures were performed in accordance with the Guidelines for Care and Use of Laboratory Animals of Sun Yat-sen University. Experiments were reviewed and approved (NO. SYSU-IACUC-2018-000179) by the Ethics Committee of Sun Yat-sen Memorial Hospital and Ethics Committee of Zhongshan School of Medicine (ZSSOM) on Laboratory Animal Care, Sun Yat-sen University (Guangdong, China).



Patients and Tissue Samples

Primary hepatocellular carcinomas were obtained from 30 patients at Sun Yat-sen Memorial Hospital. All samples were collected with informed consent and with the approval of the Internal Review and Ethics Boards of the indicated hospitals.



Expression of CSF-1R in vitro

Quantitative real-time polymerase chain reaction (qRT-PCR), fluorescence-activated cell sorting (FACS), and Western blot were used to analyze the CSF-1R presentation in different cells. The following primers were used: human CSF-1R: forward (5′- > 3′) AGCGATAGGTCCCCGTGTTTT, reverse (5′- > 3′) CAACGGTGACCTTGCGATGTG, murine CSF-1R: forward (5′- > 3′) CAGGGTCCAAGGTCCAGTAGG, reverse (5′- > 3′) TGGTTGTAGAGCCGGGTGAAA. Macrophages and SMMC-7721 cells were seeded into six-well plates at 5 × 105 cells/well in 2 mL of medium for 12 h. Cells were collected and each sample was divided into two tubes. One tube was incubated with anti-CSF-1R antibodies for 30 min and then rinsed with phosphate-buffered saline (PBS) one time. Then, the samples were incubated with PE-conjugated anti-mouse IgG for 20 min and rinsed with PBS. The fluorescence intensity in the macrophages and SMMC-7721 cells was calculated by Flow Cytometry (Beckman Coulter, Fullerton, CA, United States).



Expression of CSF-1 in vivo

Immunohistochemistry (IHC) analysis of human liver cancer tissue and peritumor tissue adjacent to tumor (about 10 mm) was performed. Procedures for IHC analysis of CSF-1R (anti-CSF-1R antibody, 1:200 dilution, Novus International, Inc., United States) were performed. Procedures for IHC analysis of CSF-1R (anti-CSF-1R antibody, ab215441, 1:100 dilution, Abcam, Cambridge, MA, United States) were performed in two random fields in tumor tissue and peritumor tissue for each slide. The quantification of stained cells was analyzed by Image-Pro Plus. The slides were observed by using a light microscope (ECLIPSE 80i, Nikon, Japan).



Preparation of the Nanobubbles

Nanobubbles were prepared according to our previous studies (Jiang et al., 2016; Zhou et al., 2019). Briefly, a homogenous mixture containing DSPE-PEG2000-biotin, DSPE-PEG2000, DSPC, and DPPE at a mole ratio of 2.5:2.5:30:10 was mixed in 15 mL chloroform. The mixture was stirred for 1 h, then vacuum dried for 2 h at 60°C using a rotary evaporator (EYELA, Tokyo, Japan). The resulting film was rehydrated with PBS and agitated for 2 h. The size of the resulting liposomes was reduced by sonication, and then C3F8 gas was injected to replace the air over the fluid to generate NBs.

The bubbles were purified by centrifugation and collected according to our previous research. Then, NBs were resuspended in PBS and stored at 4°C. For the development of fluorescent NBs, DiI-encapsulated NBs were prepared through the same method, with the addition of DiI in the initial mixture of phospholipids in chloroform. DiI-encapsulated NBCSF–1R were observed by inverted fluorescence microscope (Olympus IX73, Japan) and Western Blot. Excitation wavelength of Dil is 549 nm and the emission wavelength is 565 nm.



Western Blot Analysis

In order to determine the success of CSF-1R onto NBs surface, SDS-PAGE and Western blot were used. An 8% SDS–polyacrylamide gel was loaded with NBCTRL, NBCSF–1R, and CSF-1RmAb (Novus International, Inc., United States) and electrophoresed under reducing condition for 2 h at 60 mV and for an additional 180 min at 300 mA. The gel was then transferred to a membrane and blocked using 5% skim milk. After blocking, the membranes were Horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (1:2000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, United States) was used as the secondary antibody. Protein signals were detected using a chemiluminescence system (New Life Science Products, Boston, MA, United States).



Preparation of NBCSF–1R

In vitro CSF-1RmAbs was biotinylated using the EZLink NHS-Biotin Kit (Muralidhara et al., 2019; Wang et al., 2019). Biotinylated CSF-1RmAb was bound to the NBs (NBCTRL) by linking the biotin groups of CSF-1RmAb and DSPE-PEG2000-biotin on the NBs with Streptavidin. Briefly, nanobubbles was mixed with biotinylated CSF-1RmAb using a DSPE-PEG2000-biotin:CSF-1RmAb: Streptavidin molar ratio of 30:1:15, then incubated at 4°C for 8 h (NBCSF–1R). To remove the excess free CSF-1RmAb, the upper layer of the suspension was centrifuged three times (1000 rpm, 5 min) and stored at 4°C. To determine the success of conjugation, the CSF-1RmAb was labeled with fluorescein isothiocyanate (FITC) and co-localization of the CSF-1RmAb with CSF-1R were confirmed by fluorescence microscope.



Characterization of NBCTRL and NBCSF–1R


Size, Zeta, Concentration, TEM, and Stability Test

The mean diameter and Zeta potential of NBCTRL, and NBCSF–1R were measured using a Malvern Zetasizer Nano (Malvern Instruments, Ltd., United Kingdom). Their morphology was detected by scanning electron microscopy (SEM, SU8020, Hitachi, Japan). The concentration of NBs was measured with a Coulter counter (Multisizer 4e, United States) according to Liu et al. (2019).

The long-term stability test of NBCSF–1R were confirmed by using a Vevo 2100 small animal imaging device with a frequency of 20 MHz, in a static state. NBCSF–1R was diluted from 100 to 10,000 times. The contrast imaging was then observed for each sample. To determine the long-term stability of NBCSF–1R, the above experiments were repeated in samples that had been stored for 1, 3, or 6 months at 4°C. As a control, Sonovue® was suspended at the same concentration.



Cytotoxicity Analysis

Macrophages were induced from THP-1 cells. Approximately 5 × 106 cells were cultured with 100 ng/ml PMA for 24 h at 37°C with 5% CO2. SMMC-7721 cells and macrophages were separately inoculated into 96-well plates at 3000 cells/well for 12 h. The same volume of fresh media with various concentrations NBCSF–1R were incubated with the cells for an additional 24 h, the concentration of NBCSF–1R ranging from 2 × 103 to 2 × 108 bubbles/ml. Then, 10 μL CCK-8 reagent in 100 μL fresh medium replaced, and incubated for an additional 2 h. The plates were gently shook for 5 min, and Infinite F200 multimode plate reader (Spectra Max M5, Molecular Devices) was used to test the absorbance of each well at 450 nm. All experiments were conducted in triplicate.



In vitro Targeting Ability of NBCSF–1R

SMMC-7721 and macrophages were seeded into confocal dishes at 1 × 105 cells/dish and grown for 24 h at 37°C with 5% CO2. The cells were then rinsed gently with PBS three times at room temperature, 4% paraformaldehyde was added for 5 min, then cells were gently rinsed again with PBS three times. Then, 1 ml of PBS containing 0.5% Triton X-100 was added for 5 min and rinsed with PBS three times. The remaining steps were performed in the dark: added 100 μL of diluted phalloidin solution (5 μL of phalloidin solution to 200 μL of PBS containing 0.1% BSA) to cover the cells in the center of the confocal dish; incubated for 30 min; added 200 μL DiI labeled NBCSF–1R or NBCTRL to the center of the confocal dish and incubated for 2 h at 37°C with 5% CO2; added 200 μl of 100 ng/ml DAPI solution and incubated for 5 min; gently rinsed 5 times with PBS to remove the unbound CSF-1R. The cells were observed under a laser confocal microscope to observe the fluorescence distribution of the cytoskeleton and the NBCSF–1R, and the specific targeting of the NBCSF–1R to the CSF-1 was observed.



In vivo Contrast-Enhanced Imaging

To generate tumors, approximately 1 × 107 SMMC-7721 cells in 100 μL of single-cell suspension was injected into 5–6-week-old male BALB/c nude mice (n = 30, five animals/group) in the right hind legs, subcutaneously (s.c.). The mean maximum tumor size at ultrasound was about 10 mm. In this experiment, the mice were divided into six groups (n = 30). Group 1 = NBCTRL, Group 2 = NBCSF–1R, Group 3 = Sonovue, Group 4 = NBCTRL + IRFA, Group 5 = NBCSF–1R + IRFA, Group 6 = Sonovue® + IRFA. During imaging, Mice were kept warm using a heated stage and a heat lamp, and anesthesia at 2% isoflurane in oxygen at 2 L/min during imaging. Mechanically, the contrast enhanced imaging can only generated while enveloped bubbles undergo compression and expansion. In this experiment, negative blank (PBS) was not included as PBS was unable to generate ultrasound intensity. Three groups received radiofrequency ablation to simulate IRFA models, which was performed using a bipolar RFA device (Radionics, INC, Burlington, MA, United States), radiofrequency energy about 30 watts for 30 s. One group of the xenograft tumor models and one group of the residual cancer models received NBCSF–1R. Mice were anesthetized with isoflurane by full anesthesia machine and placed on a warm pad. Approximately, 4 × 107 NBCSF–1R was injected through caudal veins. The ultrasound contrast parameters were: (Visual Sonics, Vevo 2100) Transducer: MS-250; Frequency: 20 MHz; Imaging Mode: Non-linear Contrast Mode; Dynamic Range: 30 dB; Overall Contrast Gain: 45 dB; Output Power: 4%. NBCTRL and Sonovue® were injected through caudal veins similarly. VevoCQ software was used to export the image of ultrasound molecular imaging (USMI) signal, and then observe the differential targeted enhancement distribution in the region of interest (green contour).



Statistical Analysis

For data analysis, Statistical Package for the Social Sciences (SPSS) version-21 (SPSS, Inc., Chicago, IL, United States) was used. GraphPad Prism version 5.00 (GraphPad Software, Inc., San Diego, CA, United States) was used to generate figures. p < 0.05 was considered statistically significant. Data from the experiments was expressed as mean ± SD for technical replicates and the mean ± SEM for biological replicates. ANOVA was performed to compare differences between multiple groups and Differences in continuous variables were analyzed by Student’s t-test to compare two groups. A non-parametric test of two paired samples was analyzed by Wilcoxon Signed Rank Test.



RESULTS


CSF-1R Expression in vitro and in vivo

To verify the expression of CSF-1R in vitro, qRT-PCR, Flow Cytometry, and Western blot were carried out. As seen in Figure 1A, qRT-PCR analysis revealed that the expression of CSF-1R mRNA is significantly higher in macrophages as compared to H22, SMMC-7721, HepG2, Hepa1-6, and THP-1 (p = 0.05). We then proceed to select a mouse originated cell line SMMC-7721 for consideration of in vivo experiments. Western blot analysis also confirmed that the protein level of CSF-1R is overexpressed in macrophages and THP-1, while minimally expressed in SMMC-7721 cells (Figure 1B). Comparison of CSF-1R intensity showed a significantly greater extent of expression within macrophages (macrophage: intensity of 143.75 ± 4.2 a.u.; THP-1: 103.02 ± 3.4 a.u.; SMMC-7721: 78.36 ± 3.4 a.u.; p < 0.001; Figure 1C). Quantification analysis using FACS indicated that 97.57% of macrophages are CSF-1R positive compared to 9.32% of SMMC-7721 cells (Figure 1D).
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FIGURE 1. (A) qRT-PCR was used to determine the expression of colony-stimulating factor 1 receptor (CSF-1R) in different cell lines. (B) Western blot was used to access the protein level of CSF-1R in macrophages, THP-1, and SMMC-7721. (C) Showed the CSF-1R expression intensity in macrophages, THP-1, and SMMC-7721, macrophages showed the highest intensity than THP-1 and SMMC-7721, (***indicates p < 0.01). (D) The expression level of CSF-1R in macrophages and SMMC-7721 were detected by fluorescence-activated cell sorting (FACS) blue indicated the control group and, red indiacted the experiment group. (E) IHC verified the expression distribution of CSF-1R in human liver cancer tissues (the red line indicated the boundary of hepatocellular carcinoma (HCC). (P, peritumoral, T, tumor). (F) Semi-quantitatively analyzed the expression of CSF-1R by image-pro plus (IPP) software (***indicates p < 0.01).


Immunohistochemistry analysis was carried out to confirm the expression of CSF-1R in HCC patients. As seen in Figure 1E, CSF-1R deposits were detected in the peritumoral tissues of carcinoma in situ in human HCC (Figure 1E). The counts of positive CSF-1R differed significantly between the normal tissue and the margin (p < 0.05; Figure 1F).



NPs Synthesis and Characterization Particle Surface Modification

Figure 2A shows the schematic illustration of NBCSF–1R fabrication through Streptavidin/biotin interaction. Western blot showed that the band intensity of CSF-1R attached on NBCSF–1R was similar with CSF-1R input, while NBCTRL showed no indication of CSF-1R band (Figure 2B), indicating that CSF-1R successfully conjugated with the NBCSF–1R specifically (p < 0.005; Figure 2C).
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FIGURE 2. (A) The process of synthesis of nanobubble CSF-1R (NBCSF–1R) through the streptavidin/biotin chemical effect, CSF-1RmAb was biotinylated and then conjunction to the 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000] (DSPE-PEG2000)-Biotin. (B) Western blot showed that the NBCSF–1R band was at approximately the same position as CSF-1RmAb, and the NBCTRL showed no expression of CSF-1R. (C) Showed the Western blot intensity of NBCSF–1R, CSF-1R mAb, NBCTRL (**indicates p < 0.05, ***indicates p < 0.001).


Figure 3A depicted the two NBs synthesized, the non-targeted NBCTRL and the targeted NBCSF–1R. The morphologies of NBCTRL and NBCSF–1R were observed by SEM. As shown in Figures 3B,C, NBCTRL and NBCSF–1R were spherical, uniformed in size and had distinct shell structures. The physical properties of NBCTRL and NBCSF–1R are summarized in Figure 3D. Dynamic laser scattering (DLS) analysis indicated that the average hydrodynamic size of NBCTRL and NBCSF–1R was (408.0 ± 17.5) nm and (428.0 ± 12.47) nm, respectively. Zeta potential values showed that NBCTRL was with charge of −4.03 ± 0.23 mV, and NBCSF–1R was −4.42 ± 0.51 mV. The concentrations of NBCTRL and NBCSF–1R were (5.99 ± 0.08) × 108 bubbles/mL (n = 5) and (4.24 ± 0.07) × 108 bubbles/mL (n = 5), respectively.
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FIGURE 3. (A) Showed the structure of the NBCTRL and NBCSF–1R, (B) scanning electron microscopy (SEM) image of NBCTRL with a scale bar of 500 nm (C) SEM image of NBCSF–1R with a scale bar of 500 nm. (D) Summary of the average size, and zeta potential of NBCTRL and NBCSF–1R as measured by dynamic laser scattering. Concentration of NBs were measured by Coulter counter. Data represent mean ± SD (n = 5).




CSF-1R-Binding Efficiency to the NBs

To illustrate the in vitro binding efficacy and co-localization of NBCSF–1R with CSF-1R, we synthesized DiI-labeled NBCTRL while CSF-1RmAb were labeled with FITC. After co-incubation, the cells were observed under microscope. The green light of the FITC-labeled antibody (Figure 4A) and the red light of the DiI-labeled nanobubbles (Figure 4B) merged perfectly (Figure 4C), indicating that CSF-1RmAb were successfully attached to the NBs, and could specifically target CSF-1R.
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FIGURE 4. Fluorescence microscopy image of target NBs. (A) CSF-1RmAb (FITC showed green fluorescence), (B) DiI-dyed (nanobubbles showed red fluorescence), and (C) their co-localization (merge) under fluorescence microscope, with a sale bar of 200 μm.




In vitro Cytotoxicity and Stability of NBCTRL and NBCSF–1R

After the induction of THP-1 cells into macrophages by 100 ng/ml PMA, the cells changed from suspension state to adherent state, and some of the cells became spindle-like, which confirmed that successful induction of THP-1 cells into macrophages. The cytotoxicity of NBCTRL and NBCSF–1R was evaluated using SMMC-7721 and macrophages incubated with NBCTRL at five concentrations between 108 and 103/mL for 24 h (Figure 5A). Both SMMC-7721 and macrophages incubated with NBCTRL did not show significant changes in cell viability in all concentration after 24 h of incubation. The cell viability of both SMMC-7721 cells and macrophages remained (85% after incubation with either type of NBCTRL, indicating they were minimally cytotoxic. These results show that NBCTRL and NBCSF–1R have good biocompatibility and cause minimal harm to the tested cells.
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FIGURE 5. (A) Cell viability test for NBCSF–1R determined through CCK-8. In vitro cytotoxicity assays using macrophage and (high CSF-1 expression) and SMMC-7721 cells (low CSF-1 expression) incubated with NBCSF–1R for 24 h; there was no significant difference in the viability of macrophages and SMMC-7721. (B) In vitro ultrasound images of NBCSF–1R stored for 0, 30, 90, 120, 180 days, and the Sonovue® stored for 0 days as a control. Ultrasound frequency, 20 MHz.


The echogenic properties of NBCSF–1R were investigated in agarose gel phantom in comparison to Sonovue® in vitro, using a Vevo 2100 small animal imaging device with a frequency of 20 MHz. The signal enhancements of NBCSF–1R stored at 4°C for different periods of time (0, 30, 90, 120, and 180 days) were investigated. As indicated in Figure 5B, echogram result of NBs at Day-180 indicated no significant difference between NBs and Sonovue® at Day-0 indicating that the NBCSF–1R was stable.

The capability of NBCSF–1R was also assessed in vitro using a Vevo 2100 small animal imaging device with a frequency of 20 MHz at various concentrations. Different concentrations of NBCSF–1R nanoparticles (approximately 1 × 104 ∼6.0 × 106/bubbles of same volume, 100 μL) were evaluated in this experiment. The signal intensity decreased with the decreasing concentrations of NBCSF–1R (Figure 6A). However, even when the NBCSF–1R were diluted 2000 times, the signal intensity remained relatively strong.
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FIGURE 6. (A) In vitro ultrasound images of various concentrations of NBCSF–1R dilute for different times, imaging was still viable even when diluted 2000 times. Ultrasound frequency, 20 MHz. (B) In vitro, the same quantity of NBCSF–1R and NBCTRL were added to SMMC-7721 and macrophages and then observed using confocal laser scanning microscopy (CLSM). There were few NBCTRL adhered to SMMC-7721 and macrophages, and also few NBCTRL bounded to macrophages. There were a lot NBCSF–1R bounded to macrophages, and showed the specificity of targeting. With a scale bar of 100 μm.


To determine the binding ability of NBCTRL and NBCSF–1R in SMMC-7721 cells and macrophages, we carried out confocal laser scanning microscopy (CLSM) assay. The cytoskeletons with FITC phalloidin were green and the NBs labeled with DiI were red. As seen in Figure 6B, the red fluorescence intensity of macrophages treated with NBCSF–1R was much higher than SMMC-7721 cells treated with NBCSF–1R, NBCTRL and macrophages treated with NBCTRL, while minimal attachment of NBCSF–1R and NBCTRL were seen in SMMC-7721. This result indicates that more NBCSF–1R adhered to macrophages, and demonstrated its excellent targeting ability.



Stability and Ultrasound Sensitivity of the Targeted NBs in vivo

In vivo, NBCSF–1R, NBCTRL, and Sonovue® were tested in xenograft tumors and IRFA models which had been inoculated with SMMC-7721 cells (n = 30, 5 mice for each group). After examination, none of the mice exhibited apparent signs of distress in each group, under the same ultrasound conditions. Contrast-enhanced images of the tumors continuously exposed to ultrasound were taken at minutes 0, 5, 15, and 30 (Figures 7A,B). The peak intensity and washout half-time were compared between NBCSF–1R, NBCTRL, and Sonovue® in these models (Figures 7C,D). The peak intensity of NBCS–F1R, NBCTRL, and Sonovue® (Figure 7C) was 11.55 ± 1.397 a.u, 8.826 ± 1.348 a.u, 12.20 ± 1.974 a.u in the xenograft tumors, and 12.67 ± 3.126 a.u, 13.74 ± 2.878 a.u, 11.53 ± 4.401 a.u in the IRFA models (Figure 7C). There was no significant difference between the groups (Figures 7A,B). The washout half-time of NBCSF–1R, NBCTRL, and Sonovue® in the xenograft tumors was 29.17 ± 1.08 min, 15.87 ± 1.05 min, 3.35 ± 0.16 min (Figure 7D), and 26.84 ± 0.44 min, 6.71 ± 0.07 min, 2.89 ± 0.44 min in IRFA models (Figure 7D). Therefore, in the xenograft tumors and IRFA models, the washout half-time (Figure 7D, p = 0.05) was significantly different between NBCSF–1R, NBCTRL, and Sonovue®. As shown in Figures 7A,B, even after 30 min, the NBCSF–1R contrast agent can still enhanced efficiently in xenograft tumors and IRFA models, which implied that it has a longer circulation time in vivo.
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FIGURE 7. (A) In vivo tumor imaging, images were taken at the indicated time points (0, immediate, 5, 15, and 30 min) after NBCSF–1R, NBCTRL, and Sonovue® were injected into tail vein of the transplanted tumors. (B) In vivo tumor imaging, images were taken at the indicated time points (0, immediate, 5, 15, and 30 min) after NBCSF–1R, NBCTRL, and Sonovue® were injected into tail vein of insufficient radiofrequency ablation (IRFA) models. Perfusion imaging was also taken to show the nanobubble diffusion. (C) The peak intensity of NBCS–F1R, NBCTRL, and Sonovue® was showed and there was no significant difference in each group. (D) The washout half-time in six group was show, and the NBCSF–1R can provide longer imaging time in the xenograft tumor and IRFA models (**indicates p < 0.05, ***indicates p < 0.001).


In the xenograft tumors, the echo signal intensity of NBCSF–1R, NBCTRL, and Sonovue® in the peritumoral tissues and tumor center are shown (Figure 8). The results indicated that the intensity of the peritumoral echo signal of NBCSF–1R was significantly higher than that of the central tissue (Figures 8A,B, p = 0.05) at the peak time, 5, and 15 min.


[image: image]

FIGURE 8. (A) The echo intensity fitting curve of the same area around or in the center of transplant tumor with NBCSF–1R, NBCTRL, and Sonovue®. The intensity of the peritumoral echo signal of the NBCSF–1R was significantly higher than that of the central tissue at the peak time, 5 and 15 min (p = 0.05). Data was shown in panel (B).




Immunofluorescence Analysis of the Deposition of CSF-1

Colony-stimulating factor 1 receptor deposits were detected at the boundary of the tumor (Figure 9A), and were also detected at boundaries of the residual tumor after IRFA (Figure 9C). However, there were few deposits detected at the center of the tumor tissue (Figure 9B) or the residual tumor tissue (Figure 9D). The fluorescence intensity at the peritumor was higher than the tumor center. Therefore, similar to the human HCC spatial infiltration profiles, CSF-1R expressed in murine HCC were also abundant at the outer margins of the tumors. These results support the potential of using CSF-1R as a cancer imaging biomarker of macrophages.
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FIGURE 9. The distribution of CSF-1R in xenograft tumor observed by fluorescence immunoassay, higher fluorescence intensity was observed at the peritumor, lower fluorescence intensity was observed at the tumor center. [(A) boundary of the tumor, (B) central of tumor, (C) boundary of the residual tumor after IRFA, and (D) residual tumor after IRFA. With a scale bar of 200 μm. The yellow line showed the tumor margin].




DISCUSSION

Researches have shown that RFA can lead to acute serologic elevation of active cytokines such as IL-6, nMDSC, and mMDSC, and a sustained high infiltration level of macrophages in the residual tumor (Shi et al., 2019; Sugimoto et al., 2019). In this study, CSF-1R was found highly expressed at the tumor boundary in patients with HCC, and also highly expressed in macrophages, but not tumor cells; making CSF-1R a feasible target. Frozen sections of the tumors revealed that macrophages were mostly located at the boundary of the xenograft tumors and residual tissue after performing IRFA.

Nanobubble CSF-1R had an average size of about 428 nm and were ultrasound-visible even at 20 MHz both in vitro and in vivo; imaging was still viable even when diluted 2000 times. Notably, NBs were administered at a low concentration compared with our previous research and other studies (Wischhusen et al., 2018), a technique which can be employed to reduce the level of background signal and modulate facilitate the comparison of heterogeneous tumor models (Wang et al., 2010, 2016).

To gain the insight functions of NBCSF–1R, we explored the specificity and efficiency of targeting of NBs in SMMC-7721 cells and macrophages. The results confirmed that the CSF-1R antibody could bound onto NBs efficiently; and the resulting NBCSF–1R were stable and target specific. In an in vitro cell binding experiment, these NBCSF–1R were identified to aggregate selectively surrounding macrophages but not SMMC-7721 cells, implying that the attachment of NBs to CSF-1R-positive macrophages contributes to interactions between antigen and antibody. Moreover, unconjugated NBs did not bind to macrophages, suggesting that the CSF-1R antibodies conjugating on the surface of the NBs were able to specifically recognize and improve adhesion to macrophages with high CSF-1R expression. In vivo, non-invasive imaging modality can be applied in extra-vascular region once NBs penetrate deep into the tumor neovasculature with a feature of a maximum pore size of approximately 380—780; this is because a basement membrane and smooth muscle absent and the intercellular space expands in cancer vasculature (Maeda, 2015).

Reduction in the size of the MBs not only decreases its echogenicity under clinical ultrasound but also cause instability (Sheeran et al., 2013). In our in vivo imaging experiments, however, showed that the peak intensity of NBCSF–1R, NBCTRL, and Sonovue® had no statistical difference in the xenograft tumor models and IRFA models (Figure 7C). This is probably due to the fact that lipid contrast agents can produce preferable harmonic signal intensity (Postema and Schmitz, 2007), and nanoparticles could be accumulate within tumor tissue through the enhanced permeability and retention (EPR) effect and then were transformed into micro-sized echogenic bubbles (Min et al., 2016). These microbubbles at targeted tumor tissues could serve as new echogenic particles for cancer-targeting ultrasound imaging.

With the application of acoustic radiation forces (ARF) to upregulate contrast agent binding (Zhao et al., 2004), molecular ultrasound imaging is constantly improving. Frinking et al. (2012) manifested enhanced adhesion of targeted MB in vivo upon ARF performed in experimental models of cancer. In comparison with normal vessels, they found an increased binding of VEGFR2-targeted MB (BR55) in the vasculature of experiment (Frinking et al., 2012). In this study, in the xenograft tumor model and IRFA model, the washout half-time ratio of NBCSF–1R to NBs was two times higher, and about nine times higher compared to Sonovue®. Furthermore, being a nanoparticle, NBCTRL and NBCSF–1R could accumulate at the targeted tumor tissue via the EPR effect, and NBCSF–1R can abound onto higher CSF-1 expression cells effectively. The adherent NBCSF–1R maintained visible for a long time, contributing to a longer persistence of enhanced contrast compared to NBCTRL and Sonovue®. This result further verifies that the duration of contrast enhancement may be applied as an indicator for the investigation of targeted NBs enhanced imaging. The molecular imaging would also be helpful in finding the residual tumor after IRFA. With long-term stability, NBCSF–1R could be used to evaluate the boundary of the tumor when performing RFA.



CONCLUSION

In this study, a uniform nano-sized lipid NBs was prepared, and could successfully combined the NBs with biotinylated anti-CSF-1R. The NBCSF–1R which was small and stable as well as high specificity for the molecule that is overexpressed in macrophages. We demonstrated the high specificity of our NBCSF–1R on targeting CSF-1R overexpressing macrophages and HCC tumor margin. In vitro and in vivo studies demonstrated that NBCSF–1R exhibited effective ultrasound imaging capabilities in evaluating the RFA response, which can be used to detect the residual HCC after RFA, opening a possibility of clinical translation of a non-invasive diagnosis method for IRFA.
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Stannic Oxide Nanoparticle Regulates Proliferation, Invasion, Apoptosis, and Oxidative Stress of Oral Cancer Cells
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Objective: To explore the effects of SnO2 nanoparticles (NPs) on proliferation, invasion, apoptosis, and oxidative stress of oral cancer.

Methods: SnO2 NPs were prepared and characterized. Oral cancer cell lines CAL-27 and SCC-9 were cultured in vitro. We detected the effects of various concentrations of SnO2 NPs (0, 5, 25, 50, 100, 200 μg/mL) on the proliferation of oral cancer cells, and observed the morphological changes, and measured the cells ability of migration, invasion and apoptosis condition, and the levels of oxidative stress were measured by detecting malondialdehyde (MDA) and reactive oxygen species (ROS). Besides, we also measured the changes of mRNA and protein levels of factors related to cell proliferation, migration, invasion, apoptosis, and oxidative stress.

Results: SnO2 NPs inhibited the proliferation of oral cancer cells in a concentration-dependent manner (all P < 0.05). And SnO2 NPs treatment could reduce the migration and invasion ability of cells (all P < 0.05), induce apoptosis, and those effects were better when treated for 48 h than 24 h (all P < 0.05). And SnO2 NPs could induce oxidative stress in cells (all P < 0.05). Besides, the concentrations of cyclin-D1, C-myc, matrix MMP-9, and MMP-2 in SnO2 NPs treated group was decreased (all P < 0.05), and the expression levels of cleaved Caspase-3, cleaved Caspase-9, and Cytochrome C were increased (all P < 0.05).

Conclusion: In the present study, we found that SnO2 NPs could play a cytotoxic role in oral cancer cells, and inhibit cell proliferation, migration, and invasion, and induce oxidative stress and apoptosis, which suggests that SnO2 NPs may have the effects of anti-oral cancer. However, a more in-depth study is needed to determine its roles.

Keywords: SnO2 nanoparticles, oral cancer, proliferation, invasion, apoptosis, oxidative stress


INTRODUCTION

Oral cancer is one of the most common human malignant tumors in the world (Shiga et al., 2011; Omori et al., 2020). Despite progress in cancer treatment, for patients with oral cancer, the 5-year survival rate is still less than 50% (Cristaldi et al., 2019). At present, the available treatments for oral cancer mainly include surgery, radiotherapy, and chemotherapy. After surgical treatment, it is easy to relapse, and the prognosis is poor. Although chemotherapy has effects to some extent, the tolerance and drug resistance of chemotherapy drugs are still severe problems faced by oral cancer patients. Therefore, it is necessary to find and develop a more effective and safer chemical molecular drug for treating the disease.

With the continuous development of nanomedicines, nanoparticles are now considered as a potential cancer treatment with bright future (Ding et al., 2019; Feng et al., 2019; Jiang et al., 2019; Li et al., 2019; Qi et al., 2019; Sun et al., 2019; Wang et al., 2019; Xu et al., 2019; Xiong et al., 2020; Yang et al., 2020). The nanoparticle is small and can facilitate the various biological reactions (Behzadi et al., 2017; Chen et al., 2017a). Tin oxide (SnO2) is an essential n-type wide bandgap (3.6 eV) semiconductor material. Currently, SnO2 nanoparticles are being used in different fields, including solar cells, gas sensors, catalysts, lithium-ion batteries, solid-state chemistry, etc. (Cheng et al., 2014). Increasingly, SnO2 NP has more and more extensive use in the field of biomedicine, and studies have shown that SnO2 NP has antibacterial and antioxidant activity (Vidhu and Philip, 2015). For examples, in cell-related research, Tammina et al. (2017) observed that SnO2 NP can exert anti-human colorectal cancer and anti-lung cancer effects through cytotoxicity; Roopan et al. (2015) reported the cytotoxic response of SnO2 NP to hepatocellular carcinoma (Roopan et al., 2015); Ahamed et al. (2018) demonstrated that SnO2 NP could induce breast cancer cell toxicity through oxidative stress. In animal-related research, Yang et al. (2017) found that SnO2 NP had an inhibitory effect on the weight gain of newborn rats. However, there is still little research on the mechanism of toxic effects of SnO2 NP at the cellular and molecular levels. Therefore, before SnO2 NP can be applied in the field of biomedicine, in-depth research on the possible biological roles of SnO2 is essential (Dong et al., 2012).

Since there is no relevant research on the role of SnO2 NP in the initialization and progression of oral cancer, two oral cancer cells CAL-27 and SCC-9 were selected in this study to explore the possibility of SnO2 NP in treating oral cancer by observing its effect on proliferation, invasion, apoptosis, and oxidative stress of the cells.



MATERIALS AND METHODS


Synthesis of SnO2 NP

SnO2 NP was synthesized by the sol-gel method, see reference for details (Aziz et al., 2013). First, 5.0 g of SnCl4⋅5H2O was dissolved in 200.0 mL of ethanol (C2H5OH) and stirred for 30 min by a magnetic stirrer. Then, 6.0 mL of acetylacetone was added to hydrolyze SnO2, and the solution was refluxed through an 80°C condenser. After that, the solution was further dried for 3 h in a 90°C hot air oven (Thermo Fisher Scientific, United States) to obtain SnO2 gel, which was then calcined at 400-500°C for 2 h to obtain SnO2 NP.



Characterizations of SnO2 NP

The absorption spectrum of SnO2 NP was measured using a spectrometer (UV-1800, Shimadzu, Japan) at a resolution of 0.5 nm and a wavelength range of 300–900 nm. The structure of SnO2 NP was analyzed by using Ku-Cα ray powder X-ray diffraction (XRD) with a wavelength of 1.54056 Å, and the XRD spectrum in the surrounding environment was recorded at a scan rate of 0.02°/s in the 2θ range of 20–80°. Besides, the characteristics of SnO2 NP were observed with a transmission electron microscope (TEM).



Cell Culture

Human oral cancer cell lines CAL-27 and SCC-9 were purchased from ATCC (United States). The cells were incubated in DMEM medium containing 10% fetal bovine serum (Gibco, United States), 100 U/mL penicillin, and 100 μg/mL streptomycin (Invitrogen, United States), with 5% carbon dioxide (CO2) at 37°C.



Experimental Grouping and Treatment of Cells Exposed to SnO2 NP

DMEM was used to prepare a SnO2 NP storage solution (1.0 mg/mL), which was then diluted to an appropriate concentration (5–200 μg/mL). Before the experiment, SnO2 NP of different concentrations was placed in the ultrasonic bath with 40 W for 15 min at room temperature, which could maintain nanoparticles being evenly distributed in DMEM and prevent aggregation. The cells were divided into the control group (DMEM group, 0 μg/mL) and experimental groups (SnO2 NP concentration was 5, 25, 50, 100, and 200 μg/mL), and two experimental treatment time points of 24 and 48 h were set.



Detection of Cell Proliferation Behaviors

Cell Counting Kit-8 (CCK-8, Donjindo, Japan) was used for the measurement. CAL-27 and SCC-9 cells were inoculated into 96-well plates at a density of 1 × 104 cells/well. After 24 or 48 h of treatment for control and experimental groups, 10 μL of CCK-8 solution was added to each well for another 1 h of incubation at 37°C. After that, the absorbance at 450 nm (Absorbance, A) was measured with a multifunctional microplate reader (Bio-Rad, Untied States). A blank well (only containing medium and CCK-8 solution) was set in the experiment to counteract background interference. The formula for calculating cell proliferation activity is as follows (Chen et al., 2017b; Li et al., 2018):
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Each group has four replicates.



Cell Morphology Observation

The morphological changes of cells in treatment groups were determined by a phase-contrast inverted microscope (Leica Microsystems Inc., United States).



Cell Scratch Test

First, cells were prepared for the control and experimental groups respectively, and then CAL-27 and SCC-9 cells were seeded on 6-well plates at a density of 2 × 105 cell/well and cultured for 24 h. Straight lines parallel to the cell layer were then drawn using a sterile pipette tip. After that, the control and experimental groups were treated accordingly, and the cells were photographed at 0 and 24 h with the use of a phase-contrast inverted microscope. Finally, ImageJ was used to measure the width of the scratch area and calculate the cell migration rate. The formula is as follows: cell migration rate = (scratch width at 0 h−scratch width at 24 h) / scratch width at 0 h × 100%.



Cell Invasion Experiment

Transwell was used for the cell invasion test (Chen et al., 2017b). First, cells were prepared for the control group and the experimental group. Then CAL-27 (6 × 104 cell/well) and SCC-9 cells (8 × 104 cell/well) inoculated into 200 μL of serum-free medium were plated in the upper chamber coated with Matrigel, and 500 μL of medium containing 10% fetal calf serum was added in the lower chamber. The cells were incubated at 37°C for 24 h, after which the cells on the membrane surface were fixed with 4% paraformaldehyde, stained with 0.1% crystal violet, and placed in a phase-contrast inverted microscope for cell counting.



Detection of Oxidative Stress Indicators

The oxidative stress was evaluated by determining the levels of malondialdehyde (MDA) and reactive oxygen species (ROS). According to the instructions, the MDA detection kit for lipid peroxidation (S0131, Biyuntian, China) and the active oxygen detection kit (S0033, Biyuntian, China) were used for detection, respectively.



Western Blot to Detect Protein Expression

The cells after the experimental treatment were washed with pre-cooled PBS and lysed with a strong RIPA lysis buffer (Biyuntian, China) containing protease inhibitors, which was subsequently centrifuged at 16,000 g at 4°C for 20 min to retain the supernatant. Then, the protein quantification was measured by the BCA protein concentration detection kit (Biyuntian, China). After that, the protein was denatured by heating at 98°C for 10 min, and separated by SDS-PAGE gel electrophoresis. After electrophoresis, proteins on the gel were transferred to PVDF membrane (Millipore, United States), and the membrane was then blocked with a blocking solution (Biyuntian, China) for 1 h after the transfer. Subsequently, the membrane was incubated overnight at 4°C after the addition of the corresponding primary antibody. On the next day, the membrane was washed with TBST three times, and the secondary antibody conjugated with the corresponding horseradish peroxidase (HRP) was then incubated at room temperature for 2 h. After that, the membrane was washed three times with TBST, and the Western blot was developed with ECL color developing solution (Biyuntian, China). Finally, the grayscale analysis was performed with Photoshop CS6. The primary antibodies used in this experiment were cleaved Caspase-3 (ab2302 17 kDa), Caspase-3 (ab13847 17 kDa), cleaved Caspase-9 (ab2324 46 kDa), Caspase-9 (ab202068 46 kDa), matrix metalloproteinase 9 (Matrix metalloproteinase-9, MMP-9) (ab38898 92 kDa), MMP-2 (ab97779 74 kDa), G1/S-specific cyclin-D1 (Cyclin D1, CCND1) (ab134175 34 kDa), c-myc (Ab32072 57 kDa), Cytochrome C (ab133504 14 kDa), and β-actin (ab227387 42 kDa), of which β-actin serves as an internal reference protein.



Flow Cytometry to Detect Apoptosis

The flow cytometer Annexin V-FITC/PI double staining method was used for the detection. CAL-27 and SCC-9 cells were seeded on 6-well plates at a density of 2 × 105 cells/well. After treatment for 24 or 48 h in the control and experimental groups, cells were digested with trypsin digestion solution without EDTA and centrifuged at 1,000 rpm for 5 min at room temperature to retain the cell pellet. Then, the cells washed with 1 mL of pre-chilled PBS were centrifuged at 3,000 rpm for 5 min at room temperature to retain the cell pellet, which was followed by PBS washing twice. After that, the cell pellet was added with 500 μL of binding buffer to resuspend, 10 μL PI and 5 μL Annexin V-FITC were added, and cultured in the dark. After incubation, the apoptosis was immediately analyzed using flow cytometry (BD Biosciences, United States).



Real-Time Fluorescence Quantitative PCR to Detect Expression Level of Target Genes

The cells after the experimental treatment were washed with pre-cooled PBS, and the total RNA was extracted from the cell line using TRIzol® reagent (Invitrogen, United States). After that, the concentration and purity of the RNA were measured with a multifunctional microplate reader. According to the instructions of the reverse transcription kit (Takara, Japan), 1 μg of total RNA was used for PCR to obtain cDNA. Then, the SYBR Green kit (Takara, Japan) and target gene primers or internal reference gene (β-actin) primers were used to perform real-time fluorescence quantitative PCR (RT-qPCR). Finally, the expression cycle Ct value of each gene was measured, and the relative expression level was calculated according to this formula 2–ΔΔCt. Primer sequences are shown in Table 1.


TABLE 1. Primer sequence.

[image: Table 1]


STATISTICAL ANALYSIS

All experiments were independently repeated three times. The measurement data obtained in the experiment are expressed as mean ± standard deviation, and software SPSS 18.0 was used for statistical analysis. Student’s t-test was used for comparison between the two groups, and one-way ANOVA was used for comparison within the group when considering the single factors. P < 0.05 was considered statistically significant.



RESULTS


Physicochemical Characterization of SnO2 NP

As shown in Figure 1A, the absorption spectrum of SnO2 NP ranges from 200 to 700 nm. The formula calculates the absorption coefficient (α) of SnO2 NP: α = A/d (A: absorbance, d: cuvette thickness) (Khan et al., 2014). According to the formula: (αhν) = A (hν−Eg) (where hν is the photon energy, A is a constant that does not depend on the photon energy), the absorption coefficient α was used to make Tauc plots (Khan et al., 2017). The analysis found that the energy band gap of SnO2 NP is 3.50 eV, which is consistent with other reports (Gattu et al., 2015; Mohanta et al., 2017). It is also known that the energy band gap of semiconductor NP plays a critical role in the toxicity of tumor cells (Rasmussen et al., 2010).
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FIGURE 1. Characterization of SnO2 NP. (A) Absorption spectra of SnO2 NP. Figure inset represents the bandgap energy of SnO2 NP. (B) XRD spectra of SnO2 NP. (C,D) TEM micrograph of SnO2 NP and a histogram of the size distribution of SnO2 NP.


X-ray diffraction analyzed the crystal structure of SnO2 NP. As shown in Figure 1B, all peaks in XRD are related to the rutile structure of SnO2 (JCPDS No. 41-1445). According to the Scherrer equation: d = Kλ / βCos θ (where K = 0.9 is the shape factor, λ is the X-ray wavelength of Cu Kα rays (1.54 Å), θ is the Bragg diffraction angle, and β is the diffraction line at its maximum intensity (broadness) measured at half a radian), it is found that the average size of SnO2 NP is about 13 nm, and the XRD results are consistent with the results reported by other studies (Chen et al., 2014).

The appearance of SnO2 NP was detected by TEM and shown in Figure 1C. The average TEM size of SnO2 NP was calculated based on more than 300 nanoparticles and found that the average TEM size was 27.45 ± 13.4 nm (Figure 1D).



SnO2 NP Inhibit Proliferation of Oral Cancer Cells

Figure 2A showed that compared with the control group, SnO2 NP induced a significant decrease in the proliferation activity of CAL-27 cells in a concentration-dependent manner (50, 100, and 200 μg/mL) (all P < 0.05), and the inhibition effect was more significant at 48 h than that at 24 h. When the concentration of SnO2 NP was lower than 50 μg/mL (5, 25 μg/mL), there was no significant effect on cell proliferation activity (all P > 0.05). Figure 2B showed that compared with the control group, SnO2 NP induced a significant decrease in the proliferation activity of SCC-9 cells in a concentration-dependent manner (25, 50, 100, and 200 μg/mL) (all P < 0.05), and the treatment at 48 h has stronger effects on cell proliferation activity than that at 24 h. When the concentration of SnO2 NP was less than 5 μg/mL, there was no significant effect on cell proliferation activity (P > 0.05). Since SnO2 can exert toxicity on oral cancer cells when the concentration greater than 50, 100 μg/mL was used as the treatment concentration in the SnO2 NP group.
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FIGURE 2. SnO2 NP inhibited cell viability in oral cancer cells. (A,B) The viability of CAL-27 and SCC-9 cells was measured after treatment of different concentrations of SnO2 NP at 24 or 48 h. n = 4, compared with control group, *P < 0.05, **P < 0.01, ***P < 0.001; compared with 24 h treated group, #P < 0.05, ##P < 0.01; compared in groups, &⁣&⁣&P < 0.001.




SnO2 NP Changed Density Morphology of Oral Cancer Cells

Figure 3A showed that compared with the control group, the treatment of 100 μg/mL SnO2 NP can significantly reduce the CAL-27 cell density, and the cell density was changed more significantly with the treatment of SnO2 NP at 48 h than that at 24 h. As shown in Figure 3B, the changes caused by SnO2 NP on SCC-9 cells are consistent with the results from CAL-27 cells.
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FIGURE 3. SnO2 NP alters cell density and morphology in oral cancer cells (100×, 100 μm). (A,B) The changes in cell density and morphology in CAL-27 and SCC-9 cells.




SnO2 NP Inhibited Migration and Invasion of Oral Cancer Cells

As shown in Figures 4A,B, compared with the control group, SnO2 NP treatment significantly suppressed the migration of CAL-27 and SCC-9 cells (both P < 0.05), and cells treated with SnO2 NP for 48 h has a weaker migration ability than those treated for 24 h (all P < 0.05).
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FIGURE 4. SnO2 NP inhibited cell migration in oral cancer cells (50×, 200 μm). (A,B) The ability of cell migration was measured in CAL-27 and SCC-9 cells after treatment of 0 or 100 μg/mL SnO2 NP at 24 or 48 h. Compared with control group, *P < 0.05, **P < 0.01, ***P < 0.001; compared with 24 h treated group, #P < 0.05, ##P < 0.01.


As shown in Figures 5A,B, compared with the control group, SnO2 NP treatment significantly reduced the invasive ability of CAL-27 and SCC-9 cells (both P < 0.05), and the effect on cell invasion was more significant with the treatment of SnO2 NP at 48 h than at 24 h (P < 0.05).
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FIGURE 5. SnO2 NP inhibited cell invasion of oral cancer cells (100×, 100 μm). (A,B) The ability of cell invasion was measured in CAL-27 and SCC-9 cells after treatment of 0 or 100 μg/mL SnO2 NP at 24 or 48 h. Compared with control group, *P < 0.05, **P < 0.01, ***P < 0.001; compared with 24 h treated group, #P < 0.05.




SnO2 NP Induced Apoptosis of Oral Cancer Cells

Figure 6A indicated that compared with the control group, 100 μg/mL SnO2 NP can significantly induce apoptosis of CAL-27 cells (P < 0.05), and the cells treated with SnO2 NP at 48 h have more significant change than that at 24 h. As shown in Figure 6B, the apoptosis induced by SnO2 NP on SCC-9 cells was consistent with results with CAL-27 cells (P < 0.05).
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FIGURE 6. SnO2 NP induced cell apoptosis in oral cancer cells. (A,B) Apoptosis was determined in CAL-27 and SCC-9 cells after treatment of 0 or 100 μg/mL SnO2 NP at 24 or 48 h. Compared with control group, *P < 0.05, **P < 0.01, ***P < 0.001; compared with 24 h treated group, #P < 0.05.




SnO2 NP Induced Oxidative Stress in Oral Cancer Cells

As shown in Figures 7A,C, CAL-27 cells treated with 100 μg/mL SnO2 NP, compared with those of the control group, significantly increased the levels of oxidative stress-related factors MDA and ROS (both P < 0.05), and the cells treated with at 48 h changed more significant than at 24 h. As shown in Figures 7B,D, the SnO2 NP-induced oxidative stress of SCC-9 cells was consistent with results from CAL-27 cells (P < 0.05).
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FIGURE 7. SnO2 NP induced cell apoptosis in oral cancer cells. (A,B) MDA levels were determined in CAL-27 and SCC-9 cells after treatment of 0 or 100 μg/mL SnO2 NP at 24 or 48 h. (C,D) The effects of 0 or 100 μg/mL SnO2 NP on ROS concentrations were tested in CAL-27 and SCC-9 cells at 24 or 48 h. Compared with control group, *P < 0.05, **P < 0.01, ***P < 0.001; compared with 24 h treated group, #P < 0.05, ##P < 0.05.




SnO2 NP Altered mRNA and Protein Expression of Oral Cancer Cell Proliferation, Migration, Invasion, Apoptosis, and Oxidative Stress-Related Genes

CAL-27 cells are more sensitive to SnO2 NP stimulation in terms of migration, invasion, and apoptosis, and were selected in the study for the Western blot and RT-qPCR experiments.

As shown in Figures 8A,B, compared with the control group, 100 μg/mL SnO2 NP treatment at both 24 and 48 h could not only significantly inhibit the expression of proliferation-related factors CCND1 and c-myc in CAL-27 cells to varying degrees, but also decrease the mRNA levels of migration and invasion related factors MMP-2 and MMP-9 (both P < 0.05), to promote the mRNA expression of oxidative stress-related factors Cytochrome C (both P < 0.05).
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FIGURE 8. SnO2 NP changed expression of proliferation, migration, invasion, apoptosis, and oxidative stress-related protein. (A,B) The changes of target mRNA levels in cells after treatment of 0 or 100 μg/mL SnO2 NP at 24 or 48 h. (C,D) The changes of target protein levels in cells after treatment of 0 or 100 μg/mL SnO2 NP at 24 or 48 h. Compared with a control group, *P < 0.05, **P < 0.01.


Moreover, as shown in Figures 8C,D, compared with the control group, 100 μg/mL SnO2 NP treatment at 24 and 48 h can not only significantly inhibit the expression of proliferation-related factors CCND1, c-myc in CAL-27 cells, but also decrease the protein levels of migration and invasion related factors MMP-2 and MMP-9 (both P < 0.05), promote the expression of such apoptosis-related proteins as cleaved Caspase-3, cleaved Caspase-9 and oxidative stress-related factor Cytochrome C (all P < 0.05).



DISCUSSION

SnO2 is a multifunctional metal oxide. Since SnO2 NP can be used as antibacterial agents, disinfectants, and other products with excellent performance, SnO2 NP has been gradually applied in the medical field. Recently, the critical role of SnO2 NP in cancer treatment has attracted widespread attention. Some studies have confirmed that SnO2 NP had a robust anti-cancer effect on specific cancer cells. For instance, SnO2 NP could induce human HCT116 and A549 cells to produce ROS in vitro, which leads to cell death (Tammina et al., 2017); besides, it is found that SnO2 NP treatment can cause HepG2 cells to occur Morphological changes and cytotoxic effects (Roopan et al., 2015); it is also demonstrated that SnO2 NP can induce oxidative stress in MCF-7 cells, prompting the cells to synthesize ROS, increasing H2O2 levels, triggering lipid peroxidation, reducing glutathione and antioxidant enzymes levels, and finally causing cell damage (Ahamed et al., 2018); Moreover, Lv found that SnO2 nanofibers can not only reduce the cell activity of hepatocellular carcinoma SMMC-7721 but also induce apoptosis. Western blot detection found that the expression of Caspase-3, the apoptosis-related protein, was increased (Lv et al., 2018).

In this study, SnO2 NP was prepared by the sol-gel method. Spectral analysis, XRD analysis, and TEM observation confirmed that the SnO2 NP that we produced were consistent with literature records and could be used for experiments. This study first found that SnO2 NP had anti-proliferative effects on two different kinds of oral cancer cells. Specifically, SnO2 NP induced a decrease in the activity of oral cancer cells in a dose-dependent manner, which became more evident with longer exposure time. This result is consistent with previous studies on the effects of SnO2 NP on other cancers (Roopan et al., 2015; Tammina et al., 2017). At the same time, the protein and mRNA expressions of CCND1 and c-myc, the cell proliferation-related genes, were also detected. Some studies have found that CCND1 can regulate the cell cycle by controlling the G1/S phase transition, and increased expression of CCND1 will lead to the occurrence of cancer (Musgrove et al., 2011). As a carcinogenic transcription factor, C-Myc recognizes E-box and its related sequences in the target gene promoter. The increase of C-Myc level significantly improves the tumor proliferation ability (Liu et al., 2015). The study indicated that SnO2 NP could inhibit the expression of CCND1 and c-myc in oral cancer cells, thereby exerting an inhibitory effect on cell proliferation. Also, the morphological changes in oral cancer cells after being treated with SnO2 NP were observed and found that the cells shrank significantly. The cell density decreased, which further demonstrated that SnO2 NP could exert cytotoxicity on oral cancer cells.

It is known that the cytotoxicity induced by SnO2 NP is involved in the generation of oxidative stress, and Ahamed et al. (2018) demonstrated that in breast cancer cells SnO2 NP induced a dose-dependent increase in the production of oxidative products. As we all know, the production and removal of ROS in a normal healthy body are in a dynamic balance. When harmful factors destroy this balance, the level of free radical scavenging enzymes in the body will increase the production of ROS. Besides, it may also trigger the cleavage of lipid peroxides to MDA, which plays a cytotoxic role (Kannan and Jain, 2000). Therefore, MDA and ROS are effective markers of the occurrence of oxidative stress in the body. This study found that SnO2 NPs increased MDA and ROS levels in CAL-27 and SCC-9 cells, and by detecting the expression of oxidative stress-related factors Cytochrome C, it was found that SnO2 NPs can induce oral cancer cells to produce an increased amount of Cytochrome C, thereby increasing oxidative stress. The above results indicated that SnO2 NP could cause cell damage by inducing oxidative stress.

Cytochrome c plays a vital role in apoptosis in addition to its role in oxidative stress. It is known that caspase-3 and caspase-9 belong to the cysteine aspartic protease family and act as intermediary proteins in the degradation of proteolytic enzymes during apoptosis. In mammals, cytochrome c together with apoptosis-activating factor 1 activates caspase 9, which subsequently leads to caspase-3 activation, finally triggering a cascading waterfall effect and inducing apoptosis. This study found that SnO2 NPs can significantly increase the number of apoptosis of oral cancer cells, and the expression levels of apoptosis-related proteins Cleared Caspase-3 and Cleared Caspase-3 were also increased at different levels. These results suggest that SnO2 NP can cause cell damage by inducing apoptosis.

In addition to apoptosis and oxidative stress, the effects of SnO2 NP treatment on migration and invasion of oral cancer cells were also examined in this study. The results showed that oral cancer cells exposed to SnO2 NP can significantly reduce their migration and invasion ability, and this inhibitory effect became more apparent, with the prolonged exposure time. In addition to visually observing changes in cell function, the mRNA and protein expression of migration and invasion related genes MMP-2 and MMP-9 were also detected. MMPs are known to be essential for tumor angiogenesis and metastasis, and the destruction of the basement membrane by activating MMPs is a crucial step for cancer invasion and metastasis (Lin et al., 2014). Therefore, inhibition of MMPs expression can provide an initial target for preventing tumor metastasis. This study found that after treatment with SnO2 NP, both MMP-2 and MMP-9 protein and mRNA expressions in oral cancer cells were down-regulated by varying degrees. This result is consistent with the results of migration and invasion experiments, suggesting that SnO2 NP can inhibit the migration and invasion of oral cancer cells.

Despite the results shown in this study, because anti-tumor polymer nano-drugs are a new research hotspot and the research history is still relatively short, there are still a series of problems in this research, such as the lack of in-depth understanding of metabolic kinetics and biodistribution of the nano-drugs. For targeted tumor therapy, key factors (such as particle size, charge, surface chemistry) are still lacking in-depth exploration. Furthermore, due to the complexity of tumors, the therapeutic effect of nanomedicine in different tumor types and tumors with different stages of progressions may be different. Nevertheless, nanotechnology is still a very important hot subject that affects medicine. Although the research and development of nanotechnology-applied medicine are still only in its early stages, due to its rapid development, it will surely develop into a new discipline and new industry.



CONCLUSION

In summary, we found in this study that SnO2 NP can exert cytotoxic effects on oral cancer cells by inhibiting cell proliferation, migration, and invasion abilities, and can also induce oxidative stress and apoptosis. Therefore, it is indicated that SnO2 NP may have anti-oral cancer effects, which can provide a basis for future research and clinical application and has important theoretical value. However, more in-depth animal experiments and clinical trials are still needed to confirm its clinical value. This is a major limitation of this study and a direction for future research.
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Cartilage defects pose a great threat to the health of the aging population. Cartilage has limited self-regeneration ability because it lacks blood vessels, nerves and lymph. To achieve efficient cartilage regeneration, supramolecular hydrogels are used in medical applications and tissue engineering as they are tunable and reversible in nature. Moreover, they possess supramolecular interactions which allow the incorporation of cells. These hydrogels present great potential for tissue engineering-based therapies. This review presents advances in the development of stem cell-laden supramolecular hydrogels. We discuss new possibilities for stem cell therapy and their uses in cartilage tissue engineering. Gray areas and future perspectives are discussed.
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INTRODUCTION

Cartilage damage is commonly caused by trauma, sports injuries or arthritis. Normal cartilage lacks blood vessels, nerves, and lymph. In case of cartilage injury, self-healing of cartilage tissues is limited by inadequate nutrient supply, leading to the development of osteoarthritis (OA). In 2019, OA was reported to be the major cause of disability in people aged 45 and above, affecting over 303 million people worldwide (Kloppenburg and Berenbaum, 2020). The mainstay clinical treatments for cartilage injury include microfractures (bone marrow stimulation), cell transplantation, and osteochondral tissue transplantation. However, these methods are associated with side defects, rendering them unable to achieve satisfactory cartilage repair (Varela-Eirin et al., 2018). During bone marrow stimulation therapy fibrocartilage regeneration is induced rather than normal functional hyaline cartilage. The conventional cell transplantation treatments lacks a suitable carrier to protect the cells. Consequently, the cells die from the joint shear force or are diluted by the joint fluid, leading to weakened cell therapy efficiency. In addition, the osteochondral tissue transplantation suffer from limited donor supply, immune resistance, and insufficient integration (Yang et al., 2017). To overcome the above shortcomings, cartilage tissue engineering is applied to promote cartilage regeneration.

The extracellular matrix (ECM) is the main component of cartilage tissue and provides structural and biochemical support to chondrocytes. It is made up of mainly high content of water, protein fibers, and polysaccharides. Over the last few decades, hydrogels mimicking ECM have become the main scaffolds for reconstructing artificial three-dimensional biochemical and biophysical environments to regulate the fate and function of cells, such as directed differentiation of stem cells (Eslahi et al., 2016; Gan et al., 2019; Wang et al., 2020). Since biocompatibility is a prerequisite, only a few synthetic polymers such as polyethylene glycol, poly (lactic-co-glycolic acid), and natural polymers such as protein, DNA, polysaccharide, etc. can be used as the backbone of the hydrogel network (Seliktar, 2012; Kharkar et al., 2013). Although conventional hydrogels have many good properties, given the dynamic nature of tissue regeneration and integration with the host, their permanent covalent crosslinking is insufficient for tissue engineering applications (Rosales and Anseth, 2016). Recently, supramolecular hydrogels have received much attention as novel reversible cross-linking scaffold materials. They have inherent progressive features such as natural dynamic tissue simulation, injectability, self-healing, and adjustable mechanical behavior, providing great advantages in three-dimensional cell culture and tissue regeneration application (Du et al., 2015; Karoyo and Wilson, 2017; Shigemitsu and Hamachi, 2017; Hu et al., 2018). These properties are based on the dynamic nature of their composition, as well as the supramolecular bonding motifs from non-covalent supramolecular interactions such as hydrogen bonding, hydrophobic interactions, host-guest complexation, electrostatic interaction and metal-ligand coordination to crosslink (McCune et al., 2020). In cartilage regeneration therapy, the supramolecular hydrogel provides mechanical protection to living cells and cushions against damage from shear force in harsh knee environments, anchors cells to the targeted defect sites more efficiently, and protects them from elution by joint fluid (Xu et al., 2019). In addition, it provides a bionic three-dimensional growth environment for cells, conserves the phenotype of the chondrocytes, and develops normal hyaline cartilage from the deposition of extracellular matrix. Having self-healing and injectable properties, the supramolecular hydrogels can be delivered to target defect sites by intra-articular injection. Thus, they perfectly fill the irregular defective sites and integrate with the surrounding native cartilage tissue rather than freely shifting, establishing a minimal invasive and faster therapy (Hou et al., 2015; Marquardt and Heilshorn, 2016).

The development of stem cell therapy and different gelators for the synthesis of hydrogels has promoted intelligent design and synthesis of supramolecular hydrogels for cartilage tissue engineering. These hydrogels enhance 3D cell culture functions through self-assembling components or incorporating other reagents (Kim et al., 2011; Li G. et al., 2015). Once they integrate the additional properties, they achieve a versatile configuration and can address more specific requirements in cartilage regeneration therapy. In recent years, various hydrogel materials for cartilage tissue engineering based on stem cell therapy, such as agarose-based hydrogels (Salati et al., 2020), natural hydrogels (Bao et al., 2020), photopolymerizable hydrogels (Meng et al., 2019), and sulfated polysaccharide-based hydrogels (Dinoro et al., 2019). However, there are few reviews on advances in supramolecular hydrogels for cartilage tissue engineering and stem cell therapy. Given this, this review focuses on recent significant works on the development of supramolecular hydrogels for stem cell therapy and cartilage tissue engineering applications.



OVERVIEW OF SUPRAMOLECULAR HYDROGELS

Supramolecular hydrogels, also known as “physical hydrogels,” differ from traditional “chemical hydrogels” mainly in their reversible and non-covalent intermolecular crosslinks. The polymer chains in traditional chemical hydrogels are cross-linked via covalent bonds. This endows them with high mechanical strength, structural stability, and shape memory. However, the robust covalent cross-linking increases brittleness, deprives them of self-healing properties, impairs their injectability. More importantly, this limits cell proliferation and migration, hence limited application in three-dimensional cell culture. Compared to traditional hydrogels, “physical hydrogels” rely on non-covalent supramolecular interactions based on self-assembly such as hydrogen bonding, ionic and associative interactions, host-guest complexation, metal-ligand complexation, and electrostatic interactions (Burnworth et al., 2011; Appel et al., 2012; Li et al., 2014). The dynamic nature of these interactions endows them with self-healing and shear thinning properties, hence effective cell delivery and survival. Therefore, supramolecular hydrogels have excellent injectability, simpler synthesis, multi-functional and flexible physical properties. According to the gelation mechanism, supramolecular hydrogel materials can be classified into those formed through directed molecular stacking or molecular recognition motifs (Webber et al., 2016).

Supramolecular hydrogels materials composed of two or more components are of particular interest. Hydrogelators are made up of multiple non-gelators components that combine to form a gel through intermolecular interactions. The multi-component hydrogels have intrinsic advantages over one-component hydrogels as the tunability of the components accords them versatility and dynamic reversibility. This allows high morphological diversity, better mechanical and unique synergistic properties. In addition, modifying the component structure or functionalizing one of the components allows the gelation process and the properties of the gel to be easily adjusted, which is good for diverse applications (Du et al., 2015). Accordingly, understanding the complex interactions between the organized supramolecular components is essential in understanding natural supramolecular self-assembly and dissociation mechanisms, promoting in-depth research in biomedical applications (Hu et al., 2018).

An ideal supramolecular hydrogel for cell delivery and cartilage tissue engineering should provide cells with a decent three-dimensional bionic growth microenvironment under physiological conditions and maintain stability after transplantation. Therefore, this review excludes the supramolecular hydrogels synthesized under the stimulation of catalysts or non-physiological pH levels unsuitable for cartilage tissue engineering. Physically, supramolecular hydrogel is a 3D dynamic cross-linked network with a lot of water, which acts as a soft, compliant hydration material. The dynamic cross-linking is primarily reflected in the transitional as well as dynamically alternating breaking and reforming state between the inner chains. The potential to form such dynamic bonds depends on the association dissociation reaction rate constant, the equilibrium constant, and the monomer concentration. Generally, the degree of association is affected by the equilibrium constant and the kinetic properties are affected by the rate constant (Rodell et al., 2015). In cartilage tissue engineering, shear-thinning and self-healing ability are the most outstanding properties of supramolecular hydrogels essential for cell delivery and survival. They are conferred by the physical dynamic cross-linking properties of the hydrogel components (Xu et al., 2019). Under shear stress, smart supramolecular hydrogel materials exhibit liquid-like properties, which facilitates the delivery of cells to target site via minimal invasive injection. Subsequently, the hydrogel self-heals reinstating its mechanical properties, ultimately completing the stable site delivery process of the encapsulated cells without leakage (Shao et al., 2017).



SUPRAMOLECULAR HYDROGELS FOR STEM CELL DELIVERY

An ideal tissue engineering hydrogel should promote cell infiltration, encapsulation, and deliver cells to target cells. It should also autonomously, quickly and repeatedly self-heal in situ under physiological conditions. But the premise of the above properties is superior compatibility with cells. In this section, recent advances in supramolecular hydrogels applied in three-dimensional stem cell culture which have not been applied in cartilage tissue engineering are reviewed according to their supramolecular interactions.


Hydrophobic Interactions

Hydrophobicity imparts unusual properties to non-polar aqueous solutions and plays an important role in various chemical and biophysical phenomena, such as protein folding or self-assembly of amphiphilic molecules into micelles and membranes (Whitesides and Grzybowski, 2002). Hydrophobic interactions are unique non-covalent interactions that do not involve direct intermolecular attraction in their interactions. They are driven by the tendency of water molecules to keep their H-bond network intact around non-polar solutes (Otto and Engberts, 2003). The formed molecular rearrangements can result in complex colloidal behavior of amphiphilic molecules in aqueous solution. A polymer-based hydrogel with hydrophobic interactions is prepared by introducing a hydrophobic sequences at the end or inside the hydrophilic polymer chain. The resulting transient networks from the interchain interactions depend on the polymer concentration, polymer structure and the ratio of the hydrophobic components (Mihajlovic et al., 2018).


Peptide Amphiphiles

The innate biocompatibility properties of peptide makes it an excellent choice as a building block for supramolecular hydrogel. Peptide amphiphiles (PA) assembled through covalent binding of one or more peptides to an intelligent designed hydrophobic synthetic polymer have been widely used to prepare self-assembled, bioactive supramolecular hydrogels (Fichman and Gazit, 2014). PA hydrogels have attracted extensive research attention in 3D cell culture applications due to their biodegradable and non-toxic properties. For instance, Inostroza-Brito et al. (2015) reported a dynamic system formed by conformational modification of elastin-like proteins (ELP) by peptide amphiphiles. This system formed a robust membrane that exhibited controllable assembly and disassembly abilities, adhesion and sealing to surfaces, self-healing, and generation of tubular structures in a highly spatiotemporal controlled configuration. Mouse adipose primary stem cells (mADSC) were successfully cultured in the ELP/PA tube material for 21 days. During the cultivation process, the cells demonstrated high adhesion and diffusivity on the outer surface of the test tube and grew in multiple layers. In addition, their metabolic activity was consistently good, and their viability was the same as cells seeded onto tissue culture plastic. To explore the amyloid-based hydrogels applicability as scaffolds for stem cell differentiation in neuronal cell line, Jacob et al. (2015) designed a series of peptides based on the Aβ42 high aggregation tendency C-terminus of the Alzheimer’s disease. These Fmoc-protected peptides self-assembled into β-sheet-rich nanofibrils and formed thermally reversible, non-toxic and thixotropic hydrogels. Compared to existing peptide hydrogels, the amyloid-based hydrogels are favorable not only due to their thixotropy, but since the gel properties can be customized by altering the amino acid sequences and/or environmental conditions. According to detailed studies, this gel initiates neuronal differentiation of human mesenchymal stem cells (hMSCs) by providing fibril-mediated contact guidance. Moreover, self-assembled PA supramolecular hydrogels have been explored for co-delivery of dental stem cells and growth factors to regenerate dentin (Galler et al., 2012), and for angiogenesis (Hosseinkhani et al., 2006).



Amphiphilic Block Copolymers

Block copolymer is a copolymer with a specific chemical structure and molecular weight that can be synthesized as per the requirements. It is characterized by the presence of two or more different structure segments in a single linear molecule. The block copolymers with amphiphilic nature self assembles into specific supramolecular ordered aggregates, such as micelles, vesicles or fibers, in a solution. When dissolved in water, the amphiphilic block copolymer spontaneously forms a polymer micelle with a hydrophilic shell and a lipophilic core. Zhang et al. (2011) reported a degradable self-assembled hydrogel based on the physical association of amphiphilic branched poly (ethylene glycol) -poly (propylene sulfide) (PEG-PPS) block copolymers. The PEG-PPS hydrogels successfully applied for the delivery and promotion of human-induced pluripotent stem neural progenitor cells (iPS-NPC)as an injectable biomaterial. In addition, PEG-PPS allows angiogenesis and at the same time selectively inhibits astrocyte infiltration. This hydrogel system can be further used in numerous tissue engineering regeneration applications. By integrating the required signals such as proteins, growth factors and RNA, supplementary potential abilities can be achieved.



Host–Guest Interactions

Host–guest interactions are specific non-covalent interactions that have been widely applied in the construction of supramolecular hydrogels. These interactions are based on selective inclusion complexation between macrocyclic hosts, such as cucurbiturils (CB), cyclodextrin (CD), crown ethers, calix[n]arenes, and smaller guest molecules. The host selectivity for the guest is not just a simple hole-fitting concept, it can be affected by solvent, multiple binding sites or secondary interactions (Schneider and Yatsimirsky, 2008). Self-healing supramolecular hydrogels from inclusion complexation can be prepared by mixing polymers with host and guest or copolymerizing prefabricated host–guest inclusion complexation with co-monomers (Yang et al., 2015). Although all macrocycles have the potential to construct self-healing hydrogels, CB and CD have been mainly used to build supramolecular hydrogels for cell delivery. Thus, CB and CD are reviewed in this study.


Cyclodextrin (CD)

Cyclodextrin is a family of cyclic oligosaccharides that are made up of glucopyranose subunits linked by α-(1,4). The subunits are composed of α-CD, β-CD, and γ-CD which contain six, seven, and eight glucose molecules, respectively. CD acts as a host molecule by forming an inclusion complex with a specific guest via its hydrophobic cavity (Huang et al., 2020). In a recent study, Hong and Song (2019) designed a thermosensitive poly(organophosphazene) loading β-CD (β-CD PPZ, host) and adamantane elongated with Arg-Gly-Asp (Ad-RGD, guest). The guest molecules AD and RGD were linked to biocompatible PEG to avoid steric hindrance between MSCs and β-CD PPZ. Based on the application of Ad-RGD controlled concentration in vitro and in vivo, regulated MSCs behaviors were induced. As the content of Ad-RGD in β-CD PPZ hydrogel increased, the survival rate of MSCs increased and the expression of osteogenic factors were elevated. In contrast, reducing the Ad-RGD resulted in reduced viability and adipogenic capacity of the MSCs. This confirmed that a host-guest interaction system with a thermosensitive 3D hydrogel can control the survival and differentiation of MSCs by varying guest molecules. Similarly, injectable 3D hydrogels constructed with β-CD PPZ and two guest molecules (Ad-TGF and Ad-HAV) were reported (Figure 1). Their gelling properties were maintained at body temperature. Injection of MSCs encapsulated in this fine-tuned hydrogel triggered various chondrogenic differentiation stages in 3 weeks post-injection by the stoichiometrically strict control of Ad-peptides based on host–guest interaction. Thus, simply changing the adamantane-bearing peptide and its stoichiometry, the adjustable and injectable 3D hydrogel can be used as a platform technology for on-demand stem cell niche (Hong et al., 2019).
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FIGURE 1. Schematic diagram of mesenchymal stem cells (MSCs) encapsulated with 3D β-cyclodextrin poly(organophosphazene) (β-CD PPZ), adamantane-TGF, and HAV (Ad-TGF and Ad-HAV). The above molecules and cells were mixed to form a 3D thermosensitive hydrogel. After their injection, it was possible to convert the liquid into a gel state at body temperature. The fate of the MSCs can be controlled by varying the stoichiometric ratio of the different molecules. Adapted with permission from Hong et al. (2019).




Cucurbiturils (CB)

The size of CB cavity size is the same as that of CD. However, unlike CD, it has two identical cavity entrances with carbonyl edges. Macrocyclic compounds made up of glycoluril units, cucurbiturils (CB[n], n = 5–8, 10; n = 14 the most abundant) can form binary 1:1 or ternary 1:1:1 host-guest complexes with multiple guest molecules. The cavity of CB is sufficiently large to accommodate two guests (Cheng et al., 2013). Nevertheless, chemical functionalizing CB is challenging, and the controllable difficulty results in several multi-arm functionalized CB mixture. Due to the complex characteristics above, the suitably functionalizing CB possess multi-biological applications functions. Recently, Fink et al. (2020) explored the cytotoxic effects of different CBs on HaCaT keratinocytes and erythrocytes. At high concentrations (30 mg/mL), CB[5] and CB[6] were non-cytotoxic, while incubation with CB[7] at a low concentration (3.75 mg/ml) induced apoptosis. All the CBs studied did not have hemolytic effects on erythrocytes. These results suggest that CB has a great potential as a host complex in cell delivery applications. Moreover, taking advantage of the selectivity and strong host-guest interactions between CB[6] and polyamines, Yeom et al. (2015) developed a supramolecular HA hydrogel with controllable crosslink density and good physical properties. They used cucurbit[6]uril-conjugated hyaluronic acid (CB[6]-HA) and diaminohexane conjugated HA (DAH-HA), which were able to stay stable in the body for more than 11 days (Figure 2). This supramolecular HA hydrogel has a good biocompatibility, and its physical and chemical properties can be regulated by switching the guest molecules. Besides, engineered mesenchymal stem cells (eMSCs) encapsulated in hydrogel can survive in mice for more than 60 days. The above outcomes confirm that of supramolecular HA hydrogel have a great application potential as 3D artificial ECM in cell delivery and cartilage engineering.
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FIGURE 2. Schematic diagram of engineered mesenchymal stem cells (eMSCs) therapy using supramolecular hyaluronic acid (HA) hydrogel. (A) Under ferric ions, Enhanced Green Fluorescent Protein (EGFP) or interleukin-12 mutant transgenes were transfected into MSCs via recombinant adenoviral (rAd) vectors. (B) Dexa-CB[6]/RA-DAH-HA hydrogel was synthesized by mixing CB[6]-HA solution and RA-DAH-HA solution with engineered MSCs and modular modification. Adapted with permission from Yeom et al. (2015).




Hydrogen Bonding

Another strategy of fabricating a self-healing reversible network is by introducing complementary hydrogen bond donor and acceptor motifs into dynamic supramolecular polymer building blocks. Hydrogen bonding is regarded as a crucial self-assembly process since it participates in DNA and RNA nucleobase pairing as well as protein assembly naturally (Shao et al., 2017). A single hydrogen bond strength is weaker than the covalent bonds and some other non-covalent bonds. However multivalent bonding significantly increases the degree of association within the supramolecular and increase the bonding strength. In addition, hydrogen bonds participate in the synthesis of some tough covalent materials such as silk, through synergy (Keten et al., 2010).


Amino Acids and Peptide

Amino acids and peptide derivatives are a class of supramolecular gelling agents that have been systematically studied. The main driving force for their gelation is the intermolecular hydrogen bonds between amide bonds. These directional and strong amide hydrogen bonds promote the effective self-assembly of peptides in aqueous solutions. In addition to the amide bonds, other functional groups, such as carboxylic acid, hydroxyl, pyridine, urea and ureidopyrimidinone (UPy), provide multiple hydrogen bonds to enhance the gelling ability once introduced into the gelling agent structure. The peptide hydrogel can adjust the porosity and stiffness of the gel network by altering its local nanostructure. Besides, the peptide hydrogel structure remains stable when exposed to either solutions or body fluids. This is an important prerequisite for stem cell delivery and cartilage tissue engineering. Recently, Yamada et al. (2019) designed a negatively charged fibril hydrogel composed of self-assembled peptide AcVES3-RGDV (Figure 3). In the process of the peptide self-assembly, cells were successfully encapsulated. The gelation process was induced by adjusting the ionic strength or temperature of the solution, avoiding large changes in pH. The cells stably adhered to the AcVES3-RGDV gel network, achieving long-term in vitro/in vivo 3D cell culture. The gel exhibited good shear-thinning and self-healing properties and was injectable in a minimally invasive way. Similarly, a variety of self-assembled peptide hydrogels with excellent shear-thinning and self-healing properties have been reported as potential candidates for stem cell delivery (Smith et al., 2016; Tang et al., 2019).
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FIGURE 3. Design of a negatively charged fibril hydrogel composed of self-assembled peptide AcVES3-RGDV. (A) Cell encapsulation during peptide self-assembly formed a fibril-rich hydrogel loaded with syringe injectable cells to target tissues. (B) Schematic diagram of the asymmetric AcVES3-RGDV hairpin peptide and the sequence of the used peptides. Adapted with permission from Yamada et al. (2019).




Deoxyribonucleic Acid (DNA)

DNA is considered to be an excellent building block for multi-functional smart materials. According to the Watson-Crick base pairing principle, DNA polymer chains can self-assemble into secondary or higher-level structures through hydrogen bonding in a physiological environment. Moreover, DNA molecules are highly considered as promising materials due to specific base-pair recognition, designable sequences, and predictable secondary and advanced structures. In 2009, Liu D and his research team successfully synthesized a novel pure supramolecular hydrogel based on DNA self-assembly using either short duplexes or i-motif structures. The biocompatibility and permeability of the DNA hydrogels were verified by placing a single cell in microwells and thereafter sealing with DNA hydrogels. The results revealed that small molecular nutrients reached the cells very quickly via the gel network, promoting cell growth (Jin et al., 2013).

Subsequently, they developed a new “brick-to-wall” technology based on the exceptional characteristics of the DNA supramolecular hydrogels to create 3D tissue-like structures (Figure 4). They encapsulated different types of cells including suspended cells and adherent cells into DNA hydrogel bricks, and then built the bricks into 3D structures. The results demonstrated that the cells could effectively migrate between the DNA hydrogel bricks and grow (Wang et al., 2017). This new hydrogel combines dynamic and strong mechanical strength and good biocompatibility with excellent molecular permeability (Cheng et al., 2009). Besides, DNA hydrogel has been successfully used in 3D cell printing and thus is considered the most promising material for 3D cell culture and tissue engineering (Li C. et al., 2015).
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FIGURE 4. Schematic illustration for the construction of 3D tissue-like structures using brick-to-wall technology. Different types of cells were 3D cultured in each DNA hydrogel brick for some time to eliminate poorly viable cells. Thereafter, the excellent self-healing DNA hydrogel was used to splice each brick into the pre-designed structure. Adapted with permission from Wang et al. (2017).


In a recent study, Yang D and his group developed a DNA network-based cell fishing strategy. This was effective in bone marrow mesenchymal stem cells (BMSCs) capture and provided a good microenvironment for 3D cell culture (Figure 5). The DNA network is constructed via self-assembly of two ultra-long DNA strands through a double rolling circle amplification method. The aptamer sequence in DNA-chain-1 specifically attaches to the bone marrow BMSCs. Notably, BMSCs can be released without damaging the DNA network through enzymatic hydrolysis. This design provides an effective strategy for fishing target stem cells from a mixture with non-target cells (Yao et al., 2020).
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FIGURE 5. Schematic diagram of physically cross-linked DNA hydrogel for capturing stem cells. (A) The 3D DNA hydrogel network synthetic process through rolling circle amplification. (B) To visualize the formation process of DNA hydrogel network, DNA chain 1 and DNA chain 2 were stained with SYBR green and gel red, respectively. (C) The process BMSCs capturing, encapsulating, and releasing by the DNA hydrogel. Adapted with permission from Yao et al. (2020).




2 Ureido-4[1H]Pyrimidinone (UPy)

During the 1990s, Meijer and his group described quadruple hydrogen bonding in building blocks 2-ureido-4[1H]pyrimidinone (UPy). This has been widely adopted as the force behind the development of supramolecular hydrogels (Mol et al., 2019). Multiple hydrogen bonding units simultaneously act as hydrogen bond donors and acceptors. This increases the concentration of hydrogen bonding motifs in the solution thus enhancing the degree of association between supramolecular building blocks. Recently, the preparation of a biocompatible UPy-based hydrogel has been accomplished. The hydrogel can spontaneously self-assemble under physiological conditions and is applied for BMSCs delivery and tissue engineering (Hou et al., 2015). Liu et al. (2019) utilized a bioactive gelatin methacrylate (GelMA) with 2-(2-methoxyethoxy)ethyl methacrylate (MEO2MA) and UPyMA to develop hybrid branched copolymer. When the temperature rises above the critical solution temperature (LCST) of the supramolecular copolymer there is rapid gelation. During the gelation process, the PMEO2MA fragments are dehydrated and assemble into clusters, forming an hydrophobic microenvironment. This promotes UPy polymerization into chains and finally, a crosslink network of four hydrogen bonds is formed. The BMSCs encapsulated in this hydrogel maintain high viability. In vivo studies have revealed that the hydrogel formed in situ provides physical protection to the BMSCs against mechanical damage, allowing the intact cells to subcutaneously survive for 3 weeks. This approach offers a great biological platform for stem cell delivery with excellent cell retention capacity.



Electrostatic Interactions

Ionic interactions are used to enhance the performance of materials since relatively low concentrations of ionic groups are required to adjust the mechanical, physical, and dynamic properties of polymers. Among them, copolymers of less than 15 mol% ionic groups and polyelectrolytes have been widely used to construct ionic supramolecular crosslinking networks (Strandman and Zhu, 2016). Recently, Zhong W and his group designed a supramolecular hydrogel by assembling cell adhesive peptide conjugate (Pept-1) and alginate (ALG). Compared to the Pept-1 gel alone, the electrostatic interaction and metal chelation-mediated assembly method afforded the composite hydrogel with better mechanical strength and denser nanofibril structure. The Pept-1/ALG hydrogel presented with excellent injectability, thixotropy, and biocompatibility, promoting adhesion and migration of fibroblast cells in vitro (Zhai et al., 2019). ECM not only provides abundant biologically active molecules for cell proliferation, migration and differentiation, but also affects cell behavior and function through the intertwined collagen fibers. Inspired by the functional structure of ECM, Chen Xiaoyuan’s group synthesized biomimetic molecules that could self-assemble into layered nanofibrils hydrogel in a physiological buffer under the synergy of electrostatic interactions and van der Waals force. They successfully self-assembled new biomaterials mimicking the ECM structure and affecting the behavior of neural stem cells (NSCs) hierarchically by using pure bioactive molecules (Wang et al., 2016).



SUPRAMOLECULAR HYDROGELS FOR CARTILAGE TISSUE ENGINEERING

A comprehensive review of recent advances in cartilage tissue engineering based on scaffolds combined with different genetically modified MSCs is found in our previous work (Yan et al., 2019). In this section, the focal point is the latest research progress in supramolecular hydrogels in cartilage tissue engineering applications. However, most of the work has remained at the in vitro cell culturing level, hence far from regenerating damaged tissues or organs. Notably, research on the complex biological processes during cartilage repair in a dynamic environment is at initial stages. This has led to difficulty in designing tissue engineering hydrogel. In addition, most current supramolecular hydrogels are made up of only one or two molecular units. Thus, no hydrogel system can completely mimic the ECM of cartilage. This limits their role only as a supplement for internal cartilage repair. To solve these challenges, it is necessary to review the recent research progress of supramolecular hydrogels in the field of cartilage tissue engineering.


Dextran–UPy Hydrogel

As opposed to covalently cross-linked hydrogels, supramolecular hydrogels are self-assembled through highly specific physical interactions, manifested as dynamic transient cross-linked hydrophilic polymer chains. Intelligent transient supramolecular cross-linking dissociates under mechanical stimulation, and reconstructs after stimulation is withdrawn. This unique property provides unparalleled advantages over other hydrogels. A prepared hydrogel can be injected in a minimally invasive way to seamlessly fill the lesions of different shapes, such as extensive irregular cartilage defects in OA, and to self-recover the gel state. This prevents sedimentation and leakage of stem cells and their functional biomolecules. If a supramolecular hydrogel with fast self-integration characteristics has an excellent biocompatibility and biodegradability, it is a promising solution for the regeneration of multiphase tissue complexes. It easily integrates hydrogel bricks carrying specific cells and signaling biomolecules into a multi-phase tissue structure. In this multi-phase hydrogel system, each phase regenerates in a region defined by its own space and integrates seamlessly at its interface.

To achieve the above, Ma PX and his group grafted many multi-hydrogen bond units onto biocompatible hydrophilic polymers. They were able to develop a novel rapid self-integration and shear-thinning supramolecular hydrogel, and to verify the regeneration of cartilage-bone tissue complex in a subcutaneous implantation model of nude mice (Figure 6). They chose UPy, the quadruple hydrogen bond unit, as it has higher intermolecular bond strength than single hydrogen bonds. The polysaccharide polymer dextran (DEX) approved by the FDA served as the backbone network. Through the hydroxyl groups on DEX, multiple UPy units were grafted onto DEX to form a polymer containing UPy. By changing the ratio of UPy to dextran, the graft density of UPy could be easily controlled. At optimum UPy density (DS) (DS 5.5, 10% w/w), the DEX-UPy polymer forms a stable hydrogel. After being loaded into the syringe, the hydrogel is liquid-like under the shear stress during the injection process, and solidifies rapidly after injection. The live-dead assay verified that both BMSCs and chondrocytes maintained high activity after being cultured in the hydrogel for 2 weeks. In vivo assay of subcutaneous transplantation in nude mice, chondrocytes for chondrogenesis and BMSCs plus bone morphogenetic protein 2 (BMP-2) for osteogenesis were encapsulated in two parts of hydrogel respectively. The results show that the novel hydrogel can support the growth of bone and cartilage, and the regenerated cartilage and bone can be seamlessly integrated (Hou et al., 2015).
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FIGURE 6. DEX-UPy hydrogel for composite tissue regeneration. (A) Schematic diagram of DEX-UPy hydrogel synthesis, shear-thinning, and self-healing properties. (B) Schematic diagram of self-integration of composite hydrogel and regeneration of cartilage-bone tissue complex after subcutaneous transplantation in nude mice. Adapted with permission from Hou et al. (2015).




Host–Guest Macromer Hydrogel

Human BMSC (hBMSC) have been widely used in cartilage regeneration due to their versatility and availability. However, given the high mechanical load at the cartilage defect sites and catabolic factors in the joint cavity, a many hBMSC cells die, which limits their capacity to repair damaged cartilage. The lack of functional carrier materials for hBMSC to cartilage defects to provide physical protection and the presence of chondrogenic factors such as kartogenin (KGN) and TGF-β1 leads to low survival rate of hBMSC and unsatisfactory differentiation. To overcome these challenges, Bian L and his group developed a unique gelatin supramolecular hydrogel through a novel host-guest macromonomer (HGM) method. The resulting hydrogel formed by host-guest interaction between oligomeric Ac-β-CDs and aromatic residues of gelatin exhibited enhanced physical and biological functions, including self-healing, mechanical elasticity, injectability in the gel state, shape adaptation, controlled release of hydrophobic small molecule and supporting cell retention (Feng et al., 2016). The prefabricated HGM hydrogel could be injected through the G18 needle to completely fill the cartilage defect volume and firmly adhere to the surrounding cartilage. When hBMSCs were cultured in 3D with HGM hydrogels for 14 days, more than 95% of the cells survived, and the cell morphology substantially expanded from the initial round morphology into a fusiform shape, indicating that the cells encapsulated in the HGM hydrogel can actively interact with the surrounding hydrogel structure. Next, they examined the chondrogenesis of hBMSC in HGM hydrogel rich in KGN or TGF-β1. After 14 days of in vitro induction and 28 days of in vivo nude mouse subcutaneous transplantation culture, the expression of chondrogenic markers of hBMSCs were significantly increased. They further evaluated cartilage regeneration in a rat knee cartilage defect model. HGM hydrogel was injected and pressed fit into the cartilage defect. After 6 weeks, fully regenerated cartilage was observed in the defect site, which was white and smooth in appearance, well integrated with surrounding cartilage tissue, and close to healthy hyaline cartilage. Their studies demonstrated that compared to traditional chemically crosslinked gelatin hydrogels, HGM hydrogels strengthen the chondrogenesis of encapsulated hBMSCs. Moreover, the injected HGM hydrogel loaded with hBMSCS forms high-quality new cartilage in the rat knee cartilage defect model, indicating the great potential of HGM hydrogel carrier material for cells and drugs for cartilage tissue engineering (Xu et al., 2019).



Supramolecular GAG-Like Glycopeptide Nanofiber Hydrogel

Peptide amphiphilic molecules possess the structural properties of amphiphilic surfactants with biologically active peptides and unique nanostructure characteristics. They are highly biocompatible and biodegradable, hence have been extensively studied. A variety of non-covalent interactions jointly determine their self-assembly process, forming high aspect ratio nanofibers controllably. O Guler M and his group developed a glycopeptide nanofiber system designed to be used as a substitute of hyaluronic acid (HA) (Figure 7). This system is composed of Serine-linked β-D-glucose containing amphiphilic glycopeptide and PA with carboxylic acid. The self-assembly of glycopeptide amphiphilic molecules results in multiple glucose residues being closely arranged on the nanoscale supramolecular polymer system. In vitro, it was observed that self-assembled glycopeptide nanofibers recognize MSCs through the CD44 receptor and induce the chondrogenic differentiation in a manner comparable to natural HA. The glycopeptide nanofiber hydrogels were used to treat osteochondral defects model in vivo. They found that the hydrogels promoted the formation of hyaline cartilage instead of fibrocartilage. Based on the complete regeneration system provided by the hydrogel, the structure of the hydrogel matrix itself maintains a large number of MSCs at the defect site by promoting the adhesion of MSCs migrating from the bone marrow after microfractures. In this way, they enhance early mechanical stability at the defect site by stabilizing blood clots. These results show that the designed HA supramolecular analog can interact with mesenchymal stem cells through CD44 receptors, promoting cartilage lineage differentiation independent of exogenous growth factors. It offers the possibility to replace natural sources of HA and avoid the potential health hazards associated with natural HA scaffolds. Glycopeptide nanofibers can also be used as a less invasive and cell-free in situ cartilage regeneration materials (Ustun Yaylaci et al., 2016).
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FIGURE 7. Design of a supramolecular GAG-like self-assembled glycopeptide nanofibers to induce chondrogenesis and cartilage regeneration. Glucose residues form the supramolecular GAG-like system through the self-assembly of peptide amphiphilic molecules (PA). Glycopeptide nanofibers promote the chondrogenic differentiation of MSCs by interacting with the CD44 receptor. Adapted with permission from Ustun Yaylaci et al. (2016).




CONCLUSION AND PERSPECTIVES

In conclusion, the unique dynamics of smart supramolecular hydrogels and their shear- thinning and self-healing properties have propelled hydrogel research to a new level. During the past decade, research on supramolecular hydrogels has experienced rapid development, including the application in 3D culture of various cell types and tissue engineering for dental and cardiovascular tissues. Unlike conventional covalently crosslinked hydrogels, dynamic transient physical crosslinking endows supramolecular hydrogels with unique shear-thinning and self-healing properties. Thus, the gel can be injected to fill irregular defects seamlessly, such as the multiple irregular cartilage defects of OA. Once injected, the gel state can be self-restored, which prevents the leakage and sedimentation of encapsulated cells. The above characteristics indicate that supramolecular hydrogel can be used for minimally invasive injection in the treatment of cartilage defects. Although currently available supramolecular hydrogels have been fully characterized, most of them have not been evaluated in vivo or even in vitro. Unlike, cartilage tissue engineering, it is challenging to improve the mechanical properties of supramolecular hydrogels. We pospoes that a composite cartilage tissue material with enhanced mechanical properties can be formed by combining a supramolecular hydrogel that mimics the ECM microenvironment of cartilage with a harder mesh scaffold material. This will yield a material with slower erosion rate, repeated self-healing under physiological conditions and the sustained release of drugs or biological factors. Further research on supramolecular hydrogels should aim to improve biocompatibility and host integration, such as potential host immune responses, and the ability to regenerate and completely replace lost or eroded cartilage tissue. This will ultimately improve patient prognosis and quality of life.
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The organ-on-a-chip (OOC) technology has been utilized in a lot of biomedical fields such as fundamental physiological and pharmacological researches. Various materials have been introduced in OOC and can be broadly classified into inorganic, organic, and hybrid materials. Although PDMS continues to be the preferred material for laboratory research, materials for OOC are constantly evolving and progressing, and have promoted the development of OOC. This mini review provides a summary of the various type of materials for OOC systems, focusing on the progress of materials and related fabrication technologies within the last 5 years. The advantages and drawbacks of these materials in particular applications are discussed. In addition, future perspectives and challenges are also discussed.
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INTRODUCTION

An organ-on-a-chip (OOC) is a microfluidics-based cell culture device that contains continuously perfused chambers inhabited by living cells to simulate tissue- and organ-level physiology (Bhatia and Ingber, 2014; Ahadian et al., 2018). The development of OOC stems from the recognition that the conventional two-dimensional static cell culture methods lack the ability to mimic the environment that cells experience in vivo (Ryan et al., 2016; Duval et al., 2017). Microfluidic technology provides a way to simulate spatiotemporal chemical gradients, dynamic mechanical forces, and critical tissue interfaces by manipulation of fluids at micro levels. OOC systems that can recreate key aspects of the complex physiological microenvironment of human lung (Huh et al., 2010), heart (Maoz et al., 2017), stomach (Lee K. K. et al., 2018), intestine (Kim et al., 2016), liver (Weng et al., 2017), kidney (Sateesh et al., 2018), blood vessels (Wang et al., 2015), etc., have been developed. Moreover, multi-organs-on-a-chip or body-on-a-chip systems have been proposed (Sung et al., 2019; Zhao et al., 2019a). OOC platforms have shown application potential in a lot of biomedical fields such as fundamental physiological and pharmacological researches (Zhang and Radisic, 2017; Zhang et al., 2018a).

Materials play the major roles in the development of microfluidics and OOC technologies. In general, material considerations include non-toxic to cells, gas permeable, optically transparent for microscopic imaging, costs of the materials and the fabrication process, and the ability to model specific properties of organs (Lee et al., 2014). Although polydimethylsiloxane (PDMS) is still the most common material for laboratory research, emerging materials such as hydrogel, paper and hybrid materials are being developed and used. In this mini review, the classic and advanced materials and fabrication technologies for OOC devices are introduced and discussed, focusing on the progress within the last 5 years. The major properties, limitations, and typical applications in OOC of some representative materials are summarized in Table 1. Future perspectives and challenges in the development of materials for OOCs are briefly discussed.


TABLE 1. Typical materials for OOC applications.
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MATERIALS FOR OOCs


Inorganic Materials

Silicon and glass are the main inorganic materials for OOCs. The first-generation microscale cell culture analog (μCCA) devices mimicking the organ-level function of human physiology were fabricated on silicon (Sin et al., 2004; Mahler et al., 2009). Compared to opaque silicon, glass is optically transparent and optimal for real-time imaging, while reducing the absorbance of hydrophobic molecules and the adsorption of biomolecules (Lee S. et al., 2017; Kulthong et al., 2018). Nevertheless, glass chips with enclosed channels are not suitable for long-term cell culture because glass is not gas permeable. Another problem is that glass is typically processed with standard photolithography and etching, which are time-consuming and expensive. Recently, femtosecond laser ablation technique has been applied to fabricate 3D structures in glass-based OOCs (Xu et al., 2015; Schulze et al., 2017). Liquid glass, a photocurable amorphous silica nanocomposite enabling soft replication, has been developed for low-cost prototyping of glass microfluidics (Kotz et al., 2016).



Elastomer

Elastomers are polymers with elasticity, and generally having lower Young’s modulus and higher yield strain than other materials. PDMS is one of the most common materials used for the fabrication of microchips for the life science applications. It is not only gas permeable, biocompatible and optically transparent, but also particularly useful in prototyping new devices by soft lithography and micromolding technique (McDonald and Whitesides, 2002). Its elasticity allows to demold the PDMS replica with complex 3D structures (Suzuki et al., 2017). Moreover, the elasticity can be used to fabricate biomimetic cell culture scaffolds, such as the human lung-on-a-chip and gut-on-a-chip with pneumatically controlled deformation (Figure 1A) (Huh et al., 2010; Kim et al., 2012) and the microvascular models (Choi et al., 2014; Zhang W. et al., 2016). Apart from the conventional replication method, other strategies including hybrid stamp approach (Kung et al., 2015), razor-printing (Cosson et al., 2015), sacrificial template methods (Cheng et al., 2016) can also be used for PDMS. An optimized blend of PDMS-methacrylate macromers has been developed and demonstrated for 3D stereolithography (SL) with mechanical properties similar to conventional thermally cured PDMS. The 3D-printable PDMS resin would facilitate the fabrication of PDMS-based OOC platforms (Bhattacharjee et al., 2018).


[image: image]

FIGURE 1. Representative materials used for OOC applications. (A) A PDMS gut-on-a-chip device containing two microchannels separated by a flexible porous membrane, and vacuum chambers on both sides. Adapted with permission from Kim et al. (2012), The Royal Society of Chemistry. (B) Configuration of a paper-based Tissue Roll for the Analysis of Cellular Environment and Response (TRACER) platform. Adapted with permission from Young et al. (2018), Elsevier. (C) Paper-based air-liquid-interface for in vitro human respiratory system model. Adapted with permission from Rahimi et al. (2016), The Royal Society of Chemistry. (D) A neurovascular chip with gel channels for cell co-culturing. Adapted with permission from Adriani et al. (2017), The Royal Society of Chemistry. (E) Generation of core-shell hydrogel droplets for spheroid-based liver model. Adapted with permission from Chen Q. et al. (2016), The Royal Society of Chemistry. (F) On-chip spinning of hydrogel microfibers with morphological and structural complexity, as well as a heterogeneous composition. Adapted with permission from Yu et al. (2016), John Wiley & Sons. (G) Microchannel generation within cell-laden hydrogel by user-programmed multiphoton excitation induced localized degradation. Adapted with permission from Arakawa et al. (2017), John Wiley & Sons.


Nevertheless, some characteristics of PDMS such as incompatibility with organic solvents, hydrophobicity and strong adsorption of biomolecules also limits its application in certain fields. Surface modifications of PDMS or the use of alternative materials may be feasible solutions. Some polymers with similar fabrication procedures suitable for rapid prototyping, higher rigidity, and better resistance to solvents, such as thermoset polyester (TPE), polyurethane methacrylate (PUMA) and Norland adhesive 81 (NOA81), have been assessed as complementary to PDMS (Sollier et al., 2011). However, they have not developed into the common choice in OOC devices. Styrene-(ethylene/butylene)-styrene (SEBS) copolymer (Domansky et al., 2017) and tetrafluoroethylene-propylene (FEPM) elastomer (Sano et al., 2019) that do not absorb hydrophobic molecules have been used for fabrication of OOCs for drug discovery and development.

To establish vascular networks, a biodegradable elastomer, poly(octamethylene maleate (anhydride) citrate) (POMaC) is used to construct a scaffold (AngioChip) with a build-in microchannel network. This material provides desired mechanical properties, biodegradation rate, and biocompatibility for specific applications (for example, human myocardium or liver tissue engineering) (Zhang B. et al., 2016; Zhang et al., 2018b). In a platform termed Biowire II, two parallel POMaC wires are suspended in the microwell between which cardiac tissue would self-assemble, matching the mechanical properties of the native cardiac tissue (Zhao et al., 2019b). A biodegradable elastomer with significantly low Young’s modulus has been synthesized and demonstrated utility in cardiac tissue engineering constructs (Davenport Huyer et al., 2016).



Plastic

Typical plastic materials for microfluidics include poly(methyl methacrylate) (PMMA), polycarbonate (PC), polystyrene (PS), Cyclic Olefin Polymer (COP) and Cyclic Olefin Copolymer (COC). They are generally optically transparent, more rigid than elastomers, less gas-permeable than PDMS, resistant to the permeation of small molecule, but incompatible with most organic solvents (Ren et al., 2013; Gencturk et al., 2017). Among these materials, PMMA has been widely utilized as substrate materials for OOC devices due to its rigid mechanical property, excellent optical transparency and low auto-fluorescence background (Chen X. et al., 2016; Miller and Shuler, 2016). Porous PC membranes are usually incorporated between microchannels in OOC systems to model tissue-tissue interfaces (Shah et al., 2016; Pocock et al., 2017). PS is highly biocompatible and suitable for cell growth and adhesion (Lee et al., 2019). COP and COC present excellent optical transmittance in both the visible and UV range, allowing for high quality fluorescence imaging. They are also FDA approved, showing a promising potential for future routine clinical use (Mottet et al., 2014). And recently, polylactic acid (PLA) as a sustainable, low absorption, low autofluorescence alternative to other plastics for OOC applications has been demonstrated (Ongaro et al., 2020).

Thermoplastics are suitable for thermo-processing, which is excellent for commercial production due to high production-rate and low cost, but not economical for prototypic use (Ren et al., 2013). Some novel materials such as a photocurable soft lithography compatible liquid PS prepolymer (Nargang et al., 2014) and a fast curing PMMA prepolymer that can be used as a negative photoresist and directly structured using UV or visible light (Kotz et al., 2018) have been developed for rapid prototyping. Fabrication methods for rapid prototyping of whole-thermoplastic microfluidic chips with microvalves and micropumps are being developed and could be employed for the OOC applications (Pourmand et al., 2018; Shaegh et al., 2018).



Paper

Paper microfluidics has the advantages of lightweight, easy-of-use and low cost. The cellulose matrix of paper allows for a porous structure for cell growth in a 3D format. Paper-based microfluidics with dynamic control of physiological microenvironment can be formed on multilayered paper and be used as high-throughput test platforms (Mosadegh et al., 2015; Sapp et al., 2015). And by directly incorporating a luminescent sensing film, the spatiotemporal oxygen consumption rates or pH gradients can be monitored in real-time through quantitative image analysis (Boyce et al., 2016; Kenney et al., 2018). In a device named tumor roll for analysis of cellular environment and response (TRACER), different cells are seeded in a defined area on the paper, and then the 3D tumors are assembled by rolling the biocomposite strip. By unrolling the strip, the model can be rapidly disassembled for snapshot analysis (Figure 1B) (Rodenhizer et al., 2016; Young et al., 2018). The Khademhosseini group presented the use of hydrophobic paper as a semi-permeable membrane for culturing cells at the air-liquid interface. The final paper-based device provides a cost-effective platform for human respiratory system studies under physiologically relevant conditions (Figure 1C) (Rahimi et al., 2016).

Having many similarities with paper, nitrocellulose membranes (Guo et al., 2018), threads (Yang et al., 2014), and cloths (Wu and Zhang, 2015) have also been investigated as a scaffold for cell culture. They have potential as superior alternatives to paper due to the stronger, higher controllable rates for fluid mixing and lower environmental impact (Bagherbaigi et al., 2014).



Hydrogel

Hydrogels are polymeric materials distinguished by high water content (Seliktar, 2012). They can mimic salient elements of native extracellular matrices (ECMs) due to their high biocompatibility and tunable properties, such as elasticity, porosity, permeability, stiffness and degradability. These properties of hydrogels are largely dependent on the types, gelation methods, and fabrication technologies. Hydrogels can be broadly classified into natural, synthetic, and hybrid according to their source (Caliari and Burdick, 2016; Jiang et al., 2016; Liu et al., 2019). Typical natural hydrogels include collagen, alginate, gelatin, agarose, and fibrin. They are generally highly biocompatible and containing cell-binding sites for cell attachment, spreading, growth, and differentiation. Collagen is the most common ECM component in the body and one of the most widely used hydrogels for bioengineered tissue microenvironments (Antoine et al., 2014). Gelatin has a similar composition to collagen. Gelatin methacryloyl (GelMA) hydrogels closely resemble some essential properties of native ECM and can be microfabricated using different methodologies (Yue et al., 2015). In recent studies, ECM hydrogels derived from decellularized tissues have been used to provide a supportive microenvironment capable of long-term culture of islets or directing cell growth (Giobbe et al., 2019; Jiang et al., 2019). Nevertheless, natural hydrogels suffer from some drawbacks such as relatively poor mechanical properties, limited long-term stability, and batch-to-batch variability. Typical synthetic hydrogels include polyethylene glycol (PEG) and its derivatives [e.g., PEG-diacrylate (PEG-DA)], polylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA), and poly(ε-caprolactone) (PCL). Synthetic and hybrid hydrogels are more tunable to provide desired mechanical properties and degradation rates.

Since the materials for chip fabrication mentioned above, such as PDMS and plastics, are unfavorable for cell attachment, hydrogels are often coated on the channel surfaces or integrated into OOC devices (Annabi et al., 2013; Zhang X. et al., 2016). By incorporating a collagen scaffold that mimics the human intestinal villi, the microfluidic gut-on-a-chip could provide cells with both 3D tissue structure and fluidic shear to induce further improvement in gut functions (Kim et al., 2014; Shim et al., 2017). A hydrogel microlayer consisting of type I collagen and Matrigel has been used in a lung airway-on-a-chip, replacing the semipermeable, PDMS membrane, allowing for the co-culture of epithelial cells and smooth muscle cells (Humayun et al., 2018). Hydrogels can also act as diffusion barriers which separate cells while permitting the soluble factors, such as nutrients, proteins, and signaling molecules exchange (Figure 1D) (Adriani et al., 2017). Compared with other artificial membranes used in OOC models, hydrogel barriers allow close cell association by making direct cell–cell contact between multiple cell types possible (Tibbe et al., 2018). Thanks to the progress in 3D (bio)printing technology, cell-laden hydrogels scaffolds can be rapidly created with spatial heterogeneity in predefined patterns (Miri et al., 2018; Moroni et al., 2018). Methods for the fabrication of hydrogel-based microfluidic chips are being developed. By stereolithographic high-resolution printing of PEG-DA, microfluidic chips with biofunctionalized complex 3D perfusion networks can be rapidly fabricated (Zhang and Larsen, 2017). Combining casting and bonding processes, Nie et al. (2018) fabricated a hydrogel-based vessel-on-a-chip of gelatin and GelMA.

Another frequently employed strategy for cell-based assays using hydrogels is to generate cell-encapsulated hydrogel droplets or hydrogel microfibers, especially through microfluidic approaches. On-chip production, storage, sorting and high-resolution imaging of hydrogel droplet has been achieved (Aubry et al., 2015). The generated microgels, including multicellular microspheres and microcapsules, create microenvironments for cell growth and proliferation (Figure 1E) (Headen et al., 2014; Alessandri et al., 2016; Chen Q. et al., 2016). By adjusting flow conditions in the microfluidic devices, various microfibers with morphological and compositional diversity can be generated as platforms for cell coculture (Figure 1F) (Yu et al., 2016; Xu et al., 2017; Liu et al., 2018; Xie et al., 2018).

The development of “smart” responsive hydrogels adapting to external stimuli has found its applications in OOC. Light-responsive hydrogels are of particular interest because of their capability of contact-free remote manipulation and the inherent space-time control capabilities of light stimulation (Li et al., 2019). Softening or stiffening hydrogels can be achieved by sequential photodegradation and photoinitiated crosslinking reactions, which is useful to design dynamic cell microenvironments (Rosales et al., 2017). Based on photodegradable hydrogels, 3D vascular networks within hydrogels can be altered dynamically, permitting user-defined 4D control even in the presence of live cells (Figure 1G) (Arakawa et al., 2017). In addition to applications related to cell culture, nanocomposite hydrogels crosslinking with metal or metal-oxide nanoparticles, and hydrogels of conducting polymers, such as poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate) (PEDOT:PSS) based hydrogels, have biocompatibility, desired electrical and mechanical properties, and can be used to make sensors integrated in OOC platforms (Gaharwar et al., 2014; Park et al., 2015; Lu et al., 2019).



Organic-Inorganic Hybrid Materials

Organic–inorganic hybrid materials offer the advantages of the organic content and the inorganic matrix. By combining inorganic clay nanoparticles with polymer matrix, clay-polymer nanocomposites has the ability to marry important biomaterial parameters such as porosity or self-organization with mechanical strength and toughness. Enhancements in cell adhesion, proliferation, and differentiation in response to clay nanoparticles have been observed in investigation into clay-cell interactions, suggesting the potential for the generation of multifunctional scaffolds for tissue engineering (Dawson and Oreffo, 2013). A UV-curable hybrid ceramic polymer Ormocomp is inherently biocompatible supporting cell adhesion without any additional coating and has been utilized as scaffolds for cell culture (Scheiwe et al., 2015; Järvinen et al., 2020). Ormocomp has excellent transparency for VIS and near UV down to 350 nm. In a recent study, round concave cross-sectional shaped microchannels of Ormocomp were fabricated via single step lithography to improve the sensitivity of fluorescence imaging (Bonabi et al., 2017). Novel organic-inorganic hybrid materials can potentially be used in the fabrication of OOC devices (Mechref et al., 2016a, b).



SUMMARY AND OUTLOOK

The OOC technology has been utilized in biomedical fields and has displayed great potential to speed up and simplify fundamental physiological and pathophysiological researches. The choice of chip materials is the first and crucial step for a successful OOC application. PDMS and plastics have been utilized as substrate materials for the majority of OOC platforms. Hydrogel materials are particularly suitable for mimicking native ECMs, and are often combined with other substrate materials to form hybrid chips. Many materials suitable for 3D (bio)printing technologies have been developed, providing a convenient method for prototyping complex chip structures. In particular, novel multi-material bioprinting technologies facilitate the fabrication of cell-laden constructs that highly similar to the biological tissues. These advances in materials and fabrication technologies have promoted the development of OOCs.

However, limitations and challenges exist. The hydrogel simulated microenvironments still differ from the native ECM microenvironments in stiffness, permeability and biochemical components. Moreover, the native microenvironment is diverse and may dynamically change during the stages of growth. It is important to design materials that can mimic the real ECM microenvironments as well as simple but precise methods to regulate the properties. In addition, the design of most OOC devices typically requires the assembly of hybrid materials. Novel materials together with fabrication methods covering both biological and engineering aspects can be a great challenge and an active area of research.
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Mesenchymal stromal cells (MSC) hold significant potential for tissue engineering applications. Modular tissue engineering involves the use of cellularized “building blocks” that can be assembled via a bottom-up approach into larger tissue-like constructs. This approach emulates more closely the complexity associated hierarchical tissues compared with conventional top-down tissue engineering strategies. The current study describes the combination of biodegradable porous poly(DL-lactide-co-glycolide) (PLGA) TIPS microcarriers with canine adipose-derived MSC (cAdMSC) for use as implantable conformable building blocks in modular tissue engineering applications. Optimal conditions were identified for the attachment and proliferation of cAdMSC on the surface of the microcarriers. Culture of the cellularized microcarriers for 21 days in transwell insert plates under conditions used to induce either chondrogenic or osteogenic differentiation resulted in self-assembly of solid 3D tissue constructs. The tissue constructs exhibited phenotypic characteristics indicative of successful osteogenic or chondrogenic differentiation, as well as viscoelastic mechanical properties. This strategy paves the way to create in situ tissue engineered constructs via modular tissue engineering for therapeutic applications.
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INTRODUCTION

The ability of mesenchymal stromal cells (MSC) from various adult sources to self-renew and differentiate into multiple tissue types of mesoderm, including bone, adipose and cartilage, together with their hypo-immunogenicity, has attracted attention for potential use in the repair of tissues (Caplan, 1991; Dimarino et al., 2013). This covers immune-mediated and degenerative disease, including bone and cartilage damage (Lazarus et al., 1995; Horwitz et al., 1999), tissue fibrosis (Lim et al., 2017), cardiovascular and peripheral artery disease, including limb ischemia (Liew and Brien, 2012; Qadura et al., 2018; Yong et al., 2018), and neurodegenerative disease (Joyce et al., 2010; LoFurno et al., 2018). Furthermore, the intrinsic secretory activity of MSC results in a plethora of immunomodulatory, anti-apoptotic and pro-angiogenic factors that contribute to a pro-regenerative environment (Caplan, 2007).

The implementation of MSC in tissue engineering (TE) strategies to replace damaged tissue has been widely associated with the use of scaffold components that provide a framework to guide tissue regeneration, whilst ensuring controlled retention of transplanted cells at the target site. Scaffold-based TE approaches originally involved pre-shaping biomaterial components into desired shapes followed by cell loading. Such top-down TE approaches result in non-homogenous cell distribution throughout the scaffold that do not recapitulate the complex hierarchical environment of tissues (Sittinger et al., 2004). To address this, the use of additive manufacturing, consisting of 3D (bio)printing to deliver precise quantities of cells and materials into pre-defined configurations mimicking complex tissues and organs has been shown to be technically feasible using a variety of biomaterials and cells (bioink) (Murphy and Atala, 2014). To overcome the challenge of maintaining the structural integrity of printed tissue during implantation, 3D (bio)printing in situ directly at the site of tissue defects has been proposed (Hong et al., 2018; Ashammakhi et al., 2019). However, this approach is mostly limited to sites that are easily accessible (e.g., open wounds), making it less compatible with minimally invasive surgery.

Conversely, modular TE strategies address these limitations by using cellularized building blocks that can assemble “bottom-up” into larger tissue-like constructs. This approach allows introduction of tuneable microarchitecture and complexity [reviewed in Guillotin and Guillemot (2011)]. The driving force of assembly relates to either surface properties of the biomaterial units and/or the intrinsic ability of cells to aggregate. Patterning the individual units provides predefined hierarchical organization that can facilitate maturation of the TE construct toward functionally relevant tissue architectures (Guillotin and Guillemot, 2011). Examples of modular TE include assembly of cell-laden hydrogel units (McGuigan and Sefton, 2006; Du et al., 2008; Fernandez and Khademhosseini, 2010), cell sheets (Elloumi-Hannachi et al., 2010), cell encapsulation units (Correia et al., 2020), and the 3D printing of cell aggregates (Norotte et al., 2009; Skardal et al., 2010). Other approaches exploit assembly of specific cells to develop micro-tissue units derived from bio-fused cells and micro-objects/biomaterials (Urciuolo et al., 2013; Leferink et al., 2019). The modular approach offers particular value in the case of complex tissues, such as epithelized cartilage (Guillotin and Guillemot, 2011; Leferink et al., 2014; Dikina et al., 2018). The strategy of using cellularized scaffolding elements could be especially helpful in conditions where the construct needs to be configured to fill irregular-shaped defects, such as in the case of bone fillers, intra-osseous injections or joint defects in orthopaedics to facilitate regeneration. Existing approaches for these types of application include injectable natural polymer-based hydrogels [reviewed in Liu et al. (2017)], with cell types including osteoblasts, chondrocytes, and MSC (Kassem et al., 1997). However, mechanically soft materials, such as injectable hydrogels synthesized from natural biomaterials, typically have limited biomechanical properties (Liu et al., 2017). The potential benefit of using self-assembling units for injectable systems as fillers for bone tissue engineering applications has been recently described (Leferink et al., 2014).

Spherical microparticulate scaffolds are particularly well suited for modular TE strategies that require minimally invasive delivery into poorly accessible sites. Their geometry has previously been shown to be particularly well suited for use as cell-microcarriers, a feature that has been previously explored in tissue engineering using PLGA microcarriers and MSC (Bouffi et al., 2010; Morille et al., 2013, 2016; Penna et al., 2013). Furthermore, the use of PLGA microparticles as components in modular assembly of tissue engineered constructs has been previously reported (Jaklenec et al., 2008; Fleischer et al., 2017). However, each of these approaches have involved pre-functionalization of the polymer scaffold component to become biologically active. For products intended for clinical translation, the inclusion of biologically active ingredients into the scaffold device component increases complexity relating to formulation development and manufacturing process optimization. The presence of a biologically active component may also increase potential risk to patient safety, which will require more extensive analytical characterization and non-clinical assessment due to the product following a different regulatory pathway compared with TE approaches that incorporate non-functionalized scaffold device components.

The current study describes the use of non-functionalized biodegradable porous PLGA microcarriers for modular TE using canine adipose-derived MSC (cAdMSC). The PLGA microcarriers were prepared using the thermally induced phase separation (TIPS). Surface porosity, which is well controlled via the fabrication process, facilitates MSC adhesion without the need of additional protein coating. Following optimization of cell attachment efficiency, the cellularized PLGA microcarriers were cultured in transwell insert plates to create a hierarchical environment for 21 days under culture conditions that induce either chondrogenic or osteogenic differentiation. After 21 days, cellularized PLGA TIPS microcarriers in both differentiation conditions (but not in control medium) self-assembled into solid 3D composite tissue constructs with phenotypic characteristics indicative of osteogenic or chondrogenic differentiation. The mechanical properties of the 3D tissue constructs exhibited viscoelastic characteristics. By using cellularized PLGA TIPS microcarriers as self-assembly units the study demonstrates for the first time the ex vivo formation of osteogenic and chondrogenic neo-tissue like composite based on cAdMSC and non-functionalized PLGA microcarriers via a modular approach.



MATERIALS AND METHODS


Fabrication of PLGA TIPS Microcarriers Using Thermally Induced Phase Separation

Poly(DL-lactide-co-glycolide) TIPS microcarriers were prepared using thermally induced phase separation as previously described (Blaker et al., 2008). Briefly, 10% w/v PLGA (Purasorb PDLG7507; Corbion) was dissolved in dimethyl carbonate (DMC; Sigma-Aldrich) using magnetic stirring overnight. The polymer solution was fed into a Nisco Var D encapsulator unit (Nisco Engineering, Switzerland) fitted with a stainless steel sapphire-tipped nozzle with a 100 μm orifice. The flow rate was controlled by a syringe pump (Pump 11; Harvard Apparatus) set at a constant rate of 2 mL/min. The vibration frequency of the nozzle was kept at 2.70 kHz and the amplitude of frequency at 100%. Liquid polymer droplets were ejected into a 1 L polypropylene beaker (Azlon Plastics) containing liquid nitrogen. The frozen droplets were allowed to equilibrate in the liquid nitrogen. Samples were lyophilized using an Edwards MicroModulyo freeze dryer (Thermo Fisher Scientific) for 24 h to allow sublimation of residual solvent. For experiments conducted in the current study, PLGA TIPS microcarriers were sieved to 250–425 μm diameter (EndecottsTM Stainless Steel Test Sieve, Fisher Scientific, Loughborough, United Kingdom) and aliquoted into glass vials (50 ± 2 mg).



Characterization of PLGA Microcarriers

For ultrastructural characterization of the PLGA TIPS microcarriers, samples were mounted on aluminum stubs using adhesive carbon tabs and sputter coated with gold (Polaron E5000). Samples were viewed using a Hitachi S3400N scanning electron microscope (SEM) at 5 keV. An image processing algorithm (ImageJ, National Institutes of Health, Bethesda, MD, United States) was used to determine the size and shape of the PLGA TIPS microcarriers by evaluating diameter and shape descriptors, including aspect ratio and roundness from top view SEM images using the traced circumference tool in ImageJ.

The number of PLGA TIPS microcarriers per unit mass was quantified from the mean value of six samples from static image analysis using the Morphologi G3 system (Malvern Panalytical Ltd., United Kingdom).



Isolation of cAdMSC From Adipose Tissues

Canine adipose-derived MSC were isolated from falciform and inguinal adipose tissue from six canine donors with different background breeds (Table 1). All samples were collected as part of procedures being performed for preparation of cells for unrelated therapeutic clinical applications. Excess cells from the unrelated therapeutic preparations were collected with the informed consent of the owners.


TABLE 1. Canine donor demographics: breed, sex, age and source of fat used for isolating stromal cells used in this study.

[image: Table 1]The adipose tissues were visually examined and any signs of abnormalities, such as blood clots, skin or hairs were removed and the cells isolated using a collagenase digestion method (Krešić et al., 2017). The tissue samples were washed three times, with phosphate buffered saline (PBS) and mechanically minced with surgical scissors before digestion with collagenase I (Sigma Aldrich C0374) and agitation with a magnetic stirrer at 37°C for 30 min. The digested adipose tissue was filtered through a 100 μm Steriflip filtration tube (Merck) to remove undigested tissue and large debris. The samples were centrifuged to produce a stromal vascular fraction (SVF). The SVF pellet contained a heterogenous population of cells such as MSC, leukocytes and erythrocytes. Erythrocytes were lysed with ammonium chloride potassium (ACK) buffer (Thermo Fisher Scientific) by resuspending the SVF in 5 ml of ACK and incubating for 5 min at room temperature. After incubation, the ACK was diluted with 45 ml PBS. The ACK/SVF was centrifuged at 1500 × g for 5 min. The supernatant was removed, the erythrocyte-free pellet was re-suspended in proliferation medium and plated into a tissue culture treated flask (Falcon). cAdMSC were incubated at 37°C and 5% CO2 with medium changes every 2 days and passaged until a homogeneous cell line was established (passage 3). All experiments were conducted with cells between passage 3–5.



Verification of cAdMSC Differentiation Toward Osteogenic and Chondrogenic Lineages

For osteogenic differentiation, cAdMSC were seeded at 5 × 104 cells/ml and cultured in low glucose media (LGFCS) (10% FBS, 1% antibiotic and antimycotic, Dulbecco’s Eagle Medium-low glucose) (Thermo Fisher Scientific) until cells reached 80% confluency. After 3 days, the culture medium was replaced with StemPro® Osteogenesis Differentiation medium (Thermo Fisher Scientific) for 14 days, with the medium replenished every 3 days. Osteogenic differentiation was evaluated by staining with Alizarin Red S (Acros Organics, United States). Quantification of the staining was performed by dye extraction using an aqueous solution of 20% (v/v) methanol (Acros Organics) and 10% (v/v) acetic acid (Acros Organics). The absorbance was measured at 450 nm wavelength.

For chondrogenic differentiation, cAdMSC were seeded at 2 × 105 cells/100 μl in U-bottom 96 well plates that were non-tissue culture treated (low attachment) to enable high density culture conditions, as described elsewhere for chondrogenic differentiation and incubated for 48 h to form spheroids (Zhang et al., 2010; PromoCellGmbH, 2015). After the spheroids were formed, the LGFCS was removed and the spheroids washed two times with PBS before adding 100 μl of StemPro Chondrogenesis Differentiation Kit (Thermo Fisher Scientific). Control spheroids received 100 μl LGFCS. The medium was changed every 3 days. After 21 days the medium was removed, the cells rinsed with PBS and fixed with 4% formaldehyde solution for 30 min. To stain for the presence of synthesized proteoglycans indicative of chondrogenic differentiation, the spheroids were incubated in Alcian blue staining solution prepared in 0.1 N HCL for 45 min at room temperature, rinsed with 0.1 N hydrochloric acid and washed 3× in diH2O. The spheroids were placed under a glass coverslip and imaged using light microscopy.



Attachment of cAdMSC to PLGA TIPS Microcarriers

Poly(DL-lactide-co-glycolide) TIPS microcarriers were pre-wetted as previously described to assist with cell attachment (Wright et al., 2015). The wetting solution consisted of 10% (v/v) absolute ethanol in proliferation medium [Dulbecco’s Modified Eagles Medium (DMEM)-high glucose (4.5 g/L) with GlutaMAXTM (Gibco, United Kingdom), 10% v/v fetal bovine serum (FBS; Life Sciences, Seradigm, United States) and 1% antibiotic and antimycotic (0.25 μg/ml Amphotericin B, 100 units/ml penicillin and 100 μg/ml streptomycin) (Gibco)]. 50 mg PLGA TIPS microcarriers in a 7 ml polystyrene container were incubated in 5 ml of the wetting solution under rotation at 37°C for 18 h. Wetting of the PLGA TIPS microcarriers was confirmed by their sedimentation in the container prior to washing twice with fresh proliferation medium.

Attachment of cAdMSC to PLGA TIPS microcarriers was investigated using three cell concentrations (0.5 × 106, 1 × 106, 2 × 106 cells/ml) under three different conditions: (i) static, (ii) semi-dynamic conditions on a plate shaker for 18 h with 30 s shaking every hour, or (iii) semi-dynamic conditions on a plate shaker for 18 h with 30 s shaking every 15 min. Cells were co-cultured with 50 mg PLGA TIPS microcarriers (approximately 9000 microcarriers) in low-attachment 6-well plates (Corning, United Kingdom). After 18 h incubation, the microcarriers were gently rinsed with PBS to remove non-attached cells and the quantity of cells attached to the microcarriers determined using a NucleoCounter® NC-200TM automated cell counter (ChemoMetec A/S, Denmark), as recommended by the manufacturer.

To evaluate the quantity of cells attached per individual PLGA TIPS microcarrier after 6 h, the cellularized microcarriers were fixed with 4% formaldehyde in PBS, permeabilized with 0.5% Triton X-100 in PBS and the nuclei stained with Hoechst (Thermo Fisher Scientific, United Kingdom). Cells were imaged using an inverted fluorescence microscope (Leica DM16000B) and the number of nuclei per microcarrier quantified using ImageJ (“Cell Counter” plugin). The quantity of cells was expressed as cells per unit of microcarrier surface area (cells/cm2) by dividing the number of cells counted by the surface area of a known quantity of microcarriers. The results represent the mean value of six experiments (n = 60–70 PLGA microcarriers per condition).



Viability of cAdMSC Attached to PLGA TIPS Microcarriers

The viability of cells attached to the microcarriers after 24 h of culture was determined by incubating the cellularized microcarriers with 10% (v/v) Presto Blue Cell Viability Reagent (Invitrogen, United Kingdom) in 2 ml proliferation medium in a 6-well plate. After incubating for 2 h at 37°C, 100 μl of the supernatant was transferred into black-walled 96-well plates (Corning, United Kingdom) and the fluorescence intensity was measured at 560 nm (exc) and 620 nm (em).

Live-Dead staining (Thermo Fisher Scientific, United Kingdom) was used to qualitatively assess cell viability on the PLGA TIPS microcarriers after 21 days incubation. Samples were imaged immediately using an inverted fluorescence microscope (Leica DM16000B).



Differentiation of cAdMSC on PLGA TIPS Microcarriers

Simulation of in situ confinement and differentiation of cellularized PLGA TIPS microcarriers post-delivery in a tissue cavity was performed using transwell insert plates (96-well MultiScreen, Millipore, Thermo Fisher Scientific, United Kingdom. cAdMSC (2 × 106) were seeded onto 50 mg PLGA TIPS microcarriers in a 6-well low attachment plate under semi-dynamic conditions (30 s shaking every 15 min) for 18 h. The cellularized microcarriers were transferred into the 96-well transwell insert plate and incubated in proliferation medium for 24 h at 37°C and 5% CO2. The medium was replaced with either 400 μl osteogenic differentiation medium (STEMPRO osteogenic differentiation kit, Thermo Fisher Scientific, United Kingdom), chondrogenic differentiation medium (ChondroMAX Differentiation Medium, Sigma) or proliferation (control) medium. The osteogenic and chondrogenic media were changed every 3–4 and 2–3 days, respectively.

Differentiation of cAdMSC to an osteogenic-like phenotype was evaluated at days 14 and 21 using Alizarin Red S staining (Acros Organics). Samples were washed with PBS, fixed with 4% formaldehyde for 30 min at room temperature and washed with diH2O. Alizarin stain was added for 3 min and washed with diH2O. The samples were imaged using a stereomicroscope (Leica MZ10F). Quantification of the staining was performed by dye extraction using an aqueous solution of 20% (v/v) methanol (Acros Organics) and 10% (v/v) acetic acid (Acros Organics). The absorbance of the extracted dye was measured at 450 nm wavelength.

Differentiation of cAdMSC to a chondrogenic-like phenotype was evaluated at Day 21 by Alcian blue staining. The samples were rinsed with PBS and fixed with 4% formaldehyde for 30 min. After fixation, the samples were rinsed with PBS and stained with Alcian blue. The samples were rinsed with 0.1 N HCl and subsequently with diH2O. The samples were imaged using a stereomicroscope.

Cell and collagen deposition around the PLGA TIPS microcarriers was evaluated by histology. After 21 days in differentiation medium, the cellularized PLGA TIPS microcarriers were washed with PBS and fixed with 4% formaldehyde for 2 h at 4°C. The samples were washed with PBS and dehydrated by immersion in serially graded ethanol solutions (75–100% v/v), followed by incubation in Histo-clear II (National Diagnostics, United States). The specimens were subsequently embedded in Paraplast-Plus (Sigma-Aldrich). 6 μm thick sections were cut and de-waxed, then stained with hematoxylin and eosin or with Picro-Sirius Red Solution (Abcam, United Kingdom). Samples were imaged using a NanoZoomer (Hamamatsu Photonics, Japan) or inverted photomicroscope (IX81; Olympus, United Kingdom), respectively.

Cell interaction with the PLGA TIPS microcarriers was assessed by SEM. After 21 days in differentiation medium the cellularized PLGA TIPS microcarriers were washed with PBS and fixed with 4% formaldehyde for 2 h at 4°C. The samples were washed with PBS and dehydrated by immersion in serially graded ethanol solutions (20–100% v/v) for 5 min each. The samples were immersed in hexamethyldisilazane (Sigma Aldrich) for 2 min and sputter coated with gold (Polaron E5000). Samples were viewed using a Philips XL30 field emission SEM.



Dynamic Mechanical Analysis

Mechanical testing of the cAdMSC-PLGA TIPS microcarrier constructs was evaluated at Day 21 using a Discovery DMA 850 (TA Instruments, New Castle, DE, United States). Samples measuring 4–5 mm in diameter and 1 mm height were analyzed. The aspect ratio of the sample was kept consistent for all sample measurements to ensure a similar loading mode. Compression testing was conducted at 37°C using cyclic sinusoidal load mode, which varied from 0.05 to 40 Hz frequencies at 5 Hz intervals. Groups were pre-loaded to 0.001 N force and dynamically tested under small deformation (0.1% strain) compression to ensure that the data collected was repeatable.



Statistical Analysis

Experimental data were tested for Gaussian distribution and subjected to one-way or two-way ANOVA followed by Tukey’s test for multiple comparisons between pairs of means, using GraphPad Prism (version 7.0). Statistically significant differences between experimental group was indicated by ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and ****p < 0.0001. The results are expressed as mean ± standard error of the mean (SEM).



RESULTS


Characterization of PLGA TIPS Microcarriers

The microcarriers investigated exhibited a highly porous surface topography (Figures 1A–C). Higher magnification images of the microcarriers revealed many of the pores were distributed in a chevron pattern (Figure 1C). The size of the surface pores ranged from 0.17 to 2.40 μm, which corresponds with previous studies using the same composition of TIPS microparticles (Simitzi et al., 2020). The porous structure of the microcarriers results from thermally induced separation that occurred during the manufacturing process (Blaker et al., 2008). Size distribution of the microcarriers ranged from 300 to 400 μm (Figure 1D). Circularity and aspect ratio values were close to 1 (1.14 ± 0.20 and 0.90 ± 0.12, respectively), indicating that PLGA TIPS microcarriers were highly spherical (Figure 1E). Pre-wetting the PLGA TIPS microcarriers prior to cell attachment reduced their mean diameter to 254 ± 82 μm.
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FIGURE 1. Porous PLGA TIPS microcarriers fabricated using thermally induced phase separation. (A–C) SEM images of the surface of PLGA TIPS microcarriers (scale bar in A, B and C is 250, 150, and 25 μm, respectively). (D) Frequency of different sized PLGA TIPS microcarriers present in the samples investigated. (E) Quantitative evaluation of circularity and aspect ratio of PLGA TIPS microcarriers investigated.




cAdMSC Isolation and Differentiation

After 7–10 days culture, cAdMSC from all donors grew as confluent monolayers. The cells exhibited a polarized to polygonal fibroblast-like shape. This morphology was maintained during further sub-passaging. cAdMSC from all six donors differentiated toward osteogenic-like lineage after 14 days in osteogenic differentiation medium, as indicated by significantly increased positive staining for Alizarin red compared with cells cultured for the same length of time in proliferation medium (Figure 2A and Supplementary Figure S1A). The level of Alizarin staining was measured in cAdMSC derived from each donor (Figure 2B). The level of Alizarin red staining was significantly increased in cAdMSC cultured in osteogenic differentiation medium compared with cells cultured in proliferation medium (p < 0.0001).
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FIGURE 2. Differentiation of cAdMSC toward osteogenic or chondrogenic lineages. (A) Light microscopy of cAdMSC incubated for 14 days in osteogenic differentiation (diff) or proliferation medium (prol) and stained for Alizarin red (scale bar 100 μm). (B) Quantification of Alizarin red stain (ARS) extracted from cAdMSC at day 14; the level of Alizarin red staining for all donors was significantly higher (p < 0.0001) in cAdMSC cultured in osteogenic differentiation medium compared with cells cultured in proliferation medium. (C) Light microscopy of cAdMSC incubated for 21 days in chondrogenic differentiation (diff) or proliferation (prol) medium and stained for Alcian blue (blue) (scale bar 100 μm). (D) Spheroid diameter of cAdMSC from six donors (D1–D6) incubated in chondrogenic (diff) or proliferation (prol) medium for 21 days; spheroid diameter was significantly higher for donor 2 (p < 0.001) and for donors 3–6 (p < 0.01) in cAdMSC cultured in chondrogenic differentiation medium compared with cells cultured in proliferation medium. **p < 0.01, ***p < 0.001, and ****p < 0.0001.


Canine adipose-derived MSC from all six donors differentiated toward chondrogenic-like lineage after 21 days in chondrogenic differentiation medium. The cells from all donors formed large spheroids of similar size that stained positive for Alcian blue (Figure 2C and Supplementary Figure S1B). Control cAdMSC maintained in proliferation medium under the same conditions formed significantly smaller (p < 0.01 or p < 0.001 for all donors except for donor 1) and more fragile spheroids that exhibited weak staining for Alcian blue (Figure 2D).



cAdMSC Attachment to PLGA TIPS Microcarriers

Optimal conditions for attachment of cAdMSC to PLGA TIPS microcarriers were investigated by varying the concentration of cells (0.5 × 106, 1 × 106, 2 × 106) and culture conditions (static or intermittent 30 s plate shaking at 15 min and 60-minute intervals). Under static conditions not all of the cells from all donors attached to the microcarriers after 18 h incubation (Figure 3Ai and Supplementary Figure S2A). Intermittent shaking of the plates increased the proportion of cells attached to the microcarriers after 18 h incubation (Figure 3Ai and Supplementary Figure S2B). The best conditions tested for cell attachment consisted of adding 2 × 106 cells and incubating with 30 s plate shaking at 15-minute intervals (Figure 3Ai and Supplementary Figure S2C). (Supporting data in Supplementary Figure S2 show the cell attachment for all six donors).
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FIGURE 3. (Ai) Quantification of cAdMSC attachment to the surface of PLGA TIPS microcarriers after incubation for 18 h under different experimental conditions. Data shown represent the mean value for cells derived from six donors (**p < 0.01, ***p < 0.001, and ****p < 0.0001). (Aii) Metabolic activity of cAdMSC incubated on PLGA TIPS microcarriers for 24 h assessed using the Presto Blue assay (statistical comparison was performed between the cells-on-TIPS and 2D condition for each concentration; *p < 0.05, **p < 0.01). (Bi) Quantification of cell attachment per microcarrier after 6 h incubation using three cell seeding concentrations (n = 60–70 TIPS microcarriers counted per group). (Bii–iv) Fluorescence microscopy of Hoechst stained cAdMSC attached to the surface of the microcarriers after 6 h incubation. (Bv) Summary of the cell attachment results at different time points expressed as total number of cells per 50 mg PLGA TIPS microcarriers or number of cells/per microcarrier.


The level of cell metabolic activity (measured by Presto Blue staining) in samples containing cells attached to microcarriers was higher compared with cells cultured on TC plastic (significantly higher for 0.5 × 105 and 1 × 105 cells/ml, Figure 3Aii). This result is likely to reflect the higher surface area available with microcarrier groups compared with the TC plastic groups resulting in a great number of cells when confluence was reached. Staining of the cell nuclei confirmed that increasing the seeding concentration of cells corresponded with more cells attaching to the microcarriers (Figures 3Bii–iv). However, at higher seeding concentrations the cells became less evenly distributed, as shown by the larger interquartile range of cells per microcarrier (Figures 3Bi,v).



Formation of Osteogenic-Like Tissue Engineered Constructs

The long-term behavior of cAdMSC on PLGA TIPS microcarriers and their capacity to differentiate into an osteogenic-like lineage was evaluated in vitro. Cellularized microcarriers were cultured in transwell inserts that confined the microcarriers into a multi-layered 3D porous configuration. The pore size of the transwell insert mesh (60 μm) allowed non-attached cells and debris to dissociate from the 3D construct.

Incubation of the cellularized microcarriers in differentiation medium resulted in the formation of clusters that fused into solid disc-like composite structures composed of the cells and microcarriers. Control samples incubated in proliferation medium resulted in limited clustering only at the highest cell seeding concentration, with noticeably less extensive fusion occurring compared with the samples incubated under osteogenic differentiation conditions. At day 14 large discs occupying most of the bottom surface of the transwell insert were observed with cAdMSC derived from five out of the six donors. However, at day 21 samples from all donors had fused into the disc-like structures. The 3D discs consisted of densely packed cellularized PLGA TIPS microcarriers. The volume of the disc occupying the transwell insert became reduced at day 21 compared with day 14, indicating active remodeling of the TE construct and degradation of the microcarriers over time. All of the discs became biconcave and strong enough to be handled with forceps without fragmenting. The control group incubated in proliferation medium resulted in only a few clusters of cellularized microcarriers at day 21, with none evident at day 14. Mechanical analysis of one donor sample from the differentiated culture group using dynamic mechanical analysis (DMA) in compression mode revealed that the discs exhibited viscoelastic characteristics, exhibiting both an elastic (storage modulus, E’) and a viscous behavior (loss modulus, E”) (Figure 4A). The elastic modulus was higher than the loss modulus at all frequencies studied.
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FIGURE 4. Osteogenic differentiation of cAdMSC on PLGA TIPS microcarriers. (A) Dynamic Mechanical Analysis. Storage modulus (i) and loss modulus (ii) of the disc structure consisting of cellularized PLGA TIPS microcarriers derived from one donor sample after 21 days incubation in osteogenic differentiation medium, measured by dynamic mechanical analysis in compression mode. (B) Alizarin red staining. Light microscopy images of cellularized PLGA TIPS microcarriers after incubation in osteogenic differentiation medium (i,iii) or proliferation medium (ii,iv); (v) Quantification of Alizarin red staining via dye extraction after 14 days; the level of Alizarin red staining for donors 1,3 and 4 was significantly higher (*p < 0.05, **p < 0.01, and ****p < 0.0001) in cAdMSC cultured in osteogenic differentiation medium compared with cells cultured in proliferation medium; (vi) The disc-like structure consisting of cellularized PLGA TIPS microcarriers after 21 days incubation in osteogenic differentiation medium; (vii) Histology of the sectioned disc-like structure showing cellular infiltration between microcarriers throughout the structure (hematoxylin and eosin staining; scale bar 50 μm). (C) (i) Picrosirius red staining of collagen in the disc structure consisting of cellularized PLGA TIPS microcarriers after 21 days incubation in osteogenic differentiation medium) and (ii) polarized light microscopy of the sample (red: collagen fibers, green: collagen type III, yellow: collagen type I; scale bar 50 μm). Live/Dead staining of cellularized PLGA TIPS microcarriers after 21 days in culture in differentiation medium (iii) or in proliferation medium (iv) showing cells remained viable in both culture conditions and formed bridges between the cellularized microcarriers in the differentiation conditions (scale bar 100 μm).


Cell differentiation in the disc-like structures was assessed on day 14 and 21 using Alizarin red staining. AdMSC stained positively for Alizarin red at both time-points (Figures 4Bi,iii). No positive staining for Alizarin was present in the samples incubated in proliferation medium (Figures 4Bii,iv). The level of extracted Alizarin red staining in cAdMSC cultured on PLGA TIPS microcarriers was measured at day 14 (Figure 4Bv). Cells from all donors showed a trend toward increased Alizarin staining when maintained in differentiation medium compared with cells maintained in proliferation medium.

Histology of the discs at day 21 showed collagen-rich matrix deposition around the PLGA TIPS microcarriers (Figures 4Ci,ii). Collagen was present in the form of both small thin fibers (collagen type III; stained green) and thicker fibers (collagen type I; stained yellow). Deformation of the PLGA TIPS microcarriers was evident (Figures 4Bvii, 4Ci), which corresponded with the remodeling of the cellularized PLGA TIPS microcarriers observed at the macroscopic level.

Live/Dead staining of the samples at day 21 showed that the majority of cells maintained in the proliferation and differentiation medium were viable (Figures 4Ciii,iv). Samples incubated in the differentiation medium resulted in multiple layers of cells that formed a covering of the microcarriers (Figure 4Ci).



Formation of Chondrogenic-Like Tissue Engineered Constructs

Chondrogenic differentiation of cAdMSC on PLGA TIPS microcarriers was evaluated using a similar experimental approach to that used for osteogenic differentiation. Cells from the six donors were cultured on PLGA TIPS microcarriers in either differentiation medium or proliferation medium for 21 days.

Samples incubated in differentiation medium displayed extensive clustering, forming a solid disc consisting of cells and microcarriers, similar to that observed with the osteogenic differentiation medium. The quantity of cellularized PLGA TIPS microcarriers used covered the bottom surface area of the transwell insert at the time of cell seeding. When the cellularized PLGA TIPS microcarriers were maintained in chondrogenic differentiation medium they fused together with increasing time. At day 21, the disc-like structure of cellularized PLGA TIPS microcarriers had remodeled and was reduced in diameter compared with the cellularized PLGA TIPS microcarriers incubated in proliferation medium for the same period, which did not show similar evidence of remodeling or reduction in diameter (Figure 5Ai vs. 5Aii). Inter-donor variation in disc-like structure formed was observed, with discs forming in 5 out of the 6 donors. The discs from the donors 3, 4, 5 and 6 had a diameter of 4.3 ± 0.4 mm. The donor cells that did not form a disc resulted in clusters of cellularized PLGA TIPS microcarriers. Qualitative observations revealed the disc-like structures from four donors were sufficiently robust to be handled with forceps and required considerable manual force to be broken.
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FIGURE 5. (Ai,iii) Chondrogenic differentiation of cAdMSC on PLGA TIPS microcarriers incubated for 21 days in chondrogenic differentiation medium or (ii,iv) proliferation medium and stained with Alcian blue (Inset shows the disc structure consisting of cellularized PLGA TIPS microcarriers after 21 days incubation in chondrogenic differentiation medium). (Bi–iii) SEM of the disc structure consisting of cellularized PLGA TIPS microcarriers after 21 days incubation in chondrogenic differentiation medium (scale bar 100 μm). Arrow in panel (B) (iii) shows a cell bridging two PLGA TIPS microcarriers; (iv) Picrosirius red staining of collagen in the disc-like structure consisting of cellularized PLGA TIPS microcarriers after 21 days incubation in chondrogenic differentiation medium (red: collagen fibers, yellow: cytoplasm; scale bar 50 μm). (C) (i) Storage modulus and (ii) loss modulus of the disc-like structure consisting of cellularized PLGA TIPS microcarriers after 21 days incubation in chondrogenic differentiation medium measured by dynamic mechanical analysis in compression mode.


Cell differentiation was assessed on day 21 using Alcian blue staining, which stains the proteoglycan components of the extracellular matrix associated with chondrocytes. The disc-like structures of cellularized PLGA TIPS microcarriers maintained in the chondrogenic medium stained positively for Alcian blue (Figures 5Ai, 5Aiii). Within the discs there were dense regions of positively stained GAGs (arrow in Figure 5Aiii). In contrast, samples incubated in proliferation medium formed small clusters that exhibited either weak or no staining (Figures 5Aii, 5Aiv). Ultrastructural analysis of the cellularized microcarriers at day 21 in differentiation medium showed that cells covered the PLGA TIPS microcarriers and extended between adjacent microcarriers within the structure (Figures 5Bi–iii). Histology showed collagen-rich matrix deposition around the PLGA TIPS microcarriers (Figure 5Biv). Dynamic mechanical analysis of the discs of cellularized PLGA TIPS microcarriers from four donors robust enough to be handled after 21 days in the chondrogenic differentiation medium exhibited characteristics of a viscoelastic material, showing both an elastic (storage modulus, E’) and a viscous behavior (loss modulus, E”; Figure 5C). Both storage and loss moduli were frequency-dependent and for all frequencies tested, storage modulus was greater than loss modulus. The mean storage modulus ranged from 0.45 to 2.30 MPa, while the mean loss modulus ranged from 0.10 to 0.67 MPa.



DISCUSSION

The current study investigated whether biodegradable TIPS microcarriers are feasible for use in modular orthopaedic tissue engineering applications. Spherical microcarriers were fabricated from PLGA polymer using thermally induced phase separation technique. This method is highly versatile and can be tailored to produce desired characteristics for size, stiffness, porosity and surface texture (Foong et al., 2010). The study used cells derived from canine donors collected as part of procedures being performed for preparation of cells for unrelated therapeutic clinical applications, demonstrating the technical feasibility of collecting and using clinically isolated samples for the cellular component of the cellularized “building blocks.” This observation, combined with the TIPS microparticles being readily available for clinical use, provides an opportunity for future studies to investigate the efficacy of the proposed therapeutic system in vivo in a comparative clinical science setting. Adopting such an approach will also allow the impact of donor-to-donor variability on efficacy to be explored in a real-life treatment setting, which will generate new knowledge for human and veterinary medicine.

Following pre-wetting, the PLGA TIPS microcarriers used in the current study were biocompatible for cAdMSC, making it unnecessary to add ECM protein coating to enhance cell attachment. The established pre-wetting process involves hydrophilization of the hydrophobic polymer with a solution containing ethanol (Wright et al., 2015). The presence of ethanol in the wetting solution, a weak solvent for PLGA that does not dissolve the microcarriers during the wetting process, resulted in shrinkage of the hydrophilized microcarriers. Similar macroscopic shrinkage of PLGA scaffolds resulting from exposure to ethanol has been reported previously for TIPS microcarriers and other PLGA scaffolds (Gualandi, 2011; Simitzi et al., 2020). Co-culture of the microcarriers with cAdMSC under optimized conditions resulted in efficient cell attachment within 18 h. The study screened two major parameters affecting cell attachment, namely the seeding concentration of cells and static-dynamic culture conditions. The process used to enable cell interaction with the microcarriers was reliant on sedimentation of cells onto the surface of the microcarriers. To increase the likelihood of an evenly distributed quantity of cells attaching to all the microcarriers in the vessel required the microcarriers to be dispersed in a single layer to maximize the surface area exposed. Too many microcarriers would result in them stacking and reduce the likelihood of those below the surface layer interacting with the cells, whereas too few microcarriers would result in cells falling into gaps between the microcarriers and not attaching. Static-dynamic culture consisting of brief shaking of the plate followed by 15-minute static incubation was found to increase the number of cells attaching to the microcarriers’ surface. This is likely to have resulted from the shaking phase increasing the likelihood of cells interacting with the surface of the microcarriers. The interval between the dynamic phase of the incubation period when the plate was re-shaken to lift the microcarriers and re-disperse the unattached cell suspension was also important. The more frequent plate shaking with 15-minute intervals was associated more cell attachment compared with the plates shaken at 60-minute intervals. Sufficient time was also required for the cells to interact with the surface of microcarrier and adhere before shaking, which would otherwise dislodge non-attached cells. As expected, the seeding concentration of cells also influenced the number of cells attaching to the microcarriers. At lower seeding concentrations, shaking had a lower impact on the number of cells attaching and proliferating. Seeding 1 × 106 cells in a dynamic mode produced the same number of attached cells as seeding 2 × 106 cells under static conditions. The optimal conditions for achieving the maximum number of attached cells was achieved when 2 × 106 cells were seeded and shaken every 15 min; therefore, those conditions were used for the differentiation experiments. For all cell attachment conditions investigated, the number of cells increased by 1.6–1.8-fold between 6 and 24 h, indicating the substrate and culture conditions for the attachment process were also conducive for cell proliferation.

Following cell attachment, the cellularized PLGA TIPS microcarriers were cultured in transwell inserts that simulated the confined in situ environment likely to be associated with implanting the product into tissue cavities associated with orthopaedic medicine. The attached cells bridged adjacent microcarriers forming clusters when maintained in differentiation medium. The clustering of cellularized microcarriers did not occur when the samples were maintained under the same physical conditions, indicating the biochemical components in the culture medium provided the pivotal stimuli that led to cell aggregation, differentiation and the formation of the solid 3D constructs. Similar fusion of cellularized microcarriers or micro-objects into larger neo-tissue like constructs has recently been described and investigated for its potential use in other modular bottom-up tissue engineering applications (Chen et al., 2011; Zhou et al., 2016). In their recent work, Zhou et al. reported the formation of macroscopic 3D geometrically shaped cartilage-like composite based on a bottom-up approach using nanofibrous-surface chitosan microcarriers and chondrocytes (Zhou et al., 2016). The cartilage-like composite exhibited phenotypic characteristics of cartilage. In accordance with this, the current study shows the formation of a solid 3D composite tissue construct based on cAdMSC and PLGA microcarriers in both osteogenic and chondrogenic medium, but not in proliferation medium.

The geometrical properties of microspheres offer several benefits when used as cellularized microcarriers intended for in vivo delivery, including ease of delivery and provision of evenly distributed interstices between packed microcarriers in situ that will allow better diffusion of nutrients compared with less spherical objects. Microspheres in the range of 100–400 μm diameter made from natural or synthetic polymers have been used as cell-microcarriers for a variety of biomedical applications, including cell expansion, biomolecule harvesting and tissue engineering [reviewed in Leong and Wang (2015)]. Cell-laden microcarriers provide a 3D environment in vitro that delivers a high surface area: volume ratio and scalability that constitute significant advantages over the traditional 2D monolayer culture (Leong and Wang, 2015). A key feature of the microcarriers investigated in the current study is their potential for use as an implantable temporary cell substrate. Unlike many existing commercially available microcarriers, such as the dextran-based Cytodex3 (Goh et al., 2013) and the polystyrene-based Synthemax III (Hervy et al., 2014), PLGA is biodegradable and can be used to produce products intended for translation into clinical use. PLGA degrades in vivo into lactate (salt form of lactic acid) and glycolate (salt form of glycolic acid), which can be completely resorbed by the organism via natural metabolic pathways. The in vivo persistence of the microcarriers can be controlled by adjusting parameters that influence PLGA degradation. These include polymer chemistry (e.g., lactide:glycolide ratio, MW, etc.) size and morphology (e.g., shape, surface to volume ratio, porosity, etc.) as well as the environment in which degradation takes place (e.g., pH) [reviewed in Shive and Anderson (1997)]. PLGA already has an excellent clinical safety record and has been successfully used in several medical devices (Athanasiou et al., 1996).

Mesenchymal stromal cells and polymeric microcarriers have been widely used for the expansion of cells when incubated in spinner flasks or other scale up systems. In these circumstances, the emphasis is usually placed on maintaining an MSC phenotype when incubated in proliferation medium during long-term culture (Frauenschuh et al., 2007; Schop et al., 2008). Culturing MSC cell-laden microcarriers in differentiation medium and their implementation as building blocks to form macro-sized constructs for tissue engineering applications has only recently been reported, particularly for bone and cartilage applications (Yang et al., 2007; Chen et al., 2011; Georgi et al., 2014). In accordance with these studies, the current study reports the formation of a solid 3D composite tissue construct based on cAdMSC and biodegradable PLGA microcarriers in both osteogenic and chondrogenic medium. The constructs exhibited phenotypic characteristics indicative of the osteogenic and chondrogenic differentiation, respectively, with ECM production.

Various biomaterial constructs have been developed for mechanically demanding tissue engineering applications. Examples include hydrogels and electrospun fibrous matrices for articular cartilage replacement and bone fillers (Laurencin et al., 1999; Liu et al., 2017). However, the majority of these studies characterize the mechanical properties of the biomaterials before seeding the cells. It is likely that the addition of cells will affect the mechanical properties of the constructs, as shown by studies comparing cell-laden and acellular scaffolds (Silva-Correia et al., 2013; Pangesty et al., 2016). Thus, an increasing number of studies are now focusing on characterizing the mechanical properties of cell-laden biomaterial constructs, including electrospun fibrous mats (Eap et al., 2015; Pangesty et al., 2016), hydrogels (Huang et al., 2008), and microcarrier-based 3D constructs (Zhou et al., 2016). Although more challenging to characterize, such “living” biomaterial constructs resemble more closely the target tissue where cells infiltrate and secrete ECM molecules giving rise to the unique structures reflected by the distinct mechanical characteristics of these tissues.

Rigid disc structures with similar tactile properties were formed for all donor samples following incubation in osteogenic medium that were not observed following incubation in proliferation medium. Viscoelasticity is an important characteristic property of bone, mainly stemming from its distinct hierarchical structure (Lakes et al., 1979). DMA data from the cellularized disc derived from one donor incubated in osteogenic medium for 21 days exhibited viscoelastic characteristics throughout the full range of frequencies investigated in compression mode. Both storage and loss moduli were shown to be frequency dependent. However, the mean values obtained were in the range of MPa whereas the respective value from cortical bone specimens measured with DMA are typically in GPA size range (Abdel-Wahab et al., 2011). Although there are no studies reporting DMA analysis on cancellous trabecular bone, the reported Young’s modulus measured by different techniques is in the range of 50–500 MPa (Bandyopadyay-Ghosh, 2008). The composite construct established in osteogenic medium in the current study had viscoelastic properties much lower than these values, indicating it would not provide adequate mechanical strength as standalone bone replacement in their current format. However, the storage modulus for the TIPS construct (up to 2.5 MPa) was greater than mechanically soft materials, such as injectable hydrogels synthesized from natural-based biomaterials (Geng et al., 2012; Fathi et al., 2014), designed for load-bearing tissue engineering applications. Further studies are required to validate whether similar mechanical properties are achieved with samples generated from multiple cell donors following osteogenic differentiation.

Viscoelasiticity is also an important property of articular cartilage (Sophia Fox et al., 2009). DMA has been used to determine the viscoelastic properties of articular cartilage at a range of frequencies associated with physiological frequencies, ranging from a standard walking pace (1 Hz), to healthy gait heel strike relevant frequencies (3–5 Hz) (Sadeghi et al., 2015) and pathological conditions (Espino et al., 2014; Temple et al., 2016). All studies have reported that the storage modulus is greater than the loss modulus and that the former is frequency-dependent (Fulcher et al., 2009; Espino et al., 2014; Sadeghi et al., 2015). However, the loss modulus is measured as frequency-dependent when off-bone (Temple et al., 2016), but frequency-independent when on-bone (Espino et al., 2014). In our study, cellularized PLGA TIPS microspheres following incubation in chondrogenic medium for 21 days exhibited viscoelastic characteristics throughout the full range of frequencies investigated via DMA in compression mode. The frequency range that was measured included physiological frequencies. Both storage and loss moduli were shown to be frequency-dependent, with the former greater than the latter for all frequencies tested. Our study shows that the disc-like structures formed in vitro have similar behavior to the human and bovine cartilage measured with DMA, albeit one order of magnitude smaller (Temple et al., 2016).

There is a strong clinical demand for osteogenic bone grafting and filling scaffolds (Roseti et al., 2017). Current clinical practice involves the use of autograft or allograft bone “putties” which eventually recellularise by infiltration and remodeling from surrounding osteoblasts. However, autografts involve secondary surgery with donor site morbidity, while allografts impose the risk of immune reaction (Haugen et al., 2019). There are now many synthetic alternatives to autografted bone but none have yet been shown to give improved outcomes over autografts (Haugen et al., 2019). The requirements for an ideal bone graft are porosity, biocompatible/osteoconductive surface, controlled biodegradability and mechanical strength (Haugen et al., 2019). A synthetic bone graft that meets all these characteristics is still lacking. The cellularized TIPS microcarrier constructs described in the current study are shown to provide viable, pre-differentiated osteoblast-like cells in a biocompatible matrix that could be used to facilitate bone regeneration. The constructs that form via a modular bottom-up TE approach could potentially be used for various defect sizes and shapes for different orthopaedic applications. Furthermore, the use of donor material from veterinary patients is a valuable tool to help investigate new regenerative medicine technologies toward clinical application in both humans and animals in orthopaedic regenerative medicine (de Bakker et al., 2013). This could be particularly helpful when evaluating the efficacy of new technology in spontaneous, naturally occurring disease, rather than reliance on artificially induced pathology conventionally utilized in non-clinical studies.

In conclusion, the current proof-of-concept study indicates that PLGA porous microcarriers can be used in modular bottom-up tissue engineering approach for the delivery of cellularized constructs intended for orthopaedic applications. This could offer a novel modular bottom-up tissue engineering approach for treating osteotomies and other orthopaedic-related defects requiring the replacement of bone or cartilage tissue.
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Isotropic inverse opal structures have been extensively studied for the ability to manipulate cell behaviors such as attachment, migration, and spheroid formation. However, their use in regulate the behaviors of neural stem cells has not been fully explored, besides, the isotropic inverse opal structures usually lack the ability to induce the oriented cell growth which is fundamental in neural regeneration based on neural stem cell therapy. In this paper, the anisotropic inverse opal substrates were obtained by mechanically stretching the poly (vinylidene fluoride) (PVDF) inverse opal films. The anisotropic inverse opal substrates possessed good biocompatibility, optical properties and anisotropy, provided well guidance for the formation of neural spheroids, the alignment of neural stem cells, the differentiation of neural stem cells, the oriented growth of derived neurons and the dendritic complexity of the newborn neurons. Thus, we conclude that the anisotropic inverse opal substrates possess great potential in neural regeneration applications.
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INTRODUCTION

Neurodegenerative disorders are usually caused by loss or dysfunction of neurons that results in the disruption of signal transduction in the nervous system such as neurosensory deafness, Parkinson’s disease, and Huntington’s disease (Lindvall and Kokaia, 2010). Repairing the neural circuit by replacement of the dysfunctional neurons would represent an effective cure for neurodegenerative disorders. Nowadays, based on stem cell transplantation, neural stem cells which possess self-renewal and pluripotency have become a promising curative agent for neurodegenerative disorders treatment (Lindvall et al., 2004; McGinley et al., 2018; Reidling et al., 2018; Song et al., 2018; Yang et al., 2018; Ahmadian-Moghadam et al., 2020; Derakhshankhah et al., 2020; Xapelli et al., 2020). Following transplantation, neural stem cells can differentiate into neural subtype cells, including neurons, astrocytes, and oligodendrocytes, in vivo (Gage, 2000). However, because neural circuits have specific orientations (Rose et al., 2017), in order to repair the neural circuits and recover the transduction of neural signals, the newborn neurons need not only normal functionality, but also must grow towards the target cells to form synaptic connections. Thus the guided growth of newborn neurons has become the critical factor for the use of neural stem cell transplantation in neural regeneration.

With the development of biomaterials, topography has become a promising physical cue for manipulating cell behaviors during neural regeneration (Guo et al., 2016; He et al., 2016; Jiang et al., 2016; Severino et al., 2016; Liu et al., 2018; Han et al., 2019; Tang et al., 2019; Xia et al., 2019; Fang et al., 2020). The topography of these materials influences the mechanosensory apparatus and the spatiotemporal dynamics of the cells (Chen et al., 2014), and these cell-material interactions play a key factor in cell behavior regulation (Guilak et al., 2009; Zangi et al., 2016). Many kinds of biomaterials have been investigated for guiding cell growth through topography, including nanofibers (Liu et al., 2010; Xie et al., 2014; Omidinia-Anarkoli et al., 2017; Zuidema et al., 2018; Li et al., 2019), colloidal nanoparticles (Antman-Passig et al., 2017; Musoke-Zawedde and Shoichet, 2006), and inverse opal materials (Lu et al., 2014; Shang et al., 2019; Li et al., 2020). Among the applied biomaterials, inverse opal materials represent a class of porous structures with an ordered array of uniform nanoscale or microscale pores, which possessed well-controlled pore size, long-range ordered structure, and homogeneous interconnectivity. On the other side, the 3D porous structure of the inverse opal materials is very facilitated to the distribution of oxygen/nutrients/cells (Zhang and Xia, 2012). Thus, the inverse opal materials have been widely investigated in biomedical applications such as cellular co-culture (Kim et al., 2014; Im et al., 2017; Mushtaq et al., 2019), cell migration (Stachowiak and Irvine, 2008; Zhang et al., 2013; Mushtaq et al., 2019), and fabrication of multicellular spheroids (Zhang and Xia, 2012; Zhang et al., 2017). However, their application in guiding the oriented growth of neurons has not been fully explored.

In this study, we designed the anisotropic inverse opal substrates with elliptical macro-pores using mechanical stretching. The substrates were fabricated with PVDF, which possesses well piezoelectricity and has been widely applied in biomedical and flexible electronic devices. The neural stem cell spheroids cultured on the anisotropic inverse opal substrates exhibited good proliferation, and the cultured neural stem cells were induced into an ordered alignment and the newborn neurons showed oriented growth. In addition, the dendritic complexity index (DCI) of the newborn neurons was also significantly increased under the oriented guidance of the anisotropic inverse opal substrates. These features indicate the wide biomedical applications of the anisotropic inverse opal substrates.



RESULTS AND DISCUSSION


Materials Characterization

The fabrication of the inverse opal substrate was based on a colloidal silica crystal template. As shown in Figure 1A, the template was manufactured by the vertical deposition of silica nanoparticles on a glass following by sintering under 500°C. A solution of PVDF material dissolved in dimethylformamide (DMF) was used to fill the void space of the template. The PVDF solidified after the evaporation of the DMF, and the silica nanoparticles were dissolved by hydrofluoric acid. Thus a PVDF inverse opal substrate with highly ordered pore array was obtained (Figure 1C). To generate anisotropy, the PVDF inverse opal substrate underwent mechanical stretching along the uniaxial orientation. As shown in Figures 1D,E, the lengths increased 3× and 6× under stretching, and the pores of the inverse opal materials became ellipses. A flat PVDF film without any topographical features was fabricated as the control substrate (Figure 1B). This PVDF film possessed the same material with the inverse opal substrates, thus to exclude the influence of fabricating material in comparison to the inverse opal substrates.


[image: image]

FIGURE 1. Materials characterization. (A) Schematic illustration of the manufacturing process of the anisotropic inverse opal substrates; the SEM images of the PVDF control substrate (B), the inverse opal substrate (C), the 3× stretched substrate (D), and the 6× stretched substrate (E). Scale bars are 1 mm in panels (B–E).




Optical Properties of the Substrates

Due to the periodicity of the macropores, the inverse opal substrates could regulate the photon propagation by the photonic band gap (PBG), thus exhibiting the structures with different colors. This coloration derived from the interference between visible light and structural features is called “structural color.” The periodic elliptical structures in the stretched anisotropic inverse opal substrates also possessed photon-manipulating capability. Thus, the light with certain wavelengths could be blocked and reflected by the PBG. The reflecting peak of the structural colors could be described by the Bragg–Snell equation:

[image: image]

In the equation, D represents the distance with the diffracting point, naverage represents the average index of refraction, and θ represents the incident Bragg glancing angle. According to the equation, changes in D or θ are effective approaches to regulate the structural color. As shown in Figure 2, as the degree of stretching increased, the round pores of the substrates gradually became ellipses leading to decreased values of D along the stretch orientation. This led to a blue-shift in the reflective peak with a fixed θ (Figure 2D). The blue-shift indicated the increase of the wavelength, which meant that the wavelength of reflective light was increased by the PBG of substrates. This excellent optical property indicates the huge potential of these substrates in biomedical applications such as detection, sensors and decoration (Zhu et al., 2017). However, their application in neural regeneration has not been fully explored.
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FIGURE 2. Optical images of the inverse opal substrate (A), the 3× stretched substrate (B), and the 6× stretched substrate (C). (D) The reflecting peaks of the inverse opal substrates. The purple line matches with panel (A), the orange line matches with panel (B), and the green line matches with panel (C). Scale bars are 1 mm in panels (A–C).




Promoted Formation of Neural Stem Cell Spheroids

The ability of self-renewal is a critical factor for neural stem cells applied in neural regeneration. To explore the influence of the anisotropic inverse opal substrates on self-renewal ability, neural stem cell spheroids were seeded onto the anisotropic inverse opal substrates. A flat PVDF film without any topographical structures was manufactured as the control. In these experiments the complexity of serum components makes it difficult to maintain the undifferentiated state of neural stem cells in serum-containing medium, so the seeded neural stem cell spheroids were cultured under proliferation conditions in serum-free medium. After 7 days of culture, Ki67 immunofluorescence staining was used to measure the proliferation of neural stem cell spheroids, and Nestin immunofluorescence staining was used to measure the pluoripotency of the neural stem cells. As shown in Figure 3, the diameters of neural stem cell spheroids increased with the degree of stretching of the substrates, the number of Ki67 cells significantly increased with the degree of stretching, and Nestin staining indicated that the neural stem cells maintained pluoripotency during the culture. In addition, the statistics of the spheroid diameters and the Ki67-positive cells were shown in Supplementary Figure S1, which indicates that the inverse opal substrates promoted the neural stem cell spheroids formation.
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FIGURE 3. Promoted formation of neural stem cell spheroids. Fluorescent images of Ki67, Nestin, DAPI, and merged images of neural stem cell spheroids cultured on the PVDF control (A–D), on the inverse opal substrate (E–H), on the 3× stretched substrate (I–L), and on the 6× stretched substrate (M–P). Scale bars are 20 μm.




Alignment of Neural Stem Cells

To investigate the guiding effect of the anisotropic inverse opal substrates, monodispersed neural stem cells were seeded onto the surfaces of the inverse opal substrates and cultured under proliferation conditions. The neural stem cells adhered to the substrates and migrated according to the topographical induction of the substrates. After 5 days of culture, Nestin immunofluorescence staining was used to visualize the seeded neural stem cells and assess their viability at the same time. As shown in Figure 4, the neural stem cells were random on the PVDF control, which was similar with the neural stem cells seeded on the inverse opal substrate without stretching. However, with increasing degree of stretch, the orientations of the neural stem cells showed greater alignment on the anisotropic inverse opal substrates. The statistic of orientation angles of the neural stem cells validated the fluorescent images, 51.4 and 71.6% of the seeded neural stem cells showed orientation angles within 10° of the stretch direction in the 3× and 6× stretched anisotropic inverse opal substrates, respectively (Supplementary Figure S1b). This illustrated the strong guiding effect of the anisotropic inverse opal substrates.
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FIGURE 4. Alignment of neural stem cells. The fluorescent images of Nestin, DAPI, and merged images of the neural stem cells cultured on the PVDF control (A–C), on the inverse opal substrate (D–F), on the 3× stretched substrate (G–I), and on the 6× stretched substrate (J–L). Scale bars are 20 μm.




Differentiation of Neural Stem Cells

To explore the differentiation of neural stem cells under the guidance of topographical cues, monodispersed neural stem cells were seeded onto the inverse opal substrates. After culture for 24 h under proliferation conditions, the neural stem cells adhered to the surface of the inverse opal substrates. The culture was then changed to differentiation conditions with serum-containing medium. After culturing for 7 days, Tuj1 and GFAP immunofluorescence staining was used to visualize the newborn neurons (green) and the glial cells (red). As shown in Figure 5, the orientations of the newborn neurons and the glial cells were random in the control substrate and the inverse opal substrate without stretching. However, with increasing degree of stretching, the orientations of differentiated cells showed alignment on the inverse opal substrate. In statistics, 49 and 68% of the newborn neurons showed orientation angles within 10° of the stretch direction on the inverse opal substrates with 3× and 6× stretching, respectively (Supplementary Figure S2b). This effect showed the strong guiding effect of the anisotropic topographical cues of the inverse opal substrates on the oriented growth of newborn neurons. In addition, the percentage of newborn neurons was also increased under the guidance of the anisotropic inverse opal substrates (Supplementary Figure S2a). Furthermore, the morphological properties of the newborn neurons were assessed as shown in Supplementary Figure S3. The morphological properties of the newborn neurons on the inverse opal substrate without stretching were similar to those cultured on the PVDF control. However, as the degree of stretching increased, the average branch length increased, while the average number of primary dendrites and the average number of branch points decreased. This effect was induced by the “contact-guidance,” the growth cones of the neurites measured the guiding cues of the inverse opal substrates, which led the oriented extension of the neurites, thus stimulate the increase of branch length. At the same time, the oriented extension of the branch decreased the average number of primary dendrites and the average number of branch points. These changes increased the DCI of the newborn neurons, which indicated that the dendritic complexity of the newborn neurons was increased under the guidance of the topographical cues of the anisotropic inverse opal substrates.
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FIGURE 5. Differentiation of neural stem cells. The fluorescent images of neurons and glial cells cultured on the PVDF control (A), on the inverse opal substrate (B), on the 3× stretched substrate (C), and on the 6× stretched substrate (D). Scale bars are 40 μm.




CONCLUSION

The topological cues provided by biomaterials have become a promising approach to regulate the fate of neural stem cells. Inverse opal substrates possess periodic pore structures and have excellent ability to regulate cell behaviors. However, these substrates have rarely been used to regulate the fate of neural stem cells, which is important for neural regeneration. In this study, inspired by the stretching property of the PVDF material, we investigated how changes in the topographical cues of the inverse opal substrate due to stretching the material might regulate the fate of neural stem cells. We show that the anisotropic inverse opal substrates possess good biocompatibility and can maintain the pluoripotency of the seeded neural stem cells during culture. In addition, in comparison to the isotropic inverse opal substrate, the anisotropic inverse opal substrates showed greater proliferation of the neural stem cell spheroids, oriented alignment of the monodispersed neural stem cells, ordered alignment of differentiated neural cells, and increased DCI of newborn neurons. These features indicate the huge potential of the anisotropic inverse opal substrates for guiding the arrangement of differentiated cells for neural stem cell-based neural regeneration.

Furthermore, due to the soft polymer PVDF material, the anisotropic inverse opal substrates can deform as cells grow on them, and this leads to shifts in the reflection peak of the material. This self-reporting property of the anisotropic inverse opal substrates suggests that these materials might make excellent detectors when integrated into various platforms such as microfluidics. Together, these results indicated the well biomedical applied prospect of anisotropic inverse opal substrates.



MATERIALS AND METHODS


Materials

Monodispersed silicon dioxide spheres were purchased from the company of Nanorainbow Biotechnology (Jiangsu China), Polyvinylidene fluoride (PVDF) and Laminin were purchased from the company of Sigma Aldrich (MO, United States). N, N-dimethylformamide (DMF) was purchased from the company of Sinopharm Chemical Reagent (Shanghai, China). Ethanol and hydrofluoric acid were purchased from the company of Aladdin (Shanghai, China). Penicillin-streptomycin, Accutase, B-27 supplement (50×), EGF (recombinant human epidermal growth factor), DMEM/F-12(1:1) medium, PBS (Phosphatebuffered saline), and HBSS (Hank’s balanced salt solution) were purchased from the company of Gibco (NY, United States). FGF (recombinant murine FGF-basic) was purchased from the company of PeproTech (NJ, United States). The NeuroCultTM Differentiation Kit (Mouse) was purchased from the company of Stemcell (CA, United States).



Neural Stem Cell Isolation, Proliferation, and Differentiation


Neural Stem Cell Isolation

Neural stem cells were isolated from hippocampuses obtained from 16 to 18-day embryonic rats, and the isolated hippocampuses were collected in a petri dish of HBSS under 4°C and then rinsed twice with HBSS. The isolated hippocampuses were digested with Accutase for 20 min under 37°C then triturated gently with a pipette tip. The monodispersed neural stem cells were suspended in medium (2% B-27 dissovled in DMEM/F12), then cultured under 37°C with 5% CO2.



Neural Stem Cell Proliferation

The neural stem cells were seeded in proliferation medium (2% B-27, 20 ng/ml EGF, 20 ng/ml FGF dissovled in DMEM/F12) at 5 × 104 cells/ml. The neural stem cells were then cultured in a humidified atmosphere under 37°C with 5% CO2 and passaged every 7 days.



Neural Stem Cell Differentiation

The neural stem cells were cultured in differentiation medium (preparation from the NeuroCultTM Differentiation Kit (Mouse) according to the recommendation) at 5 × 104 cells/ml. The differentiation medium was replaced every 2 days after the neural stem cells had firmly attached onto the inverse opal substrates.



Immunofluorescence Staining

The cells were washed with PBS three times then fixed in 4% paraformaldehyde for 30 min, blocked with blocking buffer for 1 h under room temperature, stained with primary antibodies against Nestin, Tuj1, or GFAP overnight under 4°C, and stained with FITC or rhodamine-conjugated secondary antibodies for 1 h under room temperature. The nuclei were stained with DAPI for 15 min under room temperature.



Preparation of the Substrates

Monodispersed silica dioxide spheres were vertically deposited on the glass coverslip and sintered under 500°C for 4 h to fabricate the silica colloidal crystal templates. The solution of PVDF/DMF (0.04 g/ml) was infiltrated into the templates. After the evaporation of DMF, the PVDF became solidified. Then, the silica nanoparticles were etched by hydrofluoric acid (2% wt), thus forming the inverse opal PVDF films. The PVDF films were uniaxially stretched using Vernier caliper (Masterproof) to 3× and 6× elongation in an 80°C water bath. The stretched PVDF substrates were observed by scanning electron microscopy (Hitachi S-300N) and with a fluorescence microscope (Leica DM5000). On the contrary, the solution of PVDF/DMF (0.04 g/ml) was added onto the glass and evaporated under room temperature, after the evaporation of DMF, the PVDF became solidified, thus forming the flat PVDF film without pores as the control substrate. All the substrates were coated by Laminin (1%) before the seeding of neural stem cells.



Statistical Analysis

The data was analyzed by SPSS software, the results were achieved by three independent parallel experiments, the significant was considered at P < 0.05.
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Extracellular vesicles (EVs) are heterogeneous nanoparticles actively released by cells that comprise highly conserved and efficient systems of intercellular communication. In recent years, numerous studies have proven that EVs play an important role in the field of bone tissue engineering (BTE) due to several advantages, such as good biosafety, stability and efficient delivery. However, the application of EVs therapies in bone regeneration has not been widely used. One of the major challenges for the application of EVs is the lack of sufficient scaffolds to load and control the release of EVs. Thus, in this review, we describe the most advanced current strategies for delivering EVs with various biomaterials for the use in bone regeneration, the role of EVs in bone regeneration, the distribution of EVs mediated by biomaterials and common methods of promoting EVs delivery efficacy with a focus on biomaterial properties.
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INTRODUCTION

Extracellular vesicles (EVs) are membrane-encapsulated heterogeneous particles actively released by cells that comprise highly conserved and efficient systems of intercellular communication. EVs have progressed from the original conception as “platelet dust” to a powerful tool with broad biological functions. EVs have become a widespread topic of interest in tissue homeostasis, immune modulation, and metastasis of tumors (Wiklander et al., 2019). The distinct origins of EVs biogenesis account for differences in the markers and contents in EVs, and the compositions of EVs are a reflection of the physiological and pathological state of the host cells and change depending on the stress state and microenvironment (Andaloussi et al., 2013). It has been reported that mesenchymal stem cell (MSC)-derived EVs showed compatible regenerative potential when compared with MSCs (Jong et al., 2014; Zhang et al., 2016; Crivelli et al., 2017; Presen et al., 2019; Yang et al., 2020). Thus, as a potential alternative for tissue engineering, EVs are even more attractive than stem cell transplantation due to several advantages, such as good biosafety, stability, and efficient delivery (Eleuteri and Fierabracci, 2019). However, one of the major challenges of the use of EVs therapies in bone tissue engineering (BTE) is that free EVs do not allow durable retention at defect sites, since it is difficult for EVs to achieve sustained aggregation and controlled release without proper scaffold support; in addition, they are not able to escape from clearance by the immune system, which led to the consideration of scaffolds as carriers for loading EVs (Pinheiro et al., 2018; Zhang K. et al., 2018). To date, there have been an increasing number of studies of biomaterial-mediated EV therapies, in which diverse scaffolds with modifications of their properties have shown great potential for loading and controlling the release of EVs. Although several recent reviews have focused on EV application in tissue regeneration as well as the involved mechanisms of EVs (Chen et al., 2017; Silva et al., 2017; Taverna et al., 2017; Keshtkar et al., 2018; Li Q. et al., 2018; Chu et al., 2019), our review specifically focuses on the controlled release of EVs loaded in scaffolds and provides a discussion of the existing and potential modifications of EVs delivery systems for BTE (Figure 1).
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FIGURE 1. General scheme of scaffold-delivered EVs therapies. The innovative bone regeneration strategy is based on the osteogenic effect of EVs and scaffolds. Extracellular vesicles (EVs) are grouped into three categories (exosome, microvesicle, and apoptotic body), as indicated. The scaffolds described in existing studies consist of ceramic, polymer, and composite biomaterials. Pore parameters (such as porosity and pore size), electrostatic interaction, and bioactive adhesion are currently the main parameters that are modified to improve delivery efficiency.




CURRENT STATE OF TISSUE ENGINEERING-BASED BONE REGENERATION


Trends in Bone Tissue Engineering

Repair of bone defects has historically been a challenge for both patients and doctors. Over the past few decades, therapeutic strategies for bone defect repair have been evolutionarily updated. The traditional clinical treatments of bone deficiency mainly utilize bone grafting. However, autograft treatment is limited by bone volume, poor availability, donor site damage and other complications (Deng et al., 2018; Zhang Y. et al., 2018), while allografts frequently lead to an increase in the risks of disease transmission, vascularization problems, and immunological rejection (Einhorn and Gerstenfeld, 2015; Vanderstappen et al., 2015). To overcome these problems, BTE, which involves scaffolds, bioactive substances and cells/tissues with osteogenic potential (Wong et al., 2010), has been adapted as a more feasible and sustainable treatment approach for bone regeneration.

Cells employed in BTE play crucial roles in bone regeneration but facing challenges in their use as well. Characterized by their capacities for self-renewal and multipotent differentiation, stem cells are recognized as a well-accepted option in the field of cell-based therapy (Vizoso et al., 2017). Among all types of stem cells, MSCs have attracted considerable attention for their capacity to regulate cell and tissue homeostasis without the risk of cellular immunological rejection or tumor formation, and they have been broadly used in BTE (Le Blanc et al., 2008; Liu et al., 2011; Akiyama et al., 2012; Gomzikova and Rizvanov, 2017; Shi et al., 2017; Chen et al., 2018). However, the inherent risks of the functional engraftment of tissues and uncontrolled differentiation as well as obstacles such as poor transport efficiency to target tissues remain ongoing challenges for MSC therapies (Fischer et al., 2009; Liu Z. et al., 2018).



Extracellular Vesicles Represent an Alternative to Stem Cells in Bone Regeneration

Extracellular vesicles, which are a type of nanometer-scale (30–2000 nm) heterogeneous particles, are vesicular particles released into the extracellular space by various cell types and act as protective carriers for DNA fragments, messenger RNAs (mRNAs), proteins, and lipids (Malda et al., 2016; Geeurickx et al., 2019). Characterized by excellent biocompatibility, long-term stability, and low immunogenicity, EVs have attracted extensive interest, especially in the field of bone tissue remodeling (Liu M. et al., 2018).

According to their diameters, morphology, and biological characteristics, EVs can be further classified into three broad subpopulations, exosomes, microvesicles (MVs), and apoptotic bodies (ABs) (Table 1; Andaloussi et al., 2013; Kalra et al., 2016; Shao et al., 2018). Exosomes (40–120 nm) are cup-shaped vesicles derived from the endolysosomal pathway and are formed from multivesicular bodies when multivesicular bodies fuse with the cytoplasmic membrane. MVs (50–1000 nm) are formed through budding of the membrane and shuttle local cytosolic biomolecules. Larger ABs (500–2000 nm) are released during the cell apoptotic process and contain cell debris, organelles, and nuclear particulates derived from karyorrhexis (Figure 2).


TABLE 1. Characteristics of three major subtypes of EVs.
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FIGURE 2. Schematic representation of extracellular vesicles (EVs). EVs are released from cells through outward budding of the plasma membrane (microvesicle pathway), exocytosis (exosome pathway), or apoptosis by dying cells (apoptotic body pathway). Adapted from Kalra et al. (2016).


EVs can be derived from various types of MSCs. It has been reported that EVs show features similar to those of their parent MSCs, such as immunomodulatory and regenerative potential, and the low number of limitations for cell-free therapies make EVs an impressive option for tissue regeneration (Crivelli et al., 2017; Lou et al., 2017; Erten and Arslan, 2018). EVs could pass through capillaries more easily than MSCs, whose sizes in the circulation are too large for passage, and a proportion of EVs can even integrate into the perivascular niche (Toma et al., 2009). The dose of infused MSCs could diminish quickly post-transportation, whereas EVs remain at a relatively high concentration (Phinney and Pittenger, 2017). Moreover, EVs show significant osteogenic inductive potential, and EVs derived from umbilical cord mesenchymal stem cells were reported to be able to enhance the osteogenic capacity of pluripotent stem cell-derived MSCs, bone marrow mesenchymal stem cells (BMMSCs), human adipose mesenchymal stem cells, and other stem cells (Jia et al., 2019; Presen et al., 2019; Xu et al., 2019). These results have led to an increasing number of studies on EVs in bone regeneration medicine.



APPLICATION OF EVs IN BTE


The Cargoes of EVs Facilitate Bone Regeneration

EVs contain essential biomolecules, including lipids, membrane proteins, and other cell-specific proteins as well as several types of nucleic acids (Riazifar et al., 2017). The cargoes of EVs related to bone formation can be divided into canonical species and special species, as reviewed previously (Andaloussi et al., 2013). Canonical species are involved in the biogenesis or transport of vesicles, such as cytoskeletal proteins, specific stress proteins, and enzymes. The special cargoes in bone-related EVs, as a reflection of parent cell function, consist of specific osteogenetic proteins and non-collagenous matrix proteins, such as bone morphogenetic protein (BMP), alkaline phosphatase (ALP), eukaryotic initiation factor 2 (eIF2), osteopontin (OPN), osteocalcin (OCN), and osteonectin (ON) (Xiao et al., 2007). EVs also contain cargoes related to osteoclast differentiation, such as receptor activator of nuclear factor kappa-B (RANK) and receptor activator of nuclear factor kappa-B ligand (RANKL) (Deng et al., 2015; Huynh et al., 2016; Li D. et al., 2016). MicroRNAs (miRNAs) are another essential component of EVs, and miRNAs contributing to osteogenic capability include miR−196a, miR−27a, miR−206, miR-24, miR-143-3p, miR-10b-5p, miR-199b, and miR-218 (Liu M. et al., 2018). Moreover, mRNAs, as another essential component transported in EVs, are also involved in transcription (BDP1, TAF7L, and SOX11) and kinase activity (LPAR1 and ZEB2) (Qin et al., 2016, 2017; Morhayim et al., 2017; Lv et al., 2019).



EV-Mediated Bone Regeneration

EVs are involved in the bone repair and regeneration process (Stroncek and Reichert, 2008), including the regulation of immune environments, enhancement of angiogenesis, differentiation of osteoblasts and osteoclasts, and promotion of bone mineralization.

EVs function as immunomodulatory messengers to mediate immune stimulation or suppression (Silva et al., 2017). EVs derived from MSCs (MSC-EVs) deliver several immune modulators, including programmed death ligand-1 (PDL-1), galectin-1, and TGF-β, which were reported to exert tolerogenic effects similar to those of MSCs (Mokarizadeh et al., 2012). Furthermore, various MSC-EVs could differentially regulate the expression of CD45RA on CD4+ or CD8+ T cells, resulting in a shift in the frequency of T cell subsets (Kordelas et al., 2019). M2 macrophages, which have an anti-inflammatory phenotype, are responsible for immune regulation and tissue remodeling. Studies have been performed to certify that MSC-EVs can polarize monocytes toward the M2 phenotype (Zhang et al., 2014; Chu et al., 2017).

EVs could also improve bone regeneration by enhancing angiogenesis. A recent study showed that UCMSC-derived exosomes accelerated angiogenesis and bone repair by promoting endothelial cell proliferation, migration and tube formation (Zhang et al., 2019). Exosomes secreted from iPSC-MSCs were proven to play a role in critical-sized bone defect repair in osteoporotic rats, and osteonecrosis prevention in the femoral head via the enhancement of angiogenesis and osteogenesis was also observed (Zhang et al., 2016; Liu X. et al., 2017a).

Studies revealed that EVs were able to promote the differentiation of osteoclasts, osteoblasts and BMMSCs, helping to maintain the balance of bone metabolism (Deng et al., 2015; Liu J. et al., 2017; Xie Y. et al., 2017). As was observed previously, bone remodeling was found to be performed continuously by osteoclasts via mineralized bone resorption and by osteoblasts via bone matrix synthesis. Both osteoblasts and osteoclasts can regulate bone homeostasis through paracrine signaling mediated by EVs (Ge et al., 2015; Li Q. et al., 2018). It was also proven that miRNAs of osteoclast-derived exosomes exerted inhibitory effects on bone formation (Li D. et al., 2016). Moreover, EV-associated senescence was shown to disrupt the balance of bone metabolism (Davis et al., 2017; Park et al., 2017).

Additionally, bone mineralization is also an essential process in bone generation, during which a specialized type of EVs known as the matrix vesicles that are present in the growth plate of developing bone has been shown to play an important role and has attracted increasing attention. Matrix vesicles are considered the initial site of the mineral formation of the newly formed bone matrix via hydroxyapatite deposition (Golub, 2009). Calcium and phosphate are transported to initiate formation as well as accumulation of hydroxyapatite crystals in matrix vesicles, and then these crystals are released into the extravesicular fluid to guide calcification following collagen calcification (Chu et al., 2019). In addition, osteoblast-derived EVs were reported to mediate mineralization dynamically along with alterations in vesicle morphology and content, leading to developmental changes during matrix organization (Davies et al., 2019).

In brief, although the underlying mechanisms of the osteogenic effects of EVs remain unclear, EVs have been shown to play a role in cellular signaling and the molecular transport of bone by regulating the immune microenvironment, promoting angiogenesis, balancing bone metabolism, and participating in mineralization. Furthermore, their protective effects in hypoxic and ischemic conditions (Figure 3; Hugel et al., 2005; Liu X. et al., 2017a; Jin et al., 2019), and endogenous MSC recruitment in bone regeneration cannot be ignored (Furuta et al., 2016).


[image: image]

FIGURE 3. Illustration of bone-related EVs. EVs play roles in communication between cells related to bone formation. Various miRNAs and proteins in EVs derived from osteoblasts, osteoclasts, osteocytes, monocytes, macrophages and dendritic cells are involved in enhancing or inhibiting osteogenic activity. Adapted with permission from Jin et al. (2019).




The Challenges of EVs Therapy

The abilities of EVs to carry and protect various encapsulated molecules make them a promising option for therapeutic applications. Currently, EVs therapy attempts have included the treatment of cancer, neurodegenerative disorders, and cardiovascular disease and tissue repair and regeneration. However, in EVs therapy, species specificity, immunogenicity and unpredictable effects have contributed to difficulties not only in terms of reproducibility, stability and purity but also safety and toxicity testing.

For either local or systemic delivery, one major obstacle for the usage of EVs is that naked EVs fail to attain a suitable concentration for therapeutic needs. Off-target effects, short-term retention in the tissue site, and accumulation in non-targeted organs are also inevitable (Imai et al., 2015; Gualerzi et al., 2017; Mollaei et al., 2017). Thus, increased doses of EVs have been considered to resist the weakening effects. However, syngeneic exosome injection caused the rapid asphyxiation of mice due to the overaccumulation of EVs in the lungs despite all the other positive effects (Smyth et al., 2015). Furthermore, studies with the aim of facilitating EVs tropism provide another possible solution, but it also remains a challenge to determine the surface proteins responsible for the binding of ligands to different targets. In order to overcome these challenges, a range of sufficient scaffolds for loading, protecting, and controlling the release of EVs are in needed.



APPLICATIONS OF BIOMATERIAL-EV DELIVERY SYSTEMS IN BTE

Since naked EVs are vulnerable when transplanted in vivo and difficult to target to bone defect sites, the approach of loading EVs with biomaterial systems possesses tremendous advantages, as shown in the schematic illustration in Figure 4. In fact, EVs delivered by biomaterials are the promising tools for bone regeneration. They could be adhered by gels, bound actively to molecular linkers or attached to the surfaces of biomaterials to permit the controlled release of EVs (Silva et al., 2017).
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FIGURE 4. Schematic illustration of the EV/scaffold study design for bone defect repair. An injectable HAP-embedded in situ cross-linked HA-ALG hydrogel system was synthesized to facilitate controlled delivery and mechanical support of EVs. The exosomes were isolated from hUCMSCs and then incorporated into the HA-ALG hydrogel scaffold system in a rat model of calvarial bone defects in vivo to reveal bone regeneration and angiogenesis effects. Reproduced with permission from Yang et al. (2020). hUCMSCs, human umbilical cord mesenchymal stem cells; HAP, hydroxyapatite; HA-ALG, hyaluronic acid-alginate; HA-ADH, hyaluronic acid- adipic dihydrazide; ALG-CHO, aldehyde-modified alginate; SD rats, Sprague Dawley rats.


Several studies have indicated that enhanced bone regeneration was achieved by scaffold-mediated EVs therapies in bone defect models by using bioceramic, polymer, and composite scaffolds (Table 2; Qin et al., 2016; Zhang et al., 2016, 2019; Li W. et al., 2018; Chen et al., 2019; Wu et al., 2019; Yang et al., 2020). The exosome/β-TCP combination systems were embedded into the defect in a rat critical-sized calvarial bone defect model, leading to better osteogenesis ability than the use of β-TCP scaffolds alone (Figure 5; Zhang et al., 2016), and Wu et al. (2019) also achieved similar results with an exosome/β-TCP system in alveolar bone regeneration. In another study, Li W. et al. (2018) achieved the accelerated restoration of calvarial bone defects in a mouse model by integrating exosomes derived from human adipose-derived stem cells (hASCs) with polydopamine (PDA)-coated poly (lactic-coglycolic acid)/(PLGA) scaffolds, which resulted in timed release and enhanced bioactivities. This in vitro cell-free system showed that stimulated osteoinductive effects were favorable in improving the proliferation, migration and homing of MSCs in new bone. Qin et al. (2016) constructed an EVs delivery system with a commercially available hydrogel (HyStem-HP) to accelerate bone regeneration in a rat critical-sized calvarial bone defect model. BMMSC-EVs were demonstrated to enter osteoblasts and deliver osteogenic miRNAs by endocytosis and thus to modulate osteogenesis-related gene marker expression and hence differentiation in vitro, and hydrogels loaded with EVs enhanced bone formation in vivo, where miR-196 might be involved in bone regeneration. It is interesting to note that the role of osteogenesis-relevant molecules has been determined to improve the efficacy of EVs therapies. Chen et al. (2019) used commercial hydrogels (Glycosan Biosystems) embedded with hAD-MSC-derived EVs that overexpressed miR-375 to evaluate the effect on bone regeneration. The engineered hydrogel displayed a slow and sustained exosome release process, and in vivo studies showed that exosomes (miR-375) loaded with hydrogel promoted bone regeneration in calvarial defects in a rat model. In the study carried out by Zhang et al. (2019), effects on angiogenesis and bone repair were observed in a rat model of femoral fracture by applying hydrogel (HyStem-HP) incorporating uMSC-derived exosomes. The positive effects of uMSC-derived exosomes on enhancing bone fracture repair may be attributed to the upregulation of HIF-1α and the control of VEGF gene expression during angiogenesis. However, the effect of exosomes on enhancing osteoblast differentiation was not observed in a subsequent in vitro study. Qayoom et al. (2019) also proposed the role of EVs in a femur neck canal defect model in osteoporotic rats as a biological carrier facilitating bone formation and controlling the dosage of BMP. They used nano cements to deliver BMPs, exosomes, and bisphosphonates, which improved biomechanical strength in the defect. Recently, Yang et al. (2020) isolated hUCMSC-derived exosomes and fabricated an injectable HAP-incorporating in situ cross-linked hyaluronic acid-alginate (HA-ALG) hydrogel scaffold to realize the controlled delivery of exosomes as well as the physical support of defects. The release rate of exosomes from the system was approximately 71.2%, and the integration of exosomes and the hydrogel also resulted in a bone reparative effect in a rat calvarial bone defect model.


TABLE 2. Summary of the scaffold-mediated EVs delivery system for bone regeneration.
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FIGURE 5. The enhanced osteogenic effect of exosome/β-TCP scaffolds. Exosomes derived from human-induced pluripotent stem cell-derived mesenchymal stem cells were loaded with β-TCP, and the osteogenesis effect in a rat model of critical-sized calvarial bone defects was evaluated at 8 weeks post-operation. (A) The different effects on repair of β-TCP alone or different concentrations of exosomes on three-dimensional reconstruction and sagittal images. (B,C) BV/TV and BMD differed between groups. (D) The formation and mineralization effect of new bone at 8 weeks post-operation was identified via fluorochrome-labeling histomorphometrical analysis. (E) Proportion of the fluorochrome area for all groups. The exosome/β-TCP system was shown to facilitate bone repair more remarkably than pure β-TCP scaffolds. Reproduced from Zhang et al. (2016). β-TCP, tricalcium phosphate; Exo, exosome; BV/TV, the ratio of bone volume to tissue volume; BMD, the bone mineral density.


Additionally, a demineralized bone matrix (DBM) with a certain 3-dimensional (3D) structure with specific osteogenic induction ability and tissue biocompatibility was fabricated. Xie H. et al. (2017) functionalized DBM scaffolds with BMMSC-derived MVs and demonstrated that increased angiogenic and osteogenic effects were observed in a model of ectopic subcutaneous bone formation in nude mice, whereas decalcification could also cause a deficiency in mechanical strength and stress (Marcos-Campos et al., 2012; Li et al., 2013). Therefore, to achieve improved osteogenic properties, modifications of EV/biomaterial osteogenic systems need to be further explored.



METHODS FOR THE MODIFICATION OF BIOMATERIALS TO FACILITATE EVs APPLICATIONS IN BTE

Current modifications to improve the osteogenic effect of EV/scaffold treatment can be broadly divided into two categories. One category focuses on the process of loading EVs into scaffolds to achieve efficient transportation to defect sites and controlled release of EVs. The other category involves the interaction between EV/scaffold and the microenvironment, which would affect signal regulation and the proliferation and differentiation of stem cells to repair bone injuries. It has been widely accepted that the biological behaviors of cells as well as those of tissues are associated with the design and properties of biomaterials (Li et al., 2017). More importantly, some functions of biomaterials are influenced by biological responses, and the characteristics of biomaterials themselves would offer biological cues to modulate cell behaviors and ultimately increase tissue regeneration. Herein, we summarize modification methods described in recent studies to facilitate EVs delivery efficiency in BTE in terms of three main aspects.


Pore Parameters

In EV-mediated cell-free therapy, appropriate pore parameters are necessary to sustain the controlled release ability of scaffolds. The pore sizes are relevant to cell migration and proliferation, and the increase in porosity leads to enhanced permeability as well as the loss of mechanical properties. Although there is still no consensus on the specific optimal values of pore size or porosity, a higher porosity (more than 90%) with a range of pore sizes (10–200 μm) is recommended to maintain proper mechanical properties (Boyan et al., 2002; Perez and Mestres, 2016). Liu X. et al. (2017b) reported the use of EVs encapsulated in a photoinduced imine crosslinking hydrogel glue and tested the exosome retention ability of the exosome-complexed hydrogel tissue patch (EHG). Based on classical rubber theory, the pore size of the hydrogel was theoretically 25 nm, which was smaller than that of exosomes, allowing the majority of the exosomes to be retained inside the scaffold. This indicated that EHG could effectively retain exosomes inside the hydrogel, and over 1 × 1010 mL–1 of exosomes per day were released, resulting in the acceleration of cartilage defect repair (Liu X. et al., 2017b). Another study by Gandolfi et al. (2020) produced mineral-doped PLA-based scaffolds enriched with EVs to evaluate the osteogenic effects on hAD-MSCs. They showed a dynamic change after depositing exosomes on the surface of the scaffold; as the PLA matrix partially degraded, the formation of a calcium phosphate layer partially filled the pores and led to a decrease in porosity, which influenced the biological behavior of the hAD-MSCs.



Electrostatic Interaction

Another attractive aspect of modifying EVs delivery systems is based on electrostatic interactions. The charge and potential of EVs membranes could affect their interactions with biomaterials (Gerlach and Griffin, 2016). Studies have shown that the average potential of exosomes is approximately 40 mV, and the negatively charged phospholipid membranes of EVs are responsible for their negatively charged status (Sokolova et al., 2011; Charoenviriyakul et al., 2017). In addition, the charged residues carried by the EVs glycocalyx also influence the interaction of EVs with biomaterials through attraction or repulsion (Gomes et al., 2015; Gerlach and Griffin, 2016). In applications in bone regeneration, polyethylenimine (PEI), as a positively charged biocompatible polymer with low toxicity and high biological activity, has been exploited in the engineering of negatively charged EVs (Werth et al., 2006). Diomede et al. (2018b) employed PEI to enhance the adhesion of EVs onto a 3D PLA biomaterial to regenerate bone defects induced in rat calvaria. The results suggested that the number of EVs inside the cells of the PEI-EV group was higher than that of the non-engineered-EV group, which could be ascribed to the use of cationic PEI to favor internalization via proteoglycan binding. The team also designed a biocompatible osteogenesis system composed of collagen membranes (Evolution [Evo]) and hPDLSCs enriched with PEI-EVs, and the similar results indicated that PEI-EVs were involved in activating osteogenesis (Diomede et al., 2018a).



Bioactive Adhesion

Bioactive adhesion between EVs and scaffolds is an important factor in achieving ideal bone regeneration. MSC-EVs were verified to express several adhesion molecules found in MSCs, including CD44, CD29 (β1-integrin), CD73, and α4- and α5-integrins (Bruno et al., 2009). Narayanan et al. (2016) found that MSC-EVs could combine with extracellular matrix proteins such as type I collagen and fibronectin, which are the two main components of the ECM. Therefore, fibronectin-coated DBM scaffolds were generated before loading EVs to enhance the adherence of EVs to the biomaterials. EVs were shown to remain adherent for a longer time and to be released evenly after several washes with phosphate-buffered saline, and the proangiogenic and pro-osteogenesis activities of the EV-modified scaffolds were also verified (Xie H. et al., 2017). Likewise, PDAs employed in tissue engineering have the specific ability to produce high adherence in anchoring substances onto substrates (Ho and Ding, 2014). Li W. et al. (2018) proved that the use of a cell-free osteogenic system with PLGA/pDA scaffolds to immobilize exosomes was effective in promoting the migration and homing of hASCs and osteogenic induction in vivo.



LIMITATIONS AND FUTURE PERSPECTIVES

EVs exert beneficial effects on bone regeneration, facilitating osteogenesis and enhancing mineralization as well as vascularization. As an emerging tool for cell-free therapies, EVs have attracted great attention and have been tested in numerous in vivo and in vitro studies. However, most clinical trials of EVs have been focused on the treatment of cancer and nervous system diseases (Chung et al., 2020), while few trials of EVs in bone regeneration have been performed. To date, only one clinical study (ClinicalTrials.gov, Identifier: NCT04281901) of bone disease involving EVs has been performed, in which extracellular vesicle-rich plasma (PVRP) was compared with platelet-rich plasma (PRP) for the treatment of chronically inflamed postsurgical temporal bone cavities. One of the reasons that EV-involved BTE products are still far from ideal for use in clinical applications and industrial production is that there is currently no consensus on the best method of enrichment and purification, and the effective concentration of EVs among current studies in the field of regeneration have not been clarified. Furthermore, as various biomaterials have been created, the modification of scaffold design and production techniques have tremendously boosted the efficiency of bone regeneration. Therefore, EVs loaded in bioscaffolds have the considerable potential to bypass a critical bottleneck of traditional therapies for bone defects. Some potential evidence from fields besides bone regeneration indicates that it is possible to control EVs to be delivered by scaffolds via pH-response release systems based on the Schiff base reaction (Cardoso et al., 2015; Wang et al., 2019), the use of an electrospun nanofibrous reservoir layer with hydrophobic properties and ionic interactions based on the electrospinning technique (Mašek et al., 2017), and aquaporin-mediated EVs deformability in water permeation (Fuhrmann, 2020; Lenzini et al., 2020). Since the effects of scaffolds loaded with EVs are influenced not only by the active components and adhesion but also the degradation rate, stress distribution and mechanical properties of scaffolds, the standardization of manufacturing processes as well as the application of regulations remain to be clarified. In conclusion, a better understanding of the promise of EVs therapy will be obtained when a body of evidence from preclinical and clinical studies of biomaterial-mediated EVs therapies is carefully taken into account.
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Chemical oscillatory reactions have attracted intensive attention due to their autonomous, continuous, and periodic features. Herein, the radicals generated in Belousov-Zhabotinsky (BZ) oscillator was used to initiate RAFT (reversible addition-fragmentation chain transfer) polymerization of 2-methoxyethyl acrylate (MEA) extending from hydrophilic poly(ethylene glycol) chain transfer agent (PEG-CTA) to give amphiphilic block copolymer, which self-assembled into collective objects with a size ranging from sub-micron to micron. Small-to-giant polymer vesicles could be generated using the above-mentioned BZ-PISA technology, the encapsulation of active BZ recipe into the vesicles also endorses the vesicles with growing features with potential for drug delivery and biomedical applications.

Keywords: chemical oscillation, PISA, polymeric vesicles, self-assembly, biomimetics

Chemical oscillatory reactions have been developed to mimic the behaviors of biochemical oscillations ubiquitously existing in natural living systems, characterizing as periodic, autonomous, and continuous (Kurin-Csörgei et al., 2005; Horváth et al., 2009). Among them, the BZ reaction, firstly developed as the non-organic analog to the Krebs cycle in 1951, is the mostly studied chemical oscillators in non-linear and systems chemistry (Horváth et al., 2009; Nogueira et al., 2014; Ruiz-Mirazo et al., 2014). And due to its stable, long-lasting, and repeatable oscillation features, BZ reaction has also been employed in the development of chemical tuning machine and chemical analog of noisy “metabolism” system, to handle information (Srivastava et al., 2018). The combination of BZ reaction with soft matters or polymeric systems has also led to numerous applications, such as the generation of self-beating or self-oscillating gels, colloidosomes, vesicles, and polymer brushes as well as chemomechanical coupling systems (Pereira de Souza and Perez-Mercader, 2014; Tamate et al., 2014, 2016; Masuda et al., 2015, 2016, 2018; Ren and Perez-Mercader, 2018; Onoda et al., 2017; Hu and Pérez-Mercader, 2018).

Recent years, BZ reaction has been introduced into artificial cell models development, the autonomous self-oscillating feature of BZ reaction allows the oscillating BZ reaction encapsulated liposomes, self-assembled from amphiphilic lipid, to function independently from its surroundings (Tomasi et al., 2014). And in terms of artificial cell models, polymersomes, self-assembled from amphiphilic copolymers, has attract more attentions due to that polymersomes possess higher amphiphilic molecular weights and broader chemical choice over that of lipids (Ren and Perez-Mercader, 2018; Rideau et al., 2018; Guo et al., 2019). The fact that polymerization need radicals and BZ reaction produce radicals further connect BZ reaction and polymersomes together, especially in the context of BZ reaction coupled polymerization induced self-assembly (BZ-PISA) (Bastakoti and Perez-Mercader, 2017a,b; Bastakoti et al., 2018). In BZ-PISA, the radicals produced in BZ reaction are used to drive polymerization of hydrophobic monomer extending from hydrophilic macromolecular RAFT agent to give amphiphilic block copolymers, which concurrently self-assembled into micelles and finally transformed into giant vesicles along with the packing parameter change in the course of the ongoing polymerization (Israelachvili, 2011; Tomasi et al., 2014; Rideau et al., 2018; Cheng and Pérez-Mercader, 2019; Guo et al., 2019). Comparing with conventional PISA that always gives nano-sized vesicles, BZ-PISA leads to giant vesicles benefiting from the autonomous BZ reaction and the hypersaline environment. The encapsulation of an active oscillatory chemical reaction within the polymer vesicles also endow them with important extra functionalities, including the information handling ability mentioned above, because BZ reaction can be used in chemical communication (Pérez-Mercader et al., 2017), and as a chemical turning machine (Albertsen et al., 2017). However, detailed investigation of the polymerization and self-assembly process in BZ-PISA using hydrophilic monomer that polymerized into hydrophobic block has never been documented.

Herein, the radicals generated in BZ reaction is used to drive the polymerization of 2-methoxyethyl acrylate (MEA), a water soluble monomer that becomes hydrophobic after polymerization, extending from hydrophilic poly(ethylene glycol) chain transfer agent (PEG-CTA) to give amphiphilic deblock copolymer, poly(ethylene glycol)-block-poly(2-methoxyethyl acrylate) (PEG-b-PMEA) (Figure 1). The polymerization process of PEG-b-PMEA in BZ-PISA with different target degree of polymerizations (DPtargets) for MEA of 200, 400, and 600 are studied in detail. And the concurrent self-assembly process the morphologies of different samples at different time is also well investigated.
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FIGURE 1. Synthesis of PEG-b-PMEA copolymer via BZ-PISA.


In pure BZ oscillatory reaction (Supplementary Figure S1), the Ru catalyst oscillating between Ru2+ and Ru3+, resulting in the redox potential oscillation in between ∼860 and ∼1050 mV, with an average period of ∼100 s and an average oscillation amplitude of ∼160 mV. In the BZ-PISA experiments, the mixed solution of PEG-CTA and MEA monomer are fed to the BZ solution, and the reaction mixture is stirred at 200 rpm (Figure 1). Foil film protection is applied to avoid any visible light-induced oxidation/reduction of Ru catalyst, which is also a radical formation process that was used to generate giant vesicles using photo PISA (Albertsen et al., 2017; Ren and Perez-Mercader, 2018). In the case of BZ-PISA for PEG-b-PMEA (DPtarget = 200), there is a long induction time of ∼70 min (Figure 2A), implying that the consumption of radicals by polymerization temporarily suspended some critical steps in the oscillation cycle documented in previous literature (Bastakoti and Perez-Mercader, 2017a,b), thus affected the oscillatory regime of BZ reaction. After that, the oscillation is restored, with an average period of 102 s and a smaller amplitude of 132 mV. For BZ-PISA of PEG-b-PMA with a DPtarget of 200, the monomer conversion increased with reaction time increase, the final monomer conversion at 120 min was determined to be ∼90% (Figure 2B). Similarly, the final monomer conversions at 120 min for BZ-PISA of PEG-b-PMEA400 and PEG-b-PMEA600 were all higher than 90% (Figure 3). The oscillation of BZ-PISA for PEG-b-PMEA exhibited different features compared with the oscillation in pure BZ. As shown in Figure 2C (lower panel), in the oscillatory region, the minimum potential of each oscillation period kept increasing from ∼690 to ∼775 mV. While, in pure BZ oscillatory reaction (Figure 3), the minimum potential of each period kept decreasing from ∼1000 to ∼875 mV (Figure 2C, topper panel). In the cases of BZ-PISA using other monomers, including butyl acrylate (BA) (Bastakoti and Perez-Mercader, 2017a), acrylonitrile (Bastakoti and Perez-Mercader, 2017b), and ethyl acrylate (Bastakoti et al., 2018), the minimum potential of each period also exhibited deceasing trends. This unique feature for BZ-PISA of PEG-b-PMEA might relate to the special chemical structure of MEA, which contains an ethylene glycol unit and an ether group on the side chain, very similar chemical structure with that of PEG. The 1H-NMR spectra of the purified PEG-b-PMEA polymers with different DPtargets and PEG, PEG-CTA are shown in Figure 2D. With the PEG peak (a in Figure 2D) being kept nearly the same, the integration areas from the peaks of PMEA (b to f in Figure 2D, the 1H-NMR spectrum of MEA monomer is presented in Supplementary Figure S2 for comparison) became bigger and bigger in the spectra of PEG-PMEA200, PEG-PMEA400, to PEG-PMEA600, indicating the successful introduction of more MEA units into the block copolymers when the feeding ratios of MEA to PEG increased. For BZ-PISA of PEG-b-PMEA600, along with reaction time increasing, the increase of the areas of PMEA peaks in the 1H-NMR spectra can be clearly observed in Figure 4. These results indicate the decent controllability of BZ-PISA in terms of polymerization and the mutual effect between polymerization and oscillation, which was not detailed documented in previous literatures.
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FIGURE 2. Redox potential oscillation curve (A) and monomer conversions (B) in the course of BZ-PISA for PEG-b-PMEA with a DPtarget of 200. (C) Change of the minimum potentials of every periods for pure BZ reaction and BZ-PISA of PEG-b-PMA with a DPtarget of 200. (D) 1H-NMR spectra of PEG, PEG-CTA and the purified final products of BZ-PISA for PEG-b-PMEA (DPtarget = 200, 400, and 600) after 2 h reaction.
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FIGURE 3. Monomer conversions of BZ-PISA for PEG-b-PMEA with a DPtarget of 400 and 600 at different time points.
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FIGURE 4. 1H-NMR spectra of BZ-PISA samples for PEG-b-PMEA (DPtarget = 600) withdrawn at different time points.


The self-assembly of the obtained amphiphilic block copolymers concurrent with BZ-initiated RAFT polymerization was studied by DLS and TEM measurements (Figure 5). To reflect the real situation and eliminate the reaction time during sample transport, the DLS tests were conduct on site of BZ-PISA reaction. Since MEA is water soluble, just after mixing MEA monomer with BZ recipe, the solution was totally transparent. Along with the dispersion radical polymerization, the solution became more and more turbid. As shown in Figure 5A1, For BZ-PISA of PEG-b-PMEA with a DPtarget = 200, the hydrodynamic diameters of the self-assembled structures increased from 267 nm at 30 min to 491 nm at 120 min. Vesicular structures are observed from the TEM images of the 60-min sample, and vesicle budding and division can be clearly seen (Figure 5A2 and Supplementary Figure S3), which is further proved by the show up of ellipse and pear-shaped structures in the enlarged TEM images (Supplementary Figure S3). For BZ-PISA of PEG-b-PMEA with a DPtarget = 400, similar hydrodynamic diameter increase but at a larger scale, from 520 nm at 30 min to 904 nm at 120 min, was also observed (Figure 5B1), and bigger vesicles than that of DPtarget = 200 sample at 60 min were obtained after 60 min reaction (Figure 5B2). While, when DPtarget = 600, the hydrodynamic diameters of the self-assembled structures kept decreasing from 3.19 μm at 30 min to 2.01 μm at 120 min (Figure 5C1). In our experiment, the molar amount of PEG-CTA was kept unchanged, increasing of DPtarget means the increase of monomer content in aqueous solution. At higher monomer content, in the beginning of BZ-PISA reaction, MEA molecules might exist as droplets which were stabilized by the synthesized amphiphilic PEG-b-PMEA polymers, or the monomers were encapsulated in the inner cavity of the self-assembled polymersomes. Thus along with the consumption of monomer by polymerization, the sizes of the self-assembled structures kept decreasing. Polymer vesicles with bigger diameters were observed for the BZ-PISA of PEG-b-PMEA600 sample at 60 min (Figure 5C2).
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FIGURE 5. Hydrodynamic diameters of the self-assembled structures of BZ-PISA for PEG-b-PMEA at different time points in situ monitored by DLS and corresponding TEM images of the 60-min samples: (A1,A2) DPtarget = 200; (B1,B2) DPtarget = 400; (C1,C2) DPtarget = 600.


To further confirm the generation of giant vesicles through one-pot BZ-PISA, cryo-SEM study on the final product at 120 min of the PEG-b-PMEA with a DPtarget = 600 was conducted, the results are shown in Figure 6. Cryo-SEM can reflect the real state of the self-assembled structures by freezing the aqueous sample quickly in frozen liquid nitrogen (pretreated under vacuum) to eliminate the formation of ice crystals, and with the help of freeze-fracture, the cross sections and possibly inner features of the self-assembled structures could be captured. From Figure 6, freeze-fractured hollow structures with a diameter ∼ 2 μm could be observed, the cross sections of the vesicle membranes can also be clearly seen. Deformed and collapsed vesicle membranes, which can be clearly seen in Figures 6C,D, reflect the soft feature of the polymersomes. The thickness of vesicle membrane is measured to be ∼30 nm (Figure 6D), which is in the range of 5–50 nm, the reported thickness of the bilayer of polymersomes (Rideau et al., 2018). The cryo-SEM results further confirm the formation of polymer vesicles in BZ-PISA of PEG-b-PMEA.
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FIGURE 6. Cryo-SEM images of the self-assembled structures of BZ-PISA for PEG-b-PMEA (DPtarget = 600) sampled at 120 min.


In conclusion, using the radicals generated in Belousov-Zhabotinsky (BZ) oscillator as initiator, a water soluble monomer, MEA, which became hydrophobic after polymerization, was polymerized extending from the active end of PEG-CTA via RAFT polymerization. The obtained amphiphilic block copolymer was concurrently self-assembled into sub-micron to micron sized collective objects. By adjusting the feeding ratio of MEA monomer to PEG-CTA from 200, 400, to 600, through one-pot BZ-mediated polymerization induced self-assembly (BZ-PISA), polymer vesicles with sizes ranging from 100 nm to ∼2.0 μm were autonomously generated from simple non-amphiphilic building blocks. The encapsulation of active BZ recipe into polymeric giant vesicles endorses them with additional functionalities, including information handling capability, brings closer to the development of functional microreactor as artificial living system.


EXPERIMENTAL PART


Materials

Poly(ethylene glycol) 4-cyano-4(phenylcarbonothioylthio) pentanoate (PEG-CTA) was synthesized according to the literature, via the esterification reaction between methoxy poly(ethylene glycol) (mPEG, molecular weight = 1900 Da, Fluka), 4-cyano-4-(thiobenzoylthio) pentanoic acid (CTA, Strem) with the help of N,N′-dicylohexylcarbodiimide (DCC, Sigma-Aldrich) and N,N′-dimethylamino -pyridine (DMAP, Alfa Aesar) (Szymanski and Perez-Mercader, 2016). Methanol-d4 for 1H-NMR tests, was purchased from Cambridge Isotope Laboratories, Inc., 2-Methoxyethyl acrylate (MEA, Sigma-Aldrich), sodium hydroxide (NaOH, Sigma-Aldrich), sodium bromate (NaBrO3, Sigma-Aldrich), malonic acid (MA, Sigma-Aldrich), tris(2,2′-bipyridyl) dichlororuthenium(II) hexahydrate (Ru(bpy)2Cl3, Sigma-Aldrich), sulfuric acid (H2SO4, 10 Normal, Ricca Chemical Company), anhydrous dichloromethane (DCM, Sigma-Aldrich), N,N-dimethylformamide (DMF, HPLC grade, VWR), and lithium bromide (LiBr, anhydrous, 99.99%, VWR) were used without further purification.



General Measurements

The redox potential change of the reaction system during polymerization was monitored by a Benchtop pH/mV Meter (Sper Scientific Direct) equipped with a MI-800 Micro-ORP Electrode (Microelectrodes Inc.), redox potential values were collected once per second. The hydrodynamic size of samples collected at different time points was measured by dynamic light scattering (DLS) analysis using a Delsa Nano C particle size and zeta potential analyzer (Beckman Coulter, Inc.). 1H-NMR spectra of monomer and polymers were recorded on a 500 MHz Varian Unity/Inova 500B spectrometer using methanol-d4 as the solvent. Morphology of the self-assembled structures was observed under transmission electron microscope (TEM, FEI Tecnai Cryo-Bio 200KV FEG TEM), field scanning electron microscope (FESEM, Supra 55VP) and/or Scanning electron cryomicroscopy (Cryo-SEM) [Zeiss NVision 40 focus ion beam scanning electron microscope (FIB-SEM)].



Method

The BZ coupled PISA (BZ-PISA) process is briefly described here. 17.3 mg PEG-CTA (8 μmol) was dissolved in 15.465 mL ultrapure water. 1 mL malonic acid (MA, 0.6 M), 2 mL sodium bromate (NaBrO3, 1.0 M), 1.2 mL H2SO4 (5.0 M), 206 μL MEA monomers [1800 μmol, target degree of polymerization (DPtarget) = 200], and 0.235 mL Ru(bpy)3Cl2 (8.5 mM) were added in sequence and stirred at 200 rpm at room temperature. The redox potential change of the reaction system was monitored just after the addition of all reactants. An aluminum foil was applied to protect the reaction vessel from room light. At pre-set time points (0, 30, 60, 90, and 120 min), 60 μL reaction mixture was sampled out, neutralized with proper amount of NaOH, freeze-dried to remove unreacted monomer and then dissolved in 540 μL methanol-d4 for 1H-NMR measurement. Fresh samples collected at 30, 60, 90, and 120 min were used for DLS analysis immediately. The morphology of the self-assembled structures of samples collected at 30, 60, 90, and 120 min was observed by TEM, SEM and/or Cryo-SEM. After 2 h reaction, the reaction mixture was collected, neutralized and then dialyzed against deionized water using a dialysis tubing with a molecular cut-off of 1000 Da for 3 days. Water was changed every 2 h in the beginning 6 h and every the other day after.

BZ-PISA of PEG-b-PMEA with a DPtarget = 400 and 600 were also conducted. The amount of monomer was kept unchanged, but the amount of PEG-CTA was adjusted accordingly to obtain a DPtarget = 400 or 600. Pure BZ reaction was also conducted using the same recipe without adding PEG-CTA and monomer.
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We discovered a unique fluorescent enhancement of dye encapsulated polymeric nanoparticles, which strongly depended on the polymeric matrix. Interestingly, the polymer nanoparticles containing a NIR emissive dye exhibited remarkable enhancement of emission encapsulated by the polymer amphiphilic polymer containing polystyrene (PS) moiety, whereas the nanoparticles showed weak fluorescence when using other polymer encapsulation. The highest fluorescent quantum yield of nanoparticles can reach 27% by using PS-PEG encapsulation, where the strong NIR fluorescence can be observed. These ultra-bright fluorescence nanoparticles also possess a strong three-photon fluorescence and show a good candidate for in vivo vascular three-photon fluorescence imaging of mouse brain and ear under 1550 nm fs laser excitation. A fine three-dimensional (3D) reconstruction with an imaging depth of 635 and 180 μm was achieved, respectively. We further demonstrate that these nanoparticles can effectively target the sentinel lymph node (SLN) of mice.
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INTRODUCTION

Fluorescence imaging plays a very significant role in the fields of life science and biomedicine (Situ et al., 2016; Wang et al., 2017; Zhen et al., 2018)since it can offer high spatial resolution (Rust et al., 2006; Zhen et al., 2018) and sensitivity (Baddeley et al., 2011) to bio-samples. Deep tissue fluorescence imaging has attracted great research attention in clinical diagnosis and biomedical research, including functional brain imaging (Axelrod, 2001) sentinel lymph node mapping (Kobat et al., 2011; Qi et al., 2018; Zheng et al., 2018) and tumor targeting (Wu et al., 2017). The focusing ability and penetration depth of a light beam are limited by the optical absorption and scattering of biological tissue. Thus, the depth of fluorescence imaging is usually limited, which is a bottleneck in practical biomedical applications. Among these imaging techniques, near infrared (NIR) fluorescence imaging (Shao et al., 2015; Li et al., 2016; Song et al., 2016; Feng et al., 2017) and multi-photon excited fluorescence microscopy have become two deep-tissue fluorescence imaging approaches because of their potential abilities to overcome tissue absorption and scattering. Three-photon fluorescence microscopy, which has the advantages of a high signal-to-noise ratio, high penetration depth and spatial resolution, shines in the field of biological imaging.

Over the past few decades, various fluorescent materials, such as semiconductor quantum dots, fluorescent carbon dots, metallic nanoclusters and organic fluorescent small molecules and nanoparticles, have been developed and extensively investigated for biological imaging applications (Liu et al., 2019). Among them, fluorescent polymer nanoparticles have shown great potential in bioimaging, diagnostics, drug delivery and therapy owing to their unique optical and electronic properties, easy functionalization and excellent biocompatibility (Qi et al., 2016; Ma et al., 2017). However, conventional organic dyes suffer from several problems, such as a small Stokes shift and aggregation-caused quenching (ACQ) effects (Qian et al., 2009; Massin et al., 2011; Wang et al., 2011; Lu et al., 2016; Fateminia et al., 2017). AIE molecules, which were discovered by Tang et al. (Liu et al., 2011; Shi et al., 2012), are organic compounds with excellent emission properties in the aggregated state or solid state that provide a novel approach to achieve high emission by manipulating the aggregated state. Recently, many kinds of AIE-based nanoparticles have been developed by using different methods to form fluorescent nanoparticles, such as AIEgens encapsulated into a polymer matrix and covalently binding AIEgens to polymers (Wang et al., 2013, 2016; Zhang et al., 2015; Yan et al., 2016). However, until now, reports of fluorescent nanoparticles, such as those with aggregation-dependent and fascinating luminescent properties, have been rare, probably due to the difficulty of molecular design and aggregation structure manipulation. High performance and expanded applications are therefore anticipated. Guidelines are available for specific molecular design to fine-tune the luminescent characteristics using a specific aggregation model for developing efficient fluorescent nanoparticles that can be utilized in biological imaging (Alifu et al., 2017; Qian and Tang, 2017). In this paper, we present a successful example of high-performance NIR fluorescent nanoparticles via manipulation of an encapsulation polymeric matrix based on the AIEgen 2-(4-bromophenyl)-3-(4-(4-(diphenylamino)styryl)phenyl)fumaronitrile (TB). Owing to the excellent optical characteristics, with both a high fluorescence quantum yield reaching 27% and strong three-photon fluorescence, these nanoparticles showed great potential applications for in vivo three-photon imaging and sentinel lymph node (SLN) mapping. Following such a strategy, additional nanoparticles with high-infrared fluorescence emission can be reasonably designed, which will provide more dye selection for fluorescent imaging.



MATERIALS AND METHODS

TB was synthesized according to our previous work (Alifu et al., 2017). PS-PEG and other chemical regents which not specially mentioned were purchased from Sigma Inc., The deionized water (DI water, 18.2 MΩ cm resistivity) obtained from the system has been utilized in all the experiments Using a Shimadzu UV-3600 UV-vis spectrophotometer to measure UV-vis absorption spectra. Using a Malvern Zetasizer Nano ZS size analyzer to measure dynamic light scattering (DLS) and zeta potential at room temperature.

Fluorescence quantum yield was measured using a Hitachi F4500 spectrofluorophotometer. Rhodamine B (excitation wavelength: 365 nm) was used as a standard to determine the fluorescence quantum yields of the nanoparticles.


Preparation of the Nanoparticles (NPs)

TB was dissolved in tetrahydrofuran (THF) to make a 1 mg/mL stock solution. Four polymers were dissolved in THF to form a 2 mg/mL polymer solution. First, 500 μL of polymer solution (PS-PEG, PSMA, PIMA, F127) and 100, 66.7, 50, 40, and 33.3 μL of the TB stock solution was placed into 2 mL Eppendorf tubes. Different amounts of THF were added to dilute to 1 mL uniformity with mixing and obtain mixtures with a weight ratio of TB to polymers of 1:10, 1:15, 1:20, 1:25 and 1:30. The mixture was rapidly added to 5 ml deionized water, and the nanoparticles were formed after ultrasonic treatment. The THF was evaporated by continuous blowing nitrogen on a 78°C hot plate. A 220 nm filter head was used to obtain a transparent red NP aqueous solution.



Cell Culture

The cytotoxicity of TPABDFN-PSMA nanoparticles toward HeLa cells was evaluated by following the instructions of cell counting kit-8 (CCK-8). A total of 5000 cells/well in a 100 mL suspension were incubated in 96-well plates for 24 h. Then, 100 mL of fresh culture medium containing PS-PEG@TB NPs at various concentrations (ranging from 0 to 120 μg/mL) was added into each well. The cells were first incubated for 24 h, then remove the medium, and the cells were washed with PBS for 3 times. Finally, 100 mL medium containing CCK-8 (10%) was added to each well for 2 h, and using a microplate reader (Thermo, United States) to measure its absorbance at 450 nm.



Measurement of the 3PL of PS-PEG@TB NPs

The three-photon fluorescence spectrum of PS-PEG@TB NPs measured by the optical system is shown in Figure 3A. Adopting a 1550 nm femtosecond laser (FLCPA-01C, Calmar Laser, 400 fs, 1 MHz) as the light source. The laser beam was focused on a cuvette containing the PS-PEG@TB NP solution via a lens (focal length: 5 cm). The 3PL was received vertically using an objective lens (25 × 1.05 NA) and then directed into the spectrometer (PG 2000, Ideaoptics Instruments) after filtering via a 980 nm short-pass filter.



Optical System for 3PL Imaging

The 1550 nm fs laser was coupled to an upright confocal microscope (Olympus, BX61W1-FV1000). After passing through a scan lens and a tube lens, the laser beam was focused onto the sample by a water-immersed microscope objective (XLPLN25XWMP2, Olympus, 25 1.05 NA). The imaging sample could be a glass capillary tube filled with an aqueous dispersion of PS-PEG@TB NPs or the brain or ear of a live mouse. 3PL signals were epi-collected with the same objective and then passed through a customized 1035 nm short-pass dichroic mirror and a 590 nm long-pass filter (removing the excitation light and ambient noise). Then, the remaining fluorescence signals were collected using an external photomultiplier tube (HPM-100-50 Becker & Hickl GmbH) via non-descanned detection (NDD). Pictures were collected every 5 μm along the Z-axis, and 3D imaging was reconstructed by Z-scan stacks.



In vivo Imaging of the Blood Vessels of the Mouse Brain

Microsurgery of the cranial window on the mouse brain was performed. Briefly, the mice were anaesthetized, and a small piece of skull was excised using a dental drill. Microsurgery was performed under sterile conditions to avoid infection and damage. The mice were then intravenously injected with 200 mL of a PBS (1×) solution of PS-PEG@TB NPs (1 mg/mL) and placed under the aforementioned multi-photon scanning microscope after being anaesthetized. To ensure that the mice could live well during the whole brain vascular imaging process, the body temperature of the mice was maintained at 37 ± 1°C during the experimental period. For the description of the immobilization of mouse heads and how the objective of the upright multi-photon scanning microscope was arranged to contact the mouse brain, we refer to Qian’s previous work (Qian et al., 2012). The 3PL signals of PS-PEG@TB NPs (from the brain blood vessels) were received using the 3PL imaging system.



In vivo Imaging of the Blood Vessels of the Mouse Ear

Three hundred milliliters of PS-PEG@TB NPs in 1 × PBS solution (1 mg/mL) was intravenously injected into the mice. The mice were anesthetized and placed on a Petri dish with one ear attached to the coverslip and placed under the aforementioned optical system for 3PL imaging.



SLN Mapping of Mice

To investigate the SLN mapping of PS-PEG@TB nanoparticles in mice, we intradermally injected 0.1 mL nanoparticles (in 5% glucose) into the left forepaw pad of nude mice who were then anaesthetized with pentobarbital at various times after the NP injection. The sedated animals were then imaged using the in vivo optical imaging system.



RESULTS AND DISCUSSION


Preparation and Characterization of PS-PEG@TB NPs

TB could be synthesized by our previously reported method whose structure was fully verified by 1H NMR spectroscopy and high-resolution mass spectroscopy (HRMS) (Supplementary Figures S1, S2). As shown in Figure 1A, the TB has two main absorption peaks, mainly due to the π-π∗ transition (Figure 1A). The emission peak of TB reaches the NIR region, which is conducive to biological imaging (Figure 1B; Qian et al., 2012). By taking advantage of the amphiphilic properties of the copolymer, a water-dispersed polymeric micelle can be formed via self-assembly in aqueous solution (Scheme 1). Notably, the nanoparticles doped with TB showed weak emission in solution when encapsulated with the amphiphilic polymer F127. Moreover, the fluorescent quantum yield was approximately 1% when the concentration of dye was changed. This is quite different from most reported AIEgens, which exhibit strong emission after polymeric encapsulation (Ni et al., 2018). However, to our surprise, the nanoparticles showed strong emission when we used another amphiphilic copolymer, PSMA, containing a polystyrene moiety. The nanoparticles showed excellent optical properties, including a maximum absorption at 473 nm, the emission peaking at 671 nm, and more importantly, the fluorescent quantum yield can reach 20% by optimizing the ratio of dye to copolymer (Table 1). In addition, the luminescent feature of the nanoparticles encapsulated by PIMA was similar to those encapsulated by F127, which only changed the polystyrene moiety to polyisobutylene. As shown in Table 1, the fluorescent quantum yield of PIMA@TB nanoparticles showed a slight increase to 5%, which is still much lower than that of the PSMA@TB nanoparticles. These observations show that TB presents a unique luminescent feature when encapsulated by various amphiphilic copolymers. It is worth noting that the main difference between these copolymers is the benzene unit on the side chain of the polystyrene moiety, which shows more hydrophobic properties and larger steric hindrance than flexible alkyl and alkoxy chains. When TB was mixed in a soft polymer matrix, the movement of the polymer segments at room temperature and relatively large free volume between the polymer chains enable the intramolecular motions of TB in the aggregate state. These intramolecular motions can consume excited-state energy and lack emission of TB. Because TB is a multi-aromatic organic compound, the benzene unit may help the dye TB disperse well in the polymeric matrix due to moderate interactions between the polymer side chain and TB. These intramolecular motions can be restricted when TB was dispersed in a rigid polymer matrix, allowing the molecules to decay via radiative channels and show strong emission. The proposed mechanism of AIE behavior is the restriction of intramolecular motions (RIM), which has been demonstrated in many typical AIE system. Therefore, we suggest that TB shows an encapsulation-dependent enhanced emission feature, whose luminescent properties strongly depend on the side chain of the amphiphilic copolymer. In particular, the nanoparticles encapsulated by the polystyrene-containing copolymer boost efficient NIR emission, whereas the fluorescence of the nanoparticles was very weak with low efficiency. To demonstrate our hypothesis, we further fabricated nanoparticles encapsulated by the amphiphilic copolymer PS-PEG, which contains polystyrene and PEG segments. We optimized nanoparticles encapsulated with different polymers (Supplementary Figures S3–S6). Notably, the highest fluorescent quantum yield of 27% was reached when we optimized the doping concentration of the dye as well as the ratio of polymer to dye (Supplementary Figure S7). The blue-shifted emission of nanoparticles encapsulated by PSMA and PS-PEG may originate from the enhanced intermolecular interactions between the benzene ring of polymer and TB, resulting the more twisted molecular conformation in the hydrophobic part. As shown in Figure 2, the nanoparticles present some excellent optical properties, such as a maximum absorption at 483 nm and emission peaking at 665 nm. In addition, the τ of nanoparticles is 4.26 ns (Supplementary Figure S8) and the nanoparticles showed good dispensability with an average diameter of approximately 60 nm (Supplementary Figure S9) and an apparent zeta potential of -12.5 mV (Supplementary Figure S10), which are beneficial to biological imaging applications34 (Ni et al., 2018).
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FIGURE 1. (A) UV–vis absorption and (B) PL emission spectra (excitation wavelength: 365 nm) of TB in THF (10–5 M) and in solid form and encapsulated with PSMA.
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SCHEME 1. Schematic illustration of the preparation of TB loaded NPs.



TABLE 1. Fluorescence quantum efficiency with different polymer proportions.
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FIGURE 2. (A) UV-vis absorption and (B) PL emission spectra (excitation wavelength: 365 nm). (C) DLS distribution and (D) TEM image of PS-PEG@TB NPs.




Cell Viability Analysis

Supplementary Figure S11 shows the relative viabilities of HeLa cells treated with PS-PEG@TB NPs after 24 h. The cells remained over 90% viable even when the concentration of the PS-PEG@TB NPs reached 120 μg/mL, indicating the low cytotoxicity of PS-PEG@TB NPs and further validating their application in bioimaging.



In vivo 3PL Imaging of Mouse Ear Blood Vessels

Owing to the excellent NIR luminescent properties of PS-PEG@TB, we explored their application in a home-built multi-photon system to record the non-linear optical response of the PS-PEG@TB NPs under the excitation of a 1550 nm fs laser. Bright 3PL was observed, accompanied by sharp third harmonic generation (THG), as shown in Figure 3A. The 3PL spectrum of PS-PEG@TB NPs was centered at 655 nm, giving a deep red emission. The inset in Figure 3A shows 3PL imaging of an aqueous dispersion of PS-PEG@TB NPs in a glass capillary tube under 1550 nm fs laser excitation. Red fluorescence can be clearly observed. The power dependence relationship of the PS-PEG@TB NPs was studied under 1550 nm fs excitation. As shown in Figure 3B, the fluorescence intensity of PS-PEG@TB NPs had a very good linear relationship to the cubic of the excitation intensity, indicating that 3PL would be the main non-linear optical process. First, we used a mouse ear blood vessel model to examine the capability of PS-PEG@TB NPs in in vivo 3PEFM imaging. Figures 4A–F shows the images of PS-PEG@TB NPs at various depths of the mouse ear skin under 1040 nm-fs excitation. Aside from the small capillaries located throughout the dermis, major veins and arteries located deeper within the dermis could also be observed. The overall distribution of blood vessels can be observed by stacking the images as shown in Figure 4G. Figure 4H shows a 3D reconstructed image of the blood vasculature network within a region of the ear dermis. Otherwise, the fluorescent intensity of PS-PEG@TB nanoparticles under the 1550 nm laser irradiation show a little reduction over 90 min, demonstrating that PS-PEG@TB have excellent photostability as shown in Supplementary Figure S14. These results indicated that PS-PEG@TB NPs hold great promise as an alternative contrast agent for intravital blood vasculature imaging.


[image: image]

FIGURE 3. (A) Three-photon fluorescence spectra of PS-PEG@TB NPs under 1550 nm fs excitation. (B) Cubic dependence of the three-photon-induced fluorescence of PS-PEG@TB NPs on the excitation intensity of the 1550 nm-fs laser.
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FIGURE 4. 3PL imaging of ear blood vessels of a mouse treated with PS-PEG@TB NPs at various vertical depths: (A) 25 μm, (B) 75 μm, (C) 100 μm, (D) 125 μm, (E) 150 μm, and (F) 180 μm. (G) A stacked three-photon fluorescence image from a depth of 0 to 180 μm. (H) A 3D reconstructed image showing the distribution of the PS-PEG@TB NPs in the ear blood vessels of the mouse. Scale bar: 100 μm.




In vivo 3PL Imaging of Mouse Brain Blood Vessels

PS-PEG@TB NPs were further applied for the in vivo imaging of mouse brain blood vessels under the excitation of a 1550 nm fs laser. As shown in Supplementary Figure S13, PS-PEG@TB NPs emitted a bright 3PL signal in mouse brain blood vessels. As shown in Supplementary Figures S12A–G, the 3PL signal of PS-PEG@TB NPs clearly exhibit the structure of the mouse brain blood vessels at different depths, showing capillaries and even some of the fine structure. At imaging depths from 0 μm (Supplementary Figure S12A) to 385 μm (Supplementary Figure S12D), there are some mainly coarse vessels. At imaging depths from 485 μm (Supplementary Figure S12E) to 635 μm (Supplementary Figure S12G), the blood vessels observed were mainly capillaries. Supplementary Figure S12H is a stacked three-photon fluorescence image from a depth of 0 to 635 μm. A 3D mixed image of the PS-PEG@TB NPs in the blood vessels of the brain of a mouse was reconstructed as shown in Supplementary Figure S13. Reconstructing from different angles can restore the structure of mouse brain blood vessels to the greatest degree, which is beneficial for the exploration of brain science. The deep tissue imaging capability, high spatial resolution, high signal-to-noise ratio, and low thermal damage to biological samples make 3PL imaging very useful for brain vascular imaging of small animals.



PS-PEG@TB NPs for SLN Mapping of Mice

The sentinel lymph node (SLN) can prevent lymphatic spreading out, so its clinical significance is very important. Figure 5A shows the SLN of nanoparticle imaging in mice. SLN is located in a white circle. The change in fluorescence intensity at the SLN after different injection times can be observed. Figure 5B shows a comparison of the luminescence signal at the SLN and the fluorescence signal of the other parts of the mouse (autologous background fluorescence). The results showed that the light intensity of the SLN signal is significantly higher than the background fluorescence signal, and it can be confirmed that the nanoparticles actually reached the SLN. Figure 5C shows the trend of the fluorescence intensity of the SLN after injection at different times. After 30 min, the signal slowly appeared in the SLN. As time went on, the nanoparticles continued to enter the SLN as the body fluid circulated, and the fluorescence intensity reached a maximum after 90 min. The fluorescence signal then began to decay. The signal becomes weak after 150 min. Through signal intensity analysis, this material can be used as a good lymph node contrast agent, which has potential clinical application value.


[image: image]

FIGURE 5. Sentinel lymph node (SLN) imaging of a nude mouse with PS-PEG@TB NPs intradermally injected into the forepaw pad at various times post-injection. (A) Fluorescence imaging (excitation light: 570 nm) of the mouse 15, 40, 60 and 90 min after injection. (B) The fluorescence intensity at different wavelengths with signal and background. (C) The fluorescence intensity of SLNs at different times post-injection.




CONCLUSION

The properties of these nanoparticles were strongly dependent on the composition of the encapsulated amphiphilic copolymer, where the polystyrene moiety can boost emission effectively compared with other non-aromatic polymeric segments. Hence, by using PS-PEG encapsulation to increase the ratio of the polystyrene moiety, the PS-PEG@TB NPs showed near-infrared emission at 665 nm with the highest fluorescent quantum yield of 27% and displayed excellent chemical stability, low toxicity and biocompatibility.

Furthermore, PS-PEG@TB NPs, which possess strong three-photon fluorescence, were utilized as fluorescent contrast agents for 3PL imaging under 1550 nm laser excitation, and for in vivo angiography of a mouse brain and ear, showing good imaging depths of 635 and 180 μm, respectively. We further demonstrated that these nanoparticles can effectively target the sentinel lymph node (SLN) of mice. This study virtually outlines an efficient encapsulation strategy for fabricating highly emissive organic nanoparticles and a high imaging depth multiphoton fluorescence imaging technique is applied in vivo. We believe that PS-PEG@TB NPs will become a good candidate for clinical deep-tissue bioimaging in the future.
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Thermogel Delivers Oxaliplatin and Alendronate in situ for Synergistic Osteosarcoma Therapy
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The therapeutic effect of osteosarcoma (OS) has not made extraordinary progress in the past few decades. Oxaliplatin (OXA) is a widely used clinical anti-tumor drug. Recent studies have shown that OXA can trigger anti-tumor immunity by inducing immunogenic death (ICD). Alendronate (ALN) has been used to threaten the skeletal system tumors because of the unique bone affinity and the ability to inhibit bone destruction. In this study, we co-loaded OXA and ALN on mPEG45–PLV19 thermo-sensitive hydrogel to perform in situ treatment on the mouse OS model. Slowly released OXA can induce immunogenic death of tumor cells. At the same time, thermo-sensitive hydrogels can induce the accumulation of cytotoxic T lymphocytes. Besides, ALN could synergistically diminish tumors and prevent bone destruction. This system could synergistically inhibit the progression of OS and lung metastasis and has no toxicity to various organs throughout the body.
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INTRODUCTION

Osteosarcoma (OS), as the highest incidence of malignant bone tumor, has been harmful to human health (Wang et al., 2020). OS often occurs to adolescents (Tinkle et al., 2019), especially to boys. At present, the standard treatment of OS includes neoadjuvant chemotherapy, surgical resection, and post-operative chemotherapy (Zhang et al., 2020). Despite the deepening of research in this field, there has been no significant improvement in patient survival in recent decades (Harrison et al., 2018). Lung metastasis is an essential factor of the poor prognosis of OS (Huang X. et al., 2019).

In recent years, immunotherapy has provided new directions for the treatment of cancer. Researchers have found that some current chemotherapy drugs can induce immunogenic cell death (ICD) of tumor cells, and the mechanism is related to the induction to apoptosis, including the exposure of calreticulin (CRT) on the cell membrane (Sukkurwala et al., 2014). ICD would release tumor antigens, thereby triggering tumor immune response (Menger et al., 2012; Martins et al., 2014). Platinum drugs are the first-line chemotherapy drugs for the treatment of OS (Cheng et al., 2020). Oxaliplatin (OXA) is the third-generation platinum anti-tumor drug that target DNA as the site of action. Platinum atoms form a cross-link with DNA to antagonize its replication and transcription. Researchers have found that OXA could induce anti-tumor immunity, which produces anti-tumor immune effects by initiating ICD, acting on cellular STAT protein signaling pathway, and regulating the immunosuppression tumor microenvironment (Ghiringhelli et al., 2009; Hato et al., 2014). There is evidence that OS may be sensitive to immunotherapy. The percentage of infiltrating CD8+ T lymphocytes in OS was higher than that in other sarcoma subtypes (van Erp et al., 2017), and the degree of infiltration was positively correlated with survival rate of patients (Gomez-Brouchet et al., 2017). OS has a high level of genomic instability and expresses programmed cell death protein-1 ligand (PD-L1) (Koirala et al., 2016), indicating potential sensitivity to inhibitors of PD-1/PD-L1 pathway (Kansara et al., 2014; Mouw et al., 2017).

Bisphosphonate is a successfully bone resorption inhibitor, which has a strong affinity with hydroxyapatite in bone. It could inhibits the activity of osteoclasts, thus inhibits the bone destruction caused by OS (Blanco et al., 2009). Alendronate (ALN) is one of the most commonly used bisphosphates in the clinic (Uihlein and Leder, 2012). It is mainly used for the treatment of osteoporosis caused by menopause, glucocorticoid disorders, and parathyroid disease (Wang et al., 2017, 2018; Jiang et al., 2020). ALN has achieved satisfactory therapeutic effects in the above diseases.

Thermo-sensitive hydrogel is widely used in biological research (Wei et al., 2017; Liu et al., 2018; Wang C. et al., 2019; Wang Y. et al., 2019; Zhang et al., 2019). It has injectability, suitable gel-forming ability, excellent biocompatibility, degradability, and excellent drug loading capacity (Huang H. et al., 2019). Hydrogel delivery drugs have been extensively studied (Li et al., 2018; Zhang et al., 2018; Ning et al., 2019; Qiu et al., 2020; Zheng et al., 2020). Studies have confirmed that hydrogels are able to serve as an immune adjuvant to recruit immune cells after implantation (Wang Y. et al., 2019).

In this study, polyvaline (PLV) thermo-sensitive hydrogel loaded with OXA and ALN was used for the treatment of OS. We aim to induce the ICD of OS cells through the release of OXA in the tumor site, thereby promoting the tumor immune response. At the same time, PLV hydrogel can recruit immune cells to synergistically enhance the immunotherapeutic effect. In addition, ALN could synergistically treat tumors and protect bone tissue against the damage caused by tumor invasion.



MATERIALS AND METHODS


Cells and Animals

The mouse OS cell line K7M2 is routinely cultured in DMEM medium (Invitrogen) containing 10% neonatal bovine serum (Beijing Solabe Technology Co., Ltd.), and the cells are collected until they grow to about 80%. SPF grade BALB/c female mice (4 weeks) were purchased from Beijing Weitong Lihua Experimental Animal Technology Co., Ltd. for use in vivo anti-tumor experiments of PLV hydrogel. All mice were kept in a clean and pathogen-free environment, the temperature was maintained at 20–22°C, and the light-dark cycle was 12 h. All mice were used and handled according to the protocol approved by the Jilin University Animal Protection and Use Committee.



Thermo-Sensitive Hydrogel Loaded With Drugs

First, the terminally aminated polyethylene glycol monomethyl ether is prepared by the hydroxyl amination reaction of polyethylene glycol monomethyl ether. Take 30 g of mPEG, dissolve it in 300 mL of dichloromethane, add 8.4 g of potassium hydroxide, and 14.17 g of p-toluenesulfonyl chloride, and stir them at room temperature for 7 days. After the completion of the reaction, the dichloromethane solution was collected in a separatory funnel and washed with saturated sodium chloride aqueous solution six times, each about 30 mL. Collect the lower methylene chloride layer, add anhydrous magnesium sulfate, and dry overnight. The dried dichloromethane solution was suction filtered to remove magnesium sulfate. The resulting solution was concentrated to 100 mL by rotary evaporation, and then settled with 10 times volume of ice ether for three times. The intermediate product was collected by filtration through a Buchner funnel and then drained by a cold trap. Weigh the mass of the intermediate product, add the equal mass of NH4Cl, and add 30 times the volume of ammonia to dissolve it, and stir for 7 days. Collect the solution in a separatory funnel, add sodium chloride until the ammonia solution is saturated, add dichloromethane for extraction, add about 60.0 mL each time, extract five times, collect the lower liquid, add anhydrous magnesium sulfate and dry overnight. Filtered with a sand core funnel, the product was concentrated to about 100.0 mL, 10 times the volume of ice ether was settled three times, and the terminally aminated mPEG2000-NH2 was obtained after suction.

After that, L-Val NCA was prepared by triphosgene and L-valine in the tetrahydrofuran solution. Add 400 mL of tetrahydrofuran to a dried three-necked flask, then add 15 g of L-valine and 9 g of triphosgene, slowly ventilate nitrogen and place the device in a 60°C oil bath and stir for about 1 h. After the solution is clear, add 15 g of L-valine and 9 g of triphosgene again, and continue the reaction. After about 2 h, increase the nitrogen flow rate, blow the solution to about 100 mL, and settle the reaction solution with a 10-fold volume of n-hexane solution at a temperature of −20°C. After the sedimentation is complete, filter the resulting product with a funnel, collect the upper filter residue, and dissolve it with 200 mL of ethyl acetate at a temperature of −20°C. Collect the ethyl acetate solution in a separatory funnel, wash the solution with a saturated sodium bicarbonate solution at 4°C, 30 mL each time, wash six times, and collect the supernatant. Then wash the solution with 4°C water, 30.0 mL each wash six times, and collect the upper layer. Collect the washed ethyl acetate solution into an Erlenmeyer flask, add an appropriate amount of anhydrous magnesium sulfate, and place it in a refrigerator at –20°C for about 4 h.

The crude L-Val NCA was recrystallized. Filter the dried ethyl acetate solution with a sand core funnel into the dried bottle. After collecting the solution, connect the cold trap to drain the ethyl acetate to obtain crude L-Val NCA. The drained product was dissolved with 30 mL of tetrahydrofuran at 40°C, and then 10 mL of n-hexane solution was added until precipitation precipitated, and then dissolved at 60°C. Subsequently, the recrystallized L-Val NCA solution was placed in a refrigerator at –20°C overnight. The recrystallized L-Val NCA upper layer solution is drawn out and then drained by a cold trap to obtain refined L-Val NCA.

Finally, mPEG45-NH2 was used as a macroinitiator to initiate the ring-opening polymerization of L-valine NCA to obtain mPEG45-PLV19. Dissolve 2.86 g of L-Val NCA in 100 mL of DMF. Reacted at room temperature for 3 days, and then settled with 1000 mL of ice ether. The obtained product was dissolved in 40 mL of DMF and placed in a dialysis bag with a molecular weight cut-off of 5000 Da for dialysis for 3 days. After freeze-drying, the final product mPEG45-PLV19 was obtained.

mPEG45–PLV19 (5.0 wt%) was stirred slowly and thoroughly at 4°C overnight, and OXA (5.0 mg/mL) (Feather et al., 2018) and ALN (10.0 mg/mL) (Shan et al., 2020) were added to the polymer solution and mixed thoroughly (4°C) to keep injectable. The sol state is used for tumor suppression experiments.



Degradation and Drug Release in vitro

To simulate the degradation of the gel in the body, we chose a buffer solution prepared from PBS, elastase (0.2 g/L), calcium chloride (CaCl2, 10.0 mmol/L), and sodium azide (NaN3, 0.2 wt%) as the degradation medium. Add 3 mL of buffer solution to the top of the gel. Change the buffer solution every 3 days and accurately weigh the remaining gel to measure the biodegradation rate.

Place the mPEG45–PLV19 (5.0 wt%) gel in a glass bottle and cover the gel with 3 mL PBS. Place the glass bottle in a constant temperature shaker at 37°C. The PBS solution was changed every 3 days. Detect the release of OXA and ALN by elemental analysis (ICP).



MTT Assay

Transfer 100 μL of K7M2 in the medium to a 96-well plate (5000 cells/well). After culturing for 24 h, add 100 μL of medium or mPEG45–PLV19 (5.0 wt%) Gel. After treatment for 0, 24, and 48 h, add 20 μL of tetramethylazolium salt indicator (5 mg/mL in PBS, pH 7.4) to each well, and incubate for another 4 h in the dark at 37°C. Measure the absorbance of the solution at 490 nm on a microplate reader. Determine the relative survival rate of cells by comparing the absorbance of different groups. The data are expressed as mean ± SD.



Establishment of Osteosarcoma Model and Animal Grouping

K7M2 cells in the logarithmic growth phase were digested with trypsin, washed three times in pre-chilled PBS, and suspended in cold PBS, ready for the preparation of OS in situ model. Anesthetize the mouse and remove the right lower limb hairs to fully expose the front surface of the right tibia and knee joint. Flex the mouse’s knee at a 90° position, using a 1 mL syringe needle, slowly rotate to vertically penetrate the cortex of the right tibia, and insert the needle along the long axis of the tibia until it is inserted into the metaphysis of the tibia about 3.5 mm. Sampler, inject 25.0 μL of cell suspension (2 × 106 K7M2 cells) into the medullary cavity of the tibia. After the injection is completed, a certain pressure is applied to the injection site to prevent excessive pressure from causing the cells to ooze out. Monitor the tumor growth of the right leg of the mouse, and calculate and record the tumor region volume (V) using Eq. 1 (Li et al., 2020):
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AP is the maximum length of the lateral diameter of the tumor measured along the horizontal axis; L is the maximum longitudinal length of the tumor measured along the long axis of the tibia.

When the tumor region volume reached 500 mm3, OS model mice were grouped. The mice were randomly divided into five groups, namely control group, OXA + ALN group, Gel + OXA group, Gel + ALN group, and Gel + OXA + ALN group, four mice in each group. The doses of OXA and ALN are 5 and 10 mg/mL, respectively, and 100 μL of 5.0 wt% PLV thermosensitive sol (at 4°C) evenly mixed with OXA or (and) ALN was injected slowly into the orthotopic OS tumor of mice Instead of the injection of mPEG45–PLV19 gel in the same amount of PBS, the control group was injected with the same amount of PBS. When the experiment ended (16 days), the mice were euthanized. All mice were processed according to the protocol approved by the Animal Protection and Use Committee of Jilin University.



Data Collection of Evaluation Indexes for in situ Inhibition of Osteosarcoma

From the 0th day of administration, the body weight and tumor volume of mice were recorded at the same time every day, and the tumor inhibition curve, as well as tumor inhibition rate curve, were drawn. The tumor volume is calculated according to Eq. 1. On the 16th day of the experiment, the mice were sacrificed, and the hind limbs of the tumor were photographed and weighed, and then micro-CT scans were taken.



Micro-CT

Scan the right calf specimens of tumor-bearing mice with micro-CT (micro-CT; Bruker, Skycan1172, Germany) and use computer software (Brook, Germany) for three-dimensional reconstruction to observe the bone destruction and further locate the tumor center Projection of the site on the anterior side of the tibia, using this area as the region of interest (ROI) for quantitative analysis of relative bone volume (BV/TV).



Flow Cytometry

Take the tumor-draining lymph node and grind with the rubber end of the syringe to obtain a single-cell suspension. Tumor tissue was obtained, the tumor was minced with a scalpel, and treated with 1 mg/mL collagenase I (Gibco, United States) for 1 h. The cells were filtered through a nylon mesh filter and washed with PBS. The single-cell suspension was blocked with anti-CD16/32 (Invitrogen) on ice for 20 min to reduce non-specific binding to the immunoglobulin Fc receptor. The cells were further stained with antibodies conjugated to the following fluorescent dyes: CD45, CD3e, CD4, CD8 (all from Invitrogen). Flow cytometry was performed on LSRII (BD Biosciences), and data analysis was performed using FlowJo software (TreeStar).



Pathological Analysis

On the 16th day after orthotopic injection of mPEG45–PLV19 gel, all mice were euthanized. The main organs and tumors were collected, paraformaldehyde (4.0%) was used to fix the main organs and tumor tissues, hematoxylin and eosin (H&E) were used to stain the tumors and organ sections, and the microscope (Nikon Eclipse Ti, Ardmore, PA) observes the changes in histomorphology.




RESULTS AND DISCUSSION


Degradation, Drug Release, and Cytotoxicity of the Gel in vitro

We analyzed the in vitro degradation properties of the gel. The result is shown in Figure 1A. We found that all three groups of gels exhibited similar degradation rates in the buffer solution of simulated body fluids. The degradation process was stable, and there was no rapid weight loss at the initial stage of degradation. And the degradation rate reached 50% in about 27 days.
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FIGURE 1. (A) Mass remaining of each group Gel in vitro. Cumulative release curves of ALN (B) and OXA (C) from each group in vitro. (D) MTT assay was used to measure the effects of the Gel on viabilities of K7M2 cells at 0, 24, 48 h after dispose, the data is expressed as mean ± SD (n = 3).


The results of drug release in vitro are shown in Figures 1B,C. The drug-loaded in gel achieves a sustained-release effect. None of the three groups of drug-loaded gels showed the rapid release of early drugs. The gel loaded with OXA and/or ALN slowly released about 40% of the drug within 15 days.

We verified the effect of gel on K7M2 cell activity through MTT assay. The result is shown in Figure 1D. We measured the cell activity at 0, 24, and 48 h, and the results showed that the existence of gel does not affect the activity of tumor cells.

The above experiments show that mPEG45–PLV19 temperature-sensitive gel is an ideal drug-loaded gel. It has an appropriate degradation rate and drug release rate and can achieve sustained release of drugs in situ, which is conducive to maintaining local drug concentration to achieve the ideal therapeutic effect.



Evaluation of Thermosensitive Hydrogel Synergistic Delivery of Oxaliplatin and Alendronate Anti-tumor Effects in vivo

After the experiment, the mice were euthanized. The osteosarcoma tissue in situ was excised and photographed. As shown in Figure 2A, the tumor volume progression of each treatment group was slower than that of the blank group. Among them, the OXA + ALN group showed an unfortunate tumor-suppressive effect than other three treatment groups, which indicates that it is necessary to use the gel to achieve local sustained-release drugs. A single local injection of free drugs will not achieve satisfactory therapeutic effects due to faster metabolism. In the Gel + OXA + ALN group, The growth rate of tumor volume achieved the most obvious slowed down, which suggested that the gel targeted delivery of OXA and ALN had a significant effect on inhibiting the formation of OS.


[image: image]

FIGURE 2. (A) Tumor pictures after treatment in each group. The inhibition curve (B), tumor inhibition rate (C), and the weight of osteosarcoma after treatment (D) of each group, the data is expressed as mean ± SD (n = 4; ***P < 0.001).


The tumor volume was measured as shown in Figure 2B. On the first day, the initial volume of each group was 514.4 ± 48.1 mm3 (Control group), 504.2 ± 56.9 mm3 (OXA + ALN group), 507.1 ± 59.6 mm3 (Gel + OXA group), 491.6 ± 45.2 mm3 (Gel + ALN group), and 499.6 ± 33.5 mm3 (Gel + OXA + ALN group), the tumor volume baseline was the same. At half of the experiment, on the 8th day after treatment, the tumor volume of each group was 1102.5 ± 220.3 mm3 (Control group), 962.1 ± 162.7 mm3 (OXA + ALN group), 689.2 ± 238.2 mm3 (Gel + OXA group), 635.1 ± 93.1 mm3 (Gel + ALN group) and 580.2 ± 153.9 mm3 (Gel + OXA + ALN group). In 8 days, the tumor volume of Control group mice increased rapidly, and the volume increase was as high as 3139.3 mm3. After the gel was loaded with OXA or ALN alone, the tumor was effectively controlled. In the Gel + OXA + ALN group, the tumor-suppressing effect was the best. At the end of the experiment, on the 16th day after treatment, the tumor volume in the Gel + OXA + ALN group was 841.2 ± 202.9 mm3, which was significantly smaller than that in the Gel + ALN group 1214.7 ± 468.5 mm3, in the Gel + OXA group 1320.6 ± 285.1 mm3, and OXA + ALN group 1824.8 ± 197.5 mm3. The tumor volume of the untreated control group was 2533.3 ± 448.1 mm3.

As shown in Figure 2C, there was a significant difference in the tumor inhibition rate among each group. The tumor inhibition rate of the OXA + ALN group was only 25.2%, and the tumor inhibition rates of the gel loaded with OXA and ALN alone were 42.0% and 43.8%, respectively. The Gel + MTX + ALN group had a tumor suppression rate of 60.4%, achieving the most significant tumor inhibition effect. The results indicated that the sustained release of gel and the combined use of synergistic drugs could maximize the therapeutic impact of in situ tumors.

The dissected tumor is weighed. As shown in Figure 2D, compared with other groups, the average weight of hind limbs with tumors in the Gel + OXA + ALN group was the smallest (2.81 ± 0.26 g). OXA + ALN group (5.32 ± 0.31 g) and control group (6.09 ± 0.23 g) tumor-containing hindlimb weights were close, and the results were consistent with tumor volume changes.



Evaluation of Anti-bone Destruction Effects

To further confirm the anti-tumor efficacy of Gel + OXA + ALN, the degree of bone destruction caused by local OS invasion was evaluated by micro-CT. As shown in Figure 3A, severe pathological bone destruction induced by OS progression was found in the proximal tibia of the control group mice without any treatment. The OXA + ALN group also had serious pathological bone destruction. In the Gel + OXA group, Gel + ALN group, and Gel + OXA + ALN group, the proximal tibia bone destruction of the lower limbs of the mice was weakened, and the degree of bone destruction in the Gel + OXA + ALN group was the most limited. The results of micro-CT indicate that the Gel + OXA + ALN group has the best protective effect on OS bone destruction. Similarly, as shown in Figure 3B, the relative bone volume (BV/TV) values of each group were compared: Control group (21.86% ± 2.87%), OXA + ALN group (34.22% ± 1.92%), Gel + OXA group (43.09% ± 2.38%), Gel + ALN group (43.51% ± 3.33%) and Gel + OXA + ALN group (56.61% ± 3.17%). We can also come to a similar conclusion that the degree of bone destruction in Gel + OXA + ALN group was the most limited, indicating the Gel + OXA + ALN provided the most potent protective effect on bone destruction.
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FIGURE 3. (A) Micro-CT images of orthotopic osteosarcoma after treatment in each group. (B) Relative bone volume of tibia of each treatment group, the data is expressed as mean ± SD (n = 4. Compared with Control group, *P < 0.05, ***P < 0.001). (C) Orthotopic tumor histopathology images after treatment in each group.


In order to explain the reasons for the protection of bone tissue by this system, we further explored the inhibitory effect of the system on osteosarcoma tissue. OS in situ of mice was fixed with formaldehyde, then decalcified, embedded, sectioned, and finally stained by H&E. After that, the histopathological analysis was performed. The results are shown in Figure 3C. No necrosis-related symptoms were seen in the control group. In situ OS tissues of mice in the OXA + ALN group, Gel + OXA group, Gel + ALN group all had different degrees of necrosis. In the Gel + OXA + ALN group, severe cell atrophy, reduced density, nucleocytoplasmic concentration, and even tumor cell disappearance were observed. A large area of tumor cell apoptosis and necrosis were also showed. Therefore, the histopathological analysis further confirmed the anti-tumor efficacy and the potential of Gel + OXA + ALN for in situ anti-tumor treatment.

The results of tumor volume, weight, H&E staining, and pathological bone destruction related to the progression of the proximal tibia of the lower extremity and OS emphatically demonstrated the anti-tumor efficacy of Gel + OXA + ALN and the ability of inhibiting the bone destruction caused by OS.



Evaluation of Anti-tumor Immune Effects

Tumor cells and lymphocytes of mice were collected for flow cytometry experiments. The anti-tumor immune effect caused by OXA was clarified by analyzing lymphocytes. After the treatment, the tumor tissues were isolated under sterile conditions and digested with collagenase to prepare a single tumor cell suspension. Flow cytometry was performed by antibody labeling, and CD3+ and CD45+, double-positive cells were analyzed. Representative flow cytometry analysis images were shown in Figure 4A, the CD8+ T cell infiltration rate of the tumor in the control group was 1.08%. The rate of CD8+ T cell infiltration induced by Gel + ALN injection near the tumor was 1.99%, no significant difference was observed with the control group. However, the injection rate of free OXA + ALN beside the tumor-induced the infiltration rate of CD8+ T cells to be 3.31%, confirming that OXA could induce ICD and increase the number of CD8+ T lymphocytes in the tumor. However, since a single local injection of free drugs will be rapid metabolized, free OXA + ALN group has not achieved satisfactory therapeutic effects. Gel + OXA induced CD8+ T cell infiltration rate to 5.38%, indicating that the gel can slowly release OXA, causing the sustained anti-tumor immune effect. The Gel + OXA + ALN group induced a CD8+ T cell infiltration rate of 12.1%, which was higher than any other treatment group. The reason may be that ALN has an inhibitory effect on the growth of osteosarcoma, which can indirectly increase the proportion of lymphocytes in the tumor and reduce the tumor’s resistance to immune cells. So that OXA and ALN have a synergistic therapeutic effect. We performed the above tests on three mice in each group, and the results were shown in Figure 4B. We performed a statistical analysis of the results and verified the above analysis results again.
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FIGURE 4. In situ OS were collected from mice 16 days after treatment. Representative flow cytometry analysis images (A) and the relative quantification gating on CD8+ cells in CD3+ CD45+ cells (B). Data are presented as mean ± SD (n = 3). Lymph nodes adjacent to the tumor were collected from mice 16 days after treatment. Representative flow cytometry analysis images (C) and the relative quantification gating on CD8+ cells in CD3+ CD45+ cells (D). Data are presented as mean ± SD (n = 3). Compared with Control group, *P < 0.05, **P < 0.01. Compared with Gel + ALN group, #P < 0.05.


In order to further verify the immune effect of the treatment, we collected tumor-draining lymph node lymphocytes for flow cytometry analysis. As shown in Figure 4C, CD3+ and CD45+ double-positive cells were used as analysis objects. The Gel + OXA + ALN treatment group had the highest CD8+ T cell infiltration rate (45.8%), higher than the Gel + OXA group (42.4%), free OXA + ALN group (35.8%), and Gel + ALN group (30.8%) and control group (29.7%). The results are consistent with the infiltration of CD8+ T cells in tumor cells, which proves once again that OXA induces ICD in tumor cells, stimulates the body’s anti-tumor immune response and achieves the goal of inhibiting OS progression. We performed the above tests on three mice in each group, and the results were shown in Figure 4D. We performed a statistical analysis on the results and verified the above analysis results again.



Evaluation of the Inhibiting Lung Metastasis Effects

OS is often accompanied by lung metastasis, which significantly affects the prognosis of patients in clinic. The lung tissues were fixed, sectioned, and H&E stained for pathological analysis. As shown in Figure 5, the number and area of tumors in the lung sections of the Gel + OXA + ALN group were the smallest, showing that Gel + OXA + ALN had a more profound inhibitory effect on OS lung metastasis than other treatment groups.
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FIGURE 5. H&E images of lungs tissue in different treatment groups (Lungs metastases are marked in the red circle).




Evaluation of the Safety in vivo

Safety is a critical evaluation index for drug delivery systems. We verified the safety of Gel + OXA + ALN through weight monitoring and histopathological examination of several susceptible organs. As shown in Figure 6, the bodyweight of the mice in the control group showed a significant decrease because of no treatment. The malignant transformation of the tumor is very serious, and the tumor seriously damages the health of the mice. Due to the toxicity of free drugs, the OXA + ALN group had the most obvious weight-loss trend. The Gel + OXA and Gel + ALN groups showed different degrees of weight loss. The Gel + OXA + ALN group showed the best stable body weight and a slight weight increase. The H&E staining results of the main organs (heart, liver, spleen, kidney) could also indicate the toxicity of the long-term application of various therapeutic drugs to the body. As shown in Figure 7, we found that there were no noticeable morphological changes in the heart, liver, spleen and kidney of the tumor-bearing mice in the Gel + OXA + ALN group compared with the control group. The above results conclusively prove the low toxicity of Gel + OXA + ALN to all major organs in the whole body, indicating that it has great potential for clinical application.
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FIGURE 6. Body weight curve of each treatment group, the data is expressed as mean ± SD (n = 4, **P < 0.01, ***P < 0.001).
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FIGURE 7. Histopathological analysis of organs in each treatment group.





CONCLUSION

In this study, a system of synergistic in situ treatment of osteosarcoma with mPEG45–PLV19 thermosensitive hydrogel loaded with OXA and ALN was established. OXA can improve the immunogenicity of tumor and promote the accumulation of cytotoxic T cells, ALN can synergistically diminish tumors and has a bone-targeting effect to relieve bone destruction. The synergistic effect of them increases the therapeutic effect of this system on OS. The Gel + OXA + ALN group showed the highest anti-tumor activity and the most reliable safety in vivo in the mouse in situ OS model. The effective combination of mPEG45–PLV19 thermo-sensitive hydrogel with OXA and ALN provides broad prospects for in situ anti-osteosarcoma treatment.
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Deferoxamine (DFO) is a widely used drug for the treatment of iron-overload-related diseases in the clinic. However, its inherent shortcomings, such as a short plasma half-life and cytotoxicity, need to be addressed to widen its clinical utility. In this study, PEGylated DFO was first synthesized, and its chemical structure was characterized, and then in vitro and in vivo studies were performed. The metabolism assay showed that the stability of the PEGylated DFO was significantly improved, with a half-life 20 times greater than DFO. Furthermore, the PEGylated DFO exhibited significantly lower cytotoxicity compared with DFO. Additionally, the hemocompatibility assay showed that the PEGylated DFO had no significant effect on the coagulation system, red blood cells, complement, and platelets. In vivo studies indicated that PEGylated DFO was capable of reducing the iron accumulation, degeneration of neurons, and promotion of functional recovery. Taken together, PEGylated DFO improved stability, cytotoxicity, and iron-overload in an experimental stroke model in rats, making it a promising therapy for treating iron-overload conditions in the clinic.
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INTRODUCTION

Iron-overload is a serious problem that commonly presents in the clinic and is associated with many diseases such as hereditary hemochromatosis, thalassemia, Alzheimer’s disease, Parkinson’s disease, and stroke. This is because mammals, such as humans, cannot secrete excess iron in a controlled manner (Camaschella et al., 2020). To treat these conditions, iron chelation therapy has long been the gold standard for treatment, and one of the commonly used drugs is deferoxamine (DFO) (Holden and Nair, 2019). However, the clinical use of DFO has been limited by its inherent shortcomings. One of these shortcomings is the rapid metabolism of DFO by the globulin in the blood, resulting in a short plasma half-life (30 min). Therefore, long-term and frequent administration of DFO was required, which in turn resulted in poor compliance for patients. Furthermore, DFO toxicity is dose- and time-dependent, and results in complications such as cardiomyopathy, growth retardation, and endocrine dysfunction (Porter, 1997; Baath et al., 2008; Tian et al., 2016a; Guo S. et al., 2018).

The development of a novel drug delivery approach may serve as an effective strategy to overcome these inherent shortcomings and protect the drug from its rapid metabolism and accumulation at the lesion site. Thus, this approach may not only improve the stability and prolong the half-life of the drug but also permit the drug to be administered at lower frequencies and dosages, relieving the toxicity (Haag and Kratz, 2006; Tibbitt et al., 2016; Xiao et al., 2018; Feng et al., 2019). Previous reports indicated that the half-life and toxicity of DFO were improved when delivery carriers were used (Rossi et al., 2009; Tian et al., 2016a; Sun et al., 2020). Hallaway et al. (1989) reported that the plasma half-lives increased more than 10-fold for dextran-DFO and hydroxyethyl starch-DFO. Similarly, when DFO was conjugated to hyperbranched polyglycerol, the plasma half-life was also significantly increased. Additionally, the toxicity (assayed in vitro by hemocompatibility assays and in vivo in mice) showed that there was no significant effect on blood components, including red blood cells, coagulation system, complement, and platelets. Furthermore, apparent toxicity was not detected when measured using changes in body weight, serum lactate dehydrogenase levels, necropsy analysis, and histopathological examination of organs (Imran ul-haq et al., 2013).

The ideal delivery carrier should be degraded and cleared from the body to avoid its accumulation in tissues. A recent study reported that an alginate carrier induced an oxidative response when conjugated to DFO. These results also showed that the conjugates had a half-life more than 10 times longer and reduced cytotoxicity when compared with DFO. In contrast, the coagulation system was significantly affected, that is, the coagulation time, particularly activated partial thromboplastin time (APTT) and thrombin time (TT), were significantly prolonged in a dose-dependent manner. Fibrinogen was dramatically decreased, suggesting that the conjugates could dominantly inhibit the intrinsic pathways in the process of coagulation (Sun et al., 2020). Therefore, this significant side effect and its impact on patient safety should also be considered when designing the delivery carrier to be utilized for DFO.

Poly(ethylene glycol) (PEG) is an FDA approved biocompatible polymer that is widely used as a delivery carrier for the modification of proteins, peptides, or other drugs by chemical linking. This process is defined as PEGylation, and the final product is non-toxic, non-immunogenic, non-antigenic, and highly soluble in water. More importantly, PEGylation prolongs the half-life and decreases the toxicity of drugs, and thus it seems that PEGylation is appropriate for DFO modification (Alconcel et al., 2011; Sun et al., 2015; D’souza and Shegokar, 2016; Suk et al., 2016). In this study, we synthesized PEGylated DFO to increase its half-life and decrease the toxicity of DFO (without side effects and patient safety concerns). To address this hypothesis, the PEGylated DFO was first synthesized by EDC coupling chemistry, and then in vitro assays, including metabolism, cytotoxicity, and hemocompatibility, were performed (Figure 1). Finally, the extent of in vivo iron elimination and its therapeutic effects were evaluated in an experimental stroke model in rats.
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FIGURE 1. (A) The synthesis pathway of PEGylated DFO. (B) The in vitro study of PEGylated DFO. (C) The in vivo study of PEGylated DFO in a stroke model.




MATERIALS AND METHODS


Synthesis of PEGylated DFO

Synthesis of PEGylated DFO was performed using EDC coupling chemistry. Briefly, 1g of carboxylated mPEG (molecular weight: 2 and 5 kDa) was dissolved in 100 ml HEPES buffer (pH 6.8), and then DFO, EDAC, and NHS were added as solids to the reaction with a molar ratio of -COOH/DFO/EDAC/NHS 1:2:2:1. After a 24 h reaction time, the resulting solution was dialyzed (500 Da molecular weight cut-off) against super pure water. The final solution was clarified using centrifugation, and the supernatant was sterilized with a Millipore filter (0.2 μm) and then lyophilized. The resulting products were stored at -20°C. The products synthesized from carboxylated mPEG with molecular weight 2 and 5 kDa are referred to as mPEG2k-DFO and mPEG5k-DFO, respectively.



Characterization of PEGylated DFO

The products were ground with KBr powder and compressed into pellets for FTIR spectroscopy analysis. The spectra of the samples were recorded as transmittance using a Nicolet 670 FTIR Spectrometer (Thermo Fisher Scientific, Waltham, MA, United States). 1H NMR analyses were recorded on a Bruker AV II-400 MHz spectrometer at 298 K. Each sample (10 mg) was dissolved in 1 ml D2O before spectroscopic determination.



Chelation Ability of PEGylated DFO

The chelation ability of PEGylated DFO and amounts of DFO in the products were determined using UV-Vis spectroscopy (Hallaway et al., 1989). Briefly, each product was dissolved and diluted with ferrous sulfate solution and left to stand overnight at room temperature. The DFO content was calculated according to the absorbance at 429 nm using a standard curve. The amount of DFO was described as the number of DFO molecules coupled per mPEG chain.



Stability of the PEGylated DFO

The stability of the PEGylated DFO was investigated by metabolism experiments. Plasma for this experiment was obtained from 8-week-old male, Sprague Dawley rats. The protocol was approved by the Animal Ethical Committee of Sichuan University, and Chinese national guidelines for the care and use of laboratory animals were applied. The metabolism experiments were carried out according to our previous reports (Tian et al., 2016a, b).



Cytotoxicity of the PEGylated DFO

The cytotoxicity of the PEGylated DFO was assayed using the MTT method described in our previous reports (Sun et al., 2020). Briefly, human umbilical vein endothelial cells (HUVECs) were harvested, and after three passages, they were seeded in 96-well plates at a density of 3 × 103 cells/well. After 24 h, the culture medium was replaced with PEGylated DFO or DFO solutions containing equivalent concentrations of DFO (0.5, 0.2, 0.1, 0.05, 0.01, and 0.005 mM) supplemented with 10% FBS, 100 μg/ml penicillin and 100 μg/ml streptomycin. Two days later, the culture medium was changed with fresh medium, and 20 μl of MTT solution (5 mg/ml) was added to each well and incubated at 37°C for 4 h. Next, 150 μl of DMSO was added to the wells and shaken for 10 min. The optical density of each well was determined using a microplate reader at a wavelength of 490 nm. Normalized viability (%) was expressed by the ratio of the optical density of the conjugate (or DFO) to the control.



Hemocompatibility of the PEGylated DFO

This experiment was approved by the Ethical Committee of the Institute of Blood Transfusion, Chinese Academy of Medical Sciences and Peking Union Medical College. The blood samples were collected from three healthy donors at Chengdu Blood Center after obtaining written informed consent for the use of their blood samples.

The hemocompatibility of the PEGylated DFO was assayed by studying its effects on various blood components. These components include the coagulation system [activated partial thromboplastin time (APTT), prothrombin time (PT), thrombin time (TT), and the concentration of fibrinogen (Fib)] red blood cells (hemolysis), platelet (activation), and complement (C3a, and C5a activation). We referred to the experimental protocols from our previous reports (Guo X. et al., 2018; Sun et al., 2019).



In vivo Study


Stroke Model

All animal experiments were processed under the protocol approved by the Animal Ethical Committee of Sichuan University. Fifty-four adult male Sprague-Dawley rats for this study (6–7 weeks old and 200–220 g, Dashuo Laboratory Animal Co., Ltd., Chengdu, China) were housed with the light/dark (12/12 h) cycle conditions and free access to food and water.

The autologous blood model was chosen in this study (Okauchi et al., 2009; Auriat et al., 2012). The rats were anesthetized with 10% chloral hydrate intraperitoneally (0.4 mL/100 g, 10%) and secured in the Stereotactic Instruments (Stereotactic, Single Manipulate; 18 Degree Ear Bars; RWD Life Science, Shenzhen, China). We used stereotactic coordinates to localize the basal ganglia: 0.2 mm anterior, 5.5 mm ventral, and 3.5 mm lateral to the bregma. A burr hole of 1 mm diameter was drilled on the skull at 0.2 mm anterior and 3.5 mm lateral (right) of bregma with a micro drill (RWD Life Science).

Autologous whole blood from the tail artery was injected from the hole (5.5 mm depth below the surface of the skull) using a double-injection method (Shrestha et al., 2018). The needle was pulled out slowly (1 mm/min) after remaining in position for 10 min, and the skull hole was sealed with bone wax. Finally, the skin incision was sutured, and then the animal was placed in a heating blanket (ALC-HTP Constant Temperature System for Animals; Alcott Biological Science and Technology Co., Shanghai, China) until it woke up.



Experimental Groups

The rats were randomly assigned to three groups (n = 54, and 6 mice per time point): saline (normal saline)-treated, DFO-treated, and mPEG5k-DFO-treated (which is similar to mPEG2k-DFO in cytotoxicity and blood compatibility, but with longer biological half-life). The intravenous DFO and mPEG5k-DFO injections (100 mg/kg mixed with 0.5 mL of saline, prepared fresh at the time of use) were started 6 h after creating the experimental stroke model and repeated every 12 h for 14 days. The saline group received 0.5 mL saline injection at each time point for 14 days.



Histological Examination

Paraffin embedding was performed after cardiac perfusion on days 3, 7, and 14 respectively, and cut into 3 mm-thick coronal sections with a microtome (Leica RM2235, Germany). Iron staining was used to observe iron deposition around the lesion. After deparaffinization, the sections were incubated in iron stain [5% potassium ferrocyanide (Kemiou Chemical Reagent Co., Tianjin, China)/5% hydrochloric acid] for 30 min. This was followed by rinsing in water, counterstaining in nuclear fast red (Leagene Biotechnology, Peking, China) for 15 min and then rinsing again in water. Next, the sections were dehydrated in alcohol, and the sections were mounted with mounting medium. The staining sections were observed with a light microscope (BX41, Olympus, Tokyo, Japan).

Fluoro-Jade C (FJC) staining was used to quantify neuronal degeneration. After deparaffinization, the sections were immersed in 0.06% potassium permanganate solution for 10 min and then transferred into a 0.1% acetic acid solution containing 0.0001% FJC (catalog no. AG325-30MG, Merck Millipore, Burlington, MA, United States) for 30 min. Next, the sections were rinsed in water and dried in an air oven (50°C), then they were coverslipped with DPX mounting medium (Sigma-Aldrich). The staining sections were observed through a fluorescence microscope (AX10 imager A2/AX10 cam HRC; Carl Zeiss, Germany).

Three sections per rat and three randomly selected locations per section around the lesion area were used for the quantitative analysis of iron- or FJC-positive cell staining. The results were measured by a blind observer using the open-source software ImageJ/Fiji (US National Institutes of Health). The number of iron- or FJC-positive cells were presented as the average of positive cells per square millimeter.

For the Histopathology of organs, the heart, liver, spleen, lung, and kidney of normal, Saline, DFO, and MPEG5k-DFO groups were removed at necropsy and No abnormalities of the organs were observed during the necropsy. After fixed in 10% buffered formalin, Multiple pieces of tissue were removed from each organ for paraffin embedding and treated by hematoxylin and eosin (H&E) to observe the change of morphosis (light microscope, BX41, Olympus, Tokyo, Japan).



Neurological Behavior

To assess the neurobehavioral recovery of the rat, seven neurological deficit tests were evaluated by the blinded investigator on days 3, 7, and 14 after creating the experimental stroke model. The neurological deficit tests (score between 0 and 4 for each item, maximum score = 28) include body symmetry, gait, climbing, circling behavior, front limb symmetry, compulsory circling, and whisker (Hazel, 1998).



Statistical Analysis

We used analysis of variance (ANOVA) and paired t-tests for the statistical analysis. A probability P < 0.05 was considered to have a significant difference and was calculated using SPSS 19.0.



RESULTS AND DISCUSSION


Synthesis and Characterization of PEGylated DFO

PEGylated DFO was synthesized by EDC chemistry, where the amino group in DFO was coupled to the carboxylate group in carboxylated mPEG. The FTIR spectra of the obtained products were shown in Figure 2. Both products exhibited similar spectra: the broadband around 3,450 cm–1 was assigned to the N-H and O-H stretching vibrations; the band at 3,300 cm–1 was attributed to the N-H stretching vibrations, and the band at 2,880 cm–1 was assigned to the symmetric stretching vibrations of the CH2; the band at 1,650 and 1,550 cm–1 were assigned to amide I and II, respectively; the band at 1,460 cm–1 was attributed to the bending vibration of the CH2, and the band at 1,100 cm–1 was assigned to stretching vibrations of the C-O-C. These results indicated that amide bonds were formed in the products.
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FIGURE 2. FTIR spectra of PEGylated DFO.


To further confirm the chemical structure of the synthesized products, 1HNMR measurements were carried out in this study. Both products exhibited similar 1HNMR spectra (Figure 3). The signals at 3.6 and 3.3 ppm were assigned to the protons of CH3O- and CH2- in the mPEG, respectively. The signal at 3.4 ppm was assigned to H-5, H-12, and H-9 in DFO. The signal at 3.1 ppm was assigned to H-1, H-8, and H-15 in DFO. The signal at 2.8 ppm was assigned to H-6 and H-13 in DFO. The signals at approximately 2.5 ppm were assigned to H-7 and H-14 in DFO. The signal at 2.0 was assigned to protons of CH3- in DFO. The signal at 1.5 ppm was assigned to H-2, H-4, H-11, and H-18 in DFO. The signal at 1.4 ppm was assigned to H-9 and H-16 in DFO, and the signal at 1.2 ppm was assigned to H-3, H-10, and H-17 in DFO. Together, these results suggested that the DFO had been successfully PEGylated.
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FIGURE 3. 1HNMR spectra of PEGylated DFO.




Chelation Ability of PEGylated DFO

When DFO chelates with iron, the DFO converts to the iron-saturated complex, ferriox-amine, which has a characteristic absorption at 429 nm (Hallaway et al., 1989). To check if the PEGylated DFO could preserve the chelation ability of the DFO, full-length UV–vis scanning was performed. Both products exhibited similar characteristic absorption to that of DFO with the maximum at 429 nm (Figure 4), indicating that the iron-chelating ability of DFO was not compromised after PEGylation. The amounts of DFO in the products were determined according to the standard curve. The results of the analysis showed 0.89 and 0.83 of DFO molecules coupled per mPEG chain for mPEG2k-DFO, and mPEG5k-DFO, respectively.


[image: image]

FIGURE 4. Full-length UV-Vis scanning of PEGylated DFO.




Stability Assay

One of the most common shortcomings of DFO is that it is unstable in plasma, resulting from metabolization by α2-globulins and loss of its ability to bind iron, resulting in a short half-life. The metabolism assays of both the PEGylated DFO and DFO showed that DFO was metabolized rapidly, and its content decreased by more than 50% in 1 h (Figure 5). In contrast, PEGylated DFO exhibited much longer stability compared with DFO. The half-lives calculated from the fitting curves showed that the DFO had a short half-life (0.8 h), whereas the mPEG2k-DFO (18.2 h) and mPEG5k-DFO (27.8 h) had significantly longer half-lives, respectively (P < 0.05). This was more than 20-fold longer than that of the DFO and resulted from the hydrophilic characteristics of the PEG molecular chains. This characteristic effectively resisted the adsorption of the proteins (such as enzymes) and decreased the degradation of the coupled drugs. Here, we also observed that the half-life of the PEGylated DFO was proportional to the molecular weight of the PEG. This finding was consistent with previous reports suggesting that longer PEG chains offer better protection from enzyme degradation (Wang et al., 2010).
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FIGURE 5. Metabolism assay for the PEGylated DFO.




Cytotoxicity

Cytotoxicity is a significant shortcoming of DFO that acts in a dose- and time-dependent manner. To investigate whether PEGylated DFO can improve the cytotoxicity of DFO, the cell viability was assessed after treatment with a series of concentrations of the PEGylated DFO or DFO and assayed using the MTT method. The cell viability measurements of the PEGylated DFO groups was significantly higher compared with the DFO groups for every corresponding equivalent DFO concentration (P < 0.05, Figure 6). Specifically, the cell viability of the DFO group was lower than 75% when the concentration of the DFO was above 0.05 mM, and it decreased to 48.6% at 0.5 mM DFO. In contrast, the cell viability measurements of the PEGylated DFO groups were approximately 85% or greater at all equivalent DFO concentrations. Therefore, it can be concluded that PEGylation decreased the cytotoxicity of DFO.
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FIGURE 6. Cell viability of HUVECs in the presence of the PEGylated DFO. “*”: DFO vs. MPEG2K-DFO, P < 0.05; “#”: DFO vs. MPEG5K-DFO, P < 0.05.




Hemocompatibility

Four indexes, including APTT, PT, TT, and Fib, were calculated to determine the effect of PEGylated DFO on the coagulation system (Siedlecki, 2018). The results showed that, for APTT, both concentrations (1 and 5 mg/ml) of PEGylated DFO were not significantly different from the saline group (Figure 7A). Additionally, all the PT values were in the normal range (Figure 7B). For TT, except that the higher concentration (5 mg/ml) of DFO slightly prolonged the TT, both PEGylated DFO concentrations are similar to the saline group (Figure 7C). Besides, the concentrations of Fib in all groups were similar to that in the saline group without significant difference (Figure 7D).
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FIGURE 7. Effect of PEGylated DFO on the coagulation system. (A) APTT, (B) PT, (C) TT, and (D) Fib were tested by an automated coagulation analyzer. The values were too high to be measured (APTT > 245 s, TT > 169 s). HP, heparin. !: The values are too high that cannot be determined by the analyzer.


The balance between coagulation and anticoagulation is crucial to the human body. In general, interactions between the contact phase of the coagulation system and biomaterials leads to an induction of the intrinsic coagulation, and thrombosis may be an outcome of this process (Ekdahl et al., 2011). APTT, PT, TT, and Fib are involved in intrinsic, extrinsic, and common pathways of blood coagulation. Our results showed that there was no significant difference between each index in the PEGylated DFO group and that in the saline group, which indicated that PEGylated DFO had no significant effect on the coagulation system.

The hemolysis assay is used to evaluate the hemocompatibility of biomaterials, and it is performed by detecting hemoglobin released from lysed RBCs (Guo X. et al., 2018). Materials can be classified as hemolytic if they induce over 5% hemolysis, slightly hemolytic (2–3%), and non-hemolytic (below 2%) (Weber et al., 2018). The percent of hemolysis induced by the mPEG2k-DFO, mPEG5k-DFO, and DFO groups fluctuated between 0.2 and 0.4%. Additionally, there was no statistical difference when compared with the saline group, which means that PEGylated DFO has a low risk of inducing hemolysis (Figure 8A).
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FIGURE 8. Effect of PEGylated DFO on hemolysis, platelet activation, and complement activation. (A) The percent of hemolysis. (B) Platelet activation. (C) The content of C3a. (D) The content of C5a. *p < 0.05.


To investigate the effects of PEGylated DFO on platelet activation, flow cytometry was used to detect the level of the fluorescent platelet activation marker against CD62P (Sun et al., 2019). The results indicated that there was no significant difference in platelet activation between the PEGylated DFO and saline groups, suggesting that PEGylated DFO barely influenced the platelet activation (Figure 8B).

As a primary component of the innate immune system, complement activation is regarded as an essential factor of hemocompatibility (Ekdahl et al., 2011). When the biocompatibility of biomaterials is poor, the main pathway activated is the alternative pathway, which is associated with the creation of the anaphylatoxins C3a and C5a (Mödinger et al., 2018). In our study, the concentrations of C3a and C5a in plasma exposed to PEGylated DFO were measured as indicators of complement activation. mPEG2k-DFO and mPEG5k-DFO showed similar complement activation when compared with the saline group. In contrast, the activation of C3a and C5a induced by 5mg/ml DFO was significantly higher compared with the saline group (Figures 8C,D, C3a: 2079.76 ± 114.25 vs. 1342.41 ± 84.51; C5a: 54.28 ± 6.48 vs. 30.30 ± 3.74, P < 0.05, respectively), which suggests that the PEGylated DFO induces little to no complement activation in this condition.



Iron Staining

An increasing number of studies have found that hemoglobin-derived iron-overload plays a significant role in secondary injury after stroke (Garton et al., 2016). Thus, it is critical to decreasing accumulated iron after stroke. Iron staining showed that the positive cells increased gradually from day 3 to 14 in all groups (Figures 9A,B). Specifically, there was no difference among the three groups on day 3. However, on days 7 and 14, mPEG5k-DFO and DFO treatment significantly reduced the number of iron-positive cells compared with the saline group (7D: DFO/mPEG5k-DFO vs. Saline: 257.08 ± 24.76/259.25 ± 39.59 vs. 456.40 ± 65.31; 14D: DFO/mPEG5k-DFO vs. Saline: 375.51 ± 63.84/359.18 ± 106.86 vs. 740.14 ± 87.20. P < 0.05, respectively). This was consistent with a previous study that demonstrated that DFO was capable of reducing the iron accumulation after stroke (Guo et al., 2019). In our study, we showed that the mPEG5K-DFO group contained only one-tenth of the iron load compared with the DFO group, but it exhibited a similar iron reduction capacity. This suggested that the same therapeutic effect could be achieved with the administration of fewer DFO doses, which seems to be a feasible approach to reduce DFO clinical medication.
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FIGURE 9. Iron deposition was evaluated by iron staining. (A) Representative images for iron staining. (B) Quantification of the iron-positive cells. ∗p < 0.05, scale bar, 20 μm.




FJC Staining

To detect neuronal damage after a stroke, the degeneration of the neurons was assayed using FJC staining. On day 3, there was no significant difference in FJC-positive cells among the three groups. However, on days 7 and 14, the FJC-positive cells in both mPEG5k-DFO and DFO groups were significantly decreased compared with the saline group (Figure 10, 7D: DFO/mPEG5k-DFO vs. Saline: 374.17 ± 46.07/356.02 ± 48.18 vs. 718.31 ± 232.47; 14D: DFO/mPEG5k-DFO vs. Saline: 173.12 ± 30.02/164.40 ± 45.03 vs. 364.39 ± 35.60. P < 0.05, respectively). In addition, there was no significant difference between the mPEG5k-DFO and DFO groups on days 7 and 14.


[image: image]

FIGURE 10. The detection of the degenerated neurons. (A) Representative images for FJC staining of degenerated neurons. (B) Quantification of the FJC positive cells. ∗p < 0.05, scale bar, 20 μm.


Following a stroke, neurons may be damaged by necrosis, apoptosis, autophagic cell death, and ferroptosis (Shao et al., 2019), which seriously affect the density of neurons around the lesions and cause serious nerve function injury (Chen et al., 2019; Xu et al., 2020). Our results showed that mPEG5K-DFO exhibited a similar therapeutic effect (in reducing the degeneration of neurons) compared with DFO, which might result from their iron-chelating effect (Guo et al., 2019).



Histopathology of Organs

Microscopic examination and qualitative analysis of the heart, liver, spleen, lung, and kidney showed no gross or microscopic differences between the normal, Saline, DFO, and mPEG5k-DFO groups on Supplementary Figure S1, which imply that both DFO and mPEG5k-DFO have no hazardous effects on the organs of heart, liver, spleen, lung, and kidney on rats.



Neurological Behavior

To evaluate the therapeutic effect of PEGylated DFO on nerve function defects following a stroke, neurological deficit scoring at different time points was performed. The neurological deficit scores for all three groups decreased gradually over time, indicating recovery of function (Figure 11). Moreover, on days 3 and 7, both mPEG5K-DFO and DFO groups showed a significant decrease in scores compared with the saline group (3D: DFO/mPEG5k-DFO vs. Saline: 10.08 ± 0.99/9.36 ± 0.54 vs. 13.03 ± 1.00; 7D: DFO/mPEG5k-DFO vs. Saline: 3.32 ± 1.12/2.97 ± 1.71 vs. 6.68 ± 0.58. P < 0.05, respectively). This suggested that there was a functional recovery in both the mPEG5K-DFO and DFO groups compared with the saline group. On day 14, there was no significant difference between all three groups. In general, the nerve function recovery of the rodent model post-stroke is time-dependent, or it may be spontaneous recovery (Manaenko et al., 2011). This is why, by day 14, the neurological behavior of all the groups was restored to a reasonable level as previously reported (Karki et al., 2009; Yang et al., 2011). The density of the neurons around the lesion is closely related to the recovery of nerve function injury (Chen et al., 2019; Xu et al., 2020). The FJC staining showed that both mPEG5K-DFO and DFO treatment could reduce the number of degenerated neurons, which may explain, in part, why both the mPEG5K-DFO and DFO groups exhibited better recovery of function compared with the saline group.


[image: image]

FIGURE 11. Quantification of the neurological deficit testing. ∗p < 0.05.




CONCLUSION

In conclusion, PEGylated DFO was successfully synthesized by EDC chemistry, and the structure was characterized. A chelation assay confirmed that PEGylated DFO exhibited a similar characteristic absorption to that of DFO with the maximum at 429 nm. The metabolism assay showed that the PEGylated DFO had a half-life more than 20-fold greater than that of the DFO. With regards to compatibility, the PEGylated DFO had lower cytotoxicity than that of the DFO and no significant effect on blood components. In the iron-overload stroke model in rats, the PEGylated DFO decreased the iron accumulation, neuronal degeneration, and promoted recovery of function. Therefore, the synthesized PEGylated DFO in this work has a strong potential to be used in applications for treating iron-overload conditions in the clinic.
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As a common and frequent clinical disease, peripheral nerve defect has caused a serious social burden, which is characterized by poor curative effect, long course of treatment and high cost. Nerve autografting is first-line treatment of peripheral nerve injuries (PNIs) but can result in loss of function of the donor site, neuroma formation, and prolonged operative time. Nerve guidance conduit (NGC) serves as the most promising alternative to autologous transplantation, but its production process is complicated and it is difficult to effectively combine growth factors and bioactive substances. In recent years, additive manufacturing of NGCs has effectively solved the above problems due to its simple and efficient manufacturing method, and it can be used as the carrier of bioactive substances. This review examines recent advances in additive manufacture of NGCs for PNIs as well as insight into how these approaches could be improved in future studies.
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INTRODUCTION

Peripheral nerve injury (PNI) is usually caused by cross-section, extrusion, or stretching (Petcu et al., 2018). The peripheral nervous system is a network of 43 pairs of motor and sensory nerves that connect the brain and spinal cord (central nervous system) to the entire human body. Epidemiological studies have shown that the incidence of peripheral nerve injury can be as high as 3% of all trauma patients (Zhang et al., 2020a). Connective tissue provides mechanical support for nerve fibers and contains blood vessels, which provide nutritional support for nerve fibers. From the inside to the outside, a peripheral nerve can be divided into three layers: endoneurium, perineurium, and epineurium.



TYPES OF NERVE INJURY

Seddon divided PNI into three grades of injuries. Based on the Seddon classification, Sunderland expanded PNI to five degrees of injuries based on the histological changes of the PNI (Sunderland, 1951; Grinsell and Keating, 2014).

Treatment for PNI is dependent upon the extent of the pathophysiological damage and the integrity of supportive structures of the axons, endoneurium, perineurium, and epineurium of the peripheral nerve, and functional outcome (Schmidt and Leach, 2003; Pinho et al., 2016; Petcu et al., 2018). A Sunderland grade-I PNI denotes transient neurological disease. Grade II is characterized by axonal destruction, but the endoneurium is intact. Hence, PNIs of Sunderland grades I and II can recover without intervention. Grade III is associated with additional loss of the endoneurium, whereas the other supporting structures (e.g., perineurium) remain intact. This scenario results in non-specific and misguided regeneration because the newly regenerated axons can randomly enter any of the distal endoneurial pathways in close vicinity (Tos et al., 2015). Spontaneous recovery in grade-III injuries is possible but variable. Sunderland grade-IV injuries are characterized by damage to the endoneurium and epineurium, and are the most severe pathological entities. In grade-V injuries, all the supporting structures are severely damaged, and significant hemorrhage and inter-gap scarring follows the injury. The opportunity for spontaneous recovery in grade-IV and -V injuries is very low, and these lesions require surgical exploration and repair (Grinsell and Keating, 2014).



TREATMENT STRATEGIES FOR PNIs

Although human peripheral nerves can regenerate after injury, this degree of regeneration is limited, and may not achieve a good effect on nerve function (especially for Sunderland grade-IV and -V injuries). Most PNIs require treatment to promote the recovery of nerve function. Treatment methods for PNIs can be divided into two categories: non-surgical and surgical.


Non-surgical Treatment Methods

Non-surgical treatment methods have many advantages in the treatment of PNIs of Sunderland grade I–III. However, the effect of non-surgical treatment is often uncertain because identifying the type and severity of injury is challenging.


Physical Therapy

Physical therapy (e.g., electrical stimulation, magnetic stimulation, laser phototherapy) is considered to be one of the most widely used and efficacious non-surgical treatment methods (Martinez De Albornoz et al., 2011). Electrical stimulation is one of the most popular and tolerated treatment methods. Low-frequency electrical stimulation can promote the recovery of nerve function, but its optimal frequency of use and duration, and side effects are not well characterized. Improper application may even cause adverse results (Al-Majed et al., 2000; O’gara et al., 2006; Geremia et al., 2007; Haastert-Talini et al., 2011).

Magnetic stimulation and laser phototherapy are also widely applied physical therapies. Magnetic stimulation can promote the recovery of PNIs (Bannaga et al., 2002). Laser phototherapy can accelerate the recovery of nerve function and reverse atrophy of the corresponding muscles (Gigo-Benato et al., 2004; Rochkind et al., 2007a, b; Camara et al., 2011).



Pharmacotherapy

According to animal experiments, several drugs have been shown to promote the recovery of peripheral-nerve function after injury. However, only a few drugs have been applied clinically, such as neurotrophin 3, glial cell-derived neurotrophic factor (GDNF), glial growth factor, ciliary neurotrophic factor, and leupeptin (Joung et al., 2010). Some studies have demonstrated that a combination of physical therapy and pharmacological therapy can promote regeneration of nerve function, such as a combination of electrical stimulation and corticosteroids (Sharma et al., 2010).



Methods of Surgical Treatment

The purpose of surgery is to reconstruct the continuity of the endoneurium, perineurium, and epineurium, thereby supporting the regeneration of nerve axons. Injury severity can be determined intraoperatively, so the treatment effect is more specific than that using non-surgical treatment. The common surgical methods are described below.


Neurorrhaphy

Neurorrhaphy is the most basic and commonly used surgical method to suture the proximal and distal ends of the perineurium and/or epineurium together (Li et al., 2014). Neurorrhaphy is suitable for nerves without defects or with small defects, and nerves can be sutured without tension. If there are medium-sized and large nerve gaps, the recovery effect is weak due to excessive tension after suture, so nerve grafting or nerve transfer will be needed (Johnson and Soucacos, 2008).



Nerve Transfer

“Nerve transfer” is defined as the repair of a distal injury by use of a proximal “foreign” nerve as the donor (Midha, 2006). After the healthy donor nerve is cut, it is transferred to the more critical receptor muscle to rebuild function. Therefore, it is often used in regeneration of upper-limb function and repair of brachial plexus nerves. However, nerve transfer has not been used widely owing to missing innervation of the donor nerve and co-contraction-related complications.

Tissue engineering has been used widely (Zhang et al., 2019; Cui et al., 2020; Qiu et al., 2020; Zhu et al., 2020), especially for tissue repair. Also, polymer-based nerve catheters have become the most promising alternatives to autologous transplantation. With technological advancements in scaffold preparation (Ding et al., 2019; Feng et al., 2019; Zhang et al., 2019; Zhao et al., 2019) [especially using three-dimensional (3D) printing], repair of extremely long nerve defects is expected.



Nerve Grafting

Nerve autografts have been considered the “gold standard” for treatment of medium-sized and large defects in peripheral nerves (Ray and Mackinnon, 2010). Commonly used nerves used for donation are the sural nerve, intercostal nerves, superficial and deep peroneal nerves (Norkus et al., 2005). Compared with other methods, nerve autografts are regarded to be efficacious, but the chance of recovery of nerve function is ∼50%. Given the disadvantages associated with this procedure, such as a lack of donor-area sensation and poor matching between the donor nerve and defective nerve (Grinsell and Keating, 2014; Li et al., 2014), application of nerve autografts is limited and better recovery of nerve function is hard to achieve.

As the most promising alternative to autologous transplantation, nerve conduits are currently available in humans for repair of nerve defects less than 3 cm in length. Nerve allografts can avoid the donor-site morbidity caused by autografts, and can be applied more flexibly clinically. The main drawback of allografts is the associated morbidity of immunomodulatory therapy (systemic immunosuppression is a prerequisite for allografting).



DESIGN PRINCIPLES FOR ADDITIVE MANUFACTURING OF NERVE GUIDANCE CONDUITS

The nerve conduit scaffolds mainly refers to the structure of the conduit connecting the proximal and distal ends of the nerve defect. If the nerve conduit combines with cells and/or growth factors, that is, nerve tissue engineering grafts, the length of the nerve defect and the repair effect can be further improved. NGCs connect the distal and proximal ends of a defective nerve. This procedure is a substitute for nerve transplantation, and avoids the limitations and damage caused by nerve transfer and nerve grafting. NGCs not only provide structural support for axon regeneration, they also offer various nerve factors and other regenerative-environment support, thereby promoting nerve regeneration (Mackinnon et al., 1984; Apel et al., 2010). The “ideal” NGC should not only have biomimetic structures to provide structural support for axon growth, but also provide nutritive support at all stages of nerve regeneration while having conductivity, biocompatibility, and degradability. One of the main advantages of 3D-printed NGCs is the ability to “customize” any desired shape and to add suitable active cells. Additive manufacturing of NGCs involves consideration of various factors, as discussed below.


Biocompatibility and Degradation of Nerve Guidance Conduits Materials

The materials employed for 3D printing of NGCs include biological materials and/or cells. Biomaterials can be from nature or can be synthesized using polymers, ceramics, metals, or composite materials. Several biological materials have been used in the 3D printing of NGCs (Zhuang et al., 2018). However, only a small number of biological materials, such as alginate, chitosan, agarose, a biodegradable polyurethane (PU)-modified poly(ε-caprolactone) (PCL) hydrogel, have been used for the 3D printing of active tissues (Lin et al., 2016; Gu et al., 2017; Zhuang et al., 2018). All materials must non-toxic to cells and tissues, and not elicit inflammatory or immune responses (Wang and Sakiyama-Elbert, 2019).

The materials used for 3D printing of NGCs should have a suitable degradation rate. The ideal NGCs should retain their shape, wait for the axon to grow from the proximal stump through the defect and re-innervate the distal nerve pathway, and then begin to degrade gradually and minimize the pressure on surrounding tissues. If the degradation rate is too fast, it can cause local inflammation. If the degradation rate is too slow, the NGC compresses the nerve, leading to chronic immune rejection. For example, non-degradable materials such as silicone and polytetrafluoroethylene require a second procedure to remove the stent, and fibrotic scars may appear after long-term implantation, which limits the application and widespread use of these materials (Mann and Helbing, 2017).



Mechanical Properties of Nerve Guidance Conduits

3D-printed NGCs provide mechanical support. NGCs serve as channels for the infiltration of cells and axons, and axon diffusion, in human tissues (Yoshii et al., 2003; Nectow et al., 2012; Dixon et al., 2018; Koffler et al., 2019). Therefore, the mechanical properties of NGCs should be similar to those of peripheral-nerve tissue and surrounding tissues to avoid mechanical damage to these tissues after NGC transplantation. NGCs should not only have a certain degree of anti-compression protection, but also have a certain degree of flexibility to resist the pulling and twisting forces generated during limb activities, thereby protecting the new axons (Chang et al., 2018).



Microstructure of Nerve Guidance Conduits

The microstructure of NGCs not only affects mechanical properties but also affects the arrangement of cells and axons, as well as the exchange of materials inside and outside the ducts, which is essential to nerve regeneration. Intraluminal microchannels and the permeability of the tube wall are the most popular designs of NGCs (Hanani, 2005).

The microchannels in NGCs are not only channels that support axon growth, but also essential factors affecting the morphology and function of axons (Nectow et al., 2012). Therefore, the microchannels in NGCs need to be large enough to support the growth of axons and blood vessels. Although a microchannel with a large diameter is beneficial to the growth of blood vessels and nerves, it reduces the migration of axons and Schwann cells in NGCs, and factors such as scar ingrowth are not conducive to axon growth. Krych et al. (2009) observed a significant reduction in the number of nerve axons in tubes of diameter > 450 μm, but axon regeneration was observed in microchannel scaffolds with a diameter of 150–300 μm. Several other studies have also shown that axons, blood vessels, and glial cells regenerated in microchannels within a diameter of 100–300 μm can be arranged linearly to achieve effective regeneration of nerves (Stokols et al., 2006; Pawelec et al., 2018; Koffler et al., 2019). As the diameter of the microchannel decreases, the regenerated axons and blood cells can be arranged linearly more effectively. However, a too-small diameter prevents the ingrowth of blood vessels and effective nutrient fluid exchange in NGCs, which is not conducive to nerve regeneration. It is considered that a microchannel diameter of 20–30 μm is appropriate (Deumens et al., 2010; Pawar et al., 2011; Sarker et al., 2018), but more experimental results are needed.

An appropriate permeability of the tube wall should promote the transportation of nutrients and blood supply, isolate the invasion of scar tissue-forming cells, and help discharge metabolic waste (Chiono and Tonda-Turo, 2015; Sarker et al., 2018). Some researchers believe that for repair of peripheral nerves, a micropore size of 10–40 μm and porosity of 80% is the most suitable ratio (Kokai et al., 2009). In addition to pore size, permeability is also affected by the hydrophilicity of the material and the distance from the tube wall to the center.

The surface structure and properties of the material also affect the growth and differentiation of cells. For example, a larger surface roughness (85–200 nm) supports generation of longer axons and more neurite outgrowths/branches than that of a smoother surface (surface roughness of 6–50 nm). For human endothelial cells, a higher surface roughness (35 nm) of biomaterials can enhance the adhesion and growth of cells compared with that obtained with a roughness of 20 nm (Chung et al., 2003). In addition, more hydrophilic surfaces exhibit a higher rate of cell adhesion and tend to absorb more protein. As the surface hydrophobicity decreases, the rate of neuron diffusion and neurite outgrowth increases (Popovich, 2012). Therefore, careful design of the local microenvironment is very important for nerve tissue-engineered scaffolds.

In short, on the basis of satisfying the requirements of biocompatibility, permeability and mechanical properties, the additive manufacturing nerve conduit could be better simulated with extracellular matrix by means of improving the printing accuracy producing complex morphological features, so as to meet the needs of repairing long segment nerve defects.



BIOMATERIALS FOR ADDITIVE MANUFACTURING OF NERVE GUIDANCE CONDUITS

Compared with traditional manufacturing methods (e.g., dip coating, electrospinning, molding), 3D printing has the advantages of being highly cost-effective and having high production efficiency. Several reviews on biomaterials for NGCs have been published (Zhang et al., 2020a), so we will focus on the biomaterials used in additive manufacturing of NGCs in this section.

The advantage of natural materials is their good biocompatibility, but their mechanical properties are poor and purification is difficult. Synthetic polymers-based NGCs can be relatively easy to prepare and achieve good mechanical properties, but their biocompatibility is not as good as natural polymers.


Natural Polymers

Natural polymer materials are characterized by suitable cellular histocompatibility and excellent degradation performance (Deumens et al., 2010; Zhang et al., 2020b). Therefore, they have been applied widely in tissue engineering, including regeneration of peripheral nerves. However, they have weak mechanical properties, and they carry the risk of antigenicity and disease transmission. Several natural materials, including collagen (Weng et al., 2012), hyaluronic acid (HA) (Suri et al., 2011), alginate (Lee and Mooney, 2012; Johnson et al., 2015), gelatin (Hu et al., 2016) and silk fibroin (SF) (Kim et al., 2018), have been used in additive manufacturing of NGCs.

Collagen types I, II, and III are critical components of peripheral nerves (Georgiou et al., 2015; Bozkurt et al., 2016). Collagen can simulate the structure and function of the extracellular matrix. Also, the promotion of axonal regeneration and myelination by gelatinized NGCs of various types of collagen has been demonstrated in vitro and in vivo. Several US Food and Drug Administration-approved collagen products are on the market, but they are suitable only for patients with nerve defects < 3 cm (Kehoe et al., 2012; Sarker et al., 2018).

Hyaluronic acid is also one of the essential components of the extracellular matrix, and its immunogenicity is low. The porous structure of HA scaffolds enables them to be used as suitable carriers for drugs and bioactive substances (Ikeda et al., 2003). HA enhances cell adhesion by binding adhesion molecules or peptides (Suri et al., 2011).

As a type of denatured collagen, gelatin is used widely in peripheral-nerve scaffolds. Several studies have shown that gelatin nerve ducts have good cell compatibility, excellent degradability, and promote axon regeneration (Hu et al., 2016). The methacryloyl gelatin (GelMA) obtained by functionalizing gelatin with methacryloyl substituent groups is often used as a material for 3D printing of NGCs. The methacryloyl substituent groups give GelMA photocrosslinking and polymerization functions, and the mechanical properties are improved (Hu et al., 2016; Zhu et al., 2018).

Silk fibroin comes from the fibrin of the silkworm, and many SF-based peripheral NGCs have been fabricated. SF can be used to produce films, gels, and sponges. Among them, Kim et al. used methacrylate-grouped SF to produce degradation properties using its photoactivation and free radical polymerization properties Adjustable hydrogel, and prepared into SF-biological ink for bioprinting (Kim et al., 2018).



Synthetic Polymers

The advantages of synthetic materials are that they are convenient to produce, and their mechanical properties can be adjusted. However, compared with natural biological materials, their biocompatibility is poor. Several synthetic materials, such as PCL (Singh et al., 2018), poly(lactic acid-co-glycolic acid) (PLGA) (Radulescu et al., 2007), poly(ethylene glycol) (PEG) (Christopher et al., 2015; Evangelista et al., 2015), poly(glycerol sebacate) (PGS) (Dharaminder et al., 2018), polypyrrole (PPy) (Weng et al., 2012) and carbon nanotubes (CNTs) (Lee et al., 2018a) have been used alone or in combination with natural polymers for 3D-printed NGCs.

The aliphatic polyester PCL is used widely as a raw material for NGCs due to its excellent mechanical properties (Kim and Kim, 2007; Schnell et al., 2007; Chang et al., 2018; Huang et al., 2018). However, the degradation performance of PCL is poor. Compared with PCL, PLGA has an adjustable degradation performance and mechanical properties. The very permeable PLGA/Pluronic F127 NGC and chitosan/PLGA compound NGCs have been tested in vivo to promote motor-function recovery and axon regeneration (Oh et al., 2008; Xue et al., 2012).

Although PEG has excellent biocompatibility, its effect on nerve regeneration is not clear. However, during preparation of the NGC, the photocrosslinkable PEG and PEGDA can serve as cell carriers, and ∼87% of the cells embedded have good cellular activity (Arcaute et al., 2006). Hence, PEGDA has been used widely in the additive fabrication of PEG-based NGCs.

PGS is a photocurable and absorbable material that can be used as a 3D-printed material for NGCs (Dharaminder et al., 2018). PGS-based NGCs can provide mechanical properties close to those of peripheral nerves and greater flexibility. Compared with PLGA, flat-sheet PGS NGCs can better promote the adhesion and proliferation of Schwann cells and reduce the inflammatory response, but they lack the 3D structure of the extracellular matrix. Photocurable, functionalized PGS-based NGCs can have both excellent mechanical properties and individual customization requirements (Dharaminder et al., 2018).

As the latest generation of NGC materials, conductive materials mainly comprise conductive polymers and CNTs (Weng et al., 2012; Lee et al., 2018a). They can maintain the integrity of the electrical signal of the nerve pathway and further synergize electrical stimulation. However, they are difficult to process, insoluble, and have poor degradability, so often they are combined with natural polymers. As mentioned earlier, hybrid composite additive manufacturing NGCs have also been used, such as chitosan/PLGA NGC. Hybrid composite nerve conduits Because hybrid composite nerve conduits can combine the advantages of both natural and synthetic polymers, so they are a promising type of material combination in the future.



METHODS FOR ADDITIVE MANUFACTURING OF NERVE GUIDANCE CONDUITS

3D printing is one of additive manufacturing technologies, which mainly refers to the method of obtaining 3D samples designed through continuous deposition of materials on the basis of computer assistance control. Continuous ink-jet printing has been around for nearly 70 years, and fused deposition modeling and stereolithography (SLA) were new technologies that emerged in the 1990. The three main methods of additive manufacturing of NGCs are extrusion-based printing, SLA, and inkjet bioprinting (Murphy and Atala, 2014; Lee et al., 2018a). Each method has its advantages and disadvantages. In this section, we introduce the principles of various additive manufacturing methods and their applications in NGC preparation (Scheme 1).
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Scheme 1. Schematic diagram of additive manufacturing techniques for nerve guide conduit. (A) Microextrusion bioprinter. (B) Stereolithography. (C) Inkjet bioprinter. Reproduced with permission from Malda et al. (2013).



Extrusion-Based Printing

Microextrusion printing can achieve one-step printing of NGCs containing various composite materials that are difficult to obtain by conventional manufacturing methods. Extrusion-based printing can obtain better mechanical properties and more complicated NGC structures than traditional production methods. Based on 3D imaging, Johnson et al. fabricated a sciatic nerve conduit with the bifurcation structure of sensory and motor branches by microextrusion printing (Figure 1). The disadvantage of extrusion 3D printing is that the efficiency and accuracy of printing are low due to the limitations of the nozzle, which is prone to blockage (Zhu et al., 2016). The printing materials are PCL, PLGA, alginate, calcium chloride, and GelMA. The delivery of NGF in the sensory branch and GDNF in the motor branch has been realized (Johnson et al., 2015).
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FIGURE 1. Microextrusion printing rat complex structure sciatic nerve conduit. (A) Photographs of sciatic nerve including both of sensory and motor nerve branches and (B) corresponding sciatic nerve defect. (C) Scans for 3D reconstruction from various perspectives by structured light scanning system. (D) The process of three-dimensional reconstruction of data. (E) Image after 3D reconstruction of the scan data of the sciatic nerve. (F) Image of the microextrusion printed sciatic nerve conduit. Reproduced with permission from Johnson et al. (2015).


Fused deposition modeling (FDM) is a printing technology. A temperature-sensitive polymer is heated to a molten state and then deposited on a solid medium through a printing nozzle (Qian et al., 2019). The advantage of this kind of technology is its high precision. The printed scaffold has high hardness, few impurities, and can eliminate organic solvents that are potentially toxic to cells. However, the polymer must be heated to a high temperature before printing, so the effect of high temperature on material properties must be considered.

Cui et al. (2009) fabricated double-layer PU/Col NGC by a modified FDM method. They used double needles, relatively low temperatures combined with separation and freezing to prepare the outer layer containing a macroporous (15–25 mm) structure of the inner layer of the oriented fiber PU/Col NGC. This NGC had excellent mechanical properties and biocompatibility, and the extrusion temperature was low, so growth factors and bioactive substances could be introduced.

The indirect biological-printing method of microextrusion has also been used to produce NGCs. Hu et al. (2016) employed magnetic resonance imaging to obtain the data of the human sciatic nerve, and then used the indirect printing method to make a “personalized” GelMA NGC of the human sciatic nerve (Figure 2). By introducing GelMA hydrogel into the molds, they created a neural tube of a precise shape corresponding to the molds. When adipose-derived stem cells were introduced, the NGS could promote their adhesion and proliferation. In vivo experiments using a model of a 10-mm defect in the sciatic nerve showed that the nerve-repair effect was no different to that from an autograft group.


[image: image]

FIGURE 2. Schematic diagram of tissue engineered NGCs by indirect bioprinting, and computer models and photographs of complex structured NGCs. (A) Schematic diagram of tissue engineered nerve conduits. (B) Computer models and photographs of (a) 4-channel, (b) bifurcating. (c) MRI scan of the human sciatic nerve and the photograph of the corresponding nerve conduit. Reproduced with permission from Hu et al. (2016).




Stereolithography

In-depth research into SLA (also known as photosensitive liquid phase solidification) has been done. SLA uses a laser light source to cure resins to produce complex 3D products. The main raw material added to the printing paste is a liquid resin. This photosensitive resin, after ultraviolet light (UV)-wavelength laser irradiation, causes the printing slurry to polymerize, and a single cured product is obtained. Then, the work platform is filled with a new printing slurry to continue the curing reaction of the next layer. This process is repeated layer-by-layer to obtain 3D solid parts. Finally, the latter are placed under UV light or a sintering furnace for molding.

The advantages of this technology are that: (i) macroscopic devices can be made under the control of a computer-aided design (CAD) or computer-aided manufacture; (ii) the accuracy and efficiency of production are higher than those of extrusion-printed methods. A high degree of automation means that the product is more controllable because it solidifies the liquid directly (Melchels et al., 2012). However, this method is suitable only for materials with high photosensitivity, and photoinitiators must be added, so tests of cytotoxicity and biocompatibility in vitro must be passed before use.

“Generalized SLA” comprises two types. One type is laser-assisted programmed SLA, which is characterized by projecting the image to be printed onto the polymer to increase the layer printing directly. The other type uses laser beams for point-by-point printing (Zhu et al., 2016).

Digital micromirror devices (DMDs) are employed widely in SLA to improve the printing efficiency. Zhu et al. (2018) used SLA to fabricate a human-facial-nerve conduit with bifurcated structures. After collecting the data of the NGCs to be printed by computed tomography or nuclear magnetic resonance spectroscopy, a CAD model was established. Using a 405-nm laser, light was transmitted into the GelMA and PEGDA prepolymer solution through a DMD to achieve selective light-curing according to CAD-model data (Figure 3A). This CAD design had the advantages of high efficiency, continuous and rapid customized printing, and preparation of NGCs with a multi-lumen and bifurcated structure.
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FIGURE 3. Rapid continuous 3D printing. (A) Schematic diagram of the rapid continuous 3D printing (Zhu et al., 2018). (B) SEM images of complex structured NGCs transverse sections of hollow (a), 4-multichannel (b), aligned cryomatrix-filled NGC (c,d), random cryomatrix-filled (e), Micro-CT image of aligned cryomatrix-filled NGC (f) (Singh et al., 2018). (A) Reproduced with permission from Zhu et al. (2018) and (B) Reproduced with permission from Singh et al. (2018).


Singh et al. (2018) used SLA to produce a 3D-printed PCL resin with reactive methacrylate groups. The preparation parameters of the laser light source was 400–500 nm, the thickness of each layer was 25 μm, and a PCL NGC of length 1.9 cm containing four microchannels and an accuracy of 50 μm was fabricated (Figure 3B). This PCL NGC filled with a nerve growth factor-loaded aligned cytomatrix repaired the critical length defect of a rat sciatic nerve.

Ye et al. (2020) used digital light-processing 3D printing technology to prepare a four-lumen GelMA hydrogel NGC. In vitro experiments demonstrated that the NGC promoted the proliferation of PC-12 cells, the directional migration along the long axis of the NGC, and promoted the directional differentiation of neurons of neural crest stem cells. These observations showed great potential for application in peripheral-nerve repair, but the study did not compare multi-channel with single-channel NGCs (Ye). PEG resin has also been employed in the fabrication of NGCs using SLA (Christopher et al., 2015; Evangelista et al., 2015). Evangelista et al. (2015) compared single-lumen NGCs with multi-lumen NGCs fabricated by SLA. They found that the effect of single-lumen conduit on sciatic-nerve regeneration was better than that of multi-lumen PEG NGCs (Evangelista et al., 2015). Dharaminder et al. (2018) prepared photocurable functionalized PGS through methacrylation of hydroxyl end-groups. A 405-nm laser was used to photocure PGSm, and the printing speed was 0.3 mm/s. After printing, methanol solution was used to remove uncured PGSm, and both ends of the NGC were laser-cut to obtain a complete 1.5 cm-long PGSm NGC. The mechanical-performance test results showed that its compressive Young’s modulus was >3 MPa and could fully resist the tension of the suture. In vitro experiments with S100-β immunofluorescence showed that the PGS-coated material could maintain the morphology of Schwann cells. In vivo tests demonstrated that the PGSm NGC promoted the regeneration of the common fibular nerve and reduced neuralgia (Dharaminder et al., 2018).

Conductive materials can also be applied in 3D-printed NGCs using SLA. Lee et al. fabricated 3D-printed MWCNTs-loaded PEGDA scaffolds using SLA, and in vitro experiments showed that synergistic electrical stimulation could promote the growth of neurites of neural stem cells (Lee et al., 2018b). Heo et al. (2019) used poly(3,4-ethylene dioxythiophene):polystyrene sulfonate (PEDOT:PSS) to further increase the conductivity of nerve scaffolds. This PEDOT:PSS/PEGDA scaffold could enhance the neuronal differentiation of dorsal root ganglion cells. However, few in vivo studies on this type of NGC have been done, and its effectiveness merits further study.



Inkjet Bioprinting

Inkjet bioprinting is a commonly used additive technology, but it is not used widely used in NGCs (Dixon et al., 2018). Inkjet-printing technology can use polymers as raw materials, and accurately control the speed of polymer deposition droplets on a 3D coordinate axis through non-contact additive manufacturing technology. The power of the droplet’s advancement takes two forms: (i) the air pressure generated by heat; (ii) the pulse pressure generated by piezoelectric or ultrasonic devices. Then, the droplet is delivered to the substrate that supports or becomes part of the final product (Okamoto et al., 2000).

The earliest batch of inkjet-bioprinting equipment was modified from 2D ink-based printers. That is, the original ink was replaced with the biological material that needs to be printed, and the paper was changed to the corresponding Z-axis that can be moved up and down (Xu et al., 2008). Radulescu et al. (2007) demonstrated the compatibility of human embryonic kidney cells and promotion of nerve grow the factor, and adjusted the parameters of the inkjet printer to prepare additively manufactured cylindrical PLGA NGCs. By genetic modification of human embryonic kidney cells, the NGC could be used as an effective carrier for growth factors (Radulescu et al., 2007).

The performance of inkjet printing technology has facilitated introduction of functionally active substances. Qian et al. (2018) used inkjet bioprinting to prepare functional collagen/nanoceria/PCL NGCs to investigate the characteristics of inflammation and oxidative stress after nerve defects (Figure 4). They used a rotating roller with a structure of microneedles (simulating the pores of NGCs) to spray polymers on abrasive tools to prepare NGCs. In vivo and in vitro experiments demonstrated that the NGC had good local anti-oxidative stress function (Qian et al., 2019). Yuan and coworkers fabricated polydopamine- and arginyl glycyl aspartic acid-coated grapheme-loaded PCL nerve scaffolds by a similar type of inkjet bioprinting, and the NGC was used to repair a 15-mm sciatic-nerve defect in rats. The repair effect was no different from that of an autologous-nerve-graft group 18 months after the procedure, and study of the mechanism of nerve regeneration revealed promotion of axon- and myelin-related protein expression (Qian et al., 2018).
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FIGURE 4. Schematic diagram of the 3D fabrication of the Col/NC/PCL NGCs, transmission electron micrograph of a sciatic nerve after surgery and the antioxidant properties of Col/NC/PCL NGCs (Qian et al., 2019). (A) The Col/NC/PCL NGC was printed in three layers from the outside to the inside, the Col layer, PCL layer, and NC/PCL layer. The inner layer was suitable for SC adhesion, and the outer layer could prevent fibroblasts from entering the conduit. (B) SEM of the Col/NC/PCL NGCs; (C) Western blot results of in vitro antioxidant and anti-inflammatory indicators; (D) Transmission electron micrograph of the sciatic nerve 18 weeks after surgery; (E) Reverse transcription-polymerase chain reaction (RT-PCR) results and the HO-1 and nuclear factor-like 2 (Nrf2) levels Reproduced with permission from Qian et al. (2019).


With the advancement of inkjet-dispensing technology, increasing numbers of bioactive materials have been used in inkjet printing to make tissue-engineered devices (Silva et al., 2007). Nerve scaffolds made of conductive materials can also be prepared using inkjet printing. Wallace and colleagues developed PPy/collagen platforms by inkjet printing (Weng et al., 2012). The electrical conductivity of these scaffolds was >1 S/cm, and bio-printing with micron precision was realized. In vitro tests demonstrated that the scaffold had good compatibility with PC-12 cells, and could promote the directional alignment and elongation of synapses upon synergistic electrical stimulation.



SUMMARY AND FUTURE PERSPECTIVES

Compared with the traditional manufacturing method, the nerve conduit manufactured by 3D printing has the advantages of low price, high efficiency, and easy preparation, and can be used as a growth factor or a carrier of bioactive substances. Further efforts will be directed toward the fabrication of NGCs with nano-precision and with growth factors or with growth factors gradient, as well as the development of new additive materials. The 3D bioprinting nerve conduit containing cells and growth factors, which can be used to better simulate the in vivo peripheral nerve micro-environment, is expected to repair peripheral nerve defects of limited length and will be the research direction of additive manufacturing of NGCs in the future.
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The injury to the spinal cord is among the most complex fields of medical development. Spinal cord injury (SCI) leads to acute loss of motor and sensory function beneath the injury level and is linked to a dismal prognosis. Currently, while a strategy that could heal the injured spinal cord remains unforeseen, the latest advancements in polymer-mediated approaches demonstrate promising treatment forms to remyelinate or regenerate the axons and to integrate new neural cells in the SCI. Moreover, they possess the capacity to locally deliver synergistic cells, growth factors (GFs) therapies and bioactive substances, which play a critical role in neuroprotection and neuroregeneration. Here, we provide an extensive overview of the SCI characteristics, the pathophysiology of SCI, and strategies and challenges for the treatment of SCI in a review. This review highlights the recent encouraging applications of polymer-based scaffolds in developing the novel SCI therapy.
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INTRODUCTION

Spinal cord injury (SCI) constitutes a considerable portion of the global injury burden is mainly caused by falls and road accidents (Wagner et al., 2018; David et al., 2019; Hutson and Di Giovanni, 2019). In 2016, the global number of prevalent cases of SCI was 27.04 million. SCI is a debilitating and irreversible injury leading to the complete or incomplete loss of sensory and motor function beneath the injury area, depending on the extent of the injury (Ordikhani et al., 2017). Such injury causes not only disabilities for individuals and their families, but also burden health systems and economies with loss of productivity and high health care costs. The lifetime cost of SCI approximately ranges between US$ 1 and 5 million per individual, depending on the level and severity of the SCI (Courtine and Sofroniew, 2019).

The subsidiary cascades remarkably enlarge the initial injury into neighboring tissues, as well as the spinal cord portions, followed by neuronal and glial wasting, scar and cavity formation, proliferation and activation of microglia and astrocytes, decreasing the extension of the subsidiary injury but also inhibit axon rejuvenation by developing chemical, as well as physical barriers to axon regrowth (Hutson and Di Giovanni, 2019). During the chronic phase, SCI patients usually have a neurological disability, mainly due to the disruption of spinal connectivity and failure of axon tracts about the lesion (Ahuja et al., 2016).

In the last decades, significant research advances have been made in increased comprehension of the SCI pathophysiology. The vital therapies for acute SCI aimed at preventing ongoing direct SCI and neuroprotection to reduce the secondary damage. At the same time, the treatments for chronic SCI center on neural rejuvenation, plasticity, and rehabilitation treatment while there were no effective conventional therapeutic attempts to restore mobility and sensation following SCI (Ahuja and Fehlings, 2016).

Even though significant advances have been made in the pathophysiology of SCI provides, many great promises have been made in improving therapeutic strategies for restoring function in animal models. The few approaches that have advanced to clinical trials have demonstrated insignificant or no efficacy in facilitating functional recovery (Hutson and Di Giovanni, 2019). Present therapeutic approaches for SCI are limited to, and pharmacotherapy, inadequacy, and complications of these therapies reveal that novel treatment approaches are needed (Hu et al., 2018).

The currents advancements in material science have resulted in the use of novel biomaterials to promote effective tissue regeneration following SCI. Biomaterial therapies are intended to regenerate the anatomic structure, as well as the function in combination with cells and/or active biomolecules (Chen et al., 2018; Qiao et al., 2019; Sun et al., 2019a; Yang et al., 2020). Recently, polymer-based materials have become a newly emerging strategy in SCI. The use of implantable polymer to enhance spinal cord rejuvenation intends to fill the created gap in the injured site and additionally modify the injured area toward a pro-restorative environment that provides physical cues for the rejuvenation of the axons (Ahuja and Fehlings, 2016). Based on these criteria, the polymer material must have applicable chemical, mechanical, as well as physical features for cell viability and tissue development. Because of the importance of this research topic, although there have been many similar review articles on the use of biomaterials for SCI (Liu et al., 2019; Zhang et al., 2019), there has not been a systematic summary and detailed classification of the materials and applications of polymers. Herein, we review the novelty of polymer therapy and in integrated treatments providing insightful possibilities for future study and prospective for safe clinical application (Scheme 1).
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SCHEME 1. Schematic diagram of polymer composite scaffold repair for spinal cord injury.




PATHOPHYSIOLOGY OF SCI


SCI-Induced Primary Injury

The phages of SCI pathophysiology include immediate, acute 60 (seconds to minutes), sub-acute (minutes to weeks), and chronic (months to years; Macaya and Spector, 2012). Physical strain to the spinal cord causes the vascular disorder, which leads to blood-spinal cord barrier rupture resulting in hemorrhage, edema, and ischemia, and subsequent invasion with immune cells, including neutrophils, as well as macrophages (Tran et al., 2018). Axonal and cellular membrane damage, axonal deterioration, and inflammation are prevalent at the beginning of the post-injury stage. Subsequently, proliferation and initiation of microglia and astrocytes follow. These cells produce several factors contributing to the resolution of the acute reactions, healing, and finally developing into a cavity bound by glial/fibrotic scarring. Neurological dysfunction and disappointing recovery are caused by axonal and cellular damage to spinal connectivity (Tran et al., 2018).



Inflammation-Induced Subsidiary Injury

The primary injury results directly to an elongated subsidiary, which typically extends above and below the site of the lesion and can last for days or weeks. This secondary injury is characterized by the growth of the lesion epicenter tissue damage, including adjacent cell inflammation-mediated death of neighboring cells and axotomy of neurons survived in the primary trauma (Fitch et al., 1999). The extent of inflammation in the subsidiary injury is associated with the level of danger-associated molecular patterns, including endogenous alarmins, chromatin-associated protein high mobility group box1 (HMGB1), IL-1, S100, and histones. In this environment, immune cells become commonly activated to enter the M1 phenotype, which is typified by Inducible nitric oxide synthase (iNOS), reactive oxygen species (ROS), and reactive nitrogen species. Understanding the axis of molecular occurrences that happen soon after the injury can aid in an attempt to save as much nervous tissue through improved neuroprotective strategies (Tran et al., 2018).



Glia and Fibrotic Scar After SCI

With the augmentation of inflammatory cells, oligodendrocyte progenitor cells (OPCs) and astrocytes become activated and under the scar formation. Though the scarring development aids in fixing inflammation reaction continued low-grade inflammation caused by macrophages, as well as the subsequent gliosis, reshapes the extracellular matrix (ECM) by increasing laminin, fibronectin, and collagen in the epicenter (Fernández-Klett and Priller, 2014). The exact genesis and role of these specific cells (i.e., pericytes, meningeal cells, which were referred to as fibroblasts) typically associated with connective tissue. Schwann cells emanating from the marginal roots migrate into the core of the lesion and also secrete fibroblast biosignatures and are closely related to deposits of laminin, fibronectin, and collagen (Zhang et al., 2013). At this phase, invading fibroblasts might even create a dense fibrous capsule that functions as a tissue barrier and interacts with the growth repressor biomolecules to further suppress axonal rejuvenation (Ordikhani et al., 2017). Transforming growth factor-beta (TGF-β) enhances astrocyte stimulation and following glial scar boundaries, also increases microglia/macrophage and fibronectin and laminin deposition (Logan et al., 1994). The positive function of glial scar in SCI reactions illustrates the need for a glial bridge in neural rejuvenation (Bloom, 2014). The glial component consists of NG22+ oligodendrocyte precursors, reactive astrocytes, and microglia in the penumbra. The lesion penumbra around the fibrotic epicenter is cauterized by responsive glial cells and amplitude of chondroitin sulfate proteoglycans (CSPGs). Because of the elevated CSPG content in the glial scar, it is not astonishing that axon rejuvenation and plasticity are impeded after SCI. A crucial role of CSPGs in the adult central nervous system (CNS) constitutes the formation of the perineuronal net (PNNs), which of their potential to restrict plasticity in the CNS. Additionally, ECM biomolecules may escalate the rigidity of the bioenvironment, produce a physical barrier, as well as offer non-specific topographical cues; all of these can influence cellular movement. Interestingly, removal of suppressive ECM constituents, e.g., CSPGs, improves neurite proliferation.

The degradation and atrophy of axons in combination with the glial scar and cyst development poses a physical impediment to axonal rejuvenation after SCI (Eckert and Martin, 2017). Finally, the glial scar stabilizes about the cyst in the chronic phase, additionally surrounding the deteriorated axons because of the subsidiary injury.



STRATEGIES AND CHALLENGES FOR THE TREATMENT OF SCI

Regeneration after SCI involves purposed axon proliferation and remyelination of long tracts. The loss of the structural framework of the cord, including scar formation, impedes targeted axonal re-proliferation, as well as cell migration (Ahuja and Fehlings, 2016). After the SCI, non-neural cells, including perivascular fibroblasts, meningeal fibroblasts and pericytes could form the different size of lesion than can influence axon growth or regrowth. Astrocyte scar restrict the inflammation spread between the viable neural tissue and the non-neural cells which limit the axon regeneration. CSPGs are proteoglycans consisting of a core protein and glycosaminoglycan (GAG) side chains, such as aggrecan, versican, neurocan, and brevican, which are provably inhibitory to axon regeneration both in vitro and in vivo. Oligodendrocytes contain many potent axon growth-inhibitory molecules, which are release following the SCI, participate in the barrier to axonal repair and growth. Because there are no currently approved treatments for restoring the mobility and sensation after SCI, the present therapy approaches for acute SCI are restricted to surgical decompression, and intravenous high-dose methylprednisolone (MP) whose clinical efficacy remains unclear (Ahuja et al., 2016). Anti-inflammatory or neuroprotective approaches fail on the progression of the disease and the clinical outcomes.

Current therapies for SCI may primarily be classified into neuroprotective and neuroregenerative therapies. Neuroprotective treatments aim to avoid or prevent further advancement of subsidiary damage, while neuroregenerative therapies focus on restoring disabled function by repairing the disrupted neural circuit of the spinal cord (Ni et al., 2015). Nonetheless, once the period for treatment intervention to intercept subsequent damage events has elapsed, the focus turns toward the rejuvenation of the damaged spinal cord. Additionally, the treatment approaches aimed at alleviating or altering the progression of glial and fibrotic scar formation improve injury outcomes.


Neuroprotective Strategies and Challenges in SCI

Following SCI, other inflammation founts may trigger blood-borne molecular signals, including LPS or cytokines, or activate immune cells that extend inflammation in the SCI lesions and aggravate tissue injury. Early inflammation following traumatic damage is advantageous and should not be prevented, but sustained inflammation has neurodegenerative potential. Neuroprotective treatments center on preventing or impeding the further advancement of the subsidiary injury through the alleviation of critical mechanisms, e.g., inflammation, apoptosis, or oxidative stress. Gene profiling shows up modulation and down-modulation of cell cycle-related gene expression linked to damage over the minutes, hours, and days following SCI, which might aid target future neuroprotective and restorative treatments (Di Giovanni et al., 2003). The timing of an anti-inflammatory or pro-inflammatory cell or an immune-mediated approach can, therefore, be crucial for neuroprotective strategies.

Methylprednisolone reduces the peroxidation of membrane lipids and post-inflammation, which consistently improve neurobehavioral outcomes. However, the use of MP is very controversial due to several side effects, such as gastrointestinal hemorrhage and wound infections. Other treatments include naloxone, tirilazad, and nimodipine showed efficacy in animal research, but clinical trials have failed to facilitate motor recovery. The glutamate receptor competitors or other kinds of repressions of the N-methyl-d-aspartate (NMDA) receptor were applied to protect neurons. Neurotrophins, including brain-derived neurotrophic factor (BDNF), facilitate functional recovery through regulating inflammatory cytokine levels (David et al., 2019). iNOS is a crucial pacifier of oxidative stress during neuroinflammation induced by SCI. Therefore, down-regulation iNOS could reduce nitric oxide-mediated cell death after SCI (Gao and Li, 2017; Maggio et al., 2017). Modulation of macrophage activity could regulate anti-inflammatory cytokine expression, restrict demyelination, and secondary damage from inflammatory reactions (David and Kroner, 2011; Shechter et al., 2013; Sun G. et al., 2019; Zhou et al., 2019, 2020).

BA-210 is a bacterial-derived toxin that impedes the Rho cascade of repressor proteins and subsequently enhances axonal proliferation. A phase trial was undertaken used the dura during surgery in 48 complete SCI patients (Fehlings et al., 2011). Rho is switched on by growth-repressor factors and modulates cascades that climax in the disintegration of the neuronal growth cone, injure of neural cells, and, eventually, the collapse of motor and functional restoration. Suppression of the switching of Rho is a potential therapy for injuries, including traumatic SCI. VX-210 represses Rho, was applied extramurally after decompression and stabilization surgery in a phase 1/2a study. The efficacy will be assessed in the future (Fehlings et al., 2018). Nogo-A is a protein to block axonal proliferation in the human CNS. Therefore, anti-Nogo is a monoclonal antibody engineered to target Nogo-A and facilitate neural rejuvenation. First-in-man intrathecal administration of neurite growth-enhancing anti-Nogo-A antibodies was administrated in acute SCI, showed functional recovery but needed further investigation (Kucher et al., 2018). Although potential, these drug agents have not yet to reveal efficacy in phase III trials.



Neuroregenerative Strategies and Challenges in SCI

After SCI, the growth of the proximal axons encounters a hostile environment limiting spontaneous nerve rejuvenation (Hutson and Di Giovanni, 2019). This is supposed to be a result of the growth of suppressor factors that impede neuronal re-proliferation cascades and functional reconnections (Courtine and Sofroniew, 2019). Numerous factors need resolving to enhance axon rejuvenation in the SCI. In the complete SCI, there are two ways of reconnecting the links and functions beneath the injured area: bypassing the damaged region or reconstructing the functional tissue of the cysts and the scars. Neuronal survival, axonal proliferation, remyelination, and reconnection throughout the injured area are necessary for the repair of the spinal cord with the aid of linking grafts (Schwab, 2002). Tissue engineering provides the possibility of developing new therapeutic approaches for patients with polymer chemistry and cellular neurobiology (Chen et al., 2011).

The deterioration of neuronal tissue and the formation of a cystic cavity at the epicenter has made cell transplantation an exciting approach for SCI. Cell-based treatments, directly administered into the lesion region, are thought to facilitate tissue rebuilding and axonal rejuvenation by substituting injured or lost neural tissues. During the last decades, diverse lineages of cells have been applied, based on their unique functional capacities in the axon regeneration. The cell-based approach has become the essential aspects of translational medicine for SCI (Ni et al., 2015).

Schwann cells (SCs) supported axon regeneration in peripheral nervous systems, and they have particularly been reported to enhance axonal rejuvenation in the SCI (Fang et al., 2019; Ma and Liu, 2020; Marquardt et al., 2020). Olfactory ensheathing cells (OECs), Schwann cells, and marginal nerves can modify the microenvironment, which was favorable for neural regeneration. Stem cells, neural progenitor cells, induced pluripotent stem cells (iPSCs), embryonic stem cells (ESCs), mesenchymal stem cells (MSCs), etc. are all utilized for their pluripotent differentiation potential to substitute neuronal lineage cells, promote axonal rejuvenation and rebuild inter-neuron connections. Stem cells and neural progenitor cells are less tumorigenic relative to ESCs and were used safely to treat Parkinson’s disease, stroke, and cerebral palsy patients (Potter et al., 2008). iPSCs are anticipated to open enormous opportunities in the treatment of SCI, but it needs preclinical data to confirm the efficacy and safety of iPSCs (Okano et al., 2013; Lu et al., 2014; Strnadel et al., 2018). MSCs can be readily harvested from dental tissues, bone marrow, adipose, and blood. The effect of MSCs was more revealed in rodent studies when they were transplanted 1 week after damage, while no motor recovery at four months later (Syková et al., 2006). The crucial challenge is to obtain enough quantity of purified cells. Furthermore, SCI produces a hostile micro-environment that can impact on transplanted cell survival and integration. Nowadays, the optimal period for cell treatment is proposed as 7–10 days after injury. Direct transplantation of cells to the damaged site is often recommended, though this route could result in secondary injury. Clinically, a significant number of patients will undergo some natural neurologic recovery 4–6 months following the injury. Without controlled studies, it is unfeasible to distinguish whether improvements are linked to cellular transplantation or simply to the natural recovery ability of the patient. Generally, cellular transplantation is exclusively an investigational treatment.



Strategies Targeting the Glial and Fibrotic Scar

The glial and fibrotic scars constitute a physical and chemical barrier to axon regrowth. Additionally, CSGPs and other repressor extracellular matrix biomolecules interact with receptors that inhibit axonal proliferation (Shen et al., 2009). Therefore, enzymatic digestion of CSPGs with chondroitinase ABC (ChABC) promotes axon rejuvenation, and functional restoration (Oudega et al., 2012). ChABC also facilitates neuroprotection by reducing pro-inflammatory CSPG stimuli (Bartus et al., 2014). Other therapeutic approaches, such as iron chelator, deferoxamine, and epothilone D, have feasible safety profiles in humans. Iron chelation could effectively reduce fibrotic ECM development. Epothilone D can have therapeutic effects due to microtubules’ axon stabilization (Sandner et al., 2018). Deferoxamine reduces total iron expression levels after SCI and impedes apoptosis and prevents glial scar formation (Chen et al., 2017).

A second treatment method aiming for the fibrotic and glial scars is the immature astrocytes into the damaged spinal cord. The transplantation of immature astrocytes into the lesion epicenter is another therapeutic method for the fibrotic and glial scar. Transplanted glial-restricted precursor cells, differentiated into oligodendrocytes, as well as astrocytes, alter the environment and reduce glial limitans development concurrent with supporting axon rejuvenation and sprouting (Hill et al., 2004).

Meanwhile, astrocyte progenitor transplantation promotes remarkable plasticity of rVRG-PhMN circuitry, reduction of macrophage response, and restoration of diaphragm function (Goulão et al., 2019).

Schwann cells are neuroprotective and promote axon regeneration and myelination, which were comprehensively studied as a strategy for SCI repair. Schwann cells improve motor recovery through attenuation of the activity for inflammasome complexes and associated inflammatory circuits (Mousavi et al., 2019).

Nevertheless, SCI remains to be a harmful condition with no cure. Cellular, rehabilitative, and molecular training and integrated therapies have shown potential results in animal models.



MATERIALS FOR POLYMER SCAFFOLDS

In recent years, a variety of materials, including natural and synthetic polymers, have been used in the preparation of scaffolds for SCI (Li et al., 2016).


Natural Materials

Natural polymers mainly include hyaluronic acid (HA), collagen, chitosan, gelatin, silk protein, alginate, fibrin, laminin, fibronectin, agarose, cellulose, dextran, and compound. Here are some of the most commonly used natural polymers.

Hyaluronic acid is a long-chain polysaccharide and a crucial constituent of the extracellular matrix, HA, which can be enzymed into different molecular weights in vivo (Zarei-Kheirabadi et al., 2020). The physiological functions of high molecular weight HA and low molecular weight HA are completely different. High molecular weight HA can reduce the inflammatory response and fibrous scar formation after SCI through interaction with inflammatory cells and extracellular matrix proteins (Thompson et al., 2018). Low molecular weight HA (125–175 kDa) can promote angiogenesis. However, HA has poor cell adhesion and usually needs to be modified or compounded with other materials (Khaing et al., 2011).

Collagen is the main extracellular matrix component in various natural tissues, including central nervous tissue. Currently, more than 27 different subtypes have been found, of which type I collagen accounting for the largest proportion (Chen et al., 2017). Collagen has good histocompatibility, can promote cell adhesion and proliferation, support nerve adhesion, and growth. After SCI, collagen can be used for defect repair, which is beneficial to promote axonal regeneration. In addition, the gelation of collagen hydrogel in situ in the injured area makes it an excellent cell carrier and can maintain the transplanted cells to stay in the damaged part without being taken away by cerebrospinal fluid (Han et al., 2015).

Chitosan is a kind of positively charged biopolymer compound rarely seen in nature. It has abundant sources, low price, non-toxicity, non-irritation, non-antigenicity, heat-source reaction, non-hemolysis, non-mutagenicity, natural degradation, good histocompatibility, and controlled-release effects (Boido et al., 2019). In addition, during the treatment of SCI, chitosan has significant neuroprotective properties, maintains the integrity of the cell membrane, and can block the activity of lipid peroxidation (Elizalde-Peña et al., 2017).

Acellular matrix from the brain, spinal cord, and peripheral nerve tissue is also widely used to repair SCI (Tukmachev et al., 2016). After the nerve tissue is decellularized, extracellular matrix proteins are basically retained to provide proper nutrition for the restoration of the spinal cord, including important laminin and fibronectin, mucopolysaccharide, various collagen components, and GFs. In addition, it is in a sol state at low temperature and can be converted into a gel at body temperature, which is very convenient for injection use (Koèí et al., 2017).



Synthetic Materials

In addition to natural materials, many synthetic polymers are also used for the preparation of SCI scaffolds, including polysialic acid (PSA), polylactic acid (PLA), polylactic-co-glycolic acid (PLGA), and polyethylene glycol (PEG) and so on, which can be individually designed according to needs to make its performance controllable (Nawrotek et al., 2017).

Polysialic acid is a class of linear, homogeneous α-2,8 unique carbohydrates linked to sialic acid (Guo et al., 2019). It is mainly attached to neural adhesion molecules in the vertebrate nervous system through typical N-linked glycosidic bonds. PSA regulates nerve cell development, nerve guidance, and synapse formation by changing the adhesion of nerve adhesion molecules in the nervous system, thereby playing a pivotal role in nerve development (Jung et al., 2017).

Polylactic acid is a novel kind of biodegradable material prepared by refining starch from renewable plant resources. PLA has excellent biocompatibility and has been extensively applied in biomedical engineering as bone nails, bone plates, and surgical sutures. The surgical line constituting PLA can be slowly hydrolyzed to lactic acid and metabolized by the body without removing the thread. The general decomposition period takes half a year to 1 years. In the use of SCI, macroporous scaffolds with directional channels are often prepared and implanted into adult rat SCI models.

Polylactic-co-glycolic acid is formed by randomly polymerizing PLA and polyglycolic acid (PGA). PLGA is a degradable functional polymer organic complex with improved compatibility, non-toxicity, good encapsulation, and film-forming properties and is extensively utilized in pharmaceutical, biomedical engineering biomaterials, and modern industrial fields (Ding and Zhu, 2018). In the United States, PLGA passed the Food and Drug Administration (FDA) certification and was officially included in the United States Pharmacopeia as a pharmaceutical excipient (Martins et al., 2018).

Polyethylene glycol is non-toxic, non-irritating, has excellent lubricity, moisture retention, dispersibility, water-solubility, and has better biocompatibility with many organic components (D’souza and Shegokar, 2016). In the treatment of SCI, PEG can inhibit the generation of free radicals, lipid peroxidation, and reverse the increase in cell membrane permeability (Liu et al., 2017). In addition, it can be used as a sealant to damage the axon membrane and has become a new method to repair the damaged nerve membrane.



FORMS OF POLYMER SCAFFOLDS FOR SPINAL CORD INJURY

The research on SCI focuses on multiple aspects, including mechanism research, stem cell therapy, genes therapy, drug screening, and tissue engineering. Among them, tissue engineering has an irreplaceable advantage for the treatment of SCI (Vismara et al., 2017). Tissue engineering scaffolds can build nerve bridges between injury sites, which can provide a good microenvironment to guide axon contacts at both ends of the injury, and inhibit the formation of nerve scars to promote spinal cord repair (Li et al., 2016). In recent years, with the rapid development of materials science and preparation technology, different forms of scaffolds with different functions have been developed and used for spinal cord repair. Among them, hydrogels (Führmann et al., 2016), electrospun fibers (Schaub et al., 2016), and 3D printed stents (Koffler et al., 2019) are widely used. In addition, tissue engineering scaffolds can also be loaded with bioactive molecules and stem cells to further promote spinal cord repair (Oliveira et al., 2018).


Hydrogels

Due to the high water content and variable mechanical properties similar to spinal cord tissue, high permeability, biocompatibility and degradability, hydrogels are focused on as the implants for SCI, which can meet the material exchange, metabolism and adhesion of nerve cells and be used as a carrier for various seed cells and bioactive molecules (Assunção-Silva et al., 2015; Boido et al., 2019).



Materials for Hydrogel

Hydrogels have been widely used in regenerative medicine (Li et al., 2018; Qiu et al., 2020). In recent years, a variety of materials including natural and synthetic polymers have been used in the preparation of hydrogels for SCI (Li et al., 2016). Natural polymer mainly includes HA, collagen, chitosan, gelatin, silk protein, alginate, fibrin, laminin, fibronectin, agarose, cellulose, dextran, and their compound. Here are some of the most commonly used natural polymers.

Hyaluronic acid is a long-chain polysaccharide and an important component of extracellular matrix, HA, which can be enzymzed into different molecular weights in vivo (Zarei-Kheirabadi et al., 2020). The physiological functions of high molecular weight HA and low molecular weight HA are completely different. High molecular weight HA can reduce inflammatory response and fibrous scar formation after SCI through interaction with inflammatory cells and extracellular matrix proteins (Thompson et al., 2018). Low molecular weight HA (125,000–175,000) can promote angiogenesis. However, HA has poor cell adhesion and usually needs to be modified or compounded with other materials (Khaing et al., 2011).

Collagen is the main extracellular component in various natural tissues, including central nervous tissue, and more than 27 different subtypes have been found, with type I collagen accounting for the largest proportion. Collagen has good histocompatibility, which can promote cell adhesion proliferation and support nerve adhesion and growth. After SCI, collagen can be used for defect repair, which is beneficial to promote axonal regeneration. In addition, the gelation of collagen gel in situ in the injured area makes it an excellent cell carrier, which can maintain the transplanted cells to stay in the damaged part without being taken away by cerebrospinal fluid.

Chitosan is a kind of positively charged biopolymer compound rarely seen in nature. It has abundant sources, low price, non-toxicity, non-irritation, non-antigenicity, heat-source reaction, non-hemolysis, non-mutagenicity, natural degradation, good histocompatibility, and controlled-release effects.

Acellular matrix from brain, spinal cord and peripheral nerve tissue is also widely used to repair SCI. After the nerve tissue is decellularized, extracellular matrix proteins are basically retained to provide good nutrition for the repair of the spinal cord, including important laminin (LN) and fibronectin (FN), mucopolysaccharide (GAG), various collagen components and GFs. In addition, it is in a sol state at low temperature and can be converted into a gel at body temperature, which is very convenient for injection use.

Most of the synthetic polymer are biodegradable, including acrylic acid and its derivatives [such as polyacrylic acid, poly(N-isopropylacrylamide), polyacrylamide, etc.], PGA, PLA, polyphosphazene, and PEG and so on, which can be individually designed according to needs to make their performance controllable (Nawrotek et al., 2017).



Crosslinking Mechanism of Hydrogel

Hydrogel has a variety of classification method. According to different crosslinking methods, the hydrogel is usually divided into two broad categories: physical crosslinking hydrogels and chemical crosslinking hydrogels. Physical crosslinking hydrogels mainly by entanglement or non-covalent bond between the polymer chain, the hydrogen bond and the feeling of water interactions such as ion formation, such as physical junction between the polymer chain is not a permanent connection point, has the dynamic characteristic, but enough to maintain the integrity of the hydrogels in the water (Ma et al., 2016). Cai et al. (2019) used photochemical methods to prepare hydrogels that simulated the complex and dynamic properties of the extracellular matrix. The lyophilized hydrogel exhibited a sponge-like macroporous network structure interconnected with each other, and at the same time, the macroporous structure gave the hydrogel a wide range of flexibility and shape recovery performance and compression resistance (Figure 1; Cai et al., 2019). Chemical cross-linked hydrogels are formed by initiating copolymerization or polycondensation reactions using traditional synthetic methods or photopolymerization and radiation polymerization. The structure of chemical cross-linked hydrogels is relatively stable, with high strength, good reaction controllability, and easy operation. However, other substances are required to participate in the crosslinking process, accompanied by chemical reactions, which may affect the cell state.
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FIGURE 1. Macroporous functional hydrogel (MFH) scaffold for SCI. (A) Diagram of MFH scaffold implantation, protein photoimmobilization, and slow release of growth factors. (B) Scanning electron microscopy (SEM) image of MFH-2. (C) The cyclic compression stress-strain curves of this MFH scaffold. Reproduced with permission from Cai et al. (2019).




3D-Printing Scaffolds

The complex innate structure of the spinal cord is considered to be another important reason for the difficulty in repairing after injury. In this case, mimicking the inherent microstructure of the spinal cord provides another direction for the treatment of SCI. Although biomedical scaffolds have been widely used for nerve repair, the lack of customized structures hinders their use in vivo. Current bioprinting functional organization methods lack proper biomanufacturing techniques to construct complex three-dimensional microstructures. Therefore, in the past decade, 3D printing technology has received extensive attention.

Generally, 3D printing refers to the geometry of a specific process of adding specific materials or curing to form a 3D object under computer control. 3D bioprinting refers to the use of 3D printing technology to combine cell GFs and biological materials to produce natural features that mimic biomedical ingredients. 3D printing technology can design the structure and performance of the stent, control the mechanical properties of the stent through the pore structure, and adjust the biological activity and degradation of the stent through the chemical composition. In addition, 3D bioprinting allows the customization of complex and complex structural carbon nanomaterials at the micron level, while advanced biomaterials (such as conductive polymers) are currently used as bio-inks in many printing systems.



Technology of 3D Printing

Inkjet biological printing is an economic and effective technology adopts the control method of ink-jet printing technology can be well dispersed biological ink it allows and non-contact deposited at the same time the micron resolution cells in some direction in the technology is not high due to the biological ink viscosity, often leads to low mechanical properties of the structure. Inkjet printers contain thermosensitive and piezoelectric types. FDM technology uses filaments made from thermoplastic polymers to construct 3D structures. With the application of temperature, the filaments are heated in the nozzle to obtain a printable form (semi-liquid) and extruded onto the platform. Stereo lithography consists of ultraviolet lasers that focus on a hydrogel or resin that is photosensitized by the addition of a photoinitiator.

Koffler et al. (2019) report the use of a method of continuous Projection printing method electronic Scale to create a complex central nervous system structure for application in spinal cord regeneration medicine. The 3D printing technology of multi-walled carbon nanotube (MWCNT)-hydrogel composite nerve scaffolds with porous structure, adjustable and well dispersed can easily produce complex 3D scaffolds with extremely complex microstructure and controllable porosity (Lee et al., 2018). In one study, a new 3D printing technology was used to produce a scaffold with a designed structure. Meanwhile, collagen and chitosan composite materials were used for compatibility and strength balance (Sun et al., 2019b). Joung et al. (2018) used 3D printing approach to precisely place iPSC derived spinal cord neuronal progenitor cells (NPCs) and OPCs in a biocompatible scaffold. The bio-printed spinal cord neuron progenitor cell (sNPC) differentiates, and axons extend in the micro-scale scaffold channels, as well as the bioactivity of the neuronal network were verified by physiological spontaneous calcium flux studies. The platform could be utilized to prepare new biomimetic hydrogel scaffolds, simulate complex central nervous system tissue structures in vitro, and design new clinical methods for the treatment of neurological diseases, including SCI (Figure 2; Joung et al., 2018).
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FIGURE 2. Experimental methods for 3D printing spinal cord scaffold. (A) Schematic of the anatomical structure of spinal cord in cross section showing gray matter, along with the white matter periphery, and the 3D-printed multichannel scaffold for modeling the spinal cord. (B) Schematic diagram of the layer-by-layer 3D printing process. (C) Comparative photograph of rat spinal cord cross-section and multi-channel 3D printing spinal cord scaffold. The number of channels could be adjusted according to the size of the required bracket. A top view (D) and the side view (E) of the scaffold. (F) A 2 mm × 2 mm × 5 mm sized scaffold on top of a finger showed the scale of the scaffold. Reproduced with permission from Joung et al. (2018).




Electrospun Fibers

The function of the axon is to transmit the action potential of the cell body to the synapse of the nervous system, and it is the main channel for nerve signal transmission. In the process of signal transmission in the spinal cord, a large number of axons participate together and become bundled, called nerve fibers. Axon regeneration is of great significance to the restoration of nerve function. However, after the SCI, the injury gap and glial scars made it difficult to find and reconnect the axons. Electrospinning technology has been widely used in the field of tissue repair because it can easily produce fibers with high surface area to volume ratio (Ding et al., 2019). Electrospinning is a process, which uses electric fields to generate fine fibers using synthetic materials or biomolecules (Ding et al., 2019; Feng et al., 2019; Wang C. et al., 2019). Electrospinning can produce oriented matrices and prepare ideal bridge prostheses, which can affect the axon orientation and growth of the array. In addition, by improving the electrospinning equipment and technology, a variety of fiber forms were stimulated, including twisted, core-shell, hollow, porous, and side-by-side multilayer surface structures. To simulate the natural environment of spinal cord tissue, Yao et al. (2018) prepared 3D layered fibrin hydrogels with directional structure and hardness using electrospinning and molecular self-assembly. The electrospun aligned fibrin hydrogel (AFG) fibers were stacked into 2 mm wide bundles and then cut into 4 mm long lengths to fit the SCI injury gap. It is worth noting that the gross image of the assembled AFG scaffold was like that of the spinal cord. The elasticity of AFG and random fibrin hydrogel (RFG) was identical to that of the ECM of nerve tissue, which was 1.57 ± 0.11 kPa and 0.36 ± 0.02 kPa, respectively (Figure 3; Yao et al., 2018).
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FIGURE 3. Aligned fibrin hydrogel (AFG) scaffold for rat T9 cerebrospinal cord injury. (A) AFG design procedures. (B) SEM images of the cross-sections of AFG and random fibrin hydrogel (RFG) supports and respectively show the layered oriented structure of AFG and the random fiber structure of RFG. (a1) and (b1) are low magnification SEM images of cross sections of AFG and RFG respectively, and the insert pictures are general photographs of the scaffolds respectively. (a2) and (b2) are high magnification SEM images of AFG and RFG scaffolds respectively, and the arrows are the alginate layers. (a3) and (b3) are SEM images of longitudinal sections of AFG and RFG scaffolds. Reproduced with permission from Yao et al. (2018).




APPLICATION OF POLYMER SCAFFOLDS FOR SPINAL CORD INJURY

Minimizing secondary damage as much as possible to avoid nerve cell apoptosis can promote the repair of the spinal cord to the greatest extent. Due to its biocompatibility, biodegradability, porosity and mechanical properties, the engineering three-dimensional scaffold can provide a good physical environment for nerve regeneration. However, scaffolds without secondary injury inhibitors, bioactive molecules or seed cells have limited therapeutic effects. In response to this problem, a variety of polymers, including polymer stem cell scaffolds and polymer drug scaffolds, have been developed on scaffold composite platforms to promote the regeneration of injured spinal cords from different angles.


Polymer Scaffolds Stem Cells Composite Platform

Stem cells can not only replicate themselves, but also have the multi-directional differentiation potential of stem cells. The stem cells have the latent energy of multiple differentiation and play the role of replacing the degeneration necrotic cells; stem cells can secrete anti-inflammatory cytokines, which inhibit the inflammatory response of the lesion microenvironment; dry cells can produce many cytokines GFs and cell adhesion factors, which play a very important role in improving the microenvironment and promoting tissue regeneration. They can produce various tissue cells, especially specific nerve cells. Stem cells after transplantation can also secrete a variety of cytokines to nourish nerves, inhibit secondary injury, strengthen angiogenesis, and thus improve SCI. However, the survival rate of stem cell transplantation alone is low, and the repair effect on the spinal cord is limited. In recent years, the combination of engineering three-dimensional scaffolds and stem cells has become an effective management strategy for spinal cord repair. Stem cell-bearing biological scaffolds can be implanted into damaged sites to improve stem cell survival and differentiation. In particular, various types of stem cells are loaded on different biological scaffolds to promote the differentiation of stem cells into neurons, increase the release of GFs, improve axon regeneration, fill the cavity with axon myelin and reduce scar formation. At present, a variety of stem cells including neural stem cells (NSCs), bone marrow MSCs, bone marrow MSCs are widely used in the research of repair of SCI.

Neural stem cells are those that exist in the nervous system and have the potential of differentiation. In summary, NSCs have the following properties: (1) Self-sustaining. The characteristics of stem cells are maintained in daughter cells. (2) Self-renewal and proliferation. It can continuously divide. (3) Multiple differentiations. It can differentiate into neurons, astrocytes, and oligodendrocytes. (4) The ability to respond to diseases and injuries. After neural tissue injury, NSCs can generate neural cells through suitable activation, differentiation, and maturation to establish new neural networks. In the spinal cord, has been found that are arranged in the central tube of ependymal cells in vitro has the ability to differentiate into neurons and glial cells, they are defined as NSCs, however, compared with the NSCs in the brain, most of the ependymal cells differentiate into astrocytes, not observed neurogenesis after SCI. In addition, in response to injury, these generated becomes with reactive astrocytes, the final formation of glial scar.

Induced pluripotent stem cell-derived sNPCs and OPCs were precisely placed in a 3D-printed biocompatible scaffold. Bio-printed SNPC differentiated and extended axons in microscale scaffold channels, and the activity of these neural networks was confirmed by physiological spontaneous calcium flux studies (Joung et al., 2018). Is tested in this study, the bridge, including adult neural stem/progenitor cells contained in methyl acrylamide chitosan (MAC) hydrogel and chitosan conduit to protect the interferon and platelet sources of growth factor-aa (PDGF-aa) produced by restructuring and biotin labeled n end is fixed on the MAC chain mildew affinity is not functional, induced neuron system or less sudden cell line respectively (Li et al., 2016).

Bone marrow stromal sell (BMSC) can produce a variety of neurotrophic factors, such as nerve growth factor (NGF plays), vascular endothelial growth factor (VEGF) and so on, in the process of repair of SCI patients, the above factors can regulate the neurotransmitter generated, adjust the survival of neuron, mediated the axon growth, also can rebuild the blood vessels, promote local the formation of new blood vessels, making neurotrophic improve, improve the survival of the nerve cells rate, is advantageous to prevent the secondary damage of patients with spinal cord tissue, improve the neuron axon regeneration function, reconstruction of nerve conduction function and alternative for myelination: medicine is generally believed that BMSC to the nerve cell phenotypic differentiation, table of neuronal specific marker protein, to replace damaged or death of nerve cells in the spinal cord; But studies have shown that if the number of differentiated cell too little, spinal nerve functional restoration of the phenomenon of solution of interpretation is difficult to use alternative cell differentiation, (3) phagocytosis: BMSC transplantation to the patients of spinal cord is damaged, can devour necrotic tissue, (4) inhibition against nerve regeneration of scarring bridge: BMSC can bridge in patients with SCI end, can make the work synapse formation; A BMSC transplanted to the site of SCI can provide a scaffold to promote axon regeneration and guide chemotactic axon forward growth. Studies have confirmed that the co-culture of BMSC and NSCs can induce the differentiation of stem cells into neurons for self-repair and promote the recovery of spinal nerve function in patients.

Injectable polymer nanoparticle (PNP) hydrogel platform, utilizing the polyvalent non-covalent interaction between modified biopolymers and biodegradable nanoparticles, has shown promise for the inclusion and delivery of human mesenchymal stem cells (hMSCs) based therapy due to its extensive differentiation ability and the production of therapeutic paracrine signaling molecules, In vivo studies of immune-capable mice showed that PNP hydrogel enhanced the retention of hMSC at the injection site and retained hMSCs locally for more than 2 weeks (Grosskopf et al., 2020). Of this study is based on HA and adhesion peptide PPFLMLLKGSTR, developed a kind of peptide modified stents synchrotron radiation micro computed tomography (CT) scanning measurement for the porous structure of 3D terrain features and internal perspective provides the train of thought in the process of in vitro three-dimensional culture, between the stent significantly improves the cell survival rate and adhesion of MSCs to grow, It was found to have a synergistic effect, and the composite implant had the most significant impact on the motor function score of the hind limb 2 weeks after the recovery of the injured spinal tissue with respective strength, namely the time when the secondary injury factors began to form (Li et al., 2017).

Induced pluripotent stem cells are derived from differentiated somatic cells after a certain genetic modification. They have many advantages of stem cells. They have the self-renewal capacity and differentiation potential like ESCs, avoiding immune rejection and ethical issues. IPSCs serve as a source cell that can be directly obtained from tissues and used in autologous transplantation, have become a hot spot in the field of stem cell research at home and abroad. Neurospheres derived from human iPSCs implanted in the damaged spinal cord can survive and migrate there and transform into neuronal astrocytes or oligodendrocytes. Neurons differentiated by hiPSC-NSs can establish functional synaptic connections with host neurons, increase the expression of NGF, promote the regeneration of blood vessels in the injured area and the formation of myelin sheaths and neural precursor cells. After implantation of iPSCs, the injured spinal cord microenvironment can be improved by promoting the expression of VEGF, thus indirectly increasing the number of its own neurons and promoting the regeneration of distal spinal axon.

Embryonic stem cells are highly undifferentiated cells with totipotency and the ability to differentiate into adult animal cells due to their high degree of undifferentiation. Since ESC is a totipotent cell that can differentiate into all tissue cells, including neurons, it is also currently considered as a seed cell with great potential for neurodegenerative diseases. ESCs from blastocysts, and has a developmental totipotency and can develop into three layer derived the ability of cervical SCI model, from the brain and spinal cord tissue of the embryonic spinal cord or spinal cord neural progenitor cells as a graft, transplanted cells can survive and differentiate into neurons cells, make the movement function of SCI model obviously improve. it is worth noting that the chest and amyotrophic lateral sclerosis, SCI model in the transplantation methods effect is good; In clinical practice, NSCs from embryonic tissue were transplanted to the site of cervical and thoracic SCI.



Polymer Scaffolds Growth Factor Composite Platform

Growth factors play an important regulatory role in the development and damage repair of the central nervous system. After SCI, the deficiency of endogenous GFs secretion and generation is another important factor inducing difficulty in nerve regeneration. Therefore, supplementing exogenous GFs will greatly promote SCI repair. However, due to its short half-life in the organism, it needs to be administered for many times, and the traditional intramuscular injection is difficult to pass the blood-spinal cord barrier, nor can it improve the local drug concentration in the damaged area, so its application in the field of SCI repair is severely limited. In this context, the emergence of engineering three-dimensional stents provides good prospects. In addition to combining 3D scaffolds with transfected stem cells as described above, directly combining GFs to form functional engineering 3D scaffolds also shows good therapeutic effects.

Various types including NGF, neurotrophic protein 3 (NT-3), BDNF, fibroblast growth factor (FGF), Glial cell derived neurotrophic factor (GDNF) and insulin-like GF have been used in combination with tissue engineering scaffolds for repair of SCI. NGF is one of the most important bioactive molecules in the neurotrophic factor family, NGF is not only abundant in the nervous system, but also widely distributed in the non-nervous system. NGF plays an important role in promoting the regeneration and neuroplasticity after the growth and demyelination of axons in the survival differentiation of neurons. In this study, a PLGA porous scaffold was prepared by phase conversion method, and the scaffold surface was modified with polydopamine (PDA) as substrate, and then the NGF was adsorbed to obtain the PDA-PLGA/NGF scaffold, PDA modification can significantly improve NGF adsorption capacity and provide continuous release of NGF PDA-PLGA/NGF scaffold can not only enhance NSC proliferation and neuronal differentiation in vitro, but also promote the recovery of SCI in vivo (Pan et al., 2018). Electrospinning can be loaded with drugs for nutritional support and inflammation suppression, providing biochemical clue support for spinal cord repair (Figure 4; Colello et al., 2016).


[image: image]

FIGURE 4. (A) Schematic diagram of the alginate electrospray apparatus. (B) Micrograph of alginate beads showing uniform diameter. (C) Fluorescence photography, beads were showing fused luciferin conjugated secondary antibodies (blue). The white arrow points to the same bead, and the arrow points to the fragment for spatial reference. (D) Bioactivity of nerve growth factor (NGF) binding alginate microspheres on dorsal root ganglion (DRG) growth was studied by the Transwell culture test. In this experiment, beads were placed into Transwell inserts in Wells covered with E15 rat DRG. (E) The excretion time of alginate microspheres was prolonged by ELISA; SEM mean values of repeated culture were given. Reproduced with permission from Colello et al. (2016).


Glial cell derived neurotrophic factor was isolated from the rat glioma cell line containing a 134 amino acid residues with dimers proteins, the molecular weight is 33∼35 kD, it is widely expressed in the central nervous system, and the expression of after puberty and damage increased GDNF in the neurons to protect glial scar reconstruction axon regeneration and sprout and then play an important role in myelination. GDNF can save the apoptosis of neurons after SCI. GDNF gene therapy with adenovirus vector can maintain the regeneration of neuron fibers and promote the recovery of motor function of the hind limb in spinal cord contusion. GDNF is a kind of neurotrophic factor, which plays an important role in neurotrophic aspect. GDNF can protect neurons from dying and necrosis, and it has a bidirectional regulation mechanism.

Brain-derived neurotrophic factor is a small molecule dimer with alkaline secretion that has been isolated and purified from the pig brain. BDNF plays an important role in promoting neuronal survival and proliferation against neuronal apoptosis. It also stimulates neurite growth and protects axonal excised neurons.

Basic fibroblast growth factor (bFGF) is a kind of neural protection because of the present study more, it is mainly distributed in the pituitary adrenal retina nerve tissue and placental tissue, such as the highest content of pituitary the main biological effects including bFGF promote tissue regeneration of the wound healing and tissue repair, and can participate in nerve regeneration, repair hair and in the central nervous system damage in has the vital significance. In addition, bFGF also plays a protective role in protecting the microenvironment from SCI by inhibiting nitric oxide toxicity and reducing free basal formation of stable cell calcium and magnesium ionized water.

Will be equipped with NT-3 of the chitosan carrier inserted in the ridge pulp crosscutting clearance, the results show that with the Nestin, Tuj1 and NeuN positive cells in nerve tissue bridging the transection clearance, but also to sports and somatosensory evoked potential and hind leg movement significantly improve further confirmed that the chitosan carrier implants by causing endogenous neurogenesis to promote the formation of nerve tissue, improve the recovery of function.



Polymer Scaffolds Small Molecule Drugs Composite Platform

Small molecule drugs play a vital role in the treatment of various diseases such as anti-tumor, nerve damage, tissue repair, are a popular choice for clinicians and patients. Many small molecule drugs have been developed to promote the repair of the spinal cord. Such as cortisol hormones, immunomodulators, and traditional Chinese medicine extracts such as curcumin and ginsenosides. However, recent literature has suggested that the simple application of MP in the treatment of SCI cannot achieve satisfactory results, and the serious complications brought by the systemic high-dose application of MP cannot be ignored. 3D engineering scaffolds have unparalleled advantages as drug carriers and are an effective alternative.

Methylprednisolone is the only drug approved by the FDA to treat SCI. MP is one of the types of corticosteroid hormone, can inhibit lipid peroxidation and edema after injury and so on support of the inflammatory response in the SCI repair but lately have been put forward, the application of pure MP for the treatment of SCI is not satisfactory, and systemic high-dose serious complications brought by the application of MP also not allow to ignore. Therefore, the use of stent-loaded MP for local release for the treatment of SCI is widely studied. MP was encapsulated in degradable PLGA NPs and embedded into agarose hydrogel to locate contusions, When through the hydrogel nanoparticles system conveying, MP into the SCI, and spread in the injury of spinal cord within 2 days about 3 mm to 1.5 mm deep and in addition, the local MP significantly reduced inflammation early delivery in the spinal cord contusion injury (Chvatal et al., 2008).

Minocycline is a second-generation semi-synthetic tetracycline antibiotic, which plays an anti-inflammatory role mainly by binding to the ribosomal 30S subunit to prevent the extension of peptide chain and inhibit bacterial protein synthesis. In addition to its antibacterial effects, minocycline has been used in experimental models of a variety of neurological diseases, including stroke, traumatic brain injury, neuropathic pain, Parkinson’s disease, Huntington’s disease, amyotrophic lateral sclerosis, Alzheimer’s disease, multiple sclerosis, and SCI. Minocycline can show various effects such as anti-inflammatory, anti-oxidation, and anti-apoptosis in the treatment of SCI to inhibit secondary injury. We developed a PSA based nano drug delivery system of minocycline (PSM), preparation of PSM for collaborative treatment in SCI in both in vivo and in vitro has obvious anti-inflammatory and neuroprotective activity PSM management can significantly prevent neurons and myelin damage, reduce the formation of glial scar, the recruitment of the lesion site endogenous NSCs, promote the regeneration of the neurons and the extension of the glial scar long axons, which largely improve movement function of SCI in rats and imposed a superior therapeutic effect (Wang X. et al., 2019).

As an important anti-tumor drug, paclitaxel can affect the dynamic balance between a and B tubulin dimers and tubules, promote the assembly of tubules into microtubules, stabilize the formed microtubules, and block cells during mitosis. Paclitaxel can reduce injury after SCI in rats inflammatory reaction, reduce tissue damage and less reactive glial, narrow glial scar, improve the function of rat hind leg movement, prompt application of paclitaxel therapy may be helpful in rats after SCI effective pathways to rebuild low doses of the drug did not affect after SCI induced cell death as a result, paclitaxel in low doses, by standing alone outside of the cell proliferation or apoptosis mechanism to reduce fibrous scar formation of taxol can inhibit astrocyte proliferation and glial scar formation, have a protection effect on chronic SCI. We designed a dual administration system consisting of minocycline (MH), a neuroprotective drug, and paclitaxel (PTX), a neuroregenerative drug, to enhance tissue regeneration in rat SCI halfcut models, to this end, PTX-encapsulated PLGA microspheres were combined with MH into alginate brine gel. The continuous release time of MH and PTX in alginate hydrogel was over 8 weeks, Histological evaluation showed a reduction in inflammation after 7 days of dual-drug therapy. In addition, rats on the dual-drug regimen had reduced scar tissue and increased neuronal regeneration after 28 days. Over time, the animals receiving the dual–drug regimen showed rapid and sustained improvement in function compared with other groups (Nazemi et al., 2020). Taxol was added to electrospinning poly(L-lactic acid) (PLLA) microfibers, and it was confirmed that taxol released from well-arranged electrospinning microfibers promoted neurite extension in growth-friendly and growth-inhibiting environments (Roman et al., 2016).

Curcumin is a natural polyphenolic compound extracted from the Traditional Chinese medicine curcumin, which has shown good efficacy in the repair of SCI. Curcumin can inhibit the neuritis reaction, reduce the formation of glial scar, reduce free radical release and lipid peroxidation in local nerve tissues and it can also reduce neuronal apoptosis and improve SCI microenvironment.



Conclusions and Prospects

Spinal cord injury is one of the most damaging human pathologies, severely impacting the quality of life and the overall society. Since the pathology of SCI is robust and evolving in nature with the progressive interplay between different molecular and biochemical cascades, therapies designed to control only one aspect of these cascades cannot modulate and control the parallel axes that indirectly or directly influence the selected axis. The first challenge is to prevent the progression of cascades of subsidiary injury. The second challenge is to regenerate the injured spinal cord and to restore neuronal connectivity. Therefore, we recommend tailoring the incorporation of biological and engineering approaches derived from the identified interplay between their respective mechanisms throughout recovery from SCI. In this regard, polymer-based therapy can play an essential role as it can hence neuroprotection and promote axon regeneration. Especially, polymer-based therapies can play a dual role in neuroprotective, as well as neurogenerative therapeutics and acting as a scaffold for tissue engineering and cell-based treatments to enhance rejuvenation. Additionally, the polymer, in combination with proliferation factors and the neuroprotective agent, could prospectively promote rejuvenation and functional recovery after SCI.

Current polymer-based therapies have shown therapeutic prospectives in animal models, but their potential to mediate clinical improvements after SCI remains elusive. From our perspective, we recommend that combinatorial therapy paradigms primarily targeted to the chronic stage are further pursued in the field since there are millions of people globally suffering from SCI that are well past their moment of injury.
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The regenerative capacity of the peripheral nervous system after an injury is limited, and a complete function is not recovered, mainly due to the loss of nerve tissue after the injury that causes a separation between the nerve ends and to the disorganized and intermingled growth of sensory and motor nerve fibers that cause erroneous reinnervations. Even though the development of biomaterials is a very promising field, today no significant results have been achieved. In this work, we study not only the characteristics that should have the support that will allow the growth of nerve fibers, but also the molecular profile necessary for a specific guidance. To do this, we carried out an exhaustive study of the molecular profile present during the regeneration of the sensory and motor fibers separately, as well as of the effect obtained by the administration and inhibition of different factors involved in the regeneration. In addition, we offer a complete design of the ideal characteristics of a biomaterial, which allows the growth of the sensory and motor neurons in a differentiated way, indicating (1) size and characteristics of the material; (2) necessity to act at the microlevel, on small groups of neurons; (3) combination of molecules and specific substrates; and (4) temporal profile of those molecules expression throughout the regeneration process. The importance of the design we offer is that it respects the complexity and characteristics of the regeneration process; it indicates the appropriate temporal conditions of molecular expression, in order to obtain a synergistic effect; it takes into account the importance of considering the process at the group of neuron level; and it gives an answer to the main limitations in the current studies.
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INTRODUCTION

The peripheral nervous system (PNS) is responsible for connecting the periphery with the central nervous system, transmitting sensory signals, from the sensors to the brain (afferent) and motor and from the brain to the muscles and glands (efferent). An essential feature of the PNS is the regenerative capacity it presents after suffering damage. Depending on the degree of damage, the number of damaged nerve structures, and the proximity to the nucleus, especially important for its role in the activation of the regenerative machinery (regeneration associated genes), regeneration will be more or less complete. The two main problems were (i) the distance or gap that is generated between the two ends of the damaged nerve and (ii) the intermingled growth of sensory and motor fibers that leads to erroneous reinnervation of the target tissues, sensors, and muscle fibers, respectively (Ramón y Cajal, 1959; Nerves and nerve injuries. By Sunderland, 1969, C.M.G., M.D., B.S., D.Sc., F.R.A.C.S.(Hon.), F.R.A.C.P., F.A.A. (Melbourne). 10 × 7 in. Pp. 116 + xvi, with 197 illustrations. 1968. Edinburgh: E. & S. Livingstone Ltd., £ 12 10s, 1969; Sulaiman and Gordon, 2013).

Therefore, the priority objectives of materials engineering in this specific hot research topic are (i) the development of biomaterials that allow the bridging of the two ends of the damaged nerve; (ii) the provision of these biomaterials of a substrate that guides and supports the regenerating nerves; and (iii) the achievement of a differentiated growth of the sensory and motor nerve fibers, each of them toward its original tissues. For this, it is necessary to have a thorough knowledge of the repair processes of the PNS and the molecular basis of the regeneration of each type of nerve fiber, and we have to become able to manage to incorporate these specific processes in the new biomaterials.

Acquiring this knowledge is a very difficult task because the regeneration processes are extremely complex; the literature is very broad, with different methodologies that are not comparable to each other and results that, in most cases, are very difficult to interpret and use for the development of new therapies. The first big problem is that, for reasons of complexity of the experiments, the studies are neither systematic nor complete. Each one focuses only on some of the tens or hundreds of factors that are involved, but the factors are not the same, and their same form of expression (mRNA, proteins, genes…) is not studied. The task is further complicated because the expression of these factors depends drastically on the area of the nerve being studied (neuron soma, injured tissue, proximal stump, distal stump, target tissue…) and changes over time. All this makes it very difficult to compare the results published in the different articles and even more difficult to synthesize them. However, the most serious problem is the excessive simplification of the studies: there is a huge number of articles on the influence of the different molecules on the regeneration of the peripheral nerves, but this influence is studied considering the molecules in isolation when, as will be explained throughout this article, the regeneration process is very complex and is carried out, thanks to the synergistic action of a large number of molecules, each of which has a temporal expression pattern very different from the others.

All this represents a very big obstacle for scientists who are dedicated to tissue engineering, the development of advanced biomaterials, and cell therapy for the repair of peripheral nerve injury (PNI). Almost all of up-to-day approaches are limited to choosing restricted amounts of biomolecules or cells with regenerative properties, incorporating them into scaffolds and testing to see their efficiency, but obviously, with very poor results.

In this article, (i) we offer an understandable synthesis of the regeneration processes after a PNI and the role that neurotrophic molecules play in those processes; (ii) we create a framework and rationale to be able to engineer therapeutic solutions based on biomaterials and molecules scientifically and non-empirically neurotrophic; and (iii) we propose biomimetic approaches for the development of advanced bio-hybrid devices to be used not only in severe PNI but also in nerve–machine interfaces for amputee people.



PERIPHERAL NERVES, NERVE INJURIES, AND AMPUTATIONS

The PNS is responsible for transmitting sensory information from the periphery and from the internal organs to the central nervous system (spinal cord and/or brain) and for transmitting motor neural activity from the brain and/or spinal cord to the muscle fibers and glands (Flores et al., 2000; Catala and Kubis, 2013).

The main architectural elements of the PNS are the axons of the neural cells. Thick ones (Ø > 1 μm), normally associated with motor and exteroceptive or proprioceptive information, are myelinated, which means surrounded by the membranes of several Schwann cells that cover the whole axon, placed one after the other from the soma to the synaptic terminals. The gaps between Schwann cells, the spaces where axons are not wrapped by the myelin sheath, are called Nodes of Ranvier. Thin axons (0.5 < Ø < 1.5 μm), normally associated with temperature and/or pain perception, are not individually myelinated, but rather a single Schwann cell wraps up to 15 or more axons together (Figure 1; Sherman and Brophy, 2005; Griffin and Thompson, 2008; Catala and Kubis, 2013). Each myelinated axon, or group of unmyelinated axons, is surrounded and protected by the endoneurium, a thin cylinder of lax connective tissue made by collagen fibrils, fibroblasts, capillaries, fixed macrophages, and perivascular mast cells; endoneuria are filled with the endoneural fluid, a liquid containing fine proteins equivalent to the cerebrospinal fluid of the central nervous system, within which the axons are suspended (Figure 1).
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FIGURE 1. Representative structure of a peripheral nerve. (Top) Representation of the functional unit made up of axons wrapped by the Schwann cell. The representation of myelinated and unmyelinated fibers and their differences by the presence of myelin and by the number of axons involved by each Schwann cell can be observed. (Bottom) In the peripheral nervous system, each nerve fiber is surrounded by a Schwann cell and the endoneurium individually, consisting of loose connective tissue. In turn, the individual neurons are grouped into bundles, called fascicles, and each of these is surrounded by the perineurium. The epineurium, the outermost layer, is going to be in charge of protecting and unifying the nerve. Finally, we find the presence of the vasa nervorum.


The axons of each modality are divided in several fascicles, each of them surrounded by the perineurium, a connective tissue denser than the endoneurium, composed of several layers of flattened fibroblasts, enclosed in basal lamina (Stewart, 2003; Brushart, 2011). The basal lamina is a thin layer of extracellular tissue that underlies the epithelium and surrounds muscle fibers, adipocytes, and Schwann cells to separate them from the adjacent connective tissue on both sides and provides strength and elasticity to the peripheral nerve (Bunge et al., 1986; Court et al., 2006). Perineuria tissue is circularly oriented with respect to the direction of the axons (Figure 1; Battista and Lusskin, 1986; Flores et al., 2000).

The total numbers of fascicles are finally covered with the epineurium, a dense tissue sheet longitudinally oriented with respect to the nerve fibers, made up of connective cells, some fat cells, and collagen that holds the fascicles and irrigates the whole structure through the vasa nervorum that run along inside (Figure 1; Adams, 1942; Zochodne, 2018), which constitute the blood–nerve barrier, present at epineurium and endoneurium level where the smallest vessels are present. Formally, the epineurium is the component that defines the peripheral nerve as an organ, as a functional structure built by multifascicular anatomical structures of a high number of unidirectional channels (Figure 1). Depending on the type of information transmitted by the neurons, their soma will be found at the level of the dorsal root ganglia in the case of the sensory neurons (Krames, 2015) and on the ventral horn of the spinal cord in the case of the motor neurons of the PNS (Nógrádi et al., 2011).

The damage of any of the physical components of a peripheral nerve, caused by accidents, military activities, endogenous or exogenous toxins, metabolic diseases, etc., is included on the PNI (Dubový, 2004; Gu et al., 2011). A very special case of PNI are amputations and severe mutilations in which the distal part of a member gets lost together with a part of the nerve as well as with the target organs, sensory organs, and muscles. Amputations are due to accidents or therapeutic surgeries, mostly vascular diabetes in developed countries and war-like actions, infections, or trauma in developing and underdeveloped countries (Dillingham et al., 2002; Olasinde et al., 2002; Abou-Zamzam et al., 2003). Amputations are normally accompanied by neuropathies, by phantom limb symptoms and in the 60 to 80% of the cases also by phantom limb pain (Cuartero et al., 2012; Nikolajsen and Christensen, 2015).

In 2005, it is estimated that there were 1.6 million people suffering from limb amputations in the United States and a similar number in the EU (Mohanna et al., 2003; Ziegler-Graham et al., 2008; Marshall and Stansby, 2010). By 2050, in the United States, the number of cases is estimated to reach 3.6 million (Varma et al., 2014).

Although many of the cases of amputations are trauma-related [2879 patients between 2011 and 2012 in the United States (Low et al., 2017)], the leading cause continues to be diabetes mellitus, with more than 1.5 million lower amputations worldwide, with 1.1 million being without prosthesis (Zhang et al., 2020).


Peripheral Nerve Regeneration and Repair

In PNI, spontaneous repair occurs if the nerve, although damaged, has not been sectioned, with the outer membrane (epineurium) remaining intact regardless of the severity of the injury suffered by the internal structures, which can be damaged or even sectioned (Seddon, 1942; Sunderland, 1951; Menorca et al., 2013). Inside the nerve, the damaged Schwann cells change their phenotype, from myelinating to repairing one, and start secreting neurotropic and neurotrophic biomolecules, creating a facilitator environment that promotes the regeneration of the injured axons and guides them to their targets, sensitive or motor ones (Dubový, 2004; Eberhardt et al., 2006; Höke et al., 2006). Sensory/motor axon injury divides the neuron in two parts: the “proximal” (to the spinal cord), which comprises the soma, the part of the axon attached to the soma and the arborizations, and the “distal” (from the spinal cord), which comprises the segment of the axon detached from the soma together with their sensory/motor endings (Figure 2). The distal part of the nerve undergoes degeneration, whereas the proximal part starts growing and invading the space of the distal one, now left free. The growing fibers in the proximal part are attracted by the distal part and conveyed separately to their respective targets by the neurotropic and neurotrophic biomolecules secreted by the Schwann cells. These processes occur into the intact epineurium, which preserves the facilitator environment by retaining the secreted biomolecules close to the injured axons, and at the same time, it works as a conduit for the regenerating fibers, directing them toward the territory they have to reinnervate (see The Need of an Ordered and Differentiated Regeneration of Sensory and Motor Fibers in Amputee People for details).
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FIGURE 2. Nerve injury and regeneration under ideal conditions. Time course and biomolecular processes. (A) Normal neuron that suffers an injury (crush or section) that triggers the regeneration process. (B) The proximal part undergoes retrograde degeneration and chromatolysis. The distal part suffers Wallerian degeneration, provoking the denervation of the target tissue and leaving the endoneurium clean for the axon to regenerate (MAG, MBP, PMP22, and P0 levels decrease, whereas GDNF, LIF, CNTF, and IL6 production increases). (C) Schwann cells form bands of Büngner to guide the regenerated axons into the distal endoneural tube (with high levels of NGF, BDNF, NT3, and NT4–5). (D) The axon grows in contact with the surfaces of the Schwann cells toward the target organ. As the axons grow, the Schwann cells start the remyelination process, producing the myelin-associated molecules (MAG, MBP, PMP22, and P0 return to their initial levels).


Unfortunately, in the majority of the cases, PNI also implies nerve tissue losses, either due to the accident itself, or because of tissue removal during the surgical intervention. In these circumstances, to allow the neuroreparative processes, we must (artificially) restore the continuity of the epineurium and create a bridge for the intercommunication of the two ends of the sectioned nerve (Brattain, 2014; Grinsell and Keating, 2014; Faroni et al., 2015; Figure 3). State-of-the-art devices are tubular scaffolds (Pabari et al., 2014; Dalamagkas et al., 2016), grafts (Mackinnon et al., 2001; Brushart, 2011; Brattain, 2014; Dalamagkas et al., 2016) or tissue engineering bio-hybrids (Gonzalez-Perez et al., 2018).
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FIGURE 3. Nerve injury and regeneration with the aid of grafts or biomaterials scaffolds. (A) Neuron divided into proximal stump and distal part that innervates the target tissue. (B) After the damage takes place, the gap created between the two parts provokes that the regeneration cannot take place properly because of the lack of communication between the two stumps. (C) Different approaches to obtain the connection of the two stumps and the guidance of the growing axons: left, nerve graft; right, biomaterials and tissue engineering. (D) Once the reconnection of the two ends of the injured nerve is achieved, these neurons will be able to reinnervate the former target tissue, divided into sensors and muscles; or in the case that the target tissue has been lost, the reconnection with bionic interfaces.




The Need of an Ordered and Differentiated Regeneration of Sensory and Motor Fibers in Amputee People

Evidently, because of the lack of the distal end, repair is not possible in case of amputation. However, in amputees there are two very powerful reasons to achieve nerve regeneration patterns similar to those of non-amputated people, despite the lack of their (amputated) limbs. The first reason is to reduce the appearance of traumatic neuropathies and phantom limb pain, both of them caused by the aberrant regeneration of the peripheral nerves and by the formation of neuromas in the proximal stump. Indeed, aberrant regeneration and neuromas in sensory nerves could be reduced using selective electrical stimulation of the regenerating fibers (Herrera-Rincon et al., 2011; Figure 4). However, because almost all peripheral nerves are mixed, stimulation-based therapeutic approaches require the separated regeneration of sensory and motor axons. The second reason is to connect the sensory and motor nerves of the amputees to the sensors and actuators of the bionic neuroprostheses that are being available in the market, which demand well-differentiated and ordered sensory and motor axons to be separately guided and connected to the artificial sensors and actuators (Raspopovic et al., 2014; Micera, 2016; Lee et al., 2018; Günter et al., 2019; Deshmukh et al., 2020).
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FIGURE 4. Effects of electric neurostimulation on the macroscopic anatomical structure of an amputated rat trigeminal peripheral nerve (Herrera-Rincon et al., 2011). Masson trichrome staining of nerve tissue from Control, Amputated, and Prosthetic animals. Nerve fibers can be detected as red-stained “bundles” crossing from left to right, surrounded by a blue-stained matrix (mostly collagen). In control nerve (top) the axons are organized in regular fascicles separated by connective tissue, whereas in the amputated nerve (middle), the regular organization of the tissue is altered. However, whereas in amputated nerves, organization is completely lost with haphazardly arranged axons dispersed inside the connective tissue, in prosthetic nerve (bottom), the fascicular organization is preserved. The importance of stimulation as a therapy to improve the regeneration of the growing fibers resides in the ability to achieve a guided and organized growth. Through Masson trichrome, we can observe the fascicular organization of the fibers, stained in brown and marked with arrow. In the left side of the images, the “trunk” is shown, the undamaged “proximal” area, which is in charge to activate the biomolecular regenerative processes. In the right, we can observe the regenerated fibers. Here we can see how when no treatment is performed, the tissue is disorganized, with a predominance of connective tissue (stained in blue, marked with arrow), whereas the treatment with electrical stimulation allows a more organized growth, maintaining the fascicular structure throughout the section (marked with arrow). Original magnification 100×. ©[2011] IEEE. Reprinted, with permission, from IEEE Proceedings.


To achieve the differentiated regeneration also in amputee persons, the most intuitive and straightforward solution would be to reproduce in the amputated nerves the processes that naturally occur in damaged nerves with preserved epineurium and target organs, which means to create in the amputated member an artificial anatomical and biomolecular environment (a bio-hybrid medium) similar to the environment that favors the natural regeneration of the peripheral nerves. Unfortunately, and despite the enormous efforts dedicated in the last 70 years to this enterprise, differential regeneration of the sensory and motor fibers has not been yet totally achieved (Johnson et al., 2015; Anand et al., 2017; del Valle et al., 2018). Among the main reasons of this failure are the high complexity of the involved biomolecular processes and the variability of the employed experimental protocols, which make experimental data difficult to interpret. However, even more important is the total absence of a scientific article describing the way these biomolecular processes should be implemented by tissue and biomedical engineers to achieve the desired regeneration of the amputated nerves. In contrast, there is an extremely high number of scientific articles analyzing the regenerative processes.

Some of the commercially available upper-limb prostheses are Michelangelo (©Otto Bock, Germany), I-Limb Ultra (©Touch Bionics, United Kingdom) Bebionic (©RLS Steeper, United Kingdom), The Taska Hand (©Taska prosthetics, New Zealand), implantable at hand level or The LUKE arm, (©Mobius Bionics, LLC, United States), the DynamicArm elbow (©Otto Bock, Germany), and the Hero Arm (©Open Bionics, United Kingdom) implanted at shoulder level and allowing mobility over the patient’s head, being the last one the first three-dimensionally (3D) printed bionic arm. Commercially available lower limb prostheses include the C-Leg (©Otto Bock, Germany), the emPOWER ankle (©BionX Medical Technologies, Inc., United States), the Proprio Foot (©Ossur, Islandia), the BiOM ankle (©BiOM, United States), and the Elan Foot (©Endolite). All them are controlled using myoelectric signals coming from residual muscles in the amputee stump.

Much of research work is focusing on obtaining prosthetic sensory signals (Graczyk et al., 2018; Cuberovic et al., 2019), necessary not only to elicit the sensory perceptions of the natural limbs (George et al., 2019; Navaraj et al., 2019), but also to increase the control and the coordination of the prosthetic device without the need of visual and/or auditory signals, to identify the type of element being manipulated and to create proprioception (Micera et al., 2011; Zecca et al., 2017; Clemente et al., 2019; D’Anna et al., 2019; Sensinger and Dosen, 2020).

Patients with either intrafascicular and intraneural electrode implants show good proprioception and object identification capabilities (Micera et al., 2008; Di Pino et al., 2012). However, disruptive neuroprosthetic solutions require individual or quasi-individual nerve–electrode connections.

With the present article, we aim at offering a comprehensive compendium describing how to create neural regeneration devices, either scaffolds or tissue-engineered bio-hybrids, and how to implement the biomolecular processes that will foster the regeneration of the amputated peripheral nerves in a well-organized and guided manner. For this endeavor, we need a deep understanding of the biomolecular processes that underlie spontaneous nerve regeneration and of the spatiotemporal patterns of the expression of these biomolecules, as well as of their dynamic interactions over time, and to be able to implement them in a bio-hybrid biomaterial environment (Schmidt and Leach, 2003; Matsumoto and Mooney, 2006; Mikos et al., 2006; Biondi et al., 2008; Wang et al., 2009; Atala et al., 2012; Gu et al., 2014; Gonzalez-Perez et al., 2018).

In the following section, we will briefly review the biomolecular processes after PNI, and then we will go in depth to the specific processes to differentiate regeneration of sensory and motor fibers in amputee people.



SPONTANEOUS REGENERATION AND REPAIR AFTER PNI

As mentioned previously, cellular and biomolecular processes in the proximal and the distal parts of the nerve are different. In both places, processes occur in two phases, a preparatory and a repair one. Any biomimetic device aiming at an ordered regeneration of the sensory and motor nerves has to implement both the anatomical structure of the distal part and the biomolecular processes that take place there.


Preparatory Phase

In the proximal part, both the damaged axon and the myelin sheath that surrounds it undergo retrograde degeneration, approximately up to the first node of Ranvier (Figure 2; Fu and Gordon, 1997).

In the distal part, 48 to 96 h after the lesion starts the “Wallerian degeneration,” axon and myelin decompose, whereas both Schwann cells and macrophages recruited by these cells get rid of the debris and leave empty the whole distal endoneural tube (Stoll et al., 2002; Vidal et al., 2013; Chen et al., 2015; Barton et al., 2017), during the first 7 days after the injury (Caillaud et al., 2019). The empty endoneural tubes connect the injury region to the target organs, either sensors or muscle fibers (Eva and Fawcett, 2014; Romano et al., 2015). At this stage, we observe an increase of the production of proinflammatory molecules, such as cytokines [glial cell line–derived neurotrophic factor (GDNF), leukemia inhibitory factor (LIF), ciliary neurotrophic factor receptor (CNTFR), and interleukin 6 (IL6)], accompanied by a decrease in the production of myelin-associated molecules [myelin-associated glycoprotein (MAG), myelin basic protein (MBP), peripheral myelin protein 22 (PMP22), and myelin protein 0 (P0)] (Figure 2).

The physical structure of a biomimetic regenerative device should implement the above architecture of a high number of artificial conduits and be able to support the analogous neuroregenerative biomolecular processes.



Repair Phase

In the proximal part, 7 days after the damage, small branches sprout from the extreme of the sectioned axon and form the so-called “growth cone” (Figure 5; Ramón y Cajal, 1959; Bradke et al., 2012). It is a mobile structure with specialized receptors that recognize surfaces and molecules (Ertürk et al., 2007; Koch et al., 2012) and decides to which direction should grow the regenerating axon (Figure 5; Eva and Fawcett, 2014), guiding the regeneration.
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FIGURE 5. Representation of the growth cone in charge to interact with the Schwann cells and the ECM that surrounds the growing axons. Zoom of growth cone: representation of the growth cone in detail. The organization of the filopodia and the mobile structure in charge of interaction with the physical and chemical environment are supported by actin filaments accumulated in the proximal stump. Zoom of the filopodia: representation of the different molecules expressed in the growth cone. The molecules can be divided in three groups: (i) expression of neurotrophic factors receptors, for neurotrophins (Trk A, B, C, and p75) and neuropoietic cytokines [leukemia inhibitory factor receptor (LIFR), CNTFR…]; (ii) cell–cell junction molecules (N-CAM, L1), which will allow the interaction between the regenerating axons and the Schwann cells present in the bands of Büngner, in the distal zone, and (iii) molecules that bind to the ECM (integrins), which will act as a support for axonal guidance to its target tissue.


In the distal part, the byproducts (molecules) of the degenerated axon and myelin stimulate the denervated Schwann cells to divide inside the endoneural tube; there, they get distributed along the longitudinal axis forming a column, the so-called bands of Büngner (Figure 2C; Pfister et al., 2011). The bands of Büngner create a bridge between the regenerating axons and the target tissue, also producing the necessary neurotrophic and neurotropic biomolecules to help axons to grow. In turn, Schwann cells in the tube attract the regenerating axon to enter the distal endoneural tube (Figure 2C; Lee and Wolfe, 2000). They do it by releasing neurotrophic and neurotropic molecules (Politis et al., 1982; Politis and Spencer, 1983) recognizable by the receptors present in the surface of the growth cone (Maggi et al., 2003; Gordon, 2009; Griffin et al., 2013; Faroni et al., 2015). It is worthy to underline that each endoneural tube attracts axons of its own (sensory or motor) modality (Ramón y Cajal, 1959).

Once introduced into the endoneural tube, the axon grows in contact with the surfaces of the Schwann cells toward the target organ. Upon reinnervation, Schwann cells return back to synthesize myelin and isolate the axon again (Grinsell and Keating, 2014). Axons that do not connect with their targets or do not reach the endoneural tube (as in the case of amputation) continue to grow but in a disorganized way and form an abnormal tissue structure, the neuroma (Grinsell and Keating, 2014).

A biomimetic regenerative device should incorporate a biomolecules-generating mechanism to release the same molecules with the same concentrations in space and time as the aforementioned Schwann cells. This is a highly dimensional problem, and it is important to mimic/duplicate the cues of endogenous regenerative microenvironment, when endogenous repair systems work.



Differential Regeneration of Sensory and Motor Axons

The differential regeneration and guidance of sensory and motor axons toward their specific targets are determined by the molecules that are expressed by the Schwann cells of the distal endoneural tubes. Such molecules can be classified into two groups.

The first group includes five types of neurotrophic factors: axonal growth promoters (neurotrophins), neuropoietic cytokines, fibroblast growth factors, transforming growth factors, and insulin-like growth factors (Boyd and Gordon, 2003; Jin et al., 2009; Li et al., 2020).

The second group includes molecules integrated into the surrounding nerve tissue, mainly axonal growth promoters, such as molecules that facilitate and modulate cell–cell and cell–extracellular matrix (ECM) adhesion [glycoproteins such as neural cell adhesion molecule (N-CAM), N-cadherin, L1, integrins, etc.] (Seilheimer and Schachner, 1988; Smith et al., 1994; Franz et al., 2005; Saito et al., 2005, 2010; Gardiner et al., 2007; Tucker and Mearow, 2008; Gardiner, 2011; Anand et al., 2017) and molecules present in the ECM (fibrinogen, fibronectin, laminin, etc.) (Politis, 1989; Hammarberg et al., 2000; Zhang et al., 2003; Tucker and Mearow, 2008; Webber et al., 2008; Gardiner, 2011; Fudge and Mearow, 2013; Gonzalez-Perez et al., 2016; Table 1).


TABLE 1. Neurotrophic and neurotropic molecules that are expressed by the Schwann cells in the distal endoneural tubes.

[image: Table 1]With the only exception of nerve growth factor (NGF), there are no molecules favoring the growth of one type of neurons while inhibiting the growth of the other, which means favoring the growth of sensory fibers while inhibiting the growth of the motor ones, or vice versa (Wang et al., 1997; Boyd and Gordon, 2003; Pehar et al., 2004, 2006). Some of them strongly favor the regeneration of sensory fibers but have limited effect on the motor ones; others strongly favor the regeneration of the motor fibers, but they don’t display facilitatory effects on the sensory ones; finally, a third group of molecules favor the regeneration of both types of fibers, although the facilitating effect may be greater on one type of fibers than on the other (see Table 2 and references therein). Conversely, inhibition of their function through the administration of antibodies against them or against their receptors normally leads to inhibition of the regeneration process and also abnormal regeneration of the fibers (Table 2 and references inside). Several cocktails of these molecules have been designed and incorporated to scaffolds for peripheral nerve regeneration and repair with deceptive up-to-day results (Table 2; Johnson et al., 2015; Anand et al., 2017; del Valle et al., 2018). Doses of the most relevant neurotrophic factors, which have been tested to improve the molecular environment for the regenerating axons, are shown in Table 3.


TABLE 2. Effects of the supply (+) or depletion (−) of axonal growth-promoting molecules in the surrounding tissue of sensory (S) or motor (M) fibers.
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TABLE 3. Baseline protein levels of the most important molecules involved in the regeneration process and doses employed to obtain a favorable regenerative environment.

[image: Table 3]Although artificially delivered axonal growth-promoting molecules improve, in general terms, nerve regeneration and repair, they fail when they are used to differentiate the growth of sensory and motor fibers. This is due to the massive delivery from up-to-day devices (pumps, injections, releases from embedded biomaterials or biofunctionalized scaffolds, etc.), which neither simulate neither mimic the profile of the production of the neurotrophic factors during the regeneration. Even more important than the correct administration of the facilitator molecules is the timing of the delivery of such molecules. Timing determines if there will be an effect and which type of effect it will be. A very illustrative example is the administration of brain-derived neurotrophic factor (BDNF) and GDNF, two neurotrophic factors that, if delivered immediately after the injury, do not favor the regeneration of the nerve, while when administered after a brief period of adverse conditions for the regeneration process, their administration will have a clear favorable effect (Gordon, 2009). In PNI, what is important is timing for delivery of one or another molecule, but there is no “sensitive period” for inducing nerve regeneration after injury, typical in central nervous system injuries such as stroke (Dromerick et al., 2015; Zeiler et al., 2016; Ballester et al., 2019).

Summarizing, unsuccessful artificially guided differential regeneration of sensory and motor fibers is due to at least three main causes: (1) the delivery of neurotrophic factors acts on the whole nerve instead of on specific nerve fibers; (2) delivered doses are too high in comparison with the concentrations of the neurotrophic molecules observed in the nerve during the regeneration process; and (3) administration of the different biomolecules does not follow the time course of the concentrations of such molecules during the natural regeneration process.



DESIGN OF DEVICES AND SCAFFOLDS FOR THE DIFFERENTIATION OF SENSORY AND MOTOR FIBERS


Biological Principles

The above experimental data lead us to formulate the two biological principles that govern the regeneration of the peripheral nerves: (1) the separation of the fibers and their guidance toward their corresponding targets depend on the dynamics of the molecular gradients along the regeneration pathway (how the concentration of each molecule, at each point, varies with time), rather than on the concentration of the factors themselves; and (2) the molecules underlining these regenerative processes act at the microscopic level and not at the macroscopic one (they act at the level of individual fibers or fascicles of fibers, and not at the level of clusters of fascicles or of the whole nerve).

The design of novel approaches and devices for peripheral nerve regeneration and repair and, in particular, for the connection of amputee nerves to bionic sensory–motor prostheses should be driven by the above two principles.



Current PNIs Approaches

In case of nerve sections with <5-mm-long gaps, the ideal PNI repair approach is the neurorrhaphy of the two stumps, suturing the individual fascicles one-by-one. In >5-mm-long gaps, the treatment consists of (i) the use of autografts and allografts or (ii) the implant of tubular biomaterials that reconnect the two stumps.

The gold standard are autografts, although they have several associated side effects, such as secondary surgery, donor site morbidity, size mismatch, and limited tissue availability. Commercial allografts, such as Avance® Nerve Graft (Axogen, Inc., FL, United States), which consists of the ECM of a human nerve, without cellular or non-cellular debris (Karabekmez et al., 2009), avoid such effects; however, it is associated with the misdirection of the growing neurons and the necessity of immunosuppressant treatment.

Biomaterials to support reconnection and guidance of the regenerating axons present a series of specific characteristics that not only facilitate axon guidance but also allow acceptance of the implant by the nervous tissue like biocompatibility, biodegradability, mimetics of the host tissue, etc. Almost the totality of commercial devices for <30-mm-long PNIs consists of a hollow tubular scaffold that allows physical regeneration of the sectioned nerve through it. These scaffolds can be made by different biomaterials, such as porcine submucosa ECM, Axoguard® Nerve Connector (Axogen, Inc., FL, United States); collagen I, NeuraGen® (Integra LifeSciences Corporation, United States); polyglycolic acid, Neurotube® (Synovis Micro Companies Alliance, Inc., AL, United States); and poly-DL-lactide-co-caprolactone and polyvinyl alcohol, Neurolac® (Polyganics, Netherlands) (Tian et al., 2015; Costa Serrão de Araújo et al., 2017). Several improvements have been tested in animal models, including (i) fillings with hydrogels that favor axons regeneration; (ii) inclusion of topographic cues, like microfilaments/nanofilaments or groove patterns, to favor guidance and directionality by interacting with the growth cone; or (iii) incorporation of growth factors and supporting cells (Carvalho et al., 2019; Wang and Sakiyama-Elbert, 2019).

Guided axon regeneration in >30-mm-long gaps presents serious difficulties. In these cases, nerves lose their original topographic organization, which provoke the misdirection of the axons and the intermingled growth of the different types of neurons (Yi et al., 2019). Even though the guidance and regeneration of the neurons have been improved, axonal misdirection and innervation of the inappropriate target tissues are still unanswered clinical issues.



Approaches for Differential Regeneration

Two main approaches have been used to guide a specific type of neuron to its originally innervating tissue: (1) use of biomaterials-built devices with two separated compartments (“Y-shaped” form scaffolds) to create separate molecular environments and thus achieve a separated regeneration of the sensory and motor neurons (Anand et al., 2017; del Valle et al., 2018) and (2) replacement of the classic single lumen tube by multichanneled scaffolds, each channel resembling the endoneurium (Tran et al., 2014) and creating independent molecular environments with different neurotrophic factors (Chang et al., 2017). 3D printing is boosting the development of novel biomaterial solutions and therapeutic approaches (Dinis et al., 2015; Dixon et al., 2018; Petcu et al., 2018). However, although the aforementioned developments envision a great future for PNI therapy and restoration of the sensory and motor functions to amputee people, the correct guidance and regeneration of the peripheral neurons to their target tissues are still an open problem.

To improve axon growth control, a more complex artificial molecular environment is necessary mimicking the biomolecular processes that guide natural axon regeneration. It is essential to achieve a complete control of the spatial and temporal dynamics of the release of the appropriate molecules, taking always into account the synergies between molecules.



Design Principles for a Biomimetic Artificial Nerve

Novel devices should be biomimetic in both the structure and the biomolecular environment they create around the regenerating axon. They should be built by hundreds or thousands of scaffolding structures, such as microtubes or high-performance fibers, each of which recreating the dynamic molecular gradients of the naturally regenerating nerves (Figure 6). However, it is worthy to note that nerve rewiring is not necessary to be perfect. Brain remodeling of the sensory and motor maps will correct deficiencies in wrong peripheral nerve connections and lead to a good level of sensory and motor functions of the patients (Merzenich and Jenkins, 1993; Panetsos et al., 2008).
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FIGURE 6. Desired biomimetic devices and scaffolds for neurotrophic biomolecules to be implemented in a future PNI-repair scaffold. (A) Transversal section of the rat sciatic nerve, with two fascicles and the different layers of connective tissue that organize the anatomy of the nerve. The differences on size between the fascicles can be observed. (B,D) Transversal section showing the 3D scaffold architecture, oriented to sensory–motor–guided regeneration; channels for sensory axons are in green, and motor in red. Scaffold of Ø 1.5 to 2.0 mm. The outer sheet can be both semirigid (B) or flexible (D), depending on the area of the implant and the characteristics of the surrounding tissue that defines the most adequate option. (C) Magnification of the biofunctionalized channel. Channels of Ø 100 μm for the guidance of individual axons, sensory or motor ones. (E) Longitudinal section of the scaffold representing both the physical and chemical cues that determine the regeneration of the sectioned axons. The biomaterial provides the neurons with supporting cells, such as Schwann cells (SCs), molecules, and drugs. Furthermore, it acts as a substrate for the attachment of the growing axons.


At a microscopic scale, their internal channels, the artificial endoneural guides/tubes, will guide the growth of only a few axons, ideally only one (Figure 6). Each scaffold, preferably biofunctionalized with ad hoc biomolecules, should be capable of binding to the surface receptors expressed in the growth cone, as well as of releasing facilitator biomolecules with arbitrary time profiles.

Functional connection with bionic interfaces will allow communication and control of afferent and efferent signals between nervous tissue and artificial systems. Scaffolds should be produced according to the modality of their supported nerve, because, at the distal end, we need to place the establish contact between the motor axons and the actuators of the prosthesis. Correspondingly, the scaffolds guiding the sensory axons should allow establishing contact between the axons and the artificial sensors of the prosthesis.



Implementation of Dynamic Gradients of Neurotrophic Factors for PNI Devices and Scaffolds

As stated before, in PNI without amputation, all the aforementioned biomolecules appear along the pathway of the growth cone, from the injury to the target organs. For each biomolecule, concentration values depend on the distance from the injury point and on the post-injury time (Figure 7A).
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FIGURE 7. Dynamic behavior of the principal axon growth-promoting factors in the injured peripheral nerve. (A) Scheme of the peripheral nerve, of the damage region and of the growing process of the regenerating axons. A time-dependent expression profile of an axonal growth promoter molecule during the regeneration of the peripheral nerve at the site of the damage is also depicted. (B) mRNA expression profiles of the principal axonal growth promoter molecules in the distal stump, close to the injury locus. Left column: Expression profiles in injured sensory nerves. Right column: Expression profiles in injured motor nerves. Profiles are grouped according to their preferences in facilitating the regeneration of type of nerve: biomolecules mainly favoring the regeneration of sensory fibers (first row), biomolecules mainly favoring the regeneration of motor fibers (second row), and molecules not showing any preference for a specific type of fiber (third row). Data are represented in % change and in a logarithmic scale. (C) Protein levels (pg/mL) of the most important neurotrophic factors for the regeneration of both sensory and motor axons. Values are shown for uninjured nerves and for injured nerves 15 days after the injury [After (Höke et al., 2006)].


Molecules with strong expression during sensory axons regeneration are NGF, BDNF, and insulin-like growth factor 1 (IGF1); those with strong expression for motor fibers are pleiotrophin (PTN) and GDNF. Finally, neurotrophin 3 (NT3), ciliary neurotrophic factor (CNTF), IGF2, and fibroblast growth factor 2 (FGF2) are factors that do not show big differences in the regeneration of sensory and motor fibers.

Nerve growth factor, BDNF, and IGF1 are strongly involved in the regeneration of sensory nerves, showing very high concentrations since the beginning of the regeneration and very similar dynamics; in the motor nerve injuries, their expression is remarkably low (Figure 7B, first row). PTN and GDNF behave in a similar way but in favor of the motor axons (Figure 7B, second row). The two groups behave in similar manners, reaching their maximum concentrations 15 days after injury when promoting the regeneration, while the increase lasts only up to 5 days when the molecules are not favoring the growth of that type of fiber. All but NGF also exert a facilitating influence in the regeneration of nerves of the other sensibility, although in these cases the expression of these molecules is very limited on time and amount (Figure 7B). As for the molecules whose expression is not specific for the differential growth, such as NT3, CNTF, IGF2, and FGF2, they display neither intragroup nor intergroup similarities in their temporal behavior (Figure 7B, third row). It is important to highlight that the data represented in Figure 7 correspond to the mRNA and protein expression, which are very correlated, but not necessarily presenting the exact same profile.

Different methods have been studied for the administration of neurotrophic factors at the level of the sectioned nerve. Two main problems are the difficulty of a controlled administration for long periods of time and the diffusion of the neurotrophic factors far from the area of interest. The use of biomaterials allowed higher precision and greater control in the administration of the neurotrophic factors: osmotic pumps, hydrogels, polymeric microspheres, and the inclusion of the different molecules at the level of the tubular conduct implanted (Tajdaran et al., 2019). Factors are included within the lumen (hydrogels, nanofibers, and through the presence of cells that produce neurotrophic factors), in the conduit wall (included in the polymer or in microspheres), and at the surface (adsorbed or conjugated with other type of molecules) (Carvalho et al., 2019).

Biomaterials are important to be semipermeable, to allow the exchange of molecules between the growing axons and the environment. The size of the scaffold should be adaptable to the anatomy of each injured nerve. The presence of pores for a continuous exchange of molecules between the neural axes, the Schwann cells, and the surrounding tissue is important (Figure 6). Hydrogels seem to have the greatest future – thanks to their ability to release, the neurotrophic factors in a controlled manner, and to the presence and accumulation of high volumes of water – and to create physical conditions very similar to those of the nervous system (Li et al., 2018).



Implementation of Neurotrophic Factors–Based Separation of Sensory and Motor Fibers

To guide fibers of the two modalities (sensory and motor) toward their dedicated cylinders, it is necessary, to first identify/select the sensory and the motor ones. A reasonable way to do that is to use several neurotrophins to favor the growing of one type of fibers in one direction, while preventing fibers of the opposite modality from growing with them, and vice versa. This is not a trivial question because there is only one inhibitory neurotrophic factor (NGF), and its action is exercised against the motor fibers (Table 2). This lack of selectively inhibiting biomolecules makes the separation of the fibers by biomolecular mutual repulsion–attraction complicated.

Conveying of sensory and motor fibers to these targets using only one inhibitory neurotrophin could be achieved by an intermittent short-term release of NGF close to the scaffolds dedicated to the sensitive fibers, combined with a timely release of PTN and GDNF from the interior of the motor channels. Discrete NGF amounts should diffuse in the scaffold and attract sensory fibers while blocking the motor ones; NGF deactivation should leave motor fibers free to start growing and get attracted by the neurotrophins-releasing motor channels. NGF activation/deactivation has to operate at the microscopic level (at the level of the channels of the scaffold, see section “Repair Phase”), creating a very short-term, high-amplitude attraction gradient (biomolecules concentrations). This NGF gradient would correlate with the NGF mRNA expression, which is the fastest molecule that reaches a high level of expression.

The importance of the neurotrophic factors’ administration goes further than just guiding the growth of the regenerating neurons. The function that this type of molecules carries out is well known, in the myelination process, during development (Piirsoo et al., 2010), and in the case of remyelination, once the axons reinnervate their target (Chan et al., 2001; Acosta et al., 2015; KhorshidAhmad et al., 2016; Razavi et al., 2017, 2018). This type of molecules is involved in the modification of the Schwann cells into a myelinating phenotype, once the regeneration is completed, activation that takes place via p75 receptor (Cosgaya et al., 2002; Notterpek, 2003; Xiao et al., 2013).



Implementation of Substrate-Related and Other Facilitator Biomolecules

In the design of a biomimetic device, facilitator molecules integrated into the surrounding tissue, as well as attracting biomolecules produced by the distal end, should also been taken into account. Among the former, the most promising are fibronectin and laminin, and both can be used for the regeneration of sensory and motor fibers, although the preference of the fibronectin is slightly higher for motor, and the preference of laminin is for the sensory (Tucker and Mearow, 2008; Gonzalez-Perez et al., 2013, 2016). Factors integrated in the surrounding nerve tissue, which favor the binding of neurons to the substrate or cell–cell binding (mainly glycoproteins such as integrins, N-CAM, N-cadherins, or L1) (Seilheimer and Schachner, 1988; Smith et al., 1994; Hammarberg et al., 2000; Franz et al., 2005; Saito et al., 2005, 2010; Gardiner et al., 2007; Tucker and Mearow, 2008; Gardiner, 2011; Anand et al., 2017); ECM molecules (fibrinogen, fibronectin, or laminin) (Politis, 1989; Hammarberg et al., 2000; Zhang et al., 2003; Previtali et al., 2008; Tucker and Mearow, 2008; Webber et al., 2008; Gardiner, 2011; Fudge and Mearow, 2013; Zeng et al., 2014; Santos et al., 2016b); and molecules that act as chemorepellents or chemoattractants (semaphorins, ephrins, and netrins) (Tessier-Lavigne and Goodman, 1996; Dickson, 2002; Wang et al., 2013; Kaselis et al., 2014; Alto and Terman, 2017).

Last but not least, more molecules are produced at the distal end of the damaged nerve that serve to attract regenerating axons or to create an attractive substrate inside the distal endoneural tube (Figure 5).

In the case of biomaterial engineering and tissue engineering, these factors can serve the same functions that they perform in natural tissue, which is to facilitate the adhesion of axons and stimulate their growth, being their incorporation necessary when the artificial material is not attractive to axons.



DISCUSSION

A well-differentiated and ordered regeneration of the sensory and motor fibers is mandatory in all PNI cases: short/non-gap injuries, large gap injuries, amputations, neuropathies of traumatic etiology, phantom limb pain, etc. Clinical problems such as incomplete regeneration, impossibility of achieving differential growth of sensory and motor nerves, etc., are all due to the fact that current therapies (biomolecules, bio-hybrid scaffolds, etc.) all act at the level of the entire nerve, and its action cannot be transferred to individual axons or fiber fascicles (Du et al., 2018; Yi et al., 2019). Any biomolecule showing affinity for one type of fiber under spontaneous PNI repair, if applied at the microscopic level (individual axons level), loses its effectivity if it is applied at macroscopic level (entire peripheral nerve). Advanced devices and novel biomaterials at the microscopic level are required for the implementation of the desired functionalities based on neurotrophic factors and facilitator biomolecules.

From the previous discussion, the basic requirements for these novel biomaterials can be inferred at three levels: geometrical, mechanical, and biochemical. The size of the axons and the fascicles implies that the cross-sectional size of the scaffold should be in the range between a few and 100 μm, whereas the longitudinal size should be in the range of millimeters and even centimeters. This geometry, in turn, possesses a heavy constraint on the mechanical performance of the biomaterial, because it must sustain the surgical process, as well as the in-service life. In addition, the material must be compatible with the neurotrophic factors and adherent facilitator biomolecules.

Most present solutions cover some, but not all of these three requirements. Both natural and artificial materials are used for repairing PNIs (Aijie et al., 2018; Boni et al., 2018). Present commercial solutions are based on poly(glycolic acid) (Neurotube) and poly(D,L-lactide-co-e-caprolactone)–based (Neurolac) (Du et al., 2018), but other solutions were explored based on polylactic acid (Zeng et al., 2014), polylactic glycolic acid (Xue et al., 2012), and polyethylene glycol (Liu et al., 2015). Other proposals based on artificial materials employ electrical conductive polymers, such as PANi (Xu et al., 2016) and indium phosphide (InP) (Gautam et al., 2017), or carbon-based materials (Boni et al., 2018), such as graphene and carbon nanotubes. The use of artificial materials faces a number of problems. Thus, their biocompatibility tends not to be optimal, and most artificial materials cannot be functionalized. Natural materials tend to be more biocompatible, and consequently, these materials were also used as scaffolds for PNIs. Among the natural materials, solutions were proposed based on collagen (Mackinnon and Lee Dellon, 1990; Archibald et al., 1995) (NeuraGen, NeuroMatrix, and NeuraWrap), gelatin (Ghasemi-Mobarakeh et al., 2008; Zhu, 2010), hyaluronic acid (Song et al., 2014; Kondyurin et al., 2017), alginate (Sitoci-Ficici et al., 2018), chitosan (Wang et al., 2006), and keratin (Apel et al., 2008). However, most of these materials are difficult to be processed in scaffolds with the geometry and mechanical properties indicated above.

The nervous system has a superior level of complexity that demands sophisticated scaffolds and architectures, as well highly tolerable biomaterial formulations. Compatibility and toxicity still are a remaining concern that has not been completely resolved for an immense number of materials. For many tissues, classical biomaterials may result in feasible strategies that in general produce good positive outcomes (Green and Elisseeff, 2016). But neurobioengineering strategies are intricate because of the restrictive conditions of the nerve microenvironment. For example, certain byproducts derived from a classic material such as the hyaluronic acid are immunogenic and may trigger inflammation (Tesar et al., 2006). Deposits of hyaluronic acid may accumulate in demyelinated lesions preventing axon remyelination and functional rewiring (Back et al., 2005).

Among the different biomaterial formats, hydrogels-based formulations have been engineered and widely used to construct porous conduits to favor axonal guidance providing suitable environments or reconnect two peripheral nerve ends (Tao et al., 2017). Hydrogel conduits have also been assessed to advance in the resolution of other clinical problems of neurological origin, e.g., reconstruction of intraspinal neural circuits in spinal cords injuries (Marchini et al., 2019) or reconstruction of neurodegenerated nigrostriatal pathways in Parkinson disease (Struzyna et al., 2018). Considering that not all biomaterials accomplish for the strict requirements of the nervous system, silk appears as a very promising solution (Zhang et al., 2012). Because of its high biocompatibility and excellent mechanical properties (Heim et al., 2009), silk is currently being explored for the development of many new therapies (Vepari and Kaplan, 2007; Fernández-García et al., 2018). Furthermore, the possibility of producing regenerated silk fibers [artificially spun fibers, from a solution of natural silk protein (Madurga et al., 2017b)] led to the generation of high-performance silk fibroin fibers with a wide range of geometries, which, in addition, can be functionalized (Madurga et al., 2017a). The development of adequate materials for scaffolds that can be used for nerve repair, bridging gaps in lesioned nerves, will require a very intensive research program. However, the present range of available materials in combination with a deeper understanding of the biology of the natural repair processes opens new and promising perspectives for the development of these therapies.



CONCLUSION

Current therapies are not effective and do not achieve a good regeneration because they act at the level of the entire nerve and not at the level of neuronal fiber or group of neuronal fibers and because they do not take into account the synergies between neurotrophic factors and their dynamic expressions over time and in the space. For the development of bio-hybrid materials for the correct regeneration of PNI, effective and reliable solutions must (i) work at microscopic level and (ii) take into account the molecular mechanisms of the regeneration and functional reinnervation of the sensory and motor nerves in both the proximal and the distal parts of the severed nerve.
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Objective: To investigate the effects of selenium nanoparticles (nano-Se) combined with radiotherapy on the proliferation, migration, invasion, and apoptosis of non-small cell lung cancer (NSCLC) A549 and NCI-H23 cells.

Methods: Nano-Se was synthesized and characterized by transmission electron microscope (TEM), X-ray diffractometer, and Ultraviolet-visible (UV)-Vis Spectroscopy, separately. The uptake of nano-Se by lung cancer cells was detected by flow cytometry. Cell counting kit-8 (CCK-8) method was used to detect the antiproliferative activity of nano-Se combined with radiotherapy. Wound healing tests and transwell assay were used to detect the migration and invasion ability of the cells. Annexin V-fluorescein isothiocyanate (FITC)/Propidium iodide (PI) staining by flow cytometry was used to detect apoptosis. The expression of Cyclin D1 (CCND1), c-Myc, matrix metalloproteinase 2 (MMP2), MMP9, cleaved Caspase-3, and cleaved Caspase-9 were detected by Western blot.

Results: The average diameter of nano-Se was 24.39 nm and the wavelength of nano-Se increased with the increase of radiation dose under UV-Vis Spectroscopy. The uptake of nano-Se in lung cancer cells was increased with the increase of nano-Se concentration. The nano-Se combined with radiotherapy decreased the proliferation activity of NSCLC cell lines A549 and NCI-H23 in a dose-dependent manner (all P < 0.05). Compared with the Control group, nano-Se combined with radiotherapy could significantly inhibit the migration and invasion of lung cancer cells (all P < 0.05), and the effects of the combination of nano-Se and radiotherapy was better than that of a single application (all P < 0.05). Furthermore, nano-Se combined with radiotherapy could induce apoptosis of lung cancer cells (P < 0.05) and nano-Se combined with radiotherapy could significantly inhibit the expression of proliferation-related proteins CCND1, c-Myc, invasion and migration-related proteins MMP2 and MMP9, but conversely promoted the expression of apoptosis-related proteins cleaved caspase-3 and cleaved caspase-9. Conclusion: This study found that nano-Se combined with radiotherapy plays an anti-cancer role in lung cancer cells by inhibiting cell proliferation, migration, and invasion, as well as inducing apoptosis, suggesting that nano-Se may be used as a radiosensitizer in the clinical treatment of lung cancer, but further research is still needed.
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INTRODUCTION

Lung cancer is one of the major cancers in the world. Among different types of lung cancer, non-small cell lung cancer (NSCLC) accounts for approximately 85% of the incidence (Duma et al., 2019), 60% of which are diagnosed as advanced, chemotherapy and radiotherapy are the standard treatment of advanced NSCLC (Herbst et al., 2018). In recent years, radiotherapy and chemotherapy have become a recognized tumor treatment model. Compared with radiotherapy alone and chemotherapy or sequential therapy, combined therapy has a better effect on the continuous control of local tumors and the improvement of the cure rate (Pirker, 2020). However, the adverse reactions of radiotherapy and chemotherapy such as bone marrow suppression, nausea, and vomiting hinder its clinical application, and the 5-year survival rate of NSCLC is still 16.1% (Bagcchi, 2017). Therefore, there is an urgent clinical need to find a safer and more effective treatment method. The development of nanomaterials has greatly improved the diagnosis and treatment of tumors (Ding et al., 2019). Traditional anti-tumor drug research often encounters problems such as the lack of specific drug targets and the need for higher doses to achieve higher local concentrations (Zhang et al., 2018). Nanoparticles (NPs), due to their strong permeability and retention effect, are expected to overcome the shortcomings of traditional anti-tumor drugs and are called new anti-cancer drugs (Li et al., 2019). In recent years, many studies have been done around selenium, which is a trace element, because it plays a critical role in health care, including immune response and cancer prevention (Feng et al., 2019). Epidemiological and clinical research results show that selenium can alleviate the hazard of different cancers, for instance, liver cancer, breast cancer, prostate cancer, colon cancer, and lung cancer (Chen et al., 2018). Some synthetic selenium related chemicals, like selenomethionine and methyl selenocysteine, displaying increased anticancer activity with increading doses (Bi et al., 2013; Zeng et al., 2013). As an anti-tumor drug and an essential trace element, selenium has an effective dose approximate to the toxicity level, which greatly limits its usage in clinical treatments (Bhattacharjee et al., 2014). Nevertheless, more and more research have been performed around selenium nanoparticles (Nano-Se) because of their good bioavailability, high biological activity, and low toxicity (Li et al., 2011). According to reports, the toxicity of nano-level selenium (Se0) is lower than that of selenite (Seþ2 or Seþ4) ions, so Nano-Se is anticipated to substitute other kinds of selenium in nutritional supplements or pharmaceutical dosage forms (Wang H. et al., 2007). Similarly, Nano-Se may also be used as a radiosensitizer to improve the effect of radiotherapy and reduce its side effects. Huang et al. (2013) confirmed in breast cancer, liver cancer and other cells that Nano-Se can trigger the overproduction of intracellular peroxides, thereby activating the p53 and MAPKs pathways, and promoting cell apoptosis. In addition, in animal experiments, they found that Nano se suppressed tumor growth via induction of apoptosis mediated by p53. Jiang et al. (2014) also found similar findings, that is, Nano-Se can cause glioma cytotoxicity by activating a variety of apoptosis signaling pathways, thereby exerting an anti-cancer effect. Given the rare research on the effect of Nano-Se on the function of lung cancer cells, this study intends to treat lung cancer cells through the combination of Nano-Se and radiotherapy to observe the changes in cell proliferation, invasion and migration ability, and the impacts of the above treatments on cell apoptosis, to provide new anti-cancer drugs for the clinical treatment of lung cancer.



MATERIALS AND METHODS


Material

Sodium selenite, bovine serum albumin and glutathione were all purchased from Sigma-Aldrich, United States. Human NSCLC A549 and NCI-H23 cell lines were purchased from ATCC, United States, and DMEM, fetal bovine serum, and double antibodies were purchased from Gibco, United States. Cell Counting Kit-8 (CCK-8) kit was purchased from Dojindo Co., Ltd., Japan, and Annexin V-fluorescein isothiocyanate (FITC)/Propidium iodide (PI) apoptosis kit was purchased from Sigma-Aldrich, United States. Strong RIPA protein lysate, protease inhibitor, blocking solution, primary and secondary antibody diluent, ECL protein luminescent solution were all purchased from Shanghai Biyuntian Biotechnology Co., Ltd. Primary antibody: Matrix metalloproteinase 2 (MMP2) (1:1500), MMP9 (1:1500), caspase-3 (1:2000), cleaved Caspase-3 (1:1000), caspase-9 (1:2000), cleaved Caspase-9 (1:1000), Cyclin (Cyclin D1, CCND1, 1:1000), C-myc (1:1500), and β-Actin (1:3000) were purchased from Cell Signaling Technology Company of the United States. Both the Transwell chamber and matrix gel were purchased from Corning Corporation.



Method


Preparation, Characterization and Identification of Nano-Se

A 345.9 mg of sodium selenite powder was dissolved in 200 mL of double-distilled water. After fully dissolving, 40 mL of 10 nM sodium selenite solution and 160 mL of 10 mM glutathione solution containing 200 mg of bovine serum albumin was used to prepare 10 mM sodium selenite stock solution. An appropriate amount of 0.1 M sodium hydroxide was added to adjust the pH value of the sodium selenite stock solution to 7.1, nano-Se and oxidized glutathione can be formed immediately, see reference (Gao et al., 2014) for details. Dialysis of the stock solution with double-distilled water for 72 h (double-distilled water is replaced every 6 h) can separate the oxidized glutathione from nano-Se, and then store the resulting nano-Se solution at 4°C in the refrigerator. A transmission electron microscope (TEM) sample was prepared by dropping a nano-Se suspended particle solution on a carbon-coated copper grid and drying at room temperature (Chen et al., 2015), and a high-resolution TEM (JEOL Ltd., Japan) was used to characterize and observe the synthesized nano-Se and the average particle size was calculated. After counting and measuring more than 100 particles, the average size and particle size distribution of the nano-Se can be determined (Chen et al., 2018). After that, the X-ray diffraction pattern (λ = 0.15419 nm) of the sample was recorded using a Rigaku X-ray diffraction (XRD), and the Ultraviolet-visible (UV)-Vis Spectroscopy (Agilent Technologies, United States) was used to detect the absorbance of nano-Se at 200 to 400 nm under different doses of irradiation in the range. The final concentration of selenium in the aqueous solution was measured using an atomic absorption spectrophotometer (Hitachi, Japan).



Cell Culture

The NSCLC cell lines A549 and NCI-H23 were cultured in DMEM medium containing 10% fetal bovine serum and 1% penicillin-streptomycin. The culture conditions of the incubator were 37°C and 5% CO2.



Detection of Cell Proliferation Activity by CCK-8 Method

Detection of the effects of nano-Se on the proliferation activity of NSCLC cells: NSCLC cell lines A549 and NCI-H23 were seeded in a 96-well plate at a density of 1 × 104 and 0.8 × 104 cells/well, respectively. After incubating for 1 day, different concentrations of nano-Se (0 (Control), 0.25, 0.5, 1, 2, 5, 10, 15, and 20 μg/mL) were used for treatment for 24 h. Then add 10 μL CCK-8 to each well, and continue to incubate for 2 h in a 37°C incubator, and then measure the absorbance (OD) at 450 nm with a spectrophotometer. Set up a blank background group (Blank), that is, wells with only DMEM medium as a control to avoid medium infection OD value. Each group has four multiple holes.

Detection of the effect of radiation treatment on the proliferation activity of NSCLC cells: Based on the selection of an appropriate exposure concentration of nano-Se, the NSCLC cell lines A549 and NCI-H23 were firstly divided into 1 × 104 and 0.8 × 104 cells/well. The cell/well density was seeded in a 96-well plate, cultured for 24 h, and then treated with 1 μg/mL nano-Se for 24 h. Then wash the cells with phosphate-buffered saline (PBS), replace it with a new normal medium, and irradiate 6 MeV-X rays with a linear accelerator. The average dose rate is 200 cGy/min, and the irradiation doses were 0, 2, 4, and 6 Gy. After the irradiation, put the cells back into the incubator and continue culturing for 24 h, and the rest of the detection process is the same as the previous CCK-8 detection method.

The calculation formula for the relative cell proliferation activity is: relative cell proliferation activity (%) = (OD treatment group-OD Blank)/(OD control group-OD Blank) × 100%.



Determination of Nano-Se Uptake of Cells by Flow Cytometry

Since A549 is more sensitive to the toxic reaction of Nano-Se exposure, A549 cells were seeded in a six-well plate at a density of 5 × 105 cells/well, and cultured with culture medium containing different concentrations of nano-Se (0, 0.5, and 1 μg/mL) for 24 h. Take gold nano-particles (Gold nano-particles, nano-Au) treated cells as a positive control group (Chang et al., 2017). After the culture, the cells were digested and harvested with trypsin, washed twice with PBS, and then suspended in 1 mL PBS, and tested on flow cytometry to detect the absorption of nanoparticles by cells.



Scratch Test to Detect Cell Migration Ability

A549 and NCI-H23 cells were seeded in a six-well plate and cultured for 24 h to 80–90% confluence. Scribe a straight line with a sterile 200 μL pipette tip perpendicular to the bottom of the plate, wash the fallen cells with PBS, replace the culture medium with fresh medium, and use an inverted microscope connected with a real-time image system to take a picture of the mark. Fresh medium containing 1 μg/mL nano-Se was added to Nano-Se group and nano-Se + Radiation group to culture cells for 24 h, an equal volume of sterilized saline were added to Control group and Radiation group to culture cells for 24 h, then Radiation group and nano-Se + Radiation group received a certain dose of radiation treatment. After the treatment, all the groups were placed in the incubator for 24 h and then photographed again. ImageJ software was used to calculate the relative migration amount of cells according to the scratch gap area (Area) of each group of cells at 0 and 48 h. The formula is: relative cell migration activity (%) = (Area treatment group-0 h-Area treatment group-24 h)/Area treatment group-0 h × 100%.



Determination of Cell Invasion Ability by Transwell

Place the Transwell chamber with 80 μL of matrix gel dropwise into the wells of the 24-well plate, and incubate for 2 h in the cell incubator. After the cells were processed accordingly (see “Scratch test to detect cell migration ability” for specific operations), trypsin-EDTA was used to digest the cells, and 200 μL of suspension containing 1 × 105 cells were seeded in the upper chamber of Transwell. At the same time, 750 μL medium containing 10% FBS was added to the lower chamber. After culturing the cells at 37°C for 48 h, remove the medium, fix the cells with 1 mL of 4% paraformaldehyde at room temperature for 10 min, then remove the fixative, wash the cells with PBS once, and add 1 mL 0.5% Crystal Violet solution to each well, stained at room temperature for 30 min, and rinse the cells with PBS. Finally, the cells that invaded the Transwell chamber were counted with an optical microscope.



Flow Cytometry to Determine the Level of Apoptosis

The treated cells in the six-well plate (see “Scratch test to detect cell migration ability”) were trypsinized, centrifuged at 400 × g at 4°C for 5 min, and 500 μL PBS was added to resuspend the cells to wash and centrifuge to collect the cell pellet. Repeat this step 2. After adding 200 μL of binding buffer to the cells, Annexin V-FITC and PI (10 μL each) were added and mixed gently. After incubating at room temperature for 30 min in the dark, 300 μL of binding buffer was added again, and flow cytometry was immediately performed on the computer. Finally, Flowjo software was used to analyze the results.



Western Blot to Determine Cell Protein Expression

The cells were washed twice with pre-cooled PBS and lysed on ice with RIPA strong lysis buffer containing protease inhibitors. Centrifuged at 12,000 × g at 4°C for 10 min to take the supernatant and the supernatant was transferred to a new centrifuge tube. Using the BCA method to determine the protein concentration, then add 5× protein loading buffer to mix, and heat at 100°C for 10 min to denature the protein. Take 20 μg protein sample for SDS-PAGE gel electrophoresis (First use 60 V constant voltage electrophoresis until the loading buffer enters the separation gel, adjust the voltage to 80 V and run until the loading buffer is close to the bottom edge of the gel and turn off the power), and transfer the separated protein to PVDF membrane (0.29 A constant current transfer membrane for 90 min). The membrane was sealed in 5% skimmed milk at room temperature for 2 h, washed with TBST three times, then the corresponding primary antibody was added and incubated overnight at 4°C. The next day, the primary antibody was removed, the membrane was washed three times with TBST, and HRP-conjugated secondary antibody was used to incubate with the membrane for 1 h at room temperature, and wash the membrane three times with TBST. By dropping the ECL protein luminescent liquid, the protein bands were visualized in the fluorescence imaging system and photographed to record. Finally, ImageJ software was used to perform grayscale analysis of protein bands.



Statistical Analysis

Each experiment in this study was repeated at least three times independently, and the measurement data were expressed as mean ± standard deviation, and SPSS 19.0 was used for statistical analysis. Dunnett-test was used to compare differences between groups, and one-way analysis of variance was used to compare multiple groups. P < 0.05 was regarded as statistically significant.



RESULTS


Characterization and Identification of Nano-Se

In this study, the synthesized nano-Se was first observed by a TEM, and then the size distribution histogram was drawn, as shown in Figures 1A,B, it can be seen that the average size of nano-Se is 24.39 ± 8.61 nm. In addition, we also performed an XRD analysis. As shown in Figure 1C, no obvious diffraction peaks were found, suggesting that nano-Se is relatively pure. Moreover, as we can see, in Figure 1D, nano-Se showed different absorbance at radiation doses of 0, 2, 4, and 6 Gy, suggesting that the increase in radiation dose may increase the concentration of nano-Se.


[image: image]

FIGURE 1. Characterization and identification of Nano-Se. (A,B) Observe the morphological size of nano-Se by TEM and draw a size histogram; (C) XRD analysis; (D) UV-Vis Spectroscopy analysis.




The Effects of Nano-Se and Its Combination With Radiotherapy on Cell Proliferation Activity

As shown in Figures 2A,B, compared with the Control group, treatment of cells with nano-Se can decrease the proliferation activity of lung cancer cells in a dose-dependent manner (all P < 0.05), and based on nano-Se exposure to cells, after combined radiotherapy, with the increase of radiotherapy dose, the cell proliferation activity gradually decreased (Figures 2C,D, all P < 0.05). Therefore, in subsequent experiments, we chose 1 μg/mL as the exposure concentration of nano-Se and 2 Gy as the radiation dose for radiotherapy.
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FIGURE 2. The effect of Nano-Se and its combination with radiotherapy on cell proliferation activity. (A,B) The effects of different concentrations of nano-Se (0 (Control), 0.25, 0.5, 1, 2, 5, 10, 15, and 20 μg/mL) on the proliferation of NSCLC cells A549 and NCI-H23; (C,D) After 1 μg/mL nano-Se pretreated NSCLC cells A549 and NCI-H23, the effects of different doses of radiation treatment (0 (Control), 2, 4, and 6 Gy) on cell proliferation activity. Compared with the Control group, **P < 0.01, ***P < 0.001; comparison between different concentrations of nano-Se treatment group, ###P < 0.001; comparison between different dose radiation treatment groups, &&P < 0.01, &&&P < 0.001.




Absorption of Nano-Se by NSCLC Cells

As shown in Figure 3, compared with the Control group, as the concentration of nano-Se exposed to NSCLC cells increased, the absorption rate of nano-Se by A549 cells also increased.
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FIGURE 3. The uptake of Nano-Se by NSCLC cells. (A–E) Nano-Au, different concentrations of nano-Se (0, 0.5, and 1 μg/mL) treated A549 cells, the cell absorption of nanoparticles.




The Effects of Nano-Se Combined With Radiotherapy on Cell Migration

As shown in Figure 4, compared with the Control group, the combination of nano-Se and radiotherapy can significantly inhibit cell migration (P < 0.05). The results of A549 and NCI-H23 are consistent. In addition, nano-Se and radiotherapy alone also have a certain inhibitory effect on migration (both P < 0.05).
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FIGURE 4. The effects of Nano-Se combined with radiotherapy on cell migration. (A) The migration changes of A549 cells; (B) The migration changes of NCI-H23 cells. Compared with the Control group, *P < 0.05.




Effect of Nano-Se Combined With Radiotherapy on Cell Invasion Function

As shown in Figure 5, compared with the Control group, the combination of nano-Se and radiotherapy can significantly inhibit cell invasion (P < 0.05), and nano-Se and radiotherapy alone also have a certain inhibitory effect (both P < 0.05).). The results of A549 and NCI-H23 are consistent.
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FIGURE 5. The effects of Nano-Se combined with radiotherapy on cell invasion. (A) Invasion of A549 cells; (B) Invasion of NCI-H23 cells. Compared with the Control group, *P < 0.05, **P < 0.01.




The Effect of Nano-Se Combined With Radiotherapy on Inducing Cell Apoptosis

As shown in Figure 6, compared with the Control group, nano-Se combined with radiotherapy can significantly induce cell apoptosis (P < 0.05). The results of A549 and NCI-H23 are consistent.
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FIGURE 6. The effects of Nano-Se combined with radiotherapy on cell apoptosis. (A) Apoptosis of A549 cells; (B) Apoptosis of NCI-H23 cells. Compared with the Control group, *P < 0.05, **P < 0.01, ***P < 0.001.




The Effects of Nano-Se Combined With Radiotherapy on Cell Proliferation, Invasion, and Migration and Apoptosis-Related Proteins

When detecting the protein expression of lung cancer cells, we chose A549 cells for determination. As shown in Figure 7, Western blot detection of protein expression found that compared with the Control group, nano-Se combined with radiotherapy can significantly inhibit the expression of proliferation-related proteins CCND1, c-myc and invasion and proliferation-related proteins MMP2 and MMP9 (both P < 0.05), on the contrary, it promoted the expression of apoptosis-related proteins cleaved Caspase-3 and cleaved Caspase-9 (both P < 0.05).
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FIGURE 7. The effects of Nano-Se combined with radiotherapy on the level of protein expression in cells. Compared with the Control group, *P < 0.05, **P < 0.01, ***P < 0.001.




DISCUSSION

Lung cancer, especially NSCLC, is one of the most common cancers in the world, and the desire for clinical exploration of effective treatment methods is very urgent.

Radiotherapy has been widely used in the treatment of lung cancer. Although this method can indeed effectively reduce and eliminate cancerous cells, normal tissues close to the sites where were irradiated will certainly be harmfully affected by radiation. Several radiosensitizers have been produced and appliced to cancer treatment, but the most widely used clinical treatment of lung cancer is still chemotherapy (Man et al., 2010). The ideal way to increase the clinical application of radiotherapy is to find a radiosensitizer that exhibits weak cytotoxicity in the absence of radiation and can effectively promote tumor cell radiation-induced cell death. Selenium is known to have membrane stability and is an indispensable trace elements for animals and humans. Although selenium has a toxic effect when it exceeds a certain level, nano-Se has also been shown to be less poison than inorganic selenium and several organic selenium chemicals (Wang H. L. et al., 2007). It is known that the beneficial effects of Se on the treatment of tumors include various mechanisms, such as reducing DNA damage (Jung et al., 2009), anti-oxidation (Pourkhalili et al., 2012), anti-inflammatory (Miroliaee et al., 2011), enhancing immune response (Ryan-Harshman and Aldoori, 2005), and changing the DNA methylation of tumor suppressor genes state (Yu et al., 2007), inducing apoptosis (Zhang et al., 2013) and blocking the transmission of protein signaling pathways (Christensen et al., 2007).

In this research, nano-Se was first synthesized, and then the particle size of nano-Se was observed by TEM. It was observed by UV spectroscopy that radiation treatment would not destroy the structure of nano-Se, but could enhance the cytotoxicity of nano-Se by increasing the concentration of nano-Se. Also, flow cytometry detected that as the concentration of nano-Se increased, the absorption of nano-Se by cells increased. On this basis, this study used the combination of nano-Se and radiotherapy in NSCLC cancer cells and discussed the effect and mechanism of this combined treatment. First, through the CCK-8 experiment, this study confirmed that the effect of nano-Se combined with radiotherapy on the proliferation of NSCLC cells was greater than that of nano-Se exposure treatment alone or irradiation alone, suggesting that nano-Se and radiotherapy have a synergistic effect in inhibiting cell proliferation activity or to promote each other. Metastasis is a major feature of cancer and the main cause of death of approximately 90% of cancer patients. During this process, the migration and invasion functions of cancer cells play an important role, which also leads to serious consequences of tumor metastasis and poor prognosis (Lu et al., 2017). Therefore, in addition to testing the impacts of nano-Se and radiotherapy on cell proliferation, this study also observed the effect of the combination of lung cancer cell migration and invasion. Consistent with expectations, nano-Se alone or radiation treatment can inhibit cell migration and invasion to a certain extent, and the combined effect of the two is more obvious. In addition to studying the inhibitory effect of the combination of the two on the biological behavior of cancer cells, this study also found that nano-Se combined with radiotherapy can induce apoptosis in lung cancer cells through flow cytometry. The above results suggest that nano-Se combined with radiotherapy has a significant anti-cancer effect.

Based on the biological functions of nano-Se combined with radiotherapy on lung cancer cells, this study also explored the mechanism, focusing on detecting the expression of several proteins related to cancer cell proliferation, invasion, metastasis, and apoptosis. It is known that CCND1 is an important cell cycle-related protein, and its main function is to regulate the cell cycle and advance the cell from the G1 phase to the S phase (Cai et al., 2014). In tumor cells, CCND1 can accelerate tumor cell division from the G1 phase to the S phase, thereby improving the proliferation ability of tumor cells (Yang et al., 2017); c-Myc is a nuclear protein gene with multiple cell biological functions. It can combine with DNA and chromosomes to regulate cell proliferation (Ericson et al., 2015). Since this study has found that nano-Se combined with radiotherapy can inhibit the proliferation of lung cancer cells through CCK-8 cell proliferation activity experiments, Western blot experiments confirmed that the combination of the two can significantly inhibit the expression levels of CCND1 and c-Myc proteins, further verifying this conclusion. MMPs are a group of zinc-dependent metalloproteinases that regulate a variety of cellular processes, including tumor cell proliferation and metastasis (Egeblad and Werb, 2002). MMP2 and MMP9 are two specific subgroups of MMPs. They have been studied in cancer for many years. Past studies have found that MMP2 and MMP9 were highly expressed in lung cancer and essential for the growth and metastasis of lung tumors (Liu et al., 2019). This study found that the combination of nano-Se and radiotherapy can significantly inhibit the expression of MMP2 and MMP9 proteins by detecting the expression levels of the above two proteins. The results are consistent with the results of Scratch and Transwell. In addition, this study also detected the levels of apoptosis-related classic proteins Caspase-3 and Caspase-9. It is known that Caspase-3 is activated by the proteolytic cleavage of Caspase-9 and is an important apoptosis-executing Caspase. Caspase signal stimulation and accompanying PARP cleavage are considered to be the main features of the apoptotic cascade (Bi et al., 2018), and their levels also indicate the progress of the apoptotic response. In this study, the levels of Caspase-3 and Caspase-9 were detected and found that the expression of cleaved Caspase-3 and Caspase-9 were increased, suggesting the occurrence of apoptosis. This result is consistent with the study of Huang et al. (2013) and Jiang et al. (2014) that nano-Se can induce apoptosis in cancer cells and exert cytotoxicity. The specific mechanism is shown in Figure 8.
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FIGURE 8. Mechanism pathway diagram of nano-Se acting on NSCLC cells.




CONCLUSION

In summary, this study found that nano-Se, as a new form of Se, exerted anti-cancer activity including inhibition proliferation, invasion, migration and promotion of apoptosis of NSCLC cells when combined with radiotherapy. This study provides a theoretical basis for in vivo evaluation of the inhibitory effect of nano-Se combined with radiotherapy on lung cancer, but further research is still needed.
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Gelatin methacryloyl (GelMA) has been widely used in bone engineering. It can also be filled into the calvarial defects with irregular shape. However, lack of osteoinductive capacity limits its potential as a candidate repair material for calvarial defects. In this study, we developed an injectable magnesium–zinc alloy containing hydrogel complex (Mg-IHC), in which the alloy was fabricated in an atomization process and had small sphere, regular shape, and good fluidity. Mg-IHC can be injected and plastically shaped. After cross-linking, it contents the elastic modulus similar to GelMA, and has inner holes suitable for nutrient transportation. Furthermore, Mg-IHC showed promising biocompatibility according to our evaluations of its cell adhesion, growth status, and proliferating activity. The results of alkaline phosphatase (ALP) activity, ALP staining, alizarin red staining, and real-time polymerase chain reaction (PCR) further indicated that Mg-IHC could significantly promote the osteogenic differentiation of MC3T3-E1 cells and upregulate the genetic expression of collagen I (COL-I), osteocalcin (OCN), and runt-related transcription factor 2 (RUNX2). Finally, after applied to a mouse model of critical-sized calvarial defect, Mg-IHC remarkably enhanced bone formation at the defect site. All of these results suggest that Mg-IHC can promote bone regeneration and can be potentially considered as a candidate for calvarial defect repairing.

Keywords: gelatin methacryloyl, hydrogel, magnesium–zinc alloy, calvarial defect, bone regeneration


INTRODUCTION

Autologous skull graft is generally considered as the gold standard for cranioplasty (Lucateli et al., 2018). However, it usually has high probability of bone resorption which may cause bone defects and impair reimplantation (Chan et al., 2017; Barzaghi et al., 2019). In our previous study, varying degrees of bone defects were found due to bone resorption after calvarial reimplantation in Beagle dogs, which were very similar to what happened clinically (Zhu et al., 2020). In addition, congenital hypoplasia, chronic infections, or bone tumors may also cause calvarial bone defects. Different from the long bones, once the adult’s skull is defective, it is difficult to repair and regenerate spontaneously (Burdette et al., 2018). Therefore, it is necessary to pursue appropriate treatments to repair calvarial defects, where bone repair materials could play a big role.

Hydrogel is a kind of insoluble hydrophilic polymer, whose weight will increase to several times of its original dry weight after soaked in water. Since its internal structure is similar to the extracellular matrix of tissue, where nutrients and metabolites are able to be transported, hydrogel has been widely used in tissue engineering (Seliktar, 2012). So far, various kinds of natural and synthetic hydrogel polymer have been developed, including gelatin, alginate, fibrin, chitosan, hyaluronic acid (HA), poly (ethylene oxide) (PEO), and poly (ethylene glycol) (PEG) (Vega et al., 2017). Among them, gelatin methacryloyl (GelMA), which is made of gelatin and methacrylic anhydride has been paid increasingly attention in their usage in bone tissue engineering research and clinics. GelMA has been demonstrated promising biocompatibility and biodegradability, while very low cytotoxicity and immunogenicity (Yue et al., 2015). GelMA contains arginine-glycine-aspartic acid (RGD) peptide sequence which promotes cell adhesion, proliferation, and differentiation (Liu and Chan-Park, 2010; Wohlrab et al., 2012; Qiao et al., 2020). Moreover, because of the presence of methacrylic anhydride, GelMA is able to generate a cross-linked hydrogel with thermal stability by being applied photoinitiator and under ultraviolet (UV) irradiation. With this characteristic, the aqueous solution of GelMA can be injected into irregularly shaped bone defects and get solidified afterward (Annabi et al., 2014). As a result, GelMA has been applied as bone regeneration scaffolds for bone repair in recent researches (Kwon et al., 2018; Gu et al., 2019; Pan et al., 2019). However, due to the lack of osteoinductive capacity essential for bone mineralization, GelMA are often applied in conjunction with other materials such as inorganic particles, biopolymers, nanomaterials, and so on.

Magnesium and its alloy materials have been widely used as bone repair materials (Agarwal et al., 2016). Magnesium ion is the second most abundant intracellular cation in mammals, and more than half of which is stored in bone (Weisinger and Bellorin-Font, 1998; Wolf and Cittadini, 2003). Compared with other metals, magnesium and its alloys have several obvious advantages in bone repair. First, the density and elastic modulus of magnesium are close to those of natural bone; second, magnesium can be degraded in vivo and mainly release non-toxic magnesium oxide and Mg2+ during degradation, which can be completely excreted through urine (Saris et al., 2000; Nagels et al., 2003; Paschoal et al., 2003; Yu et al., 2018). More importantly, many evidences demonstrated that applications of magnesium in vivo could inhibit bacterial growth and promote new bone growth (Yamasaki et al., 2002; Li et al., 2014). Since the application of pure magnesium may lead to emphysema, etc., recent studies have focused on magnesium alloys which can improve the mechanical properties, osteoinductive capacity, the stability of the material, and decrease the degradation and its reactivity in vivo. However, the uncontrollable degradation rate of magnesium alloys impedes their applications in clinic. If degenerated too fast, it may lose its function before the bone heals completely, while lower degradation rate leads to negative effects on early bone healing. In addition, the shapes of calvarial defects caused by bone resorption are always irregular and changing over time, so the “intramedullary nail” used in long bones, or the screws, etc., are unable to be applied (Wang et al., 2017). Therefore, there is an unmet need to develop plastic magnesium alloys with promising degradability, especially for calvarial defects.

In this study, we report our development of an injectable hydrogel complex with GelMA and biodegradable magnesium–zinc alloy [injectable magnesium–zinc alloy containing hydrogel complex (Mg-IHC)]. The mechanical properties, plasticity and biocompatibility, of Mg-IHC were evaluated as well as its effect on osteogenis. Furthermore, we applied Mg-IHC on a mouse model of critical-sized calvarial defect to investigate its efficacy on bone regeneration. Mg-IHC was filled into the skull defect, photo cross-linked, and sustained release of magnesium. Our result demonstrated its effectiveness in promotion of the osteogeneis and the reparation of calvarial defects.



MATERIALS AND METHODS


Preparation of GelMA and Mg-IHC

Gelatin (Sigma, United States) with the amount of 10 g was stirred until completely dissolved in 100 mL of carbonate buffer (pH 8) at 50°C. Then, 10 mL methacrylic anhydride was slowly added and stirred at 50°C for 2 h to make the gelatin fully react with methacrylic anhydride (Sigma, United States) which was terminated by dilution with 400 mL of double-distilled water (DD water) at 40°C. The reaction solution was dialysis at 37°C for 7 days, with the DD water changed every 4 h. Finally, the dialysate was lyophilized to obtain a white solid product, which was maintained at −80°C. The degree of methacrylation was determined as 95% by 1H NMR. The GelMA solid was mixed and placed at 37°C more than half an hour until the solid completely dissolved. GelMA prepolymer was prepared in the final concentration of 10% (w/v) with 0.5% (w/v) photoinitiator (LAP) (Sigma, United States).

In order to pass through the syringe needle smoothly after mixing, the biomedical magnesium (95%, wt%) zinc (5%, wt%) alloy (Weihao, China) was fabricated into circular microspheres with the diameter of 20 ± 10 μm. In order to obtain spherical microspheres with high purity and promising fluidity, processes such as inert gas protection, rapid cooling, and atomization were applied.

Before use, Mg-IHC solution was prepared by homogeneous with GelMA composite of Mg–Zn alloy of 0.5, 1, 2, 3, and 5% with the mass volume ratio.



Measurement of Elastic Modulus of GelMA and Mg-IHC

Gelatin methacryloyl and Mg-IHC prepolymer solution were injected into the custom molds (diameter 10 mm; thickness 1 mm), then exposed to UV light for 1 min at 25 mW/cm2 power. The elastic modulus of the hydrogel was characterized by nano-indenter (PIUMA, Optics11, Netherlands). For analysis, we selected an appropriate probe with stiffness value = 0.5 N/m, tip radius value = 50 μm.



Scanning Electron Microscope (SEM)

The cross-linked GelMA or Mg-IHC (1% alloy containing) were quickly frozen in liquid nitrogen and then lyophilized in a lyophilizer (Toshiba, Japan). The samples were placed on the sample table and sputter coated with gold for 40 s and then the hydrogel pore size images were taken at 5 kV with a scanning electron microscope (PHENOM ProX SEM, Phenom-China).



Material Degradation

For degradation assay, 500 μL of GelMA and Mg-IHC were exposed to UV light for 1 min to crosslink and original weights were recorded and then added into 10 mL PBS. They were then incubated at 37°C on a shaker at 50 r/min, and weighed as the later weight at day 1, 3, 7, 14, 21, and 28, respectively. The degradation rate was calculated according to the formula: degradation rate = (original weight − later weight)/original weight × 100%.



Magnesium Ion Releasing

In order to detect the magnesium release from Mg-IHC, 100 μL Mg-IHC with various magnesium alloys was used. With irradiation under UV light for 1 min, Mg-IHC were cultured with 5 mL α-MEM at 37°C for 3, 7, 14, 21, and 28 days. Magnesium ion concentration was detected at each time point using the Magnesium Ion Concentration Detection Kit (Leagene, China).



Cell Culture, Cell Adhesion, Viability, and Proliferation

Mouse osteoblast MC3T3-E1 cells were cultured with the medium [α-MEM and 10% fetal bovine serum (FBS) plus 1% penicillin-streptomycin (P/S)]. Leaching solutions were prepared as below. 100 μL GelMA or Mg-IHC were injected into the 6-cm dish and solidified by illumination with the UV light. Then 5 mL culture medium was added and incubated for 24h at 37°C to make a leaching solution.

For cell proliferation, cells were seeded in 96-well plate with 2 × 104 in each well and evaluated with CCK-8 kit (BBI, China). 100 μL leaching solutions were added with the culture medium as the control. After 1, 3, and 7 days, absorbance was measured at 450 nm using a microplate reader (Tecan Infinite 200 pro, United States).

In order to examine the cell viability, cells were seeded in 24-well plate at a density of 2 × 104 per well. Leaching solutions were also used as the culture medium. Calcein and propidium iodide (PI) double staining were performed with live/dead staining assay kit (Beyotime, China). Images were captured on a fluorescence microscope (Olympus BX 53, Japan). And cells with green and red fluorescence were counted by ImageJ.

For cell adhesion assay, GelMA or Mg-IHC were coated on the bottoms of 24-well plate. Cells were cultured in the plate for 24 h, fixed and stained with FITC-Phalloidin (100 nM, Thermo Fisher Scientific, United States) for 30 min and with DAPI (BBI, China) to label the cellular nuclei for 10 min. Images were captured on a fluorescence microscope (Olympus BX 53, Japan).



ALP and Alizarin Red Assay

In order to examine the effect of Mg-IHC on osteogenesis, alkaline phosphatase (ALP) and alizarin red staining were performed; meanwhile, ALP activity was also detected. The MC3T3-E1 cells were seeded in 24-well plate with 2 × 104 each well. Leaching solutions were applied for cell culture with supplement of ascorbic acid (50 μg/mL) and β-glycerophosphate (10 mM). ALP staining and activity were conducted as the ALP staining kit (Solarbio, China) and ALP activity kit (Beyotime, China) at 7 days post treatment. To normalize the quantification, total protein concentration was measured by BCA assay kit (Beyotime, China). Alizarin red staining was conducted at 14 days post treatment. Absorbance was measured at 490 nm by the microplate spectrophotometer (Tecan Infinite 200 pro, United States). Images of staining were obtained by an Olympus BX53 microscope.



Real-Time PCR Analysis

MC3T3-E1 cells were cultured with osteoinduction as above. Total RNA was extracted at 7 days post treatment with Trizol regent (Thermo Fisher, United States) according to the manufacturer’s protocol. Subsequently, reverse transcription was conducted using the First-Strand Synthesis System (Thermo Fisher, United States). Real-time polymerase chain reaction (PCR) (Thermo Fisher, United States) was then performed and β-actin was used as the housekeeping control. Quantitative data were performed by comparative Ct quantification (2–ΔΔCt method). The primer sequences are listed in Table 1.


TABLE 1. Sequences of primers used for real-time PCR.
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Animal Model of Critical-Sized Calvarial Defect

Animals used in this study were handled according to the protocols approved by the Institutional Animal Care and Use Committee of Soochow University.

Eight-week-old female ICR mice were used in this study. After anesthesia, the scalp was cut along the midline of parietal lobe to expose the skull. Craniectomy with 3.5 mm defects were trephinated on the center of both side of midline of all animals with a special skull drill (Huamai, China). GelMA or Mg-IHC was injected in the right defect. UV exposure was used for 1 min to solidify the hydrogels. The defects on the left side were without treatment and set as the control.



Micro-Computed Tomography Analysis

Four weeks after surgery, mice were sacrificed to harvest the calvarias for micro-computed tomography (micro-CT). In brief, the bones were dissected out and cleaned the soft tissue as much as possible. After fixed in 10% formalin for at least 12 h, the calvarias were scanned with the micro-CT (SkyScan1176, Belgium) with the following settings: 50 kV, 500 mA, and 0.5 mm Al filter. Regions of interesting (ROI) on calvarial defects of 3.5 mm in diameter were chosen to analyze the parameters of bone volume fraction [bone volume/tissue volume (BV/TV)], and bone mineral densities (BMDs).



Histological Analysis

Calvaria bone samples were decalcified in 0.25 M EDTA (pH 7.4) for 10 days and then immersed in PBS for 2 h. After dehydration in gradient alcohol (70, 80, 90, 95, and 100%), samples were embedded in paraffin and sectioned at the thickness of 5 μm. Sections were stain with hematoxylin and eosin (H&E), Masson staining (Solarbio, China) and imaged using a lighting microscope (BX43, OLYMPUS, Japan). Masson sections (n = 5 for each group) were analyzed for the total tissue area and mature bone area of the defects. The kidney and liver of the mice were also harvested for H&E staining as the procedure above.



Statistical Analysis

All statistical analysis was performed using SPSS20.0. Data are presented as the mean ± SEM. Data between multiple groups were analyzed by one-way or two-way analysis of variance (ANOVA) followed by Fischer’s PLSD post hoc tests. Comparisons between two groups were made by Student’s two-tailed unpaired T-test. P < 0.05 was considered for the significance level for all analyses.



RESULTS AND DISCUSSION


Characterization of Injectable Magnesium–Zinc Alloy Containing Hydrogel Complex

In this study, we developed an injectable magnesium alloy hydrogel (Mg-IHC), which was uniformly mixed by Mg–Zn alloy microspheres and GelMA according to a certain proportion. The magnesium alloy microspheres were fabricated through a rapid cooling and atomization process with the protection of inert gas. The contents of magnesium and zinc were 95% and 5% (w/w), respectively. Magnesium and zinc are both fundamental elements in human bodies. It was reported that magnesium alloys containing about 5.0% zinc have excellent strength, high corrosion resistance, low hydrogen evolution rate, and promising animal biocompatibility (Zberg et al., 2009).

The diameter of the magnesium alloy microspheres used in this research was 20 ± 10 μm, which was significantly smaller than the inner diameter of the syringe needle commonly used in clinic, to ensure the Mg-IHC could be injected freely into the calvarial defects. After application of UV irradiation for 1 min, Mg-IHC crosslinked to form a stable shape implied that it has good plasticity to be filled into the calvarial defects with irregular shape (Figures 1A,B). In addition, we measured the elastic modulus to evaluate the mechanical properties of GelMA and Mg-IHC. The result showed that Mg-IHC had similar elastic modulus to GelMA (Figure 1C).
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FIGURE 1. Structure and mechanical properties of Mg-IHC. (A) Schematic illustrations of Mg-IHC formed after UV irradiation. (B) Schematic of Mg-IHC molding. (C) Elastic modulus of GelMA and Mg-IHC. (D) Degradation percentage of GelMA and Mg-IHC in vitro. (E) Scanning electron microscopy imaging of GelMA and Mg-IHC.


The stiffness of the GelMA enhances as the degree of methacrylation increase, which results in an increase in the mechanical properties (Yue et al., 2015). In this research, we chose the high degree of methacrylation GelMA with high elasticity moduli and low viscosity.

Hydrogel degradation is an important property for determining stability under physiologically relevant conditions. To evaluate the degradation of GelMA and Mg-IHC in vitro, we immersed the same mass of cured composite hydrogel into the same volume of PBS, and weighed the remaining material at different time points. Both GelMA and Mg-IHC decreased in quality over time, and about 60% of the total weight remained after 4 weeks. Moreover, there was no statistical difference in the degradation rate of Mg-IHC at each time point (Figure 1D), which indicated that the mixture of Mg–Zn alloy microspheres would not affect the degradation of GelMA.

Appropriate internal porosity is necessary for tissue engineering materials to maintain cell growth and nutrient transfer (Karageorgiou and Kaplan, 2005). Therefore, we monitored the porosity of the GelMA and Mg-IHC hydrogel after lyophilization with scanning electron microscopy (SEM). SEM pictures show a homogenous microstructure with well-organized pores and distributed alloy microspheres were clearly visible in Mg-IHC (Figure 1E).

The above results indicate that Mg-IHC can be well shaped, ideal for filling the defect, and has a certain mechanical strength. On the other hand, it has promising degradability and desirable internal pore size, which make it suitable for nutrient transport and cell migration.



Evaluation of the Biocompatibility of Mg-IHC

In order to evaluate the release of magnesium ion, Mg-IHC with different magnesium alloy contents were used to assess the concentration of magnesium ions after incubation in cell culture medium for different times. The results showed that with the increase of magnesium alloy content, the release of magnesium also increased. The concentration of magnesium also increased with time, suggesting that Mg-IHC could continuously release magnesium ion, and the increasing rate relatively slowed after 28 days (Figure 2A).
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FIGURE 2. In vitro biocompatibility test of Mg-IHC. (A) Magnesium ion concentration released by Mg-IHC in vitro was detected after 3, 7, 14, 21, and 28 days. (B) Cell viability detected by CCK-8 kit on 1, 3, and 7 days, respectively. (C) Statistics of the percentage of dead cells. Compare with Ctrl. **P < 0.01; ***P < 0.001. (D) Live/dead staining for MC3T3-E1 cells. The white arrows indicate dead cells. (E) Cell actin cytoskeleton staining showing the morphology of MC3T3-E1 cells on different substrate, stained with FITC-phalloidin.


The biocompatibility is critical to the application of tissue engineering materials. Here, we evaluated cell adhesion, growth status, and proliferating activity of this material (Qiao et al., 2020). MC3T3-E1 cells were cultured with leaching medium from a series of Mg–Zn alloy proportions of GelMA. CCK-8 kit and live/dead staining were used to detect the growth status and proliferating activity. On day 1, compared with the Ctrl group, other groups showed no significant differences except the 5% group. On day 3, the value of 0.5 and 1% groups were higher than Ctrl group which had no differences from 0% (GelMA without Mg–Zn alloy), 2, 3, and 5% groups. On day 7, the value of 0, 0.5, and 1% groups were higher than ctrl, 2, 3, and 5% groups, while the 3 and 5% groups were even lower than corresponding values on day 3. All of these indicated that lower proportions (0.5 and 1%) of Mg–Zn alloy microspheres promoted the cell growth while higher proportions (2, 3, and 5%) had no similar effects (Figure 2B).

In consistence with the growth status result, Mg-IHC with lower proportions (0.5 and 1%) of Mg-Zn alloy microspheres showed no significant differences from the ctrl and 0% group in the live/dead staining. Meanwhile, the dead cell percent of Mg-IHC with higher proportions (2, 3, and 5%) were significantly higher than other groups, suggesting that lower proportions of alloy for Mg-IHC lead to higher cell viabilities (Figures 2C,D).

The cell viability decreases because of the excessive magnesium alloy content, while excessive low content also leads to the attenuated effect. Therefore, in this study, magnesium alloy hydrogels with 1% content were considered to be the most suitable. To determine the cell adhesion, we cultured cells on solidified cover layer of GelMA or Mg-IHC. Pholloidin staining results showed that cells adhered on both GelMA and Mg-IHC, and had no significant change in cell morphology (Figure 2E). Together, these results indicate that Mg-IHC has promising biocompatibility similar with GelMA in vitro.

To further investigate the biocompatibility of Mg-IHC, animal experiments were conducted. We examined the liver and kidney of mice with H&E staining. Compared with normal mice, the liver and kidney tissue structures of mice in GelMA and Mg-IHC groups were intact. There were no tissue edema, inflammatory cells, or tissue structure damage (Supplementary Figure S1), which indicated GelMA and Mg-IHC could be metabolized normally and had promising biocompatibility in vivo.



Mg-IHC Effectiveness on Osteogenesis in vitro

To further study the effects of Mg-IHC on osteogenesis, we tested with the ALP staining, activity and alizarin red staining. After 7 days’ culture and osteogenic induction, MC3T3-E1 cells were processed for ALP activity detection. Normalized with the Ctrl group, the ALP activity of GelMA group was significantly higher than the Ctrl group. Particularly, the Mg-IHC group had the highest ALP activity in the three groups. On day 14, cells were fixed for the ALP staining. In consistence with the results of ALP activity, more cells of the Mg-IHC group were labeled than the Ctrl group and the GelMA group (Figures 3A,C).
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FIGURE 3. The effect of Mg-IHC on osteogenesis was examined in vitro. (A) MC3T3-E1 cells were cultured with GelMA and Mg-IHC extracts, and ALP was stained with ALP staining kit 7 days after osteogenesis induction, and calcium nodules were stained with alizarin red 14 days later. (B) Quantitative results of alizarin red staining. (C) MC3T3-E1 cells were cultured with GelMA and Mg-IHC extracts, and ALP activity was quantitatively detected using ALP activity kit 7 days after osteogenesis induction. (D–F) MC3T3-E1 cells were cultured with GelMA and Mg-IHC extracts, and 14 days after osteogenesis induction, the expression of osteogenesis-related genes COL-I, OCN, and RUNX2 was detected by real-time PCR. *P < 0.05; **P < 0.01; ***P < 0.001.


We also used alizarin red staining and quantification to assess the effect of Mg-IHC on osteogenesis. The results showed that alizarin red staining was more in the GelMA group than in the Ctrl group, while the Mg-IHC group had the strongest staining in all three groups. The results of alizarin red quantitative detection were consistent with the alizarin red staining (Figures 3A,B). Overall, these results indicated that Mg-IHC could significantly promote osteogenesis.

In addition, in order to explore the related mechanism of Mg-IHC promoting osteogenesis in vitro, we inspected osteogenesis-related gene indicators by real-time PCR. The results showed that the expression of collagen I (COL-I), osteocalcin (OCN), and runt-related transcription factor 2 (RUNX2) increased significantly after Mg-IHC treatment (Figures 3D–F), suggesting that Mg-IHC might promote osteogenesis by regulating the expression of COL-I, OCN, and RUNX2. COL-I is the most important organic component in bone, accounting for 85–90% of the total protein in human skeleton (Ma et al., 2014). OCN, a calcium-bound non-collagen protein secreted most by osteoblasts, is an important marker gene in the late stage of osteoblast differentiation (Nabiyouni et al., 2015). RUNX2 is a key osteogenic transcription factor and an important factor in osteoblast differentiation. ALP, a binding protein expressed in the membrane of osteoblasts, is a marker of early differentiation and maturation of osteoblasts (Lian et al., 2004). Many studies have shown that the applications of magnesium-containing materials can promote osteogenesis by promoting the expression of the genes above. Material developed by immersing magnesium ions onto the surface of micro/nanostructured titanium promotes the proliferation and differentiation of rat bone marrow mesenchymal stem cells, and also encourages the expression of OCN, ALP (Wang et al., 2014). Another magnesia-titanium material (magnesium ion incorporated titania nanotube arrays) showed a similar effect (Yan et al., 2019). The scaffolds made of magnesium hydroxyapatite nanocomposites helped the expression of ALP, COL-I, OCN, and RUNX2 in MC3T3-E1 cells with good cell adhesion and cell proliferation promoting ability (Chen et al., 2019). The biocompatible materials made with magnesium phosphate promote the gene expression of ALP, COL-I, OCN, OPN, and RUNX2, and further help the proliferation, differentiation, and mineralization of MC3T3-E cells (Nabiyouni et al., 2015). Consistent with these above studies, in our study, ALP activity detection, alizarin red staining, and quantitative detection of COL-I, OCN, and RUNX2 expression are utilized, showed that Mg-IHC could promote osteoblast proliferation as well as osteogenic differentiation and mineralization at various stages, which suggested its potential for further application in vivo bone repair.



Effect of Mg-IHC in Mouse Critical-Sized Calvarial Defect

To examine the bone repair effect of Mg-IHC in vivo, we first established a mouse model of critical-sized calvarial defect, then applied Mg-IHC composite hydrogel at the defect site, and finally carried out a series of related osteogenesis validation (Figure 4A). In previous studies, commonly used size of mouse critical-sized calvarial defect was 4 mm in diameter (Lo et al., 2012; Borrelli et al., 2019). But these are all for the sizes of single defects. Defects with diameters of 4 mm on both sides of the same skull are not appropriate, because it is inconvenient for operation. On the other hand, the defect is curved, which is not suitable for the applications of materials. It was also reported that a 3.5 mm diameter was considered as the critical-sized calvarial defect (Huang et al., 2017). And even defect with a diameter of more than 2 mm was also defined as critical size because it could not heal spontaneously within 12 weeks (Cowan et al., 2004). Therefore, in order to verify the repairing effect of Mg-IHC on bone defects, we performed a circular 3.5 mm defect on each side of the skull of mice—this size could prevent the defects to be healed by itself within 4 weeks. We filled the defects with GelMA or Mg-IHC separately to compare the results. Since the mouse skull is very thin, in order to prevent the material from detaching from the defect positions, we covered the material completely over each of the whole defects to prevent the proliferation of the tissue near the defect site which may inhibit the bone repair (Fan et al., 2018).
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FIGURE 4. Application of Mg-IHC to the repair of critical-sized calvarial defects in mice. (A) Schematic illustration of Mg-IHC for calvarial defects in mice. Four weeks after the use of Mg-IHC in mouse calvarial defects. (B) Schematic representation of micro-CT scan reconstruction. (C) Quantitative results of BV/TV. (D) Quantitative results of BMD. (E) Schematic diagram of H&E staining. (F) Schematic diagram of Masson staining. (G) Quantitative results of total neoplastic tissue at the defect site. (H) Quantitative results of mature bone at defect site. *P < 0.05; **P < 0.01; ***P < 0.001.


Micro-CT was performed to analyze the bone regeneration at the defect site. The results of three-dimensional (3D) reconstruction showed that the newly generated bone in the defect site of the GelMA group was more than that of the Ctrl group, while that of Mg-IHC group was the most significant among the three groups (Figure 4B). The quantitative results were consistent with the results of 3D reconstruction, and the ratio of BV/TV and BMD of Mg-IHC were significantly higher than those of GelMA group and Ctrl group (Figures 4C,D). These results indicated that Mg-IHC can effectively promote the repair of calvarial defects.

To further verify the effect of Mg-IHC on calvarial defect repair, we performed H&E staining and Masson staining. H&E staining result showed that there were more tissues in calvarial defects in the GelMA group than in the Ctrl group, while there were significantly more tissues in the Mg-IHC group than those of other two groups (Figure 4E). In addition, the results of Masson staining showed that, unlike the Ctrl group and the GelMA group, the overall collagen fibers as well as the mature collagen which were stained dark blue could be observed in the calvarial defects of Mg-IHC group (Figures 4F–H). All of these results suggested that Mg-IHC promoted new bone regeneration at the site of calvarial defect and improved its repair.

Compared with long bones, there are less studies focusing on magnesium and magnesium alloy-related materials in the repair of calvarial defects, which may be caused by the differences in the shape and osteogenesis mechanism of the two materials. Fixation devices made of magnesium alloys were used for cranioplasty in miniature pigs, but this study focused on biocompatibility and magnesium degradation properties, and the effect on osteogenesis was not analyzed (Naujokat et al., 2017). The preparation of biodegradable microspheres using MgO and MgCO3 had a certain bone regeneration effect (Yuan et al., 2019). The composite hydrogel scaffold made by bisphosphonate-magnesium can improve the adhesion and differentiation ability of mesenchymal stem cells and promote osteogenesis (Zhang et al., 2017). Different from the magnesium ion compounds commonly used in the past, in our study, atomized magnesium alloy was applied with hydrogel, which could be slowly released through the degradation of hydrogels and magnesium alloys, and thus promoted bone regeneration and osteogenesis. Unlike chemical compound of magnesium, Mg–Zn alloy degraded more moderately and would release magnesium ion constantly to promote bone regeneration. On the other hand, Mg-IHC is convenient to fabricate and can be used to fill irregular calvarial defects after injection, which grants it advantages for application. However, the use of Mg-IHC requires photo-crosslinking, but the usual UV light cannot penetrate the muscle and skin. This may lead to limited subsequent injections, if the degradation of the material is too fast while the bone defect has not been completely repaired. Therefore, the subsequent natural cross-linking solidification of multiple injectable Mg-IHC requires further research and development.



CONCLUSION

In this study, we have successfully fabricated an Mg-IHC, which was prepared by mixing magnesium alloys with GelMA. We confirmed that 1% mixing ratio is suitable according to the release of magnesium ions and cell viability detection. We further confirmed continuously release of magnesium ion from Mg-IHC could improve osteogenesis by promoting the expression of osteogenesis-related genes in vitro. In the mouse critical-sized calvarial defect model, Mg-IHC could be injected and fixed in situ at the skull absorption and defect site. We observed Mg-IHC could significantly promote the bone regeneration and repair calvarial defects. All of these results indicated that the application of Mg-IHC could be an effective strategy for repairing calvarial defects in bone tissue engineering applications; and our methodology provided a convenient and effective new approach for calvarial defect repair.
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Despite considerable progress for the regenerative medicine, repair of full-thickness articular cartilage defects and osteochondral interface remains challenging. This low efficiency is largely due to the difficulties in recapitulating the stratified zonal architecture of articular cartilage and engineering complex gradients for bone-soft tissue interface. This has led to increased interest in three-dimensional (3D) printing technologies in the field of musculoskeletal tissue engineering. Printable and biocompatible hydrogels are attractive materials for 3D printing applications because they not only own high tunability and complexity, but also offer favorable biomimetic environments for live cells, such as porous structure, high water content, and bioactive molecule incorporation. However, conventional hydrogels are usually mechanically weak and brittle, which cannot reach the mechanical requirements for repair of articular cartilage defects and osteochondral interface. Therefore, the development of elastic and high-strength hydrogels for 3D printing in the repairment of cartilage defects and osteochondral interface is crucial. In this review, we summarized the recent progress in elastic and high-strength hydrogels for 3D printing and categorized them into six groups, namely ion bonds interactions, nanocomposites integrated in hydrogels, supramolecular guest–host interactions, hydrogen bonds interactions, dynamic covalent bonds interactions, and hydrophobic interactions. These 3D printed elastic and high-strength hydrogels may provide new insights for the treatment of osteochondral and cartilage diseases.
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INTRODUCTION

Damage of cartilage and osteochondral tissue is one of the most common health problems worldwide, which occurred due to various reasons such as disease, injuries, and trauma. Traumatic injuries to the joint, osteochondritis dissecans, and osteoarthritis are the most common reasons for osteochondral and cartilage diseases. Investigations by arthroscopy have reported the prevalence of cartilage and osteochondral damage was 60% in the general population (Liu et al., 2017c). As life expectancy is expected to longer in the next few coming decades, age-related musculoskeletal disorders such as osteoarthritis will become a major health concern in our societies, which constitutes one of the most relevant causes of incapacity in the elderly (Fellows et al., 2016; Richardson et al., 2016). Moreover, although osteoarthritis was previously believed to be a disease of the elderly, it develops much earlier than originally thought, and ranks among the top 20 in the 40–45 age group (Roos and Arden, 2016). It is foreseeable that it will cause a large economic burden for health systems around the world (Bijlsma et al., 2011; Rausch Osthoff et al., 2018).

Unlike the majority of other tissues, cartilage is low in cellularity and basically avascular in nature (Figure 1A; Huey et al., 2012). Therefore, cartilage lacks the ability of self-healing due to the lack of proper progenitor cells and adequate nutrients. If the defect of cartilage is left untreated, it can cause irreversible and progressive deterioration of joints, leading to osteoarthritis, and eventually, disabilities (Chen et al., 2009). Current clinical treatment strategies for full-thickness cartilage defects (Figure 1B) and osteochondral interface (Figure 1C) include microfracture (Figure 1D; MacDonald et al., 2016; Polat et al., 2016), osteochondral autografts (Figure 1E) and allografts (Figure 1F; Benazzo et al., 2008; Haene et al., 2012), as well as autologous chondrocyte implantation (Figure 1G; Selmi et al., 2008; Harris et al., 2010; Gou et al., 2020).


[image: image]

FIGURE 1. The structure of articular cartilage and clinical treatment strategies. (A) Articular cartilage consists of chondrocytes embedded in a defined structure of glycosaminoglycans and collagen fibers. (B,C) Two main types of defects can occur; chondral defects (B), which only penetrate the cartilage and osteochondral defects (C), which penetrate the subchondral bone. (D–G) Current clinical treatment strategies for full-thickness cartilage defects and osteochondral interface include microfracture (D), osteochondral autografts (E) and allografts (F), as well as autologous chondrocyte implantation (G).


Although they are often used clinically, significant drawbacks and limitations still exist. The microfractures drills small holes through the subchondral bone to allow the bone marrow to flow into the defect area. By introducing biomolecules and stem cells into the defect, it is expected to promote cartilage and osteochondral regeneration. However, it usually causes the fibrocartilage formation that has inferior properties compared with the hyaline cartilage (Galperin et al., 2013; Bert, 2015; Redondo et al., 2018). Autologous cartilage graft has been used clinically for decades to regenerate articular cartilage and has achieved satisfactory surgical results. However, it still has several limitations such as shortage of chondrocyte source, long chondrocyte harvesting time, difficulty of chondrocyte solution fixation (Tuan, 2007), as well as lack of effectiveness for aged patients (Giannoni et al., 2005). In addition, it is known that autologous cartilage graft is unable to repair full-thickness cartilage and osteochondral interface, which need to repair the subchondral bone at the same time. Allografts suffer from low cell viability due to graft storage, immunorejection, limited tissue supply, insufficient integration, as well as possibility of disease spread. Compared with allografts, autologous transplantation not only lacks tissue source and integration, but also requires additional surgery, which can cause morbidity in the donor site (Huey et al., 2012; Galperin et al., 2013).

To solve these problems, cartilage and osteochondral tissue engineering have been recommended to promote more effective treatments. One of the promise methods is to make artificial constructs to imitate the mechanical properties, biological functions, and architectural features of native cartilage and osteochondral tissue. Via combining advanced three-dimensional (3D) printing technology and specially designed biopolymers, it becomes possible to develop materials with sufficient mechanical properties to articular cartilage (Galperin et al., 2013). The printable materials used for cartilage and osteochondral tissue repair should have sufficient mechanical strength, strong interfacial strength, desirable biocompatibility, and adequate printability. The ideal inks are usually flowable fluids, which can be easily extruded and quickly solidified to maintain their shape using physical or chemical stimulations. They can also supply favorable environments that simulate extracellular matrix for different cells, such as porous structure, tunable mechanical properties, and high water content. Moreover, these inks can directly load bioactive molecules and cells (Tibbitt and Anseth, 2009; Ozbolat and Hospodiuk, 2016). Most inks are based on natural or synthetic polymers, such as gelatin (Van Hoorick et al., 2019), hyaluronic acid (Vega et al., 2017), alginate (Rastogi and Kandasubramanian, 2019), silk fibroin (Ribeiro et al., 2018), and poly(ethylene glycol) (Arcaute et al., 2006). However, traditional hydrogels are usually weak and brittle, making it difficult to mimic the mechanical properties of cartilage tissue, which has high strength, and is elastic and shock-absorbent (Pascual-Garrido et al., 2018). Therefore, it is promising to construct high-strength, elastic, and biomimetic hydrogels to mimic the mechanical properties of native articular cartilage osteochondral tissues.

Unlike the traditional hydrogels formed by covalent networks, which is hard to cause huge changes for the properties of hydrogels due to an unchanging covalent framework, hydrogels formed by non-covalent networks exhibit reversible crosslinking with a kinetic rate that can change with the environment. Non-covalent bonds can be broken to dissipate energy under stress, and self-healed to reform the hydrogels. The hydrogels can also significantly change over time without permanent changes to the hydrogel network (Sun et al., 2012). Due to these attractive properties, recently, non-covalently formed hydrogels have emerged as a neoteric class of scaffolds that integrate hydrogels with reversible crosslinking to develop advanced features including high-strength, elastic, and self-healing properties, which provide great advantages for cartilage and osteochondral tissue engineering.

In this review, we focus on recent progress in the development of high-strength and elastic hydrogels for cartilage and osteochondral tissue engineering. We review various classes of high-strength and elastic hydrogel systems including: (1) physical associations to assemble hydrogels (hydrogen bonds interactions, hydrophobic interactions, supramolecular guest–host interactions, and ionic bonds interactions), (2) physical associations to assemble particle-based hydrogels (nanocomposites integrated in hydrogels), and (3) dynamic covalent chemistry to form hydrogels (dynamic covalent bonds interactions). The various mechanisms of hydrogel formation, mechanical properties, and applications in cartilage and osteochondral regeneration are summarized for each subgroup. Additionally, recent advances in 3D bioprinting for cartilage and osteochondral tissue engineering are also discussed.



ELASTIC AND HIGH-STRENGTH HYDROGELS


Physical Associations to Assemble Hydrogels


Hydrogen Bonds Interactions

The hydrogen bonds are usually used to strengthen hydrogels due to its relative stability in aqueous condition. In addition, the dissociation energy of hydrogen bonds is relatively low. Moreover, the strength of multiple hydrogen bonds could be equivalent to a covalent bond (Wang W. et al., 2017). The hydrogen bonds occur in competition with water molecules in aqueous condition, whose contributions can be reduced by using multiple hydrogen bonding motifs with high dimerization affinity. These motifs can be used to make reversible physical network of a copolymer of a methacroyl monomer bearing a Ad-functionalized 2-ureido-4[1H]pyrimidinone (UPy) unit and N,N′-dimethylacrylamide (DMA) (Chirila et al., 2014) or a PEG chain bearing UPy moieties shielded from water by alkyl spacers (Dankers et al., 2012; Kieltyka et al., 2013) or apolar isophorone (Gemert et al., 2012). These hydrogels showed a reversible change from viscous fluids to stiff gels when cooling. Furthermore, the mechanical properties could be tuned by the addition of UPy-PEGs (Kieltyka et al., 2013). Notably, the hydrogels demonstrated a strong elastic property G′ of 18 kPa in angular frequency of 10 rad/s at 20°C.

The use of polymer chains with a series of hydrogen bonding sites can also generate strong hydrogen bond interactions in the hydrogel. Compared with simple amide hydrogen bond, dual amide hydrogen bonds are relatively more stable. Thus, study has designed a hydrogel based on N-acryloyl glycinamide (NAGA), a glycinamide-conjugated polymerizable monomer that consists of two amides (Dai et al., 2015). By photopolymerization of NAGA above 10 wt% concentration, this hydrogel could have excellent mechanical strength and a good fatigue resistance (Dai et al., 2015). These enhanced mechanical properties were attributed to the stable multiple hydrogen bonding domains acting as physical cross-links in the hydrogel. NAGA hydrogel also has self-healing property, remoldability, and thermoplasticity.

The strength of hydrogen bonds can also be significantly influenced by incorporating hydrophobic groups, which can further affect the mechanical properties of the hydrogels contain donor comonomer units and hydrogen bond acceptor. Study has reported introduction of methyl motif to acrylic acid (MAAc) can obviously increase the mechanical property of hydrogen-bonded hydrogels (Hu et al., 2015). The hydrogel based on 1-vinylimidazole and MAAc has a Young’s modulus up to 170 MPa (Ding et al., 2017; Zhang et al., 2018). By free-radical copolymerization of MAAc and N,N-dimethylacrylamide (DMAA) in an aqueous environment, study has prepared a hydrogel with a high Young’s modulus (28 MPa), fatigue resistance, stretch at break (800%), and tensile strength (2 MPa) (Hu et al., 2015). Study has also shown that the hydrogen bond donor carboxylic group of MAAc and strong hydrogen bond acceptor carbonyl group of DMAA could form multiple hydrogen bonds. By hydrophobic interactions of the α-methyl groups of MAAc units, it could further causing polymer-rich aggregates stabilized. These aggregates could act as sacrificial links to ensure energy dissipation in the hydrogels.

By adding hydrogen bonds interactions to the networks of hydrogels, studies have developed hydrogels with high strength for cartilage regeneration. In the study by Liu S. et al. (2020), a hydrogel scaffold was developed by thiol-ene Michael addition between DL-1,4-Dithiothreitol (DTT) and glycidyl methacrylate-modified poly (γ-glutamic acid) (γ-PGA-GMA) for cartilage regeneration. Sodium tetraborate decahydrate was introduced into the system to connect with DTT through hydrogen bond interaction and acted as catalyst for thiol-ene Michael addition to enhance the intensity of the hydrogel. The hydrogels could be compressed to 90% strain, with 0.95 MPa compression stresses. Moreover, cells cultured in the hydrogels showed good adhesion and proliferation abilities, and the hydrogels scaffolds with mesenchymal stem cells (MSCs) significantly enhanced the regeneration of cartilage in a rabbit model (Liu S. et al., 2020). In the study by Gao et al. (2019), a high-strength hydrogel composed of GelMA and cleavable poly(N-acryloyl 2-glycine) (PACG) is developed by photo-initiated polymerization. Introducing hydrogen bond-strengthened PACG causes a significant enhancement in the strengths of the hydrogel with a high compressive strength (12.4 MPa), outstanding tensile strength (1.1 MPa), large compression modulus (837 kPa), and high Young’s modulus (320 kPa) (Gao et al., 2019). Furthermore, the hydrogel not only supports cell adhesion and proliferation but also promotes gene expression of osteogenic-related and chondrogenic-related differentiation of MSCs. After 12 weeks of implantation, the hydrogel significantly promotes concurrent regeneration of cartilage and subchondral bone in a rat model (Gao et al., 2019).



Hydrophobic Interactions

Different from other non-covalent interactions that rely on direct intermolecular attraction, hydrophobic interactions are driven by the tendency of water molecules to maintain their hydrogen-bonded network intact around non-polar solutes. It can be altered by the presence of cosolutes, increased temperature, as well as size of species (Otto and Engberts, 2003). Polymer-based materials cross-linked by hydrophobic interactions can be prepared through bringing hydrophobic sequences inside or at the ends of hydrophilic chains (Winnik and Yekta, 1997). Due to the dynamic nature of the interactions, such non-covalent hydrogels is able to display exhibit self-healing and elastic capacity (Gulyuz and Okay, 2014).

Elastic and self-healing networks of hydrophobically cross-linked materials can be developed by micellar copolymerization of (1) hydrophilic comonomers, such as N-alkylacrylamides (N,N-dimethylacrylamide, N-isopropylacrylamide), acrylamide (AAm) or acrylic acid (AAc); with (2) large hydrophobic monomers, such as dococyl acrylate (C22) (Tuncaboylu et al., 2011), stearyl methacrylate (C18) (Tuncaboylu et al., 2011; Akay et al., 2013; Algi and Okay, 2014; Gulyuz and Okay, 2014); octylphenyl polyethoxyether acrylate (Jiang et al., 2010) in the presence of (3) a surfactant (cetyltrimethyl ammonium bromide CTAB, sodium dodecyl sulfate SDS); (4) salt (NaBr, NaCl). Micellar radical copolymerization is usually used to synthesize associative copolymers in an aqueous environment. However, long-chain alkyl(meth)acrylates have very low water-solubility, which was different from smaller hydrophobic N-alkyl(meth)acrylates or N-alkylacrylamides. Adding a sufficient amount of salt or co-surfactant will induce the morphological transformation of surfactant micelles. Larger micelles are able to compose of a large number of hydrophobes, and then they can grow further or adopt a different form to achieve thermodynamic feasibility (Tuncaboylu et al., 2011; Akay et al., 2013).

C22- and C18-acrylamide copolymer hydrogels with a SDS-NaCl system could reach an elastic modulus at 1 kPa. Study has demonstrated that after copolymerization, the hydrogel becomes mechanically stronger after the surfactant micelles are swollen and extracted, as the hydrophobic interaction is enhanced in the absence of surfactant (Tuncaboylu et al., 2011). After removing SDS micelles by equilibrium swelling in water, the tensile strength of a C18-acrylamide copolymer hydrogels could increase from 12 ± 1 to 78 ± 6 kPa, whereas the elongation at break change from 2,200% ± 350% to 650% ± 80% at the same time. At the same time, the hydrogels lost the self-heal ability due to longer times of hydrophobic associations. Additionally, the strength of hydrogels could also be increased via increasing the hydrophobic interactions or adding other covalent or physical crosslinking (Tuncaboylu et al., 2013), and balancing these two characteristics is crucial to optimize the mechanical properties of hydrogels.

By introducing hydrophobic interactions into the networks of hydrogels, studies have attempted to replicate the unique characteristics of cartilage in hydrogels. In the study by Means et al. (2019), a double network hydrogel, composed of poly(2-acrylamido-2-methylpropanesulfonic acid) (PAMPS) and poly(N-isopropylacrylamide-co-acrylamide) [P(NIPAAm-co-AAm)], was developed for cartilage replacement. In this hydrogel, PNIPAAm is used to achieve superior mechanical properties with its thermal transition temperature tuned above the physiological range. Compared with native cartilage, this hydrogel was confirmed to not only parallel the strength, modulus, and hydration of cartilage but also exhibit a 50% lower coefficient of friction (Means et al., 2019). The exceptional cartilage-like properties of the PAMPS/P(NIPAAm-co-AAm) hydrogels makes them candidates for synthetic cartilage grafts.



Supramolecular Guest–Host Interactions

In a supramolecular guest–host interaction, a guest moiety is physically inserted into another host moiety, and is held together by non-covalent bonds. Harada’s pioneering research proved that polyethylene oxide (PEO) can insert multiple α-cyclodextrin (CD) groups, which is the driving force for the research and development of supramolecular guest–host assembly hydrogels (Harada et al., 1992). Since then, various polymer structures with host–guest interactions were designed to develop supramolecular materials. Traditional covalent bonds cross-linked materials needed invasive surgical procedure to implant and promote drug delivery. To deal with this problem, supramolecular networks have been developed to make hydrogels injectable. Because of the non-covalent bonds in the network, studies have shown that the hydrogels had notably shear-thinning behavior to enable flow through an injector, and could reassemble at the injection site (Mann et al., 2017; Sahoo et al., 2018).

Self-healing and shear-thinning properties of supramolecular hydrogels have been demonstrated in different types of polymeric entities (Abdul Karim and Loh, 2015; Kai et al., 2015; Xue et al., 2018). Studies have found that the complexation with non-covalent interaction made the hydrogels reversible under shear cycles (Xue et al., 2018). Studies have also reported the sustained release properties for these materials (Ye et al., 2015; Abdul Karim et al., 2016). For example, study have revealed that PEO conjugated to tetraphenylethene (TPE) could cause aggregation-induced emission, and addition of α-CD could cause a 4–12-fold enhancement of fluorescence (Liow et al., 2017), study have also designed stimuli-responsive hydrogels with sol–gel phase based on the host–guest interactions (Yamaguchi et al., 2012; Qu et al., 2015). Azobenzene-based hydrogels were one of the most investigated materials because the trans-cis isomerization reaction based on visible light could cause the hydrogels being a sol–gel reversible phase (Zhao and Stoddart, 2009). Jiang et al. (2010) developed a polypseudorotaxane (PPR) material based on α-CDs and PEG. In this hydrogel, azobenzene derivative could act as competitive guest that cause trans-cis isomerization (Liao et al., 2010). Study has also constructed a photo-responsive supramolecular network including α-CD and dimethylamino-substituted azobenzene entity. In this hydrogel, trans-cis azobenzene transition occurred by the host–guest interaction between α-CD and azobenzene, which could lead to sol–gel phase (Wang J. et al., 2017).

Via combining supramolecular and covalent crosslinking, hydrogels could be developed with extra strength. The pair of Adamantane guest and β-CD host has an equilibrium binding affinity of 3.2 × 104 M–1. Hydrogel cross-linked only by the above host–guest interaction is relatively weak and deforms under stress (Chen and Jiang, 2011). Burdick et al. developed a tough and stretchable hydrogel by mixing the covalent crosslinking and host–guest pair of methacrylated hyaluronic acid (Figures 2A,B; Rodell et al., 2016). This hybrid supramolecular-covalent hydrogel has tunable mechanical properties, shear-thinning characteristic, as well as self-healing behavior, and can be used as bioink for 3D-printing (Figures 2C–F; Highley et al., 2015; Loebel et al., 2017). Cucurbitacin (CB) binded to cationic hydrophobic compounds has a strong equilibrium binding affinity. It can also accommodate two guest molecules and have a cross-linking effect (Barrow et al., 2015). When the guest is binded with CB and cross-linked by a part of covalent bonds, an interpenetrating network (IPN) hydrogel could be formed (Liu et al., 2017b). The hydrogel has high toughness and stretchability, and can extended up to 100 times its original length (Liu et al., 2017a).
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FIGURE 2. A tough and stretchable hydrogel by mixing the covalent crosslinking and host–guest pair of methacrylated hyaluronic acid. (A) Schematic of Ad and β-CD modified HA crosslinked through GH complexation. (B) Schematic of Michael addition crosslinking of MeHA by DTT. (C) Network architectures and local stress examined in a GH hydrogel, MeHA, GH DN, and MethGH DN. (D) Differing modes of compressive failure were observed between the hydrogels following compression to 90% strain. (E) Tensile testing of identically composed samples demonstrated a high degree of elasticity. (F) The printing of channels by writing an ink into a support gel that is modified for secondary crosslinking. Adapted with permission from Highley et al. (2015) and Rodell et al. (2016).


Recently, a novel hydrogel was constructed with supramolecular guest–host interaction with three arms covalently crosslinked with GelMA (Figure 3A; Wang Z. et al., 2019). This unique structure enabled the hydrogel to exhibit increased mechanical strength and show both 3D printing and self-healing properties. The three-armed supramolecular guest–host interaction was prepared through non-covalent host–guest interactions between isocyanatoethyl acrylate modified β-cyclodextrin (β-CD-AOI2) and acryloylated tetra-ethylene glycol-modified adamantane (A-TEG-Ad). Then, a host–guest supramolecular hydrogel (HGGelMA) was obtained via copolymerization between the arms of the guest–host interaction and GelMA to form a covalently crosslinked network (Figure 3B). The HGGelMA was robust, fatigue resistant, reproducible, and rapidly self-healing (Figure 3C). In the HGGelMA, the reversible non-covalent interactions could be re-established upon breaking, so as to heal the hydrogel and dissipate energy to prevent catastrophic fracture propagation (Figure 3D). Furthermore, the precursors of the HGGelMA were sufficiently viscous and could be rapidly photo crosslinked to produce a robust scaffold with an exquisite internal structure through 3D printing (Figures 3E,F; Wang Z. et al., 2019).
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FIGURE 3. A novel hydrogel constructed with supramolecular guest–host interaction with three arms covalently crosslinked with GelMA. (A) Photographs showing the HGSM preparation process. (B) The design structure of the HGGelMA before and after crosslinking. (C) Digital images of the GelMA hydrogels that suffered the pressure of a 500 g weight and HGGelMA hydrogel that supported the pressure of a 1 kg weight. (D) Schematic of the mechanism involved in the robust and fatigue-resistant mechanical behavior of the HGGelMA. (E) 3D bioprinting of HGGelMA into scaffolds using HGGelMA precursors as a printing ink. (F,G) 3D rotational microscopy images showing the swelling equilibrium scaffolds under the swelling equilibrium when the scaffolds were constructed through layer-by-layer deposition with an alternating angle of 45° (F) or 90° (G) between adjacent layers and the resultant scaffolds. Adapted with permission from Wang Z. et al. (2019).


Enhanced osteochondral tissue regeneration could also be observed by using high-strength supramolecular hydrogels. In the study by Feng et al. (2016), supramolecular gelatin macromer was developed by host–guest interactions between photo-crosslinkable acrylated β-CD monomers and the aromatic residues of gelatin. The hydrogels are capable of sustaining excessive compressive and tensile strain. Moreover, by sustained release of kartogenin and TGF-β1, enhanced chondrogenesis of the encapsulated MSCs could be obtained in vitro and in vivo (Feng et al., 2016; Xu J. et al., 2019). Similarly, in the study by Wei et al. (2016), host–guest macromers are developed by molecular self-assembly between monoacrylated β-CD host monomers and adamantane-functionalized hyaluronic acid guest polymers. The hydrogels are capable of withstanding a compressive strain up to 80% and rapidly relaxing over 80% of the peak stress. Moreover, the hydrogels could not only sustain extended release of encapsulated TGF-β1 but also support chondrogenesis of the MSCs and promote cartilage regeneration in a rat model (Wei et al., 2016).



Ionic Bonds Interactions

As electrostatic interactions, the strength of ionic bonds interactions can change from a few carboxyl groups to the multidentate higher affinity metal ion coordination bonds. Although ionic bonds interactions are strong, charge shielding effects usually exists under physiological conditions. As a result, the metal ion coordination bonds with multidentate higher affinity and repeating charge unit are usually used to develop ionic hydrogel systems (McConnell et al., 2015; Winter and Schubert, 2016).

Hydrogel based on metal ion coordination bonds can be highly tunable. Hydrogel composing of imidazole can be crosslinked by various metal ions, such as Zn2+, Cu2+, or Co2+. Moreover, the number of metal ions and imidazole ligand can be tuned to convert the material from viscous liquids to tough gels. The strength of this hydrogel can be significantly enhanced by increasing the unbound imidazole. If the ratio of ligand/zinc is increased from 4.0 to 4.5, the tensile strength would decrease by 540%, whereas the extensibility would also increase by 600%. The crosslink exchange rate would increase via introducing a small part of unbound ligand, which would bring in the self-healing properties for the hydrogels. Therefore, in ionic bonds interactions, the unbound ligands have a critical impact in chain relaxation and stress distribution (Mozhdehi et al., 2016). Instead of using new metal ion-ligand pairs to adjust mechanical strength, two metal-ligand crosslinks can also exist in the same material, and the mechanical properties can be changed by adjusting the ratio of each metal ion-ligand pair (Grindy et al., 2015).

Ionic bonds can also be used as sacrificial bonds to achieve dissipation. Studies have made high-strength hydrogels by using ionically formed alginate-calcium and covalently formed polyacrylamide (Sun et al., 2012; Menyo et al., 2015). These materials have a fracture energy of around 9,000 Jm–2, and can extend to 20 times their original length (Sun et al., 2012; Menyo et al., 2015). They can also be modified with adhesive surfaces to develop super strong adhesives (Li J. et al., 2017). The poly(dimethylsiloxane) polymer chains can develop both weak and strong ligand binding interactions to Fe(III) through attaching the ligand 2,6-pyridinedicarboxamide. This can yield a highly stretchable hydrogel which has a fracture energy of 2,571 Jm, and can be stretched up to 45 times of the original length. In this material, the weaker carboxamide-iron bond can be ruptured under stress, and the polymer chain will gradually extend, whereas the pyridyl-iron bond ensures that the material can be still connected to iron under stress (Li C.H. et al., 2016).

Similarly, highly stretchable and tough hydrogels can be also developed by combining ionic bonds interactions and covalent crosslinking. By mixing ionically crosslinked sodium alginate and covalently crosslinked poly (ethylene glycol) (PEG) to constitute an IPN (Figure 4; Hong et al., 2015a), study has reported a hydrogel with high fracture toughness and stretchability. In this hydrogel, incorporating reversible Ca2+ crosslinking into the hydrogels significantly increases their fracture energies. The increase in fracture energy is also accompanied by significant increase in stress–strain hysteresis, which suggests mechanical dissipation in the hydrogels under deformation. Additionally, because the longer polymer chains of PEG allow for higher stretchability of the hydrogel, the fracture energy of calcium-containing hydrogels increases significantly with the molecular weight of PEG. Moreover, by introducing the biocompatible nanoclay into the alginate-PEG hydrogel to control the viscosity of the pre-gel solution, shear-thinning properties of the hydrogel could be significantly enhanced, and it could be printed into diverse shapes such as twisted bundle, pyramid, hemisphere, as well as physiologically relevant shapes such as human ear models (Hong et al., 2015a).
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FIGURE 4. A highly stretchable and tough hydrogels developed by mixing sodium alginate and PEG to constitute an IPN. (A) Schematic diagrams of the biocompatible and tough hydrogel. (B) A printed bilayer mesh is uniaxially stretched to three times of its initial length. (C) A printed pyramid undergoes a compressive strain of 95% while returning to its original shape after relaxation. (D) Various 3D constructs printed with the hydrogel. (E) A mesh printed with the tough and biocompatible hydrogel. The mesh was used to host HEK cells. (F) Live-dead assay of HEK cells in a collagen hydrogel infused into the 3D printed mesh of the PEG–alginate–nanoclay hydrogel. (G) Viability of cells through 7 days. Adapted with permission from Hong et al. (2015a).


The tunable stress relaxation properties of these ionic hydrogels made them applicable to tissue engineering. Study has revealed that compared with the hydrogel with the same gel modulus, cells are more widely distributed on the stress-relaxed soft viscoelastic hydrogels (Chaudhuri et al., 2015). This phenomenon was further explored by using alginate-calcium hydrogels with stress relaxation properties adjusted by different alginate molecular weights. As the stress relaxation rate increases, the cell proliferation and spreading increase, and the osteogenic differentiation of MSCs can also be enhanced (Chaudhuri et al., 2016). Hydrogels crosslinked by ionic bonds interactions could also be sufficiently robust for cartilage regeneration, which was examined on rabbit model bearing articular osteochondral defect. Through the generation of ionic interaction and borate bonding, poly(vinyl alcohol) (PVA) was crosslinked by 4-carboxyphenylboronic acid (CPBA) to bridge the polymer chains with the presence of calcium ions (Zhao et al., 2018). The dynamic gathering of CPBA could lead to a self-reinforcing effect inside the hydrogel matrix, resulting in high compressive and tensile moduli of the hydrogel over 1.0 MPa, including the highest compressive modulus up to 5.6 MPa. Moreover, after 3 months of implantation of this hydrogel into osteochondral defect in a rabbit model, smooth and complete cartilage layer was obtained, and the enrichment of glycosaminoglycan (GAG) and type-II collagen were observed in the cartilage layer (Zhao et al., 2018).



Physical Associations to Assemble Particle-Based Hydrogels


Nanocomposites Integrated in Hydrogels

Hydrogels integrated with nanocomposite are defined as hydrated networks which are chemically or physically cross-linked by nanoparticles (Gaharwar et al., 2014). Different types of nanoparticles, including inorganic/ceramic nanoparticles, carbon-based nanomaterials, metal/metal oxide nanoparticles, and polymeric nanoparticles, can be mixed into the polymeric network to construct nanocomposite hydrogels (Gaharwar et al., 2014). Theoretically, the nanoscale composites have the greater surface area to volume ratios, which can not only increase the surface reactivity, but also improve the mechanical properties and bioavailability of the hydrogels. Additionally, since they can easily penetrate into focal tissues through narrow capillaries or epithelial inner layers, the efficacy of loaded therapeutic or bioactive agents can be improved (Pelgrift and Friedman, 2013; Jayaraman et al., 2015; Chen et al., 2018).

Some nanoparticles-reinforced hydrogels can be also used for 3D printing (Skardal et al., 2010; Xavier et al., 2015; Leppiniemi et al., 2017). Compared with the methacrylated gelatin (GelMA) hydrogel alone, a hydrogel mixed GelMA with nanosilicate showed a fourfold increase in compressive modulus (Figure 5A; Xavier et al., 2015). Moreover, a tenfold enhancement in compressive modulus could be obtained if the levels of nanosilicate increased to 2% (Figures 5B,C; Xavier et al., 2015). This hydrogel can be 3D printed to a precisely designed scaffold, and support the viability of encapsulated cells in 4 days of culture (Figures 5D–F). Castro et al. (2015) synthesized a nanomaterial consisting of osteoconductive nanocrystalline hydroxyapatite (nHA) and core-shell poly(lactic-co-glycolic) acid (PLGA) nanoparticles encapsulated with chondrogenic transforming growth-factor β1 (TGF-β1) for sustained delivery. As the primary inorganic component of bone, the hydroxyapatite nanocrystals could provide osteoconductivity, nanotexturization, and mechanical reinforcement (Castro et al., 2015). In this 3D printed osteochondral hydrogel, MSCs adhesion, proliferation, and osteochondral differentiation could be considerably increased in vitro. In the study by Palaganas et al. (2017), cellulose nanocrystal (CNC) from abaca plant is incorporated with Poly(ethylene glycol) diacrylate (PEGDA) to provide desirable strength for 3D printable biopolymer. Compared with the PEG hydrogel alone, the addition of 0.3 wt% CNC to the material would cause a twofold enhancement of tensile strength and a fourfold enhancement of fracture energy.
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FIGURE 5. A bioactive nanoengineered hydrogels for tissue engineering. (A) Schematic representation of fabrication of nanocomposite hydrogels. (B) Optical images showing mechanical toughness of the Gel and nanocomposite hydrogels after deformation. (C) Nanocomposite hydrogels were subjected to unconfined compression up to 0.90 strain. (D) Schematic representation of fabrication of nanosilicate-loaded microgels. (E) In the 3D encapsulation of cells in nanocomposite hydrogels, all scaffolds supported cellular viability. (F) The addition of nanosilicate to GelMA results in a shear-thinning characteristic and can be printed to design complex structures. Adapted with permission from Xavier et al. (2015).


Several nanocomposite hydrogels have been developed to regenerate the extracellular matrix of cartilage. For example, Laponite-incorporated hydrogels are currently being investigated for their use as promising growth-factor-free solutions for osteochondral and cartilage regeneration. Study has reported that PEG incorporated with Laponite not only promoted cytoskeletal alignment of F-actin proteins and adhesion of cells, but also enhanced the proliferation and osteogenic differentiation of preosteoblast cells (Gaharwar et al., 2011; Xavier et al., 2015). Moreover, study has also observed the up-regulation of type-II collagen and proteoglycan in MSCs encapsulated within Laponite-based microcylinders (Dawson et al., 2011). This discovery further strengthens the notion that Laponite can stimulate both bone and cartilage differentiation of MSCs. This is a promising function that can be used to develop graded scaffolds for osteochondral regeneration. Study has also investigated a hybrid IPN mixed with silated hydroxylpropylmethyl cellulose and Laponite, which enhanced the mechanical properties of hydrogel without compromising the cytocompatibility, oxygen diffusion capability, generation of extracellular matrix components, and self-organization of chondrogenic cells (Boyer et al., 2018). Radhakrishnan et al. (2018) synthesized a semiinterpenetrating network hydrogel scaffold formed by nanohydroxyapatite and chondroitin sulfate nanoparticles, and used in subchondral and chondral hydrogel layers, respectively. By using this hybrid hydrogel, the regeneration of cartilage and subchondral bone was enhanced (Radhakrishnan et al., 2018). Zhang et al. (2015) designed a hybrid hydrogel, including magnetic nanoparticles, hyaluronic acid, type-II collagen, and PEG for regeneration of cartilage. The hydrogel displayed similar microstructure and chemical properties to that of hyaline cartilage, and has cell compatibility with MSCs in vitro. Notably, an external magnet could be used to direct this hydrogel remotely to the cartilage defect site (Zhang et al., 2015).



Dynamic Covalent Chemistry to Form Hydrogels


Dynamic Covalent Bonds Interactions

In traditional hydrogels, the polymer network cross-linked by covalent bonds is irreversible, and is often too brittle that could easily fatigue. Reversible dynamical covalent interactions, such as imine bonds (Ying et al., 2014; Haldar et al., 2015; Xu Y. et al., 2018), disulfide bonds (Canadell et al., 2011; Deng et al., 2012; Li S. et al., 2016), phenylboronate complexations (Appel et al., 2015; Yesilyurt et al., 2016), acrylhydrazone bonds (Yu et al., 2015; Guo et al., 2017), Diels-Alder reactions (Liu and Chuo, 2013; Baker et al., 2017), and reversible radical reactions (Amamoto et al., 2012; Thi et al., 2020), are attractive strategies to develop elastic and high-strength hydrogels.

Combination of phenylboronic acid (PBA) and diols can develop a reversible boronate ester in aqueous environment, and can be brought into polymer network to form elastic materials. For instance, study has reported an elastic material using the reversible boronate ester complexation between salicylhydroxamic acid (SHA) and PBA. This material is able to exhibit various mechanical properties in a wide range of pH (Roberts et al., 2010). Study has also constructed elastic and self-healing hydrogels by combination of a catechol derived tetra-arm PEG (cPEG) with 1,3-benzenediboronic acid (BDBA) in phosphate buffer saline under alkaline pH at 20°C (He et al., 2011). Using PBA to replace benzoxaborole group would cause polymer network constructed at neutral pH (Dowlut and Hall, 2006).

Another major approach for developing dynamic covalent elastic and self-healing hydrogels is through imine bonds interactions, sometimes also called Schiff bases. For example, a self-healing hydrogel was made at room temperature by synthesizing telechelic dibenzaldehyde-terminated PEG and mixing it with an amine-containing biomacromolecule solution, such as peptides, chitosan, and gelatin (Zhang et al., 2011). Compared with the aliphatic Schiff base, the aromatic Schiff base is usually preferred because of its higher stability and can maintain the mechanical properties of the hydrogel (Engel et al., 1985).

Study has also reported a shear-thinning and self-healing hydrogel crosslinked through dynamic covalent chemistry for 3D printing (Wang L.L. et al., 2018). Specifically, hyaluronic acid was modified with either hydrazide or aldehyde groups and mixed to form hydrogels containing a dynamic hydrazone bond (Figures 6A–D). Due to their shear-thinning and self-healing properties, the hydrogels could be extruded for 3D printing of structures with high shape fidelity, stability to relaxation, and cytocompatibility with encapsulated fibroblasts (> 80% viability) (Figures 6E–H). To increase the hydrogel strength, a second photocrosslinkable IPN was included that was used for orthogonal photostiffening and photopatterning through a thiol-ene reaction. Photostiffening increased the scaffold’s modulus (∼300%) while significantly decreasing erosion (∼70%), whereas photopatterning allowed for spatial modification of scaffolds with dyes (Wang L.L. et al., 2018).


[image: image]

FIGURE 6. A tough and self-healing hydrogel by the dynamic covalent bonds interactions. (A) Synthesis schematic of HA-HYD and HA-ALD. (B,C) Time sweeps (1 Hz, 0.5% strain) and quantification of storage modulus (G′), loss modulus (G″), and tan(δ) of 1.5, 3, and 5 wt% hydrogels on shear-oscillatory rheometry. *p < 0.05 compared to 1.5 wt%, #p < 0.05 compared to 3 wt%. (D) Schematic of the mechanism involved in the robust and fatigue-resistant mechanical behavior of the HGGelMA. (E) Self-healing of two dyed hydrogel discs in air and PBS, and manual stretching of healed hydrogel discs after 10 min. (F) Schematic of shear-thinning and self-healing of hydrogels during printing. (G) Photos of 4-layer lattices in air and in PBS. (H) Images of lattices in air and in PBS. Adapted with permission from Wang L.L. et al. (2018).


Hydrogels crosslinked by dynamic covalent interactions have also used to enhance osteochondral tissue regeneration. In the study by Zhang et al. (2016), a phototriggered-imine-crosslinked hydrogel composed of hyaluronic acid, gelatin, and hydroxyapatite nanoparticles was prepared. In this hydrogel, o-nitrobenzyl alcohol moieties-modified hyaluronic acids (HA-NB) generate aldehyde groups under UV irradiation and then react with primary amino-bearing macromolecules on tissue surfaces, which is in favor of seamless tissue attachment and integration. Moreover, by integrating stem cell-derived exosomes (Liu et al., 2017d) or platelet-rich plasma (Liu et al., 2017e) into the hydrogel, it could enhance the proliferation and migration of MSCs and chondrocytes. After 12 weeks of implantation into a full-thickness cartilage defect in a rabbit model, the hydrogel could achieve integrative hyaline cartilage regeneration.



3D BIOPRINTING FOR CARTILAGE AND OSTEOCHONDRAL TISSUE ENGINEERING

Since bio-inks are usually based on hydrogels, they are usually weak and therefore cannot mimic the mechanical properties of cartilage tissue, which has high strength, and is elastic and shock-absorbent. By co-printing with artificial thermoplastic polymers, significant enhancement of mechanical property can be obtained (Visser et al., 2015; Daly et al., 2016). However, study has reported that the reinforced hydrogels was unable to integrate at the boundary under physiological loading (Boere et al., 2014). Another method to develop mechanically reinforced hydrogels is to include IPN in hydrogels. By meticulously designing the primary and secondary networks, and combining them with appropriate proportion, the entanglement and energy dissipation of the IPN can be achieved, and it is possible to develop extremely high-strength and elastic materials comparable to native cartilage (Gong, 2010; Chen et al., 2015; Hong et al., 2015a). These methods may find utility for cartilage tissue bioprinting in the future.

Despite the significant progress in 3D printing technology, there are still many challenges for 3D bioprinting with living cells. One of the challenges is to maintain the viability of cells in the bio-inks during and after 3D bioprinting (Hölzl et al., 2016). Therefore, the cytocompatibility and bioactivity are two crucial features for bio-inks (Gopinathan and Noh, 2018). With regard to cytocompatibility, the bio-inks as well as the degradation molecules need to be non-toxic for cells in vitro, and not lead to the immune response in vivo. Several elastic and high-strength hydrogels have been reported with good cytocompatibility (Shin et al., 2013; Hong et al., 2015b; Paul et al., 2016). During the 3D bioprinting, shear stress, which can also cause cell damage, is thought as another risk factor for the reduction of the cells viability (Ning and Chen, 2017). Several factors can lead to an increase in shear stress, including decreasing the printing nozzle diameter, increasing extrusion speed, and increasing ink viscosity, which would result in cell damage during 3D bioprinting. However, inks with a higher viscosity are usually associated with better printing fidelity, and a smaller nozzle diameter can improve printing resolution. Both of the factors can help improve the printing quality. Therefore, there is a balance between the printability of bio-inks and viability of cells. By optimizing the properties of inks, and adjusting the printing parameters, studies have achieved both good cell viability and printability (Chang et al., 2008; Nair et al., 2009; Chung et al., 2013; Zhao et al., 2015; Ouyang et al., 2016). These studies further verified the relationship between the cell viability and the viscosity of the bio-inks. Therefore, the shear-thinning behavior is an important property for inks during bioprinting. As discussed above, the non-covalent interactions not only enhance the mechanical properties of the hydrogels, but also increase shear fluidization, which leads to the improvement of printability. The methods for crosslinking can also affect cell survival during 3D bioprinting. For example, light irradiation and photo-initiators can cause cell damage during 3D bioprinting. Therefore, choosing safe light wavelengths and biocompatible chemicals, as well as shortening the irradiation time would increase the cell viability. Moreover, incorporating bioactive molecules into the bio-inks is also a good way to increase cell viability for 3D bioprinting (Castro et al., 2015; Lin et al., 2016; Leppiniemi et al., 2017).

Although several elastic and high-strength inks have been developed for 3D printing and can culture with cells (Castro et al., 2015; Hong et al., 2015a), only a few inks were printed directly with living cells (Li H. et al., 2017; Xu C. et al., 2018). In the study by Li H. et al. (2017), an alginate/methylcellulose ink was printed directly with living cells and showed a high cell survival after 5 days of culture. Similarly, in the study by Xu C. et al. (2018), a PEG-PCL-DA hydrogel was developed to directly print with different living cells, and exhibited high cell viability with more than 80% cell survival after 7 days of culture. Several 3D printed elastic and high-strength hydrogels, such as collagen/hydroxyapatite and NAGA/nanoclay have been developed for bone tissue regeneration in animal models (Lin et al., 2016; Zhai et al., 2017). However, the application of 3D bioprinting of high-strength and elastic hydrogels with living cells is rarely reported for cartilage regeneration in animal models. Although the non-covalently formed hydrogels are promising inks for 3D bioprinting due to their shear-thinning property, these elastic hydrogels need to be further evaluated for 3D bioprinting and cartilage regeneration.

It is well known that cartilage is an anisotropic tissue, and the organization and composition varies in depth. However, there is a lack of studies that investigate the possibility of printing biological factor gradients to reconstruct the characteristics of cartilage and subchondral bone. During cartilage development, homeostasis, and repair, chondrocytes will experience gradients of physical and chemical cues, which can in turn affect cellular behaviors, such as proliferation, differentiation, and migration. During cartilage tissue engineering, biochemical and physical gradients can be added into the hydrogel. Study has demonstrated that an graded presentation of insulin-like growth factor (IGF) and recombinant human bone morphogenic protein 2 (BMP) can lead to localized chondrogenic and osteogenic differentiation of MSCs in hydrogels (Wang X. et al., 2009). Moreover, study has also reported that an graded presentation of TGF-β can cause the formation of highly heterogeneous cartilage tissues in hydrogels (Albro et al., 2016).

Increasing studies have highlighted the advantages of adding physical and biochemical gradients in osteochondral and cartilage tissue engineering. With combinations of biochemical and physical gradients, it could be possible to develop more native like cartilage and osteochondral tissues. In the study by Jeon et al. (2013), a combination of biochemical and physical gradients, including growth factor concentration, substrate stiffness, and RGD ligand presentation, was formed by using a dual syringe system to conduct the differentiation of MSCs toward osteogenic and chondrogenic lineages. Additionally, another study has also demonstrated how combinations of nanofiber alignments, substrate stiffness values, and growth factors could be used to develop the zone specific differentiation of MSCs (Moeinzadeh et al., 2016). Future development of bioprinting technology may make it possible to present a variety of gradual changes in chemical and physical cues over multiple length scales.

An alternative approach to construct stratified cartilage and osteochondral tissues is to bioprint gradients of different cells. The cell sources most widely used for cartilage and osteochondral tissue engineering are chondrocytes and MSCs (Leijten et al., 2013). Co-culture systems containing different cell sources could be combined in graded ratios to develop more stratified cartilage and osteochondral tissues (Hendriks et al., 2007; Bian et al., 2011; Leijten et al., 2013). Alternatively, zone-specific chondrocytes can be separated and bioprinted in layers to mimic the depth-dependent feature of osteochondral and cartilage tissue (Schuurman et al., 2016).



CONCLUSION AND PERSPECTIVES

Osteochondral damage is a very common clinical disease. Although there are several clinical treatment strategies for this disease, such as microfracture, osteochondral autografts and allografts, as well as autologous chondrocyte implantation, significant drawbacks and limitations still exist. As current surgical techniques for cartilage pathologies are insufficient to cure the cartilage injuries, and halt the development and progression of osteoarthritis, which has accelerated the development of alternative tissue engineering strategies. However, although cartilage is perceived as a simple tissue, developing biomaterials that can reach the mechanical properties of native cartilage remains a challenge.

Traditionally, the covalently bonded hydrogels are stiff and brittle, and cannot simulate mechanical properties of natural cartilage and osteochondral tissue, which has high strength, and is elastic and shock-absorbent (Pascual-Garrido et al., 2018). Unlike the covalently bonded hydrogels, non-covalently formed hydrogels have several remarkable properties. These hydrogels have self-healing property after remove of stress. They also have stress relaxation property that can promote cell proliferation and spreading. Moreover, they have tunable mechanical strength and shear-thinning property, which can convert from a viscous liquid to a stiff gel. By elaborately adjusting the non-covalent and covalent interactions in the networks, these tough and elastic hydrogels should have great potential for cartilage and osteochondral tissue regeneration (Table 1).


TABLE 1. Representative examples of elastic and high-strength hydrogels and applications for osteochondral and cartilage regeneration.

[image: Table 1]Despite the obvious advantages and significant progress, the ultimate aim of cartilage and osteochondral tissue engineering is to translate a promising therapeutic strategy to the clinics to regenerate and restore the articular cartilage for patients. Non-covalently formed hydrogels have a promising place among the biomaterials evaluated for clinical regeneration of cartilage and osteochondral tissues for patients with osteoarthritis due to their tunable mechanical strength and self-healing property. Moreover, because of their shear-thinning property, these hydrogels are promising inks for 3D bioprinting, which could potentially contribute to the next generation personalized strategy that addresses each patients’ requirement as it is a automated, computerized, and rapid technology to develop constructs that mimic native cartilage and osteochondral tissues. However, before translating to clinics, meticulous choice of these hydrogels with robust features such as regenerative potential, biocompatibility, and degradability assessed in pre-clinical trials is required.
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Tendon tissue injury is very common and always associated with pain, tissue swelling and even malformation if not treated on time. Traditional therapeutic strategies, such as cryotherapy, electrical therapy, ultrasound therapy and anti-inflammatory drug, are still unsatisfying. In this work, a synergistic therapy, based on the combination of celecoxib drug and pulsed electromagnetic field (PEMF) regimens, was developed for the treatment of tendon injury. This celecoxib-loaded magnetism-responsive hydrogel dressing (gelatin/Fe3O4/celecoxib) showed good biocompatibility and coordinated drug release behavior under the PEMF, which could effectively reduce the inflammatory reaction of macrophage cells with the incremental proportion of M2 macrophages at the injury site. CatWalk gait analysis further verified this synergistic effect of combination therapy for achieving the outstanding recovery of the injured tendon tissue. Thus, this magnetism-responsive hydrogel may represent a promising alternative strategy in clinics for promoting tendon healing.
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INTRODUCTION

Tendon injury is a common disorder that cause pain and motor dysfunction, which is one of the top 15 diseases with the highest incidence according to the statistics of the American Health System Diseases (Global Burden of Disease Study 2013 Collaborators, 2015). On account of the tendon pain, chronic degeneration or even fracture, it requires high cost of surgery and rehabilitation of 13,000–20,000 dollars per case with the long treatment period, thus seriously affecting the life qualities and activities of sufferers (Carr et al., 2015; Voleti et al., 2012). Even so, the newborn scar tissues after the tendon repair still display the abnormal structures, poor mechanical properties and high incidence of fracture after operation (Biressi et al., 2014), which brings about a huge economic burden to both families and society. Therefore, to thoroughly analyze the reasons in depth, effectively promote tendon healing and improve limb functions are great challenges for orthopedics and rehabilitation physicians.

Clinical studies show that inflammation exists during the repair of tendon injuries. A large number of inflammatory cells (macrophages and mast cells) were found in biopsies of human calcified tendinitis (Hackett et al., 2016). The biggest difference between adult tendon repair and embryonic tendon repair is the presence of an inflammatory response (Tang et al., 2014). Embryonic tendon repair is a regeneration mode without scar hyperplasia. Embryonic fibroblasts can reduce the recruitment of inflammatory cells to the injury site, and adult tendon repair belongs to scar healing. Tendon healing period includes the inflammatory, proliferation and remodeling processes. The main inflammatory cells in the process of tendon repair are macrophages with M1 type and M2 type (Voleti et al., 2012; Martinez and Gordon, 2014). M1 macrophages mainly exist in the early inflammatory time of tendon repair, which are beneficial for removing necrotic tissue and initiating tendon repair. However, it secretes pro-inflammatory cytokines of IL-1, TNF-α, and IL-6 that can induce the inflammation, scar formation, cells death and matrix degeneration to hinder the tendon repair. While M2 macrophages mainly exist in the late remodeling stage and produce the anti-inflammatory factor of IL-1 receptor antibodies (IL-1RA), IL-10, growth factors and extracellular matrix, which can effectively reduce inflammation and scars to promote the matrix remodeling and wound healing (Linderman et al., 2016).

Macrophage phenotype changes play an important role from the initial stage of inflammatory response to the fibrosis and remodeling stage of tendon injury (Sugg et al., 2014), and the macrophage infiltration and activation are initiating factors of tissue fibrosis. Previous studies have shown that the number of infiltrating macrophages is directly proportional to the degree of tissue fibrosis (Duffield, 2010). In the regulatory mechanism, the Janus kinase/signal transducer and activator of tran-ions (JAK/STAT) is the core pathway for inducing the macrophage activation and participating in the process of excessive fibrosis or remodeling after liver, kidney, cardiovascular and other tissue damages (Gombozhapova et al., 2017). Recently, the expression of STAT-6 was found in biopsy tissues of patients with advanced supraspinatus tendinitis, exhibiting the potential relation to the relief of tendon pain (Dakin et al., 2015), which indicated that the JAK/STAT-6 signaling pathway may be involved in macrophages tendon tissue and played an important role in the process of remodeling after injury, however, the role of JAK/STAT signaling pathway-mediated inflammation regulation in tendon remodeling was unclear so far as well as the regulation effects of cell polarization on the tendon remodeling after injury.

In the clinical work, many scholars try to use non-steroidal, anti-inflammatory and sugar cortical hormone drugs to inhibit the tendon disease inflammation. For example, celecoxib is the non-steroidal anti-inflammatory drug (COX-2 inhibitor) to inhibit plasma exudation causing inflammatory edema, which have shown that celecoxib inhibits the expression of inflammatory genes such as COX-2, NO, IL-6, MIP-1α, IL-1β through TLR2, JNK, and NF-κB, thus possessing an effective analgesic and anti-inflammatory activity in the treatment of tendon injury. However, two main disadvantages of conventional celecoxib are low concentration after oral administration and rapid drug clearance from the wound, which necessitates frequent large doses for maintaining effective drug concentration but with inevitable side effects. In addition, oral non-steroidal anti-inflammatory drugs are the prevailing chronic treatment option for tendon injury, however, their prolonged use is controversial due to their high risk to benefit ratio. Therefore, formulation of drugs in a controlled delivery system is of paramount importance to allow for prolonged drug residence time when long term treatment is required.

Hydrogels are an attracting “soft-wet” material that consists plenty of water and distinctive 3D cross-linked polymeric network structures, which has aroused extensive attention due to its broad applications ranging from food chemistry and cosmetics to medical implants and scaffolds for tissue engineering (Liu H.Y. et al., 2020; Tang et al., 2020; Liu B.C. et al., 2020; Chen et al., 2019; Wang et al., 2020; Bao et al., 2020; Yang et al., 2021). Collagen, extracted from animals, is the main component of the extracellular matrix in mammalian tissues, such as skin, bone, cartilage, tendons and ligaments, which have been one of the most widely used natural hydrogel-like substances. Gelatin is a derivative of collagen and formed by breaking down the triple helix structure of collagen into single-stranded molecules, possessing no adverse reactions, no immunogenicity and good biodegradability in vivo. Therefore, gelatin hydrogels can be used as drug carriers to be applied or transplanted into an organism, thereby providing therapeutic benefits for achieving the controlled drug release system. Pulsed electromagnetic field therapy (PEMF) has already been a clinical method to accelerate tissue healing and recovery. Researches have suggested that PEMF could reduce pain via its effect on nitric oxide, calmodulin and/or opioid pathways, and it’s also a potential method to promote the drug absorption and tendon repair (Wanitphakdeedecha et al., 2017). In addition, pulsed electromagnetic field can change osmotic pressure and permeability, accelerate the blood circulation, reduce the colloid osmotic pressure of tissues, promote the exudate absorption, facilitate the protein transfer and relieve swelling and pain, which has a good therapeutic effect on the bloody and inflammatory swelling. In this work, we prepared a hydrated hydrogel dressing (gelatin/Fe3O4/celecoxib) with the synergistic therapies of celecoxib drugs and PEMF for the effective treatment of tendon tissue injury (Scheme 1). After tuning the pulsed electromagnetic field, the directional movement of embedded Fe3O4 nanoparticles can accelerate the celecoxib release, and meanwhile the generated heat can also loosen the gelatin network structures and further promote the drug release rate, exhibiting a kind of coordinated drug release behavior. In addition, in vivo implanting experiments were carried out to verify the biocompatibility and synergistic therapeutic effect. Combined with gait analysis, it was powerfully revealed that this synergistic therapy was significantly crucial and effectively used for tendon injuries repair and reshaping in clinical applications.
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SCHEME 1 | Schematic for formation of gelatin/Fe3O4/celecoxib system for the synergetic therapy of tendon tissue injuries.




EXPERIMENTAL SECTION


Materials

Gelatin, ferric acetylacetonate (Fe(acac)3), 1,2-hexadecanediol and polyol medium triethylene glycol were purchased from J&K. Celecoxib was purchased from Dalian Meilun Biotechnology Co., LTD. All chemicals were used as received. All other chemicals were of analytical grade.



Animals

Sprague Dawley rats (200 g) were purchased from the Animal Center of the Chinese PLA General Hospital. The animals were acclimatized for 1 week in an animal facility under controlled conditions of temperature (23 ± 3°C), relative humidity (55 ± 10%) and light (12/12 h light/dark, with no ultraviolet exposure). The animals had free access to a laboratory diet and ion-sterilized tap water. All experiments were performed in accordance with the guidelines of the care and use of laboratory animals of the Chinese PLA General Hospital, and experiments were approved by the animal ethics committee of the Chinese PLA General Hospital.



Synthesis of Water-Soluble Fe3O4 NPs

Fe(acac)3 (1 mmol, 99%, Acros) and polyol medium triethylene glycol (30 mL) were mixed together and slowly heated to reflux (278°C) for 30 min under argon protection, producing a black homogeneous colloidal suspension. After cooled down to room temperature, 20 mL of ethyl acetate was added to the reaction solution, resulting in a black precipitation of magnetite nanoparticles which was then separated from the solution by a pulsed electromagnetic field. After being washed by ethyl acetate for three times, the precipitation was re-dispersed in water for further use.



Preparation of the Gelatin/Fe3O4/Celecoxib Hydrogel

Firstly, gelatin was added into 10 mL of PBS solutions and heated to 40°C in an oil bath to form a transparent agarose solution, then celecoxib and Fe3O4 NPs were added into the solution. After cooling down to the room temperature, gelatin/Fe3O4/celecoxib hydrogel was formed in the suitable molds.



Scanning Electron Microscopy (SEM)

The hydrogels were prepared as described above and then freeze-dried at −50°C for 48 h. Then the samples were carefully stuck onto the conducting resin with double-sided adhesive, and sputter-coated with a thin layer of Pt for 90 s to make the sample conductive before testing. SEM images were obtained at acceleration voltage of 5 kV on a JSM-6700F microscope (JEOL, Japan).



In vitro Drug Release

Only one side of the hydrogel would touch the tissue during drug release process, so we employed the same release model as reported previously (Li et al., 2020). The hydrogel was prepared in a container with the diameter of 10 mm and height of 2 mm while the celecoxib was encapsulated inside the hydrogel. Then, the drug-contained hydrogel was immersed into the PBS (pH 7.4) and the solutions were collected at special intervals of time. During each interval, the magnetic field (pulsed magnetic therapy apparatus, 301-M9) was applied for 30 min. The collected solution at different time were tested using the HPLC system. The release without the PEMF was set as control.



In vitro Cytotoxicity

In vitro cytotoxicity assays of gelatin/celecoxib and gelatin/Fe3O4 hydrogel were evaluated through the mouse embryos osteoblast precursor cells (MC3T3-E1) by the CCK-8 assay. Firstly, extraction of the hydrogel was obtained by immersing the hydrogel into the 1 mL of Dulbecco’s modified Eagle medium (DMEM). The MC3T3-E1 mouse fibroblasts were plated in 96-well cell culture at a density of 104 cells/well, incubated with the extraction under 5% CO2 incubator at 37°C for 1 and 3 days and then changed to 100 μL of fresh DMEM and 10 μL of CCK-8. Subsequently, the cells were incubated at 37°C for another 4 h in a CO2 incubator. Then the cell viability was evaluated by comparing the absorbance of measured solutions using micro-plate reader at 450 nm. The final results were assumed to be the means of triplicate.



Confocal Laser Scanning Microscopy (CLSM) Observation

MC3T3-E1 cells were seeded into 24-well culture plates at a density of 8,000 cells per well and incubated for 24 h at 37°C in humidified air containing 5% CO2. By using complete DMEM containing 10% FBS, 50 IU mL–1 penicillin and 50 IU mL–1 streptomycin, the culture media were replaced by extraction of the hydrogel. After cultivating for prescribed time intervals, MC3T3-E1 cells were washed by cold buffer solution for three times and immersed with 4% paraformaldehyde solution for 0.5 h at room temperature to fix the cell configuration. Then 4,6-diamidino-2-phenylindole (DAPI) was used for cellular staining and the process continued for 20 min. Finally, MC3T3-E1 cells were washed by buffer solution and directly transferred to glass culture dish for CLSM observation.



Animal Model of Achilles Tendon Rupture

After the experimental animals were stabilized for 1 week, fifty SD rats were randomly divided into five groups of control (not treated), model (placebo treated), gelatin/celecoxib, gelatin/Fe3O4 and gelatin/Fe3O4/celecoxib hydrogel, which were anesthetized with an intravenous injection of pentobarbital sodium (50 mg/kg) and sterile skin preparation. Then a transverse incision was made at 0.5 cm of the insertion point in the Achilles tendon of rats. During the operation, the skin was cut and attention was paid to the protection of blood vessels to prevent vascular damage after the lumen, exposing the Achilles tendon tissue. Finally, a 1–2 mm of transverse defect was made to establish the rupture model of the Achilles tendon. After treatment of the Achilles tendon, the wound was washed with normal saline. The broken end of the Achilles tendon was not treated, and the skin was sutured with needle and thread followed by intramuscular injection of penicillin 1 × 105 U d–1 for three continuous days to prevent infection. Then, the injured rats were treated by the hydrogel dressing with and without the PEMF (0.3 T) and celecoxib. After treatment for 3, 7, 14, and 28 days, the rats were euthanized and the tendon tissues of rats were collected for H&E staining staining for the observation and analysis of daily activities, gait and wound healing.



Gait Analysis Using CatWalkTM

The CatWalkTM system was used to perform a detailed analysis of gait. In brief, the rats were placed in the system on a glass plate in a darkened room and allowed to walk freely. Light beams from a fluorescent lamp were sent through the glass plate, and the light beams were completely reflected internally. When a paw touched the glass plate, the light beams were reflected downward.

Thirty-five rats were randomly divided into five groups according to the random number table method: control, model, gelatin/Fe3O4, gelatin/celecoxib and gelatin/Fe3O4/celecoxib, and the rats were treated with samples at the rupture of Achilles tendon. In our experiment, the gait patterns of seven rats from each group were recorded with three times and analyzed automatically using the CatWalk system. Gait patterns analyzed included standing phase time, swing phase time, footprints area, mean intensity and swing speed. After observation for 1, 3, 7, 14, and 28 days, the gait parameters were measured and selected for analysis with a CatWalk gait analyzer.



Statistical Analysis

All quantitative data were statistically analyzed via the t-test. P-value (<0.05) was considered statistically significant for all analyses.




RESULTS AND DISCUSSION


Characterization of Water-Soluble Fe3O4 NPs

Pulsed electromagnetic field therapy has become a clinical method to accelerate tissue healing and recovery. To combine magnet therapy with drug therapy, we firstly prepared water-soluble Fe3O4 nanoparticles (NPs) with the size of ca. 10 nm to provide an external magnetic field targeting function (Zhang et al., 2019). After the simple sol-gel transition process, we can easily obtain the transparent gelatin in Figure 1A. On account of the poor water solubility of celecoxib, gelatin/celecoxib hydrogel was white and opaque (Figure 1B) while the gelatin/Fe3O4 hydrogel was black and dense (Figure 1C). Therefore, black gray and opaque state in Figure 1D demonstrate the successful encapsulation of magnetic nanoparticles and drug molecules within the gelatin/Fe3O4/celecoxib hydrogel.
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FIGURE 1. | Photos of (A) gelatin, (B) gelatin/celecoxib hydrogel, (C) gelatin/Fe3O4 hydrogel and (D) gelatin/Fe3O4/celecoxib hydrogel.




Preparation of Drug-Loaded Magnetism-Responsive Composite Hydrogels

As shown in Figure 2, gelatin/Fe3O4/celecoxib hydrogels possessed porous structures with a dimension of ca. 60 μm, which was benefited for the nutrient exchange and drug delivery. Since the Fe3O4 NPs and celecoxib drugs were incorporated into the hydrogel in situ, we could observe some aggregates of the Fe3O4 and the celecoxib nanoparticles within the networks. In addition, the regular network structures indicated the favorable mechanics that will be feasible for the operative procedures.
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FIGURE 2. | SEM images of (A) gelatin, (B) gelatin/celecoxib hydrogel and (C) gelatin/Fe3O4/celecoxib hydrogel. The arrows indicated the aggregated celecoxib and Fe3O4 NPs.




In vitro Drug Release

For synergistic effect of treatment, drugs were incorporated, of which the release can be controlled by extra magnetic field. Under the PEMF, the shaking of Fe3O4 NPs in the network could loosen the network to increase drug release rate, and the effect would be enhanced when the hydrogel was porous. In addition, heat can be generated to further accelerate the drug release (Xu et al., 2015; Liu Z.Y. et al., 2020). Considering that only one side of the hydrogel would contact the injured tendon tissue, gelatin/Fe3O4/celecoxib hydrogel was put in the receptacle with the diameter of 10 mm and height of 2 mm so that only one side was accessible to the release medium (Figure 3A). HPLC was used to record the release medium of celecoxib at different time. Figure 3B showed that the release speed under the magnet field was higher, and the total release amount under the pulsed electromagnetic field was 75.2 ± 3.5% compared to 53.7 ± 3.2% without magnetic field. Under the effect of pulsed electromagnetic field, the directional movement of embedded Fe3O4 nanoparticles can accelerate the celecoxib release, and meanwhile the generated heat can also loosen the gelatin network structures and further promote the drug release rate, presenting a coordinated drug release behavior and providing the possibility to combine the magnetic therapy and drug therapy for tendon repair.
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FIGURE 3. | (A) Schematic showing the in vitro release experiment under the PEMF. (B) The release profiles of the dressing with (red) or without (black) the PEMF.




In vitro Biocompatibility

The in vitro cytotoxicity of gelation and gelatin/Fe3O4/celecoxib hydrogels was evaluated by CCK-8 assay. After incubation for 1-day, Figure 4A showed that the cell viability showed over 95% of cell viability even after 3 days of culture, demonstrating good biocompatibility. Then, Cell viability was intuitively observed using a live/dead staining measurement. The extraction of gelatin/Fe3O4/celecoxib hydrogels in DMEM medium were added directly to the MC3T3-E1 cells and DAPI dyes. After incubation for 24 h, they emitted the green fluorescents with healthy morphology (Figure 4B), revealing the excellent in vitro biocompatibility. Therefore, these gelatin/Fe3O4/celecoxib hydrogels could be utilized as potential candidates in various bio-applications.
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FIGURE 4. | (A) Cell viability of gelation and gelatin/Fe3O4/celecoxib hydrogels to MC3T3-E1 cells. (B) CLSM images of (a) gelatin and (b) gelatin/Fe3O4/celecoxib hydrogel in MC3T3-E1 cells following 24 h incubation.




Animal Model of Tendon Tissue Injury

To better understand the basic cellular and molecular biology of tendon repair, gelatin/Fe3O4/celecoxib hydrogels were performed to assess the repair efficiency on the Achilles tendon of adult rats, and changes in macrophage phenotypes and related genes were analyzed. Compared with uninjured controls, injury tendon tissues were collected after 3, 7, 14, and 28 days, and the results found the accumulation of M1 macrophages in the early stage and then the transformation into the temporal and spatial distribution of M2 phenotype in Figure 5.
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FIGURE 5. | MRI image of rupture and repair of Achilles tendon. Under the aseptic conditions, Achilles tendon of rats were performed with line transverse incision and skin incision with the careful protection of blood vessels to prevent damage after vascular cavity, obtaining the Achilles tendon rupture model with 1–2 mm long transection of the defect. The successful modeling was determined by MRI image.


It is known that change in the phenotype of macrophages play an important role in the tendon repair, and M2 macrophages mainly exists in the reshaping of the late stage. After treatment for 3, 7, 14, and 28 days for the injured tendon tissue in rats, immunofluorescence technology test was investigated for evaluation of combination effects for tendon damage using M2 macrophages (CD163 antibody markers). The gelatin/Fe3O4/celecoxib sample showed that the number of M2 macrophages in all of groups were increased from the treatment of first 3 days, and achieve the highest proportion of M2 macrophages in the 2 weeks. In contrast, gelatin/Fe3O4 and gelatin/celecoxib groups exhibited similar increase trends, which were higher than the untreated control (Figure 6). The results suggested that the combined treatments could promote the increase in the proportion of M2 macrophages, thus accelerating the tendon repair process.
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FIGURE 6. | The spatiotemporal changes of M2 macrophages in the tendon tissues. Red dots represent M2 macrophages. After treatment for 3 days, 1, 2, 4 weeks, IF test showed the M2 macrophages with CD163 antibody markers (red) changed. All of the experimental groups appeared the red fluorescence from the 3-day and continue to 28 days, wherein the combined treatment group exhibited the highest proportion of M2 macrophages.


In addition, we also evaluated the combination therapy via the inflammatory infiltration and pathological injury of tendon injury site. Clinical studies found that inflammation existed in the process of tendon injury repair, and tendon healing was a complex and long process, including inflammation stage, proliferation stage and remodeling stage. H&E staining results showed that the control group exhibited serious tendon inflammation and histopathologic damage after the fracture operation invasion. After treatment for 3, 7, 14, and 28 days, gelatin/Fe3O4, gelatin/celecoxib and gelatin/Fe3O4/celecoxib groups could reduce the inflammation invasion, wherein the synergistic therapy showed the least inflammation invasion as shown in Figure 7. These results demonstrated that synergistic treatment can effectively reduce the inflammatory response in the process of tendon injuries repair.
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FIGURE 7. | Pathological changes in tendon repair after combined treatment. H&E staining showed that inflammation from tendon rupture surgery began to invade with histopathology damage. After the treatment, all of the inflammation invasions were lower, wherein the combination treatment exhibited the lowest inflammatory invasion degree until the gradual recovery after 28 days, demonstrating the effective therapy to reduce the inflammatory response in process of tendon injury repair.




Gait Analysis Using Catwalk

The utility of gait analysis using CatWalk has been shown in various rodent models, such as sciatic nerve injury (Deumens et al., 2007), spinal cord injury (Hamers et al., 2006; Koopmans et al., 2005), myofascial inflammation (Miyagi et al., 2011), intervertebral disc injury (Miyagi et al., 2013), and inflammatory arthritis models (Ferreira-Gomes et al., 2008; Gabriel et al., 2007). It is well-known that injuries of limb joints and muscle tendons, tumors, malformations, neurological diseases and even psychological and mental states of the rats can affect the normal gait with various degrees. After the tendon injuries, the model rats can cause the long-term abnormal gait that may cause the secondary tendons damage and pains. Thus, the purpose of gait analysis in the present study was to identify the mechanism and causes of gait abnormalities, and treadmill running provide a platform and approach for gait analysis, which can obtain the quantitative and accurate gait data to provide the best treatment details and assess the rehabilitation efficacy. CatWalk gait analysis system, including the relevant parameters of standing phase time, swing phase time, footprints area, mean intensity and swing speed, can reflect the level of pain in rats and evaluate their tendon recovery, which provided important reference and indicators for the treatment and prognosis of tendon injuries after clinical trials. Therefore, we used the real-time Catwalk gait to analyze the tendon injury repair of the rats in Figure 8A.
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FIGURE 8. | (A) CatWalk gait analysis of tendon injury repair of the rats. (B) Standing phase time, (C) swing phase time, (D) footprints area, (E) mean intensity, and (F) swing speed of the repaired rats (*P < 0.05).


As shown in Figures 8B–F, there were no significant differences in the standing phase time, swing phase time, footprints area, mean intensity and swing speed among all of the control group, model group, gelatin/Fe3O4 group, gelatin/celecoxib group and gelatin/Fe3O4/celecoxib group after the postoperative treatment for 1 and 3 days. After the operation for 7 days, the standing time, swing phase time, footprints area, mean intensity and swing speed of all of groups gradually increased. Until 28 days, the differences in the gelatin/Fe3O4/celecoxib group were statistically significant compared to other groups, indicating important roles in relieving the pain and promoting recovery prognosis. It was mentioned that gelatin/Fe3O4 and gelatin/celecoxib groups exhibited similar therapy effects, demonstrating the effects of pulsed electromagnetic field therapy on Achilles tendon rupture injury, which also further indicated the therapeutic combination of pulsed electromagnetic field and drug possessed great potentials in the rehabilitation of Achilles tendon rupture that can hopefully improve the walking function and promote tendon repair for the patients.




CONCLUSION

In summary, we developed a new type of hydrogel dressing of gelatin/Fe3O4/celecoxib with combination therapies of celecoxib drug and pulse electromagnetic field for the injured tendon repair. The in vitro experiment revealed this gelatin/Fe3O4/celecoxib composite hydrogel system possessed functional characteristics and coordinated release behaviors under the external environmental stimuli. The in vivo evaluation showed a favorable repair by this synergistic strategy than that of single pulse electromagnetic or celecoxib drug, which not only effectively reduced the inflammatory reaction of macrophage cells but also contributed to the incremental proportion of M2 macrophages at the injury site. Furthermore, gait analysis revealed that synergistic therapy was important and effective to tendon injury repair in the later stage, that is, M2 macrophages played an active role in the production stage, and the polarization of M2-type macrophages was closely related to the repair of tendon injury. Therefore, this new type of combined tendon repair treatment will not only provide beneficially theoretical basis and therapeutic regimen for the clinical applications, but also reduce the economic burden and social pressure for the patients.
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Cancer immunotherapy has become an emerging strategy recently producing durable immune responses in patients with varieties of malignant tumors. However, the main limitation for the broad application of immunotherapies still to reduce side effects by controlling and regulating the immune system. In order to improve both efficacy and safety, biomaterials have been applied to immunotherapies for the specific modulation of immune cells and the immunosuppressive tumor microenvironment. Recently, researchers have constantly developed biomaterials with new structures, properties and functions. This review provides the most recent advances in the delivery strategies of immunotherapies based on localized biomaterials, focusing on the implantable and injectable biomaterial scaffolds. Finally, the challenges and prospects of applying implantable and injectable biomaterial scaffolds in the development of future cancer immunotherapies are discussed.
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INTRODUCTION

Immunotherapy has revolutionized the paradigm of cancer treatment, aiming to stimulate inherent immunological systems to indirectly attack tumor cells (Yang, 2015). Cancer immunotherapy has fewer off-target effects compared with chemotherapy or other therapeutic methods that directly eliminate tumor cells (Chen et al., 2020; Feng et al., 2019b; Riley et al., 2019).

Immunotherapy has five main classes: immune checkpoint blockade (ICB) therapy, lymphocyte-promoting cytokine therapy, chimeric antigen receptor T-cell (CAR-T) therapy, agonistic antibodies, and tumor vaccines (Zhao et al., 2019). Among these, ICB therapy is the most comprehensively studied class of immunotherapy till now (López-Soto et al., 2017). The blocking of cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) and programmed cell death protein 1 (PD-1/PD-L1) pathways have been the most commonly used checkpoint inhibition strategies (Chen et al., 2019). The clinical therapeutic effect and application of PD-1/PD-L1 and CTLA4 checkpoint blockade methods have significantly increased in the last few years owing to the excellent clinical efficacy (Postow et al., 2015). In the aspect of biology, CTLA-4 is only expressed on T cells to modulate the amplitude of T cells activity at early stage. However, the exact cellular mechanism of the function of CTLA-4 remains unclear. The current conclusion is that CTLA-4 and CD28 competitively bind to CD80 and CD86 ligand to dampen the activation of T cells, so as to promote tumor progression. Though CTLA-4 is induced by activated CD8+ T cells, the main function of it may realize by downmodulate the activity of helper T cell and enhance the regulatory of regulatory T cells (Tregs). The major faction of PD-1 is to restrict the activity of T cells in tumor sites at the time of an immune response. The expression of PD-1 is induced when T cells are activated, which enables T cells to recognize abnormal cells. However, tumor cells can adaptively express of programmed death ligand 1 (PD-L1), a binder of PD-1 to inhibit T cells activity, to avoid being recognized and killed by T cells. Similarly, PD-1 is also highly expressed on Tregs to improve their proliferation, leading to further immunosuppression in the tumor microenvironment. Therefore, blocking the PD-1 pathway can also improve the effect of immunotherapy by inhibiting the proliferation of Tregs (Lohmueller and Finn, 2017). However, the side effects in organs after the systemic administration of checkpoint inhibitors remains the main limitation for clinical use. In addition, the immunosuppressive tumor microenvironment can result in no response of patients to the treatment (Wilky, 2019). Cytokine therapy was the first clinically used immunotherapy on account of the approval of recombinant IFNα therapies in 1986 (Riley et al., 2019). Interferons can not only bind to the receptors on the surface of innate immunity cells to activate natural killer (NK) cells and macrophages, but up-regulate the major histocompatibility complex (MHC) of T cells to improve their antigen presentation ability and activate their adaptive immunity. Interleukins can mediate the activation and proliferation of CD4+ T cells, CD8+ T cells and NK cells. Interferons, interleukins and granulocyte macrophage colony-stimulating factor (GM-CSF) are three commonly used types of cytokines (Koshy and Mooney, 2016). GM-CSF can promote the ability of dendritic cells (DCs) to process and present tumor antigens, so as to induce antitumor cytotoxic T lymphocytes response. Besides, GM-CSF can also promote the homeostasis of T cells to increase the survival of them. Though cytokine therapy has made great progress in the treatment of multiple malignant tumors, several limitations still hinder its development. The transitory half-life of injected cytokines results in bolus injections in clinical treatment, leading to vascular leakage and cytokine release syndrome of patients (Rooney and Sauer, 2018). Adoptive T cell therapy involves the modification of a variety of cells, including DCs, NK cells and T cells. Among them, T cells are the first choice for adoptive T cell therapy owing to their endogenous ability of identifying and diminishing tumor cells through releasing perforin, granzyme and various of cytokines. T cells collected from patients are then engineered to express chimeric antigen receptors that are antigen-specific to tumor cells (Wei et al., 2019). Then, the engineered cells are injected back into patients to target the antigen of tumor cells and kill them (Wang et al., 2017). To overcome the downregulation of the expression of MHC class I molecules in tumor cells and promote the infiltration of programmed T cells to tumor sites, artificial chimeric antigen receptors (CAR) have been developed to equip T cells isolated from patients with the capacity of recognizing and targeting tumor cell surface antigens. Nevertheless, the cytokine release syndrome and low response to solid tumors are the two key challenges of CAR-T therapy (Majzner and Mackall, 2018). The temporary efficacy of the treatment towards solid tumors is on account of the immunosuppressive tumor microenvironment and the selective escape of tumor cells from immune detection (Neelapu et al., 2018). The methods to promote the viability and activity of exogenous T cells are described below. Agonistic antibodies can connect to receptors on the surface of T cells, and trigger intracellular signaling pathways, leading to the survival and growth of T cells (Shi et al., 2018). T cell receptors that are most commonly targeted receptors, which consist of co-stimulatory receptors (CD28) and the tumor necrosis factor receptor (TNFR) family (Walsh et al., 2015). At present, agonistic antibodies are still in the initial stage of progression, and many deficiencies remain to be solved. For example, agonistic antibodies have dose-dependent toxicities, just as those for cytokines, since these could mediate the activity in undesired types of immune cells and attack on healthy cells (Zippelius et al., 2015). Cancer vaccines consist of tumor cell lysate, nucleic acids, DCs, or neo-antigens. DCs vaccines are the most widely studied class among them (Lohmueller and Finn, 2017). DCs extracted are engineered to produce tumor-associated antigens, activating T cells to directly kill tumor cells (Sahin and Türeci, 2018). However, the limited therapeutic effect, the uncertain application dose, and the complicated manufacturing processes of cancer vaccines lead to insufficient immune responses and poor anti-tumor effect (Aurisicchio et al., 2018).

New approaches for cancer immunotherapy are needed to promote the therapeutic potential of therapeutic payloads through a safer and more controlled manner. A large and growing body of studies have demonstrated the synergistic effects of biomaterials combined with cancer immunotherapy direct the path to address these limitations (Guo et al., 2020; Sang et al., 2019; Zhang et al., 2020). Lately, a variety of biomaterials, such as nanoparticles, implantable biomaterial scaffolds and injectable biomaterial scaffolds, have been introduced to promote immune response and improve the anti-tumor effect (Feng et al., 2020; Li S et al., 2018; Li et al., 2019; Wang et al., 2020; Xie et al., 2018). Improved delivery technologies using these materials can induce systemic immune therapeutic responses, while avoiding systemic toxicity (Chen et al., 2019; Ding et al., 2019c; Qiu et al., 2020).

In the present review, the investigators focused on the advances in implantable and injectable scaffolds in achieving spatial and temporal controlled delivery (Table 1). These positionable scaffolds presented great potential in the delivery of immune agents, and the induction of systemic immune response (Figure 1). It is hoped that this review can assist medical workers for comprehensively understanding the latest progress and future prospects of the combination of immunotherapy with biomaterials.


TABLE 1. Implantable and injectable biomaterial scaffolds for cancer immunotherapy.
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FIGURE 1. Implantableand injectable biomaterial scaffolds for cancer immunotherapy.




IMPLANTABLE BIOMATERIAL SCAFFOLDS FOR IMMUNOTHERAPY


Implantable Biomaterial Scaffolds for Adoptive Cellular Immunotherapy

Implantable biomaterial scaffolds preloaded with immune agents, bioactive factors, or cells can be implanted into resected tissue space or a subcutaneous via a small surgical procedure. Immune cells can be recruited into scaffolds and activated for further biological programming with the slow release of immunoregulatory agents (Chew and Danti, 2017; Ding et al., 2019b; Feng et al., 2019a).

A representative research designed macroporous scaffolds from polymerized alginate for stocking, proliferation and dispersing engineered T cells. This approach aimed to manage locally advanced, and unresectable or incompletely resected tumors through situating implants near these. To make the alginate scaffolds, the authors used calcium chloride for the cross-linking agent and round Teflon-coated mold to form 2 mm-thick scaffolds. These scaffolds were frozen and lyophilized to obtain porous matrices. In the mice breast cancer resection model, the proliferation of T cells from the scaffold at the implanted site was 167 times of that injected through conventional delivery modalities, resulting in the reduction rate of postoperative metastasis and recurrence. In addition, in a multifocal ovarian cancer model, the authors demonstrated that T cells from the scaffold triggered the regression, while the injected tumor-reactive lymphocytes had small curative effect (Stephan et al., 2015; Zheng P et al., 2019). In another research, the authors also used alginate scaffolds to deliver chimeric antigen receptor T-cell immunotherapy y (CAR-T) cells, and achieved a good therapeutic effect. In addition, the authors demonstrated that the combination of inducer of interferon genes (STING) agonists with alginate scaffolds stimulated a strong immune response to kill tumor cells unidentified by lymphocytes (Smith et al., 2017; Ding et al., 2019a).

NK cells are able to separate malignant tumor cells from normal cells in an antigen-independent method through identifying the mismatch of inhibitory signaling pathways. This leads to the preference to eliminate stem cell-like tumor cells that have promoted tumorigenic effects, which are incentive to traditional therapies (Guillerey et al., 2016; Tian, 2017; Sanchez-Correa et al., 2019). Due to the poor infiltration of NK cells in the tumor microenvironment, the clinical effects towards solid tumors remain unsatisfactory (Davis et al., 2017; Siegler et al., 2018). In addition, with the deepening of studies on NK cells, other deficiencies in cell enrichment technique, targeting effect, dependency on stimulating cytokines, and tumor elimination ability are emerging (Shimasaki et al., 2020). Therefore, a representative study synthesized a 3D-engineered hyaluronic acid (HA)-based niche for the expansion of NK cells, which was called 3D-ENHANCE. NK cells were loaded with deformed states in this biodegradable and biocompatible polymeric scaffold due to the excellent hydration ability of HA. HA can regulate the proliferation and migration of NK cells as a key member of the extracellular matrix (ECM). Compared with two-dimensional (2D) (petri dish), 3D-ENHANCE promotes the intercellular interaction and cell aggregation of NK cells, leading to the increase in cell proliferation and high cell viability. To study the specific mechanism of 3D-ENHANCE in promoting NK cell interaction and cell aggregation, the authors extracted ribonucleic acid for sequencing and analyzed the transcript information. The results showed that 236 genes were up regulated with the treatment of 3D-ENHANCE. The expressions of CDK6, CCNB1, and CDC20 improved the cell division and proliferation, the expressions of lymphotoxin-alpha, IL-6, and tumor necrosis factor α improved the inflammatory response, while the expressions of IFN-γ and granzyme B enhanced the cytotoxicity of NK cells. Next, the investigators tested the cytotoxicity induced by cultures in 2D and 3D, and it was demonstrated that 3D scaffolds had more powerful tumor killing activity towards NK cells. After the injection of 3D-ENHANCE, which was loaded with zEGFR (epidermal growth factor receptor)-CAR NK cells, the postoperative metastasis and recurrence of MDA-MB-231 model with incomplete resection significantly decreased by implantation. In addition, the survival of mice was extended in the K562 leukemia model after the intravenous injection of engineered NK-92 cells expanded in 3D-ENHANCEs. With the favorable mRNA expression, the increase in cytokine release and tumor-lytic abilities, 3D-ENHANCE can significantly enhance the cell expansion, persistency and antitumor efficiency. Overall, 3D-ENHANCE provides a promising strategy for ex vivo expansion and postsurgical treatment to improve the poor therapeutic effect of NK cells therapy (Ahn et al., 2020).

Implantable biomaterial scaffolds solve some of the limitations of present adoptive cellular immunotherapies (Mouthuy et al., 2016). First, the direct injection of a large number of tumor-reactive lymphocytes for the treatment of solid tumors is commonly non-effective due to the low accumulation and expansion of the lymphocytes at the tumor sites (Rao et al., 2016). The scaffolds can regulate the immunosuppressive tumor microenvironment and continuously disperse the lymphocytes (Bersani et al., 2014). Second, the procedure of adoptive cellular immunotherapy is complex, which can result in the functional exhaustion of cells before reintroduced (Leach et al., 2019). In the biomaterial approach, proliferation and activation factors are loaded into the scaffold. Engineered lymphocytes can immediately eliminate adjacent tumor cells, leading to the minimized side effects and facilitated recovery of patients (Seib et al., 2015). In addition, this platform can not only deliver various kinds of lymphocytes, but also deliver cells that are difficult to proliferate, or that needs a strict microenvironment, such as type 1 T-helper cells or stem cell-like memory T cells (Pelaez et al., 2018).



Implantable Biomaterial Scaffolds Program Dendritic Cells in situ

Tumor vaccines provide an attractive choice to improve the postoperative survival rate of patients (Butterfield, 2015; Srinivasan et al., 2017). Introducing tumor antigens to DCs has been demonstrated to be an effective kind of strategy in vaccine and immunotherapy (Sabado and Bhardwaj, 2015; Saxena and Bhardwaj, 2018; Wang P. et al., 2018). However, the immunosuppressive tumor microenvironment is the main obstacle for completely eliminating the tumor (Yang et al., 2019). Gemcitabine (GEM) has been demonstrated to be immunological in exhausting MDSCs, which is a critical player in the immunosuppression tumor microenvironment of mice models and patients, resulting in the relief of the immunosuppressive tumor microenvironment (Zhang et al., 2019). The mechanism of by which this effect is achieved is unclear. One possible reason is that GEM can cause a massive efflux MDSCs into the blood and other organs, while another possible reason is that GEM can selectively kill Gr-1+/CD11b+ MDSCs without affecting other immune cells. Further studies are still needed to discover the mechanism and biochemical effects of GEM on MDSCs (Suzuki et al., 2005). A representative research introduced a 3D scaffold by cross-linking collagen and HA to deliver GEM and poly(I:C), which can trigger an intense immune response through stimulating TLR3 in DCs and macrophages. The combination of collagen and HA was demonstrated to promote cell migration and division due to the preeminent biocompatibility and biodegradability. The 3D scaffolds were implanted into a 4T1 local recurrence mice model. The results indicated a significant reduction in tumor-infiltrating MDSCs, and an increased number of CD8+ T cells. In addition, the infiltration of DCs and macrophages in the tumor site and spleen were also markedly increased. The 3D scaffolds can be used as an immune inducing center for the recruitment and education of DCs, and can be expected to provide a choice to prevent postoperative tumors from recurrence and metastasis (Figure 2; Phuengkham et al., 2018).


[image: image]

FIGURE 2. The 3D scaffolds through the crosslinking HA and collagen to deliver GEM and poly(I:C) for postoperative immunotherapy. (A) The designed scaffolds carrying GEM, vaccines and TLR3 agonists to promote cancer immunotherapy. (B) The weight of recurring tumors on day 14 after incomplete resection. (C) The percentage of immune cells at day 7 and 14. The bule represents CD3+ CD8+ T cells and the red represents CD3+ CD4+ T cells. Reproduced with permission from Phuengkham et al. (2018).


Another study used porous poly(lactide-co-glycolide) (PLG) scaffold for the continuously delivery of granulocyte-macrophage colony stimulating factor (GM-CSF) or CpG oligodeoxynucleotides (CpG-ODNs) to recruit and induce the proliferation of DCs. The investigators used two methods to recruit and release DCs. The first method took advantage of the release of GM-CSF alone to recruit DCs into the scaffolds. The results revealed that the DCs were subsequently recruited and trapped in the scaffolds. The DCs could be activated and disperse only when the GM-CSF levels fall, indicating that the specific concentration and duration of GM-CSF can profoundly affect the effects of the treatment. This method created a physical environment, and provided stimulatory signals to DCs for over two weeks. Another method developed a continuous process to shuttle DCs. The authors first used GM-CSF to recruit DCs into the scaffolds, and then used the subsequent release of CpG-ODN to activate the resident DCs. The results demonstrated that the presentation of CpG-ODN significantly enhanced the expansion of activated DCs, and the percentage of programmed DCs that migrated to the lymph nodes, indicating that the mimicking aspects of infection can effectively impact the recruitment, activation and homing to the lymph nodes of DCs. Optimistically, in the preclinical melanoma mice model, tumors completely subsided in 47% of mice (Ali et al., 2009; Sterner et al., 2019).

In order to realize to recruit, activate and disperse the DCs, these studies were steered by the cumbersome steps and cost of cell manipulation and transplantation ex vivo to program DCs in situ. This implantable material approach could be used as a substitution to present cancer vaccine strategies, or in combination with other methods. Furthermore, this research shows powerful new applications of polymeric biomaterials, which could be applied in a various of diseases through in-situ programming or reprogramming of host cells. Overall, the thought of implantable biomaterials for DCs in situ program may offer a new approach for polymer therapy, and a promising choice to cell therapies that rely on ex vivo cell manipulation.

In conclusion, implantable biomaterial scaffolds can remain at the site of implantation for a long time to maintain antigen presentation, control cell transport, recruit immune cells, and perform several other functions (Chung et al., 2017). However, the drawbacks of implantable scaffolds are also obvious. Invasive surgery needs to implant the scaffolds in or close to the tumor site (Youssef et al., 2017). Moreover, the scaffolds cannot be administered into inaccessible sites or volume-sensitive regions during the surgery, and its persistence may impair normal organ function (Papalamprou et al., 2016; Phuengkham et al., 2018; Riley et al., 2019).



INJECTABLE BIOMATERIAL SCAFFOLDS FOR IMMUNOTHERAPY


Injectable Hydrogels for Immunotherapy

Injectable biomaterial scaffolds are transformable gel-like biomaterials that can be injected into the tumor location or resection site to produce a strong local or systemic antitumor immune response (Nguyen et al., 2020; Villard et al., 2019; Wang et al., 2019a).

A representative research designed alginate hydrogels which have the ability of in situ pores formation for the delivery of cytokine GM-CSF (a trigger to recruit and proliferate DCs) in a sustained manner (Hamilton, 2019). These macroporous alginate hydrogels can serve as a supportive scaffold for the infiltration of cells. In C57BL/6J female mice, the continuous release of GM-CSF from hydrogels resulted in the recruitment of a large number of cells into the scaffold. CD11b+ CD11c+ DCs occupied more than 90% of the cells that infiltrated the material at day five. This study may pave the way for the further promotion of high effective, therapeutic antigen-specific tolerogenic vaccines (Verbeke and Mooney, 2015). In the follow-up study, the authors explored the potential of such hydrogels for the delivery of microparticles or peptide antigens, resulting in the recruitment and activation of engineered immune cells (Verbeke et al., 2017).

Another research developed an alginate hydrogel to deliver two FDA-approved drugs, including celecoxib, a specific inhibitor of cycloxygenase-2 (COX2), and programmed death 1 (PD-1) monoclonal antibody. Compared with blank hydrogel treated mice, the co-delivery of celecoxib and anti-PD-1 group achieved a 90% suppression of tumors in the B16-F10 mice model, indicating significantly improved antitumor activities. Notably, 56% of the treated mice achieved complete regression of tumors after three months of follow-up. Then, the authors anglicized the T cell infiltration of tumor tissues. The results indicated that the co-delivery of dual agents increased the expression of IFN-γ-expressing CD4+ and CD8+ T cells by 5-6-fold, when compared to the blank hydrogel group. These outcomes, along with the decrease in Tregs and myeloid derived suppressor cells (MDSCs), demonstrate the regulatory role of the immunosuppressive tumor microenvironment. Furthermore, the expression of anti-angiogenic chemokines C-X-C motif ligand (CXCL) 9 and CXCL10 increased, and the expression of interleukin (IL)-1, IL-6 and cycloxygenase-2 (COX2) decreased, resulting in the suppression of the pro-tumor angiogenic and inflammatory microenvironment (Li Y. et al., 2016).

Song et al. designed PEGylated poly(L-valine) copolymers for the delivery of tumor cell lysates (TCL) and TLR3 agonist poly(I:C). This novel vaccine formulation aimed to recruit, activate and mature DCs through the continuous release of TCL and poly(I:C). The results demonstrated that this polypeptide hydrogel could sustainably release antigens or poly(I:C) for over seven days. In the melanoma mouse model, hydrogel formulations injected subcutaneously increased the percentage of migratory DCs in tumor-draining lymph nodes, and evoked a powerful cytotoxic T-lymphocyte immune response (Song et al., 2018).

In addition, a research developed a vaccine nodule that consisted of RADA16 peptide nanofibrous hydrogel, anti-PD-1 antibodies, DCs, and tumor cell lysates (TCL). After the subcutaneous injection into lymphoma mice, Gel-DC-TCL, with or without anti-PD-1 immunotherapy can improve the percentage of CD8+ IFN-γ+ T cells by 5-6 times, indicating the induction of powerful immune response of T cells (Yang et al., 2018).

As previously confirmed, the tumor microenvironment expressed abundant reactive oxygen species (ROS) to accelerate tumor progression (Daum et al., 2017; Ruan et al., 2018). Therefore, Wang et al. developed an in situ formed ROS-degradable hydrogel scaffold, which can achieve sustained release inside the microenvironment of tumors, for the localized delivery of GEM and anti-PD-L1 blocking antibody (aPDL1). The ROS-degradable hydrogel scaffold was synthesized by crosslinking poly (vinyl alcohol) (PVA) with a ROS-labile linker. In the B16F10 and 4T1 mice model, mice administrated with aPDL1-GEM@Gel demonstrated obvious tumor suppression effects. Furthermore, 50% of mice survived for more than 60 days after injected the aPDL1-GEM@Gel. However, mice in all control groups were sacrificed after two months. In order to further evaluate the immune regulation, the authors used immunofluorescence and flow cytometry to analyze the tumors on the 10th day after injection. The results revealed that aPDL1-GEM@Gel can trigger a powerful anti-tumor immune response induced by T cells. Remarkably, the hydrogel scaffolds can not only be used as a warehouse for the regulated disperse of therapeutic drugs, but also as a ROS cleaner to enhance the immunogenic phenotypes. This approach might provide a promising method for the treatment of low-immunogenic tumors (Figure 3; Wang C. et al., 2018).
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FIGURE 3. The ROS-responsive scaffold loaded with GEM and checkpoint inhibitor for chemoimmunotherapy. (A) ROS-degradable hydrogel scaffolds can achieve the co-delivery of GEM and aPDL1 into the tumor microenvironment for combination therapy. (B) The tumor growth curves of all groups. (C) The conditions of CD4+ and CD8+ T cell infiltration. Scale bar: 100 μm. (D) The numbers and ratios of immune cells in tumors under multiple treatments. Reproduced with permission from Wang C. et al. (2018).


Luo et al. developed a self-assembling hydrogel of a D-tetra-peptide (D-gel) to promote the clinical efficacy of vaccine adjuvant. In the B16-OVA mice model, D-gel loaded with OVA achieved 50% elimination of the tumors on contrast to other groups and had no weight loss of mice, demonstrating its antitumor potential and biocompatibility. In order to analysis the potential application of D-gel for complex antigens, the authors used X-ray irradiated E.G7 tumor cells and 4T1 tumor cells to serve as tumor antigens (Wang et al., 2019b). The results indicated that D-gel was a promising vaccine adjuvant for various kind of antigens. Furthermore, the authors test the immune response of D-gel loaded with X-ray irradiated E.G7 tumor cells. The results showed that CD8+ IFN-γ+ T cells proliferated obviously in the tumor microenvironment. Overall, this original strategy of vaccine adjuvant can act as a promising alternative for cancer immunotherapy (Luo et al., 2017).

Han et al. demonstrated a phospholipid-based phase separation hydrogel (PPSG) to deliver the antigen OVA and the adjuvant CpG-ODN. DCs were mass recruited to the injection position at 7 days after administrated with PPSG formulation, indicating the powerful and long-lasting immune regulation ability of this hydrogel tumor vaccine. Besides, with the degradation of hydrogel and the release of payloads, no immune regulatory effects were found at day 28. Furthermore, the authors tested the memory immune responses of PPSG formulation and indicated memory antibody responses and powerful memory T cell production (Han et al., 2016).

Hydrogel also showed obvious advantages in cytokine delivery. A representative study developed a hyaluronic acid tyramine (HA-Tyr) hydrogel for the delivery of IFN-α and sorafenib to treat renal cell carcinoma (RCC). In human RCC cells xenografted mice model, the combination of IFN-α and sorafenib demonstrated the best anti-tumor effect compared with other groups, indicating the synergistic effect of these two payloads. However, no statistical difference was discovered between the co-delivery group and the sorafenib group. In spite of this, the prolonged half-life of IFN-α and the achieved tumor suppression effect still cannot be ignored (Ueda et al., 2016).

Leach et al. described a peptide hydrogel based on positive charge Multi-Domain Peptide (MDP) for the delivery and controlled release of cyclic dinucleotides (CDNs). Notably, significant tumor inhibition effect was found in mice oral tumor model through a single injection of the hydrogel formulation at 3 days after the tumors were planted. The results showed that 60% of the mice was achieved adaptive immunity. No tumor growth was found with the treated of the hydrogel formulation after secondary tumor implantation. Besides, the controlled release time was demonstrated to be at least 7 days to maintain the CDN concentration around the injected site (Leach et al., 2018).



Injectable Mesoporous Silica Rods for in situ Tumor Vaccine

Kim et al. developed a promising approach for in situ tumor vaccine based on self-assembled mesoporous silica rods (MSRs) of a high aspect ratio. MSRs have been extensively applied because of the sustained delivery of drugs due to its high porosity, extended superficial area, and biocompatibility (Chang et al., 2018; Wang Z et al., 2018). After administration in mice, this system can nonspecifically assemble into pore structures, allowing for the long and controlled release of payloads. The authors compared spontaneously assembled MSR structures to the randomly assembled matchsticks, resulting in the build of 3D porous structures to host immune cells, and the release of embedded immune agents. The agents in MSRs can recruit and programme host immune cells, and induce these cells to interact with other kinds of immune cells. MSR-based scaffolds, including OVA, GM-CSF and CpG-ODN, were further researched for their role as vaccines. After analyzing the cell recruitment of these scaffolds, the investigators found that the number of cells that remained in the vaccine MSR scaffolds was 6.5 folds higher than in blank MSR scaffolds at day seven. Then, the investigators analyzed their cell types, and indicated that CD11c+ DCs occupied 10% of the recruited cells. High levels of GM-CSF were detected in tissues between 1 mm and 3 mm from the injection site, demonstrating the release of GM-CSF in vivo. In addition, systemic TH1 and TH2 serum antibody and cytotoxic T cells were also significantly enhanced. These results show that injectable MSRs can be used as a multifunctional vaccine platform to regulate the function of immune cells, and trigger adaptive immune response (Kim et al., 2015).

Another research reported a simple approach to promote antigen immunogenicity through the combination of polyethyleneimine (PEI) with a mesoporous silica micro-rod (MSR) vaccine. The MSR-PEI vaccine was demonstrated to enhance the concentration and activation of DCs, and the immune response of T cells effectively, resulting in more effective humoral responses and tumor prevention effect compared to traditional vaccine formulation. Surprisingly, approximately 80% of mice with large established TC-1 tumors achieved completely tumor elimination through single injection of the MSC-PEI vaccine based on the E7 peptide. It is worth noting that the MSR-PEI vaccine can eradicate the established lung metastases when immunized with the B16F10 or CT26 neoantigen library. Overall, this research demonstrated a potentially modular strategy to promote the efficacy of immunotherapy. The vaccine can rapidly assemble to drive immune responses against the cancer-specific mutation pool, and be synergistic with other immunotherapies, achieving the vaccination of personalized vaccine (Li A.W. et al., 2018).

To explore the effects of surface modification of MSRs in inducing and regulating the immune system, a further study modified the Poly (ethylene glycol) (PEG) and integrin-binding ligand Arg-Gly-Asp (RGD) with MSR scaffolds. The results revealed that PEG modification increased the expression of the BMDC activation marker and IL-1β. The infiltration of innate immune cells was also increased. Meanwhile, the peptide-modified MSRs presented a reduction in inflammation, when compared with PEG MSRs. Besides, the authors investigated the weight of fibrous capsules in the surrounding of the scaffold, indicating PEG scaffold was the heaviest in all groups. These results indicate that surface modulation of these scaffolds can adjust the infiltration of immune cells, providing a promising alternative for the progress of new material-based vaccines (Figure 4; Li W.A. et al., 2016).


[image: image]

FIGURE 4. Comparison of various kinds of surface modified MSR scaffolds in therapeutic effect. (A) The experimental procedure of treatment. (B) Mice after injected with different modified MSR scaffolds, including unmodified MSRs (OH), PEG modified MSRs (PEG) and Poly (ethylene glycol) and integrin-binding ligand Arg-Gly-Asp modified MSRs (PEG-RGD). (C) Weight of the fibrous capsules. (D) Percentage of CD11c+ and CD11b+ cells in the scaffolds. (Reproduced with permission from Li W.A. et al. (2016). Unmodified MSRs, PEG MSRs, PEG-RGD MSRs and PEG-RDG MSRs were injected subcutaneously into the flank of mice. Poly (ethylene glycol) (PEG) and integrin-binding ligand Arg-Gly-Asp (RGD).


As mentioned above, the implantable biomaterial scaffolds can not only serve as durable warehouses for storing drugs or immune cells, but also remain at the site of the implantation for a long time to maintain the ability of antigen presentation, regulate cell transport, and perform a variety of else functions (Amir Afshar and Ghaee, 2016; Chen et al., 2015; Sinha et al., 2019; Zhang et al., 2018). Furthermore, implantable scaffolds need a small invasive surgical procedure to implant into the resected or the subcutaneous tissue space. Thus, such scaffolds are unable to be placed in volume-sensitive areas that cannot be reached by surgery, and the continued presence may impair normal organ function (Riley et al., 2019). Compared with implantable biomaterial scaffolds, injectable scaffolds are simpler to operate, and are less invasive, avoiding unwanted tissue injure and complications correlated to inflammatory response to wound (Norouzi et al., 2016; Shen et al., 2017). These scaffolds can reach anywhere through the needle, thereby avoiding unnecessary tissue damage (Zheng Y et al., 2019). Besides, due to the viscoelastic properties of injectable biomaterial scaffolds, they are able to flow to occupy discrete places (Hu et al., 2017; Leach et al., 2019). However, injectable scaffolds need sufficient fluidity to pass through the needle, which limits the use of many ideal materials (Lei and Tang, 2019; Qi et al., 2018). Besides, the selected biomaterials must have the ability to form a liquid or gel to pass through the needle, resulting in limitations of the types of materials and ingredients that can be used. Many suitable and excellent materials cannot meet the conditions required for injection, which seriously affects the application space of injectable materials and cannot realize complex three-dimensional structures. In short, for injectable and implantable scaffolds, as long as they are used flexibly according to the application environment and conditions, they can all play their respective advantages.



CONCLUSION AND PERSPECTIVES

The research on the combination of biomaterials and immunotherapy are rapidly advancing to break the scientific barriers, and overcoming present immunotherapy deficiencies (Eppler and Jewell, 2020; Scheetz et al., 2019). Among these, implantable and injectable biomaterial scaffolds present a promising potential for biomaterial delivery systems (Zhao et al., 2019). The low accumulation and expansion of tumor-reactive lymphocytes at the tumor sites, and the complex procedure significantly impact the therapeutic effect of adoptive cellular immunotherapy (Beatty and Gladney, 2015). However, the allowable dose confined by the autoimmunity still the main limitation of the application of checkpoint inhibitors, cytokines and agonistic antibodies therapies in clinical practice (Sanmamed and Chen, 2018; Szeto and Finley, 2019). Furthermore, the complex tumor microenvironment of solid tumors is another reason for the ineffective immunotherapy (Xie et al., 2019). The development of delivery strategies based on biomaterials improve the effect of immunotherapy to some extent, such as the recruiting and regulating lymphocytes in situ, reducing the degradation of therapeutic substances, improving the targeting capability of drugs, helping overcoming the physical barrier, reducing systemic side effects, and achieving persistent release. Other types of biomaterials, such as nanoparticles have also contributed greatly to the development of immunotherapy. Different kinds biomaterials make up for various defects of immunotherapy by virtue of their own advantages, which expands the application range of immunotherapy towards tumors and provides the possibility of personalized tumor treatment. Moreover, many studies have demonstrated that the combination of immunotherapy with other traditional therapies, including chemotherapy, phototherapy and radiotherapy, can produce synergistic effect and improved therapeutic efficacy of malignancies. Traditional therapies can not only eliminate tumor cells directly, but also mediate the immune process through inducing immune cell death of tumor cells. To date, an increasing number of successful attempts have indicated the potential of combining immunotherapy with other traditional therapies.

However, many problems still need to be solved before the widely applicable of immunotherapy to patients. Future research should develop new delivery technologies to achieve more efficient and secure delivery approaches of immunotherapy agents, when compared to present delivery strategies. New delivery strategies should also proliferate and engineer immune cell therapies ex vivo. Since the expansion rate of T cells is not ideal at present in cell therapy, biomaterials should also be considered to promote the proliferation and function of immune cells ex vivo, so as to enhance T cell delivery by increasing the migration to target tissues of reduced off-target effects in further studies. In addition to optimizing delivery, future studies should also investigate externally or internally induced delivery technologies. Therapeutic agents and engineered immune cells can be induced on demand to mediate the immune response in these systems, resulting in the reduction in off-tissue effects. Although significant progress has been made in immunotherapy, the design of delivery strategies in the area remains at its nascent stage. Furthermore, fundamental studies on biomaterial immune cell interactions are needed for the development of new delivery technologies, and the active directing of immune responses.

Although the immunotherapy of cancer is developing continuously has made long term progress, the multiple delivery systems for this field still have many limitations. The examples of implantable and injectable biomaterial scaffolds in our review not only provide methods to enhance the immunotherapy, but discuss the way to overcome the inherent heterogeneity of tumors. The payloads can be specifically selected according to the characteristics of different patients, which can improve the comprehensiveness and potential efficacy of immunotherapy. This review summarizes the combination of immunotherapy and biomaterials at the basic and application levels. We hope to made contributions for future innovations of cancer immunotherapy.
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The incidence of primary cutaneous melanoma continues to increase annually and is one of the most aggressive malignancies in humans and need to develop more novel non-surgical therapies. Autophagy and cathepsin B targeted therapy was reported to improve melanoma treatment. Cepharanthine (CEP), a natural alkaloid extracted from the genus Cephalophyllum has been reported to have the function of inhibiting cancers. We found that CEP inhibited human primary cutaneous melanoma cells viability and proliferation in 24 h in vitro, and topical application or intra-tumoral injection of CEP decreased the growth of cutaneous melanoma in mice within 4 weeks. CEP preparations below 50% concentration did not induce skin irritation and allergy reaction on human skin in vivo. Primary cutaneous melanoma cells incubated with CEP, the expression of cathepsin B was decreased and the LC3-I and LC3-II expression changed in a dose-dependent manner, while p53, p21Cip1p, and p16Inka gene expression was up-regulated. We demonstrated the effects of CEP as a novel tumor-regional therapy for cutaneous melanoma and provided a preliminary research basis for future clinical treatment researches and the exploration of integrated treatments with systemic therapy, radiotherapy, and surgery for human primary cutaneous melanoma.
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INTRODUCTION

The incidence of primary cutaneous melanoma continues to increase annually and is one of the most aggressive malignancies in humans. Primary cutaneous melanomas arise from melanocytes and are insensitive to conventional radiotherapy and systemic chemotherapy. The treatment of primary cutaneous melanoma included surgical excision (such as Mohs micrographic surgery) and non-surgical treatments (such as topical imiquimod and radiation therapy). Surgical treatment has problems such as unclear resection boundaries and unclean tumor resection leading to recurrence. So far, the most appropriate treatment time for PD-1/PD-L1 or MAPK inhibition is unclear, and its chronic cutaneous and systemic toxicity may receive more attention (Swetter et al., 2019). More novel non-surgical therapies need to be developed. Therefore, there is a need to investigate and develop more effective and less side-effect therapies and formulations for primary cutaneous melanoma treatment.

In recent years, targeted autophagy has been used as a potential therapeutic approach for melanoma treatment (Liu et al., 2013). Autophagy has been found to both promote and inhibit melanoma cell growth. Autophagy is a catabolic process that involves aging or impaired double-membrane sequestration and lysosomal breakdown of the cytoplasm. Studies have shown that autophagy plays an important role in the development of tumors, such as melanoma and breast cancer. Autophagy is both a cell survival pathway and a tumor suppressor pathway. The potential tumor suppressor function of autophagy in the initiation of tumor formation was discovered by Beclin 1 down-regulation and high p62 levels in cutaneous metastatic melanoma early stage, while increasing the expression LC3-II and decreasing the expression of p62 in the disease advanced stage (Corazzari et al., 2013).

Autophagy inhibition seems to be associated to, as indicated by Beclin 1 down-regulation and high p62 levels, while high number of autophagosomes, high levels of LC3-II and low levels of p62, indicating an increased level of autophagic activity, have been reported in patients in which cutaneous metastatic melanoma has become established.

Cathepsin B is thought to be involved in the diagnosis, treatment and prognosis of malignant tumors (Gong et al., 2013; Ruan et al., 2015). Studies have shown that targeting cathepsin B in combination with other relevant oncogenic molecules has significant therapeutic potential (Ruan et al., 2015). High cathepsin B expression is found in a variety of human cancers. Cathepsin B, a member of the cysteine protease family, hydrolyzes various extracellular matrix components and disrupts their mucosal barrier in pathological conditions. In recent years, cathepsin B has been considered a sword in the evolution of cancer (Mijanović et al., 2019). Aberrant regulation of cathepsin B expression correlates with the invasive and metastatic phenotype of cancer (Tomita et al., 1967). Cathepsin B can directly degrade or activate plasminogen activator and matrix metalloproteinases, and indirectly degrade many extracellular matrix and basement membrane components, such as laminin, fibronectin and type IV collagen, to promote the occurrence, development, invasion and distant transformation of tumors. Increasing the expression of cathepsin B in cancer cells can enhance the metastatic ability of cancer cells. Interference with RNA transcription of cathepsin B reduces tumor aggressiveness. Although progress has been made in the study of cathepsin B as a target for cancer gene therapy in combination with conventional chemotherapeutic agents, the role of cathepsin B in the proliferation of human primary cutaneous melanoma and its possible biological mechanism remain unclear to date.

Cepharanthine (CEP, Figure 1), a natural alkaloid extracted from the genus Cephalophyllum and has been reported to have cathepsin B inhibitory function and to induce autophagy-related cell death in several cancer cells (Mijanović et al., 2019). CEP has been explored in many diseases such as cancer, alopecia areata, snakebite, and malaria (Saito et al., 1989). In recent studies, it was identified that CEP may potently induce apoptosis in murine leukemia cell lines, adenosquamous carcinoma cell lines, and OSCC cell lines (Furusawa et al., 1998; Harada et al., 2001; Harada et al., 2003). It has been reported that CEP not only exerts antitumor effects by improving the immune activity of the host (Morioka et al., 1985; Ebina and Murata, 1991), but also can increase the effects of chemotherapeutic agents, such as anticancer agents of adriamycin and doxorubicin (Asaumi et al., 1995; Hotta et al., 1997; Lyu et al., 2017; Bailly, 2019). However, its potential anticancer effect in skin melanoma has not been clarified yet, especially in skin regional usage.
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FIGURE 1. Chemical structure of CEP.


This study investigated the effect of CEP as a novel tumor-regional treatment for the cutaneous melanoma and explored its mechanism in inhibiting the human primary cutaneous melanoma cells.



MATERIALS AND METHODS


Reagents

Cepharanthine was purchased from Shiji-Aoke (Beijing, China), cell counting kit-8 was bought from APExBio (Houston, TX, United States), DMEM, penicillin, streptomycin, fetal bovine serum (FBS) and PBS were obtained from Gibco Life Technologies (Grand Island, NY, United States). Anti-GAPDH, P62 and anti-rabbit IgG HRP-linked antibody were obtained from Cell Signaling Technology, Inc., (Beverly, MA, United States). Cathepsin B antibody was purchased from the Santa Cruz Biotechnology (Santa Cruz, CA, United States). Primary antibodies against LC3 were obtained from Abcam (Cambridge, MA, United States), anti-rabbit HRP-conjugated secondary antibody and anti-mouse HRP-conjugated secondary antibody were purchased from Cell Signaling Technology (Boston, MA, United States).



Ethics Statement

The human studies were approved by the Clinical Research Ethics Committee at the Third Affiliated Hospital of Sun Yat-sen University, Guangzhou, China (No: [2015]2-107). The consent procedure was conducted according to the principles expressed in the Declaration of Helsinki. All subjects read and signed the informed consent.



Cell Culture

Human primary cutaneous melanoma cells were derived from five primary cutaneous melanoma patients. Patients with primary cutaneous melanoma were diagnosed at the Third Affiliated Hospital of Sun Yat-sen University. Resected tumor from the patients was dissociated with mechanical dissection followed by enzymatic digestion. Tumor mononuclear cells (TMCs) were then isolated by Ficoll-Paque PLUS centrifugation, washed in complete Dulbecco’s modified Eagle’s media, and used fresh. All sample collection and experimental procedures were approved by the Ethics Board of the Third Affiliated Hospital of Sun Yat-sen University, Guangzhou, China. Written consent form was obtained from each participant. Human melanoma cells were cultured Dulbecco’s modified Eagle medium (DMEM, Gibco, Grand Island, NY, United States) supplemented with 100 U/mL penicillin/streptomycin and 10% fetal bovine serum (FBS; Gibco) 100 unit/ml penicillin at 37°C in a humidified atmosphere containing 5% CO2.

Human epidermal melanocytes isolated from circumcised foreskins were cultured in Medium 254 (M254 cat. no. M-254-500 Gibco, United States) supplemented with 100 U/mL penicillin/streptomycin, 10% fetal bovine serum (FBS; Gibco), and 5 ml Human Melanocyte Growth Supplement (HMGS, cat. no. S-002-5). They were grown at 37°C in a humidified 5% CO2 atmosphere and used for experiments up to passage number ten. Repeat experiments were performed using cells from different donors.



Skin Melanocytes and Melanoma Cells Incubated With Cathepsin B

The proportions of apoptotic melanocytes, melanoma cells and melanoma cell cultured with 200 ug/L cathepsin B for 24 h. Melanoma cells were divided into six groups, added different concentration of cathepsin B, including 0, 12, 25, 50, 100, and 200 ug/L in each well.



CEP Added in Human Melanoma Cells

Cells were incubated in 96-well culture plates overnight, and then treated with concentrations of CEP of 1.25, 2.5, 5, 10, 20, and 40 mg/L in each well. After incubation in fresh culture medium for 24, 48, 72 h, cells were washed three times with PBS.



MTT

Human epidermal melanocytes and melanoma cells cultured with cathepsin B (200 ug/L) for 24 h were detected by 3-(4,5)-dimethylthiahiazo(-z-y1)-3,5-di-phenytetrazoliumromide (MTT) MTT and flow cytometry. Human primary cutaneous melanoma cells were cultured in triplicate in a 96-well plate (4 × 103 per well), and the plates were placed in incubation box at 37°C with 5% CO2. The cells were treated either with various concentrations (0, 12.5, 25, 50 100, and 200 ug/L) of cathepsin B or without cathepsin B and after cells attached to the culture plate 50 min and 24-hour culture, MTT assay (Gibco, United States) was performed to determine the cell apoptosis. The culture media were placed and 10 μl MTT assay (5 mg/ml) was added to each well after cells attached to the culture plate 50 min. After 10 min oscillation, the optical density (OD) values were measured with a microplate reader (Beckmann Coulters) at 490 nm, sign 0H. Then the culture media were placed and 10 μl MTT assay (5 mg/ml) was added to each well after 24 h incubation. After 10 min oscillation, the OD values were measured with a microplate reader (Beckmann Coulters) at 490 nm, sign 24H. Cell viability was presented as a percent of MTT reduction in the treated cells versus the controls (cells incubated in cathepsin B-free medium). The relative MTT level (%) was calculated as [A]/[B] × 100%, where [A] is the absorbance of the test sample and [B] is the absorbance of control sample containing the untreated cells. Decreased relative MTT level indicates decreased cell viability. This experiment was performed in triplicate, and the statistical analysis was performed to obtain the final values.



CCK-8

After 24 h, cellular viability was detected with Cell Counting Kit-8 (CCK-8) assay. Human primary cutaneous melanoma cells were cultured in triplicate in a 96-well plate (4 × 103 per well), and the plates were placed in incubation box at 37°C with 5% CO2. The cells were treated either with various concentrations (1.5, 2.5, 5, 10, 20, and 40 mg/L) of CEP or without CEP. Cellular viability and proliferation were detected with CCK-8 test kit (Dojindo, Japan) assay according to instructions. It determines cell viability and proliferation by detecting dehydrogenase activity in living cells. The OD value of the formazan dye produced by dehydrogenase to absorb a wavelength of 450 nm reflects the content of formazan dye, and it is proportional to the number of viable cells.



Flow Cytometry Analysis

At 24 h after CEP addition, all four groups of cells were fixed with 70% ethanol for 12–16 h at 4–6°C and then incubated with 1 mg/ml RNase R (Sigma-Aldrich, St. Louis, MI, United States) for 0.5 h at 37°C. DNA was labeled using propidium iodide (Sigma-Aldrich, St. Louis, MI, United States) at a concentration of 50 mg/ml for 0.5 h at 4–6°C. DNA content was assessed by flow cytometry (Beckman Coulter, High Wycombe, United Kingdom) and results were analyzed by Modfit LT v3.2 software.



Western Blot

Total cellular protein was extracted with the protein extraction kit (KeyGen Biotech, Nanjing, China). The modified Lowry protein assay kit (Pierce, Rockford, IL, United States) was used to quantify protein. Equal amounts of protein were analyzed using 10% SDS–PAGE, and transferred to a PVDF membrane. PVDF membranes were incubated with primary rabbit anti-LC3B (CST, 3868S,1:1200), primary mouse anti-cathepsin B (ab58802,1:1000), rabbit anti-P53 (ab131442,1:1000), rabbit anti-p21Cip1p (CST,2947S,1:1000), rabbit anti-p16INKa (CST,80772S,1:1000), rabbit anti-P62 (CST,16177S,1:1000), and anti-GAPDH (ab181602,1:2000) incubated overnight at 4°C. Following subsequent incubation with anti-rabbit HRP-conjugated secondary antibody (Affinity, S0001, 1:2000) or anti-mouse HRP-conjugated secondary antibody (Affinity, S0002, 1:2000), blots were visualized with enhance chemiluminescence (Millipore, Billerica, MA, United States). Bands on X-ray film were scanned with GS-800 Calibrated Densitometer (Bio-Rad, Hercules, CA, United States). The intensity of bands was quantified with Quantity one software. All values were normalized to the corresponding GAPDH.



Nude Mice and Tumor Inoculations

All animal studies were ensured to complied with the ARRIVE guidelines. The protocol was approved by the Committee on the Ethics of Animal Experiments of the Third Affiliated Hospital of Sun Yat-sen University. A total of 30 male Bal/bc nude mice (Jiangsu Jicui Yaokang Biotechnology Co., China) purchased at 3 weeks of age with 18–20 g weight. The mice were provided with sterile water and food. inside a laminar flow hood. The melanoma model was established in the nude mice via cells injection: A-375 melanoma cells (1 × 107) were suspended in 0.1 ml serum-free medium and injected into the subcutaneous tissue of 4-week-old nude mice. Tumors were allowed to grow for 7 days before CEP treatment. The mice were then divided into 3 groups, each of 10 mice with similar mean tumor volumes (between 60 and 65 mm3). At the study end points, mice were sacrificed by cervical dislocation. The present study was performed following the recommendations from the Institutional Animal Care and Use Committee of the Third Affiliated Hospital of Sun Yat-sen University.



In vivo CEP Treatment Protocol

When solid tumors grew to 40–50 mm3, the mice were then divided into 3 groups, each of 10 mice: group A: melanoma mice without any treatment (control); group B: 5 ml (4000 mg/L with PBS solvent) CEP was dosed on cotton piece and then topically fixed on the tumor skin with T.R.U.E. TEST® patch test system (True Test Technology Inc., Mineral Wells, TX, United States) which was cut into small single pieces, 5 times/week for 4 weeks. The cotton piece contained the same CEP concentration was changed every day; and group C: 20 mg/kg CEP dissolved in PBS solvent was injected into the melanoma mass (Harada et al., 2009), 5 times/week for 4 weeks. The tumors were measured every 7 days and the relative tumor volumes were calculated. At the time point of 28th day, mice were sacrificed by cervical dislocation.



Patch Test on Human Body

Thirty-two healthy Chinese subjects (15 males, 15 females; mean age 30–50 years) completed patch testing. The subjects were healthy and had fair skin with no significant skin disease or known history of atopic dermatitis. None of the subjects had any dermatological problems and no history of drug hypersensitivity or abnormal reactions to sunlight. They had not taken medication for 1 month and had not received back phototherapy for 6 months prior to the study. Subjects were instructed to avoid medication and back sun exposure throughout the study.

The 5, 10, 25, and 50% CEP preparations were applied separately to the subject’s skin using the T.R.U.E. TEST® Patch Testing System (True TEST Technology Inc., United States). In the small plate, CEP was kept in direct contact with the upper back skin for 48 h. Tape them in place and mark the test site. Subjects were instructed not to wash the area or perform strenuous exercise during the 48 h of patch retention. After that, the patch was removed and a preliminary reading was taken 1 h later. Reactions were read at 24, 48, and 72 h after removal.

Path testing reaction was read as follows:


• – Negative

• ? Doubtful reaction: faint macular erythema only

• + Weak (non-vesicular) positive reaction: erythema, infiltration, possibly papules

• + + Strong (vesicular) positive reaction: erythema, infiltration, papules, vesicle

• + + + Extreme positive reaction: bullous reaction

• IR Irritant reaction of different types: pustules as well as patchy follicular or homogeneous erythema without infiltrations are usually signs of irritation and do not indicate allergy.





Statistical Analysis

Data were presented as the mean ± S.E. Statistical analysis for comparison of two groups, included the dates of MTT, CCK-8, flow cytometry analysis, tumor volume and tumor weight, was subject to a two-tailed student’s t-test. For comparison of multiple groups, included the dates of MTT, CCK-8, flow cytometry analysis, tumor volume, and tumor weight, one-way analysis of variance (ANOVA) followed by S-N-K post hoc test was performed.

P-value of <0.05 was considered statistically significant. All experiments were performed twice and data analysis was evaluated using SPSS Version 13.0 software.



RESULTS


Apoptosis Rate of Melanocytes and Cutaneous Melanoma Cells Treated With Cathepsin B

The apoptosis rate of primary melanoma cells was 3.82 ± 0.14%, which was lower than the melanocytes (8.41 ± 1.25%) (P = 0.012). Melanoma cells incubated with 200 ug/L cathepsin B for 24 h, the total apoptotic value of melanoma cells was decreased from 3.82 ± 0.12 to 3.45 ± 0.09% (P = 0.03) (Figure 2A). Melanoma cells incubated with 200 ug/L cathepsin B for 24 h, the cellular activity was increased 12.7 ± 1.59% comparing with the control (P = 0.015) (Figure 2B). Primary cutaneous melanoma cells incubated with cathepsin B for 24 h, the cell apoptosis rate was increased in a dose-dependent manner. After adding different concentration of cathepsin B (12.5, 25, 50, 100, and 200 ug/L) in melanoma cells for 24 h, the cell viability was significantly increased at the dose of 100 and 200 ug/L(P < 0.05, compared to the control) (Figure 2C).
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FIGURE 2. Changes of cell activity and viability of normal skin melanocytes and melanoma cells by exogenously adding cathepsin B. (A) The proportions of apoptotic melanocytes, melanoma cells and melanoma cell cultured with cathepsin B (200 ug/L, 24 h) were detected using flow cytometry. After adding cathepsin B, the total apoptotic value of melanoma cells was decreased from 3.82 to 3.45% (P < 0.05). (B) Cellular activity was detected with MMT assay. The cellular activity of melanoma cells was increased compared to the normal melanocytes. After added 200 ug/L cathepsin B for 24 h, melanoma cells activity was increased 12.7% compared with the control melanoma cells (P < 0.05). (C) Cellular viability was detected with cck-8 assay. After added different concentrations of cathepsin B of 12.5, 25, 50, 100, and 200 ug/L in melanoma cells, the cell viability was increased at the dose of 100 and 200 ug/L (P < 0.05, compared to the control). *P < 0.05.




Cells Proliferation Rate of Human Melanoma Cells Incubated With CEP

After melanoma cells were treated with CEP for 24, 48, and 72 h, the cells proliferation rates were decreased in a dose-dependent manner (Figure 3A). CEP at 40 mg/L inhibited human primary cutaneous melanoma cells by 87.84 ± 7.9% (0-hour, control), 16.48 ± 9.4% (24-hour), 13.52 ± 5.3% (48-hour) and 7.8 ± 2.9% (72-hour), respectively. Melanoma cells were treated with CEP for 24 h, the cell apoptosis rate increased in a dose-dependent manner (Figure 3B). The late apoptosis rates were increased in a dose-dependent manner as well (Figure 3C). After melanoma cells were incubated with CEP for 24 h, the early apoptosis rates were 2.463 ± 0.231% (5 mg/L CEP), 2.477 ± 0.067% (10 mg/L CEP), 2.500 ± 0.642% (20 mg/L CEP), and increased compared with the control (1.420 ± 0.105%; P = 0.0380, and the late apoptosis rates were 9.433 ± 0.071% (5 mg/L CEP), 13.267 ± 0.065% (10 mg/L CEP), and 17.700 ± 0.243% (20 mg/L CEP), respectively, compared with control group (5.673 ± 0.195%, P < 0.01).
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FIGURE 3. CEP inhibited human melanoma cells proliferation viability and increased cell apoptosis rates. (A) Human melanoma cells were incubated with 1.25L, 2.5, 5, 10, 20, and 40 mg/L CEP for 24, 48, 72 h. Then the cells proliferation rate was detected via CCK-8 method. The data showed that the proliferation viability of human melanoma cells was decreased in a dose-dependent manner. Melanoma cells incubated with 40 mg/L CEP, the cell proliferation rate was decreased from 87.84 ± 7.9% (0 h, control) to 16.48 ± 9.4% after 24 h, to 13.52 ± 5.3% after 48 h and to 7.8 ± 2.9% after 72 h. (B) After melanoma cells were treated with CEP for 24 h, the cell apoptosis rate was tested via Flow cytometry analysis and showed a concentration-dependent increasing. The early apoptosis rate was 2.463 ± 0.231% (5 mg/L CEP), 2.477 ± 0.067% (10 mg/L CEP), 2.500 ± 0.642% (20 mg/L CEP), which was increased comparing with the control (1.420 ± 0.105%; P = 0.0380). (C) The late apoptosis rate was 9.433 ± 0.071% (5 mg/L CEP), 13.267 ± 0.065% (10 mg/L CEP), 17.700 ± 0.243% (20 mg/L CEP) which was increased comparing with the control (5.673 ± 0.195%; P < 0.01). *P < 0.05.




Cathepsin B Expression Changes After Adding CEP

Incubated with 10 mg/L CEP for 24 h, the expression of cathepsin B was decreased by 32.12 ± 7.92% in melanocytes and 10.48 ± 1.23% in melanoma cells. Incubated with 20 mg/L CEP for 24 h the expression of cathepsin B was decreased by 67.67 ± 8.17% in melanoma cells (Figure 4A). Overexpressing cathepsin B did not lead to inhibition of CEP activity, 20 mg/L CEP could also decrease cathepsin B overexpressed in melanoma cells (Figure 4B).
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FIGURE 4. CEP inhibited cathepsin B and autophagy while activated tumor suppressor gene-related proteins in human melanoma cells. (A) CEP inhibited cathepsin B in melanoma cells. Cathepsin B protein quantification of the 10 mg/L CEP treated cells via Western blot. The Cathepsin B expression was decreased after 10 mg/L CEP treatment for 24 h. The quantification of protein gray value was decreased from 0.893 ± 0.018 (control group) to 0.779 ± 0.018 (CEP group, P = 0.027). (B) Overexpressing cathepsin B did not lead to inhibition of CEP activity, 20 mg/L CEP could also decrease cathepsin B overexpressed in melanoma cells. (C) CEP active tumor suppressor gene-related proteins expression in melanoma cells. Cell lysates were analyzed by western blot with anti-P53, anti-p21Cip1p, and anti-p16INKa antibodies, respectively. P53, p21Cip1p and p16INKa expression was increased after adding 20 mg/L CEP for 72 h. (D) The western blot analysis of P62, LC3-I and LC3-II. Protein quantification showed that after treating with 5 mg/L, 10 mg/L, 20 mg/L CEP for 24 h, P62 expression in human melanoma cells had no significate change (P > 0.05). (E) After treating with 5 mg/L, 10 mg/L, 20 mg/L CEP for 24 h, autophagy-related protein LC3-I and LC3-II expression was quantified via western blot which showed decreased in dose-dependent manner. LC3II/I value was decreased from 0.975 ± 0.096 (0 mg/L CEP) to 0.600 ± 0.082 (5 mg/L CEP, P > 0.05), 0.427 ± 0.046 (10 mg/L CEP, P < 0.05), 0.405 ± 0.086 (20 mg/L CEP, P < 0.05), respectively. *P < 0.05.




Antioncogene Expression Changes

Western blot showed that P53, p21Cip1p and p16INKa expression was increased in human melanoma cells after incubating with 20 mg/L CEP for 72 h (Figure 4C). 5, 10, and 20 mg/L CEP incubated with melanoma cells for 24 h, P62 expression in human melanoma cells had no significate change (P > 0.05) (Figure 3D).



Autophagy-Related Protein Expression

A total of 5, 10, 20 mg/L CEP incubated with melanoma cells for 24 h, autophagy-related protein LC3-I and LC3-II was decreased in Figure 4D. Incubation of melanoma cells with different concentrations of CEP for 24 h decreased the expression of autophagy-related proteins LC3-I and LC3-II in a dose-dependent manner, with LC3II/I values varying as 0.975 ± 0.096 (0 mg/L CEP), 0.600 ± 0.082 (5 mg/L CEP, P > 0.05), 0.427 ± 0.046 (10 mg/L CEP, P < 0.05), 0.405 ± 0.086 (20 mg/L CEP, P < 0.05) (Figure 4E), respectively.



Effects of CEP on Melanoma Growth in vivo

At 28 days, mice were sacrificed by cervical dislocation and the tumor mass was take out and weighed (Figure 5A). After intra-tumoral injecting of CEP (20 mg/kg), the tumor volume was decreased as 214.36 ± 12.46 mm3 (P = 0.069) at 14-day, 255.25 ± 7.85 mm3 (P = 0.042) at 21-day and 318.69 ± 12.98 mm3 (P = 0.031)at 28-day comparing with the control in the same period as 245.22 + 10.63, 293.27 + 9.61, and 397.86 ± 15.57 mm3. Statistically significant growth inhibition was found with intra-tumoral injection CEP at day-21 and day-28. Topically applying 5 ml (4000 mg/L) CEP for 28 days, the tumor volume was 367.46 ± 11.57 mm3 smaller than the control (397.86 ± 15.57 mm3, P = 0.042) (Figure 5B).
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FIGURE 5. Effect of CEP on melanoma tumor growth in nude mice. Mice were treated with CEP for 4 weeks (5 times/week) and tumor growth was measured every 7 days during the treatment period. At 28 days, mice were sacrificed by cervical dislocation and the tumor mass was take out and weighed. (A) Intra-tumoral inject CEP (20 mg/kg), the tumor volume was 214.36 ± 12.46 mm3 (P = 0.069) at 14-day, 255.25 ± 7.85 mm3 (P = 0.042) at 21-day and 318.69 ± 12.98 mm3 (P = 0.031) at 28-day compared with the control in the same period as 245.22 + 10.63, 293.27 + 9.61, and 397.86 ± 15.57 mm3, statistically significant growth inhibition was found by comparing day-21 and day-28 dates in intra-tumoral inject CEP groups. Topically application of 5 ml (4000 mg/L with PBS solvent) CEP for 28 days the tumor volume was 367.46 ± 11.57 mm3 (P = 0.042) compared with 397.86 ± 15.57 mm3 as control, which also showed the inhibition of tumor growth but the effects were weaker than that of the intra-tumoral injection group. (B) At 28 days the tumor weight was: 3.331 ± 1.84 g of CEP topical application group, 2.776 ± 1.29 g of CEP intra-tumoral injection group and 3.523 ± 2.01 g of control group. Significant different was found comparing intra-tumoral injection group (P = 0.042) and control group, while no significant different between CEP topical application group (P = 0.072) and the control group. Data are presented as the mean ± standard deviation from three separate experiments. Each group contained 10 mice. *P < 0.05 vs. control. (C) The gross inspection of the sacrificed mice and the tumors.


At 28 days the tumor weight was 3.331 ± 1.84 g of CEP topical application group, 2.776 ± 1.29 g of intra-tumoral injection group and 3.523 ± 2.01 g of control group. Significant different was found comparing intra-tumoral injection group and control group (P = 0.042), while no significant different between topical application group and control group (P = 0.072) (Figure 5C).



Safety Evaluation of CEP on Human Body Skin

After 5, 10, 25, 50% CEP preparations were applied separately on human skin for 72 h, the paths ware removed and the skin reaction was read at 24- and 72-hour. 5, 10, 25, 50% CEP preparations did not induce skin irritation and allergy reaction in 32 subjects’ skin (Figure 6).
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FIGURE 6. Safety evaluation of CEP on human body skin via closed patch test. CEP solutions at the concentration of 5% (A), 10% (B), 25% (C), 50% (D), control solution (E) was applied separately on the subjects’ skin using the T.R.U.E. TEST patch test system. After 48 h, the patches were removed and an initial reading was taken 1 h later. Reaction reading was carried out 24 and 72 h after removing. At 24- and 72-hour readings, 5, 10, 25, 50% CEP solution did not induce skin irritation and allergy reaction in 32 subjects’ skin.




DISCUSSION

Cepharanthine (CEP) exhibiting multiple pharmacological properties including anti-oxidative, anti-inflammatory, immuno-regulatory, anti-cancer, anti-viral and anti-parasitic, was selected as a candidate for investigating the local treatment effects of tumor primary cutaneous melanoma. But the multiple antitumor effects of CEP including the molecular biology and genetic cross-talk mechanisms in primary cutaneous melanoma cells still need further identification.

The interaction of molecular biology and genetics plays an important role in melanocyte malignant transformation and melanocyte damage. Malignant tumors can produce a variety of hydrolytic enzymes, degrade the extracellular matrix, disrupt the host mucosal barrier, and promote tumor cell invasion through the basement membrane and distant metastasis.

High expression of cathepsin B has been detected in a variety of tumor tissues including primary cutaneous melanoma and the serum of tumor patients (Fröhlich et al., 2001) and can be used as one of the melanoma serum biomarkers (Zhang et al., 2011). Cathepsin B regulates the production/signaling of TGF-β and promotes fibroblast activation which in turn promotes invasive growth of melanoma cells (Girotti et al., 2011). It is also regulated by the collagen I/α2β1 integrin axis and the non-receptor tyrosine kinases Abl and Arg (Abl/Arg) -activated transcription factors (i.e., Ets1, Sp1, and NF-κB/p65) (Tripathi et al., 2018). Targeting cathepsin B has been found not only to reduce the development of malignant melanotic tumors (Payon et al., 2019), but also to inhibit tumor growth and metastasis in mice (Qifan et al., 2016).

Some studies have reported that CEP inhibits cathepsin B function by inhibiting the maturation of lysosomal cathepsin B and cathepsin D (Mijanović et al., 2019). Its anticancer effects have been studied in a variety of cancer cells, such as nasopharyngeal carcinoma cells, cholangiocarcinoma cells, and oral squamous cell carcinoma cells (Corazzari et al., 2013; Liu et al., 2013; Li et al., 2019b). CEP antitumor effects have been reported to lie in the inhibition of P-glycoprotein activity (Nakajima et al., 2004; Ikeda et al., 2005), or by modulating the expression of Bcl-2 and BAX proteins (Biswas et al., 2006; Kikukawa et al., 2008). In addition, others have found that CEP significantly increased the expression of p21Waf1 protein and decreased the expression of cyclins A and D proteins to exert the antitumor effect of ovarian cancer cells (Bellei et al., 2014). But CEP has been poorly studied in cutaneous melanoma, and in our study, it not only downregulates cathepsin B levels but also possesses novel antitumor mechanisms and inhibits primary cutaneous melanoma activity and metastasis by either topical application or intra-tumoral injection in mice.

Autophagy is a protective mechanism against chemotherapy-induced cell death in melanoma. Autophagy inhibition inhibits cancer initiation at an early stage, as indicated by downregulation of Beclin 1 and upregulation of p62 expression. Low levels of p62 and high levels of LC3-II, indicating increased levels of autophagy, promote skin metastasis. Modulation of autophagy is now being explored as a therapeutic option in melanoma treatment. It has been found that the “BRAF-TFEB-autophagy-lysosome” axis represents a key regulatory pathway in BRAF mutant melanoma, leading to tumor progression, metastasis, and resistance to BRAF-targeted therapy in melanoma (Li et al., 2019a; Barceló et al., 2020). Autophagy inhibitors [e.g., hydroxychloroquine (HCQ)] in combination with standard chemotherapy regimens synergistically increase cell death in melanoma (White and DiPaola, 2009). Studies have also found that cathepsin B-mediated proteolysis of DAB2, a tumor suppressor, induces cell entry into autophagy, promotes metastasis (Bhoopathi et al., 2010). Jiang et al. (2016) found that cathepsin B could regulate TGF-beta-induced autophagy by mediating the cleavage of disabled-2. These indicated that the molecular link of cathepsin B between autophagy and apoptosis in tumors, and suggested the role of targeting cathepsin B in cancer therapy (Ruan et al., 2015).

Autophagy targeted therapy could improve the treatment for metastatic melanoma. Gao et al. (2017) identified that cepharanthine could induce autophagy, apoptosis and cell cycle arrest in cancer cells. CEP has been found to induce autophagy-related cell death in several cancer cells, acting by blocking autophagosome-lysosome fusion and maturation of cathepsin B and cathepsin D (Tang et al., 2018; Mijanović et al., 2019), or by blocking the Akt/mTOR signaling pathway to induce autophagy and apoptosis in tumor cells. In this study, we found that the expression of the autophagy-related gene proteins LC3-I and S LC3-II was downregulated by CEP in primary cutaneous melanoma cells. This demonstrates that CEP can inhibit the growth of primary cutaneous melanoma by inhibiting autophagy and cathepsin B.

We found not only that cathepsin B and autophagy-related protein expression were decreased by CEP, but also that p53, p21Cip1p, and p16Inka expression were simultaneously increased in human melanoma cells. Topical application and intra-tumoral injection of CEP preparations could decrease the growth of primary cutaneous melanoma and did not induce irritation of human skin at certain concentrations. The mechanisms leading to malignant transformation of melanocytes and melanocytic lesions include complex endogenous factors, such as gene mutation, dysregulation of cell proliferation, abnormal autophagy, and molecular biological changes. Previous studies have shown that mutations in P53, P21, CDKN2A, A CDK4, CDKN2A, p16 (INK4A), p14, MC1R, and DNA repair genes predispose to melanoma (Bandarchi et al., 2013).

Previous studies have revealed that CEP could inhibit ABCC10 (also known as MRP7) which is a broad-specificity transporter of xenobiotics, including many antitumor drugs (taxanes, epothilone B, vinca alkaloids, cytarabine, tamoxifen) and accepted as one of the most important of drug efflux transporters overexpressed on the membrane of cancer cells majorly cause the multi-drug resistance to cancer chemotherapy (Kathawala et al., 2015).

Although we identified the CEP anti-tumor effects in mice via topical application or intra-tumoral injection, the in vivo antitumor efficacy of CEP, as monotherapy, was not obvious. Ikeda et al. revealed that CEP could potently enhance the sensitivity to cytotoxic agents such as doxorubicin in K562 leukemia cells, not only via a reversal of ABCB1- mediated multi-drug resistance (MDR) but also increasing the accumulation of doxorubicin in nuclei (Ikeda et al., 2005). In addition, we found that CEP preparations below 50% concentration did not induce skin irritation and allergy reaction on human skin in vivo. Thus, combination use of others drugs such as chemo drugs to improve or magnify cepharanthine’s efficacy in vivo, and integrated treatments of topical CEP with systemic therapy, radiotherapy, and surgery could be further explored in treating cutaneous melanoma. In the aspect of anti-tumor mechanism research, more comprehensive detection of differentially expressed genes is needed and further biosafety evaluation in vivo are need to better understanding the effectiveness and safety of CEP as a potential novel tumor-regional therapy in treating cutaneous melanoma.



CONCLUSION

In this study, we demonstrated the effects of CEP as a novel tumor-regional therapy for cutaneous melanoma basing on the finding that CEP could inhibit the growth of human primary cutaneous melanoma cells by altering the expression of cathepsin B, tumor suppressor genes, and autophagy-related proteins. These findings provided a preliminary research basis for future clinical treatment researches and might also contribute to the further development of novel local antineoplastic agents and the exploration of integrated treatments with systemic therapy, radiotherapy, and surgery for human primary cutaneous melanoma.
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One of the major reasons why depressed patients fail their treatment course is the existence of the blood-brain barrier (BBB), which prevents drugs from being delivered to the central nervous system (CNS). In recent years, nasal drug delivery has achieved better systemic bioavailability and activity in low doses in antidepressant treatment. In this review, we focused on the latest strategies for delivery carriers (or formation) of intranasal antidepressants. We began this review with an overview of the nasal drug delivery systems, including nasal drug delivery route, absorption mechanism, advantages, and limitations in the nasal drug delivery route. Next, we introduced the development of nasal drug delivery devices, such as powder devices, liquid-based devices, and so on. Finally, intranasal delivery carriers of antidepressants in clinical studies, including nanogels, nanostructured lipid, liposomes nanoparticles, nanoemulsions/microemulsion, were summarized. Moreover, challenges and future perspectives on recent progress of intranasal delivery carriers in antidepressant treatments were discussed.

Keywords: intranasal route, antidepressants, delivery carrier, design and application, challenges and future perspectives


INTRODUCTION

Depression is a state of low mood and aversion to activity that can affect a person's thoughts, behavior, feelings, physical well-being, and circadian rhythm. Depression has become the leading cause of disability worldwide and is a significant global health burden (Glahn et al., 2012). What worries us is that, although the dozens of antidepressant drugs, which are approved by the Food and Drug Administration (FDA) as shown in Table 1, have demonstrated efficacy in clinical practice, many depressed patients do not respond to the first-line pharmacological treatment and even fail following several pharmacological interventions (Oleary et al., 2015).


Table 1. FDA approved antidepressants.
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Why is this the case? One of the major reasons patients fail in their treatment course is the existence of the blood-brain barrier (BBB), which is the bottleneck of drug delivery for the central nervous system (CNS). BBB, which is mainly composed of cerebral endothelial cells (CECs) that constitute a selective barrier covering the inner surface of cerebral capillaries, is the major site of blood–CNS exchange, maintaining the homeostasis of the CNS (Bernacki et al., 2008; Abbott et al., 2010). CECs heavily determine the BBB permeability of most circulating compounds. Efflux transmembrane proteins, expressed in endothelial cerebral cells, and particularly those from the ATB-binding cassette family, which mainly include P-glycoprotein (P-gp) and breast-cancer-resistant protein (BCRP), are included in the BBB (Bicker et al., 2014; Tang et al., 2017). The ability to cross this biological barrier has been the determining characteristic for the effectiveness of CNS drugs. To date, there are three strategies used to deliver therapeutics across the barrier of the BBB (Sun et al., 2017; Aderibigbe and Naki, 2019; Saeedi et al., 2019; Zhang M. et al., 2019; Shi et al., 2020): (1) by other routes of drug delivery including drug-encapsulated wafers inserted in the tumor cavity, facial intradermal injection, and drugs administered via the nasal cavity; (2) by interrupting the BBB using surfactants and hyperosmotic agents, cell-penetrating peptides, or magnetic nanoparticle-induced hyperthermia; and (3) by endogenous transporters and receptors for enhanced neural non-invasive penetration of drugs. Although antidepressant drugs have recently been identified as substrates, inhibitors, and inductors of P-gp (Obrien et al., 2012), an effective therapy with antidepressant drugs depends on drug concentrations and bioactivity, but conventional oral and parenteral therapies are limited due to the difficulty in crossing the BBB (Vitorino et al., 2019). Nasal mucosa as a potential administration route has achieved faster and higher levels of drug absorption because more compounds could permeate and administrate due to the high permeability, high vasculature, low enzymatic environment of nasal cavity, and avoidance of the hepatic first pass metabolism (Jadhav et al., 2007; Alagusundaram et al., 2010). In recent years, nasal drug delivery has achieved better systemic bioavailability and activity in low doses because the nasal route avoids the hepatic first pass elimination associated with the oral delivery. Intranasal drug delivery proposed a reliable method to bypass the BBB. Due to a direct connection between the brain and the nasal cavity, intranasal administration is the preferred route from the outside environment. Moreover, intranasal formulations have been developed to degrade enzymatic ion and improve the pharmacological effects. More and more pharmaceutical scientists and clinicians have given increasing attention to drug delivery via the nasal route, as shown in Table 2 (Kanojia et al., 2017; Ambrus et al., 2020; Shetty et al., 2020).


Table 2. Preparation materials for several common delivery carriers of intranasal antidepressants.
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In this review, we focused on the latest strategies of delivery carriers of intranasal antidepressants (Scheme 1). We began this review with an overview of the nasal drug delivery systems, including nasal drug delivery route, absorption mechanism, and advantages and limitations in nasal drug delivery route. Next, we introduced the development of nasal drug delivery devices, such as powder devices, liquid-based devices, and so on. Finally, intranasal delivery carriers of antidepressants in clinical studies, including nanogels, nanostructured lipid, liposomes nanoparticles, and nanoemulsions/microemulsion, were summarized. Moreover, challenges and future perspectives on recent progress of intranasal delivery carriers in antidepressant treatment were discussed.


[image: Scheme 1]
SCHEME 1. Schematic illustration of the design and application in delivery carriers of intranasal antidepressants.




NASAL DRUG DELIVERY SYSTEMS


Nasal Drug Delivery Route

The nasal route has gained attention as it is a direct non-invasive way to transport drugs to the brain which cannot be transferred via the oral route. To date, olfactory and trigeminal nerves have been shown to be safe and effective pathways to deliver therapeutic agents to brain (Figure 1).
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FIGURE 1. Pathway for brain targeting after intranasal administration.


The olfactory pathway is composed of the olfactory epithelium, lamina propria, and olfactory bulb. Three types of cells, neuronal cells, progenitor cells, and supporting cells belong to the olfactory epithelium and are connected by tight junctions. An information pathway to the brain is built by neuronal cells which start from the olfactory bulb in the CNS to the olfactory epithelium in the nasal cavity (Leopold, 1988). Due to the constant motion between basal cells and neural cells, the delivery ability of drugs to the brain was enhanced (Caggiano et al., 1994). Lamina propria, which consists of blood vessels, mucus secreting glands, olfactory axons, and a maxillary branch of trigeminal nerve, lies on the nasal epithelium (Brand, 2006; Choi et al., 2020; He et al., 2020). The olfactory bulb is used for direct nasal delivery of drugs for its distribution in different regions of the brain, such as the piriform cortex, amygdala, and hypothalamus (Khan et al., 2017).

The trigeminal pathway is another important route for delivery of therapeutic agents to the brain. The trigeminal nerve with three branches, including the ophthalmic nerve, maxillary nerve, and mandibular nerve, control the respiratory region of the nasal cavity and sensation of the nasal cavity. Among them, ophthalmic and maxillary nerves bring the information from the nasal cavity to the CNS by controlling the nasal mucosa. So, numerous drug delivery systems for the brain or nerves usually use these two branches as a target for the delivery of drugs (Johnson et al., 2010; Venereau et al., 2016). Drugs enter the brainstem through pons by the trigeminal nerve controlling the nasal cavity and then travel to caudal and rostral parts of brain so that transport of drugs to the brain is achieved. Because not only the olfactory pathway but also the trigeminal pathway could deliver drugs to the rostal area of the brain, it difficult to distinguish when drugs are intranasally administered to the brain by nasal administration (Thorne et al., 2004; Johnson et al., 2010) as shown in Figure 2.
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FIGURE 2. Intranasal administration delivers IRdye 800 to the trigeminal nerve. The trigeminal nerve (see inset) has high IRdye 800 concentrations in four locations: (1) the maxillary incisal nerve as it passes through the middle concha, (2) the infraorbital nerve as it passes through the maxillary sinus, (3) the septal branch, and (4) maxillary molar branch as they pass through the choana. The maxillary teeth and trigeminal nerve receive IRdye based on its proximity from these trigeminally connected structures. Reprinted with permission from ref. Johnson et al. (2010). Copyright (2010) American Chemical Society.


Cerebrospinal fluid (CSF) in the subarachnoid space and nasal lymphatics provide a pathway for therapeutics to both CSF and other areas of the CNS (Dhuria et al., 2010). Some radiolabeled tracers were injected into the CSF in cerebral ventricles or subarachnoid space drain to olfactory bulbs, which then traveled into channels and entered the nasal lymphatic system and cervical lymph nodes (Johnston et al., 2004), which demonstrated the reach of drugs to the CNS after intranasal drugs moved from the nasal cavity to the CSF, the brain interstitial spaces, and perivascular spaces. Moreover, the distribution of neurotherapeutics in CSF also proves the mechanism of nose-to-brain drugs (During et al., 2003).



Mechanism of Drug Nasal Delivery and Absorption

The principal process in the delivery and absorption of a drug by the nasal cavity route is through the mucus. Mucin, which is formed from mucus, is a protein that has the potential to bind with solutes and thus affect the diffusion process. There are numerous mechanisms for nasal delivery and absorption through the mucosa, including paracellular and transcellular routes (Duvvuri et al., 2003). Paracellular transport is an inverse correlation between intranasal absorption and the molecular weight of water-soluble compounds. When a molecular weight is >1,000 Daltons, drugs showed poor bioavailability (Huang et al., 1985; Alex et al., 2014; Li Y. et al., 2018). The second mechanism is a transcellular process and is responsible for the transport of lipophilic drugs that show a rate dependency on their lipophilicity (Kangmieler et al., 2014; Proschak et al., 2017). As discussed above, to enhance bioavailability, permeation enhancers are necessary (Wang and Chow, 2014; Yamamoto et al., 2017). Permeation enhancers would induce reversible modifications on the structure of the epithelial layer by modifying the phospholipid bilayer (Dhuria et al., 2010; Mouez et al., 2014).



Advantages and Limitations of Nasal Drug Delivery Route

An intranasal drug delivery system offers a non-invasive, effective, reliable, direct, and alternative route to the CNS via the neural connections between the nasal mucosa and the brain (Graff and Pollack, 2005), which is one of the most permeable and highly vascularized sited for drug administration and the onset for therapeutic action (Illum, 2000; Thorne and Frey, 2001). Some distinctive advantages for drug delivery are as follows: (Fortuna et al., 2014; Kumar et al., 2016; Kashyap and Shukla, 2019; Nidhi et al., 2019; Kaneko et al., 2020; Wang et al., 2020) (1) A large surface for drug absorption; (2) Convenience and good patient compliance; (3) Rapid attainment of therapeutic drug levels in the blood; (4) High drug permeability, especially for lipophilic and low molecular weight drugs; (5) Avoidance of harsh environmental and gastrointestinal conditions; (6) Bypassing of the hepatic first-pass metabolism; (7) Potential direct drug delivery to the brain along the olfactory nerves; (8) Direct contact site for vaccines with lymphatic tissues; (9) Convenient for patients in long-term therapy; and (10) An alternative route for drugs with poor stability in fluids. In the nasal epithelium, the therapeutic agents are delivered to the olfactory bulb and brainstem, and disperse to other CNS areas via pulsatile flow within the perivascular spaces of cerebral blood vessels which contributes to drug absorption. It is almost equal to intravenous injections in some instances, owing to the unique direct connection between the brain and the nasal cavity (Angeli et al., 2019; Musumeci and Bonaccorso, 2019; Craft et al., 2020). Intranasal administration is the only route that connects the brain with the outside environment (Mistry et al., 2009), which has received attention due to its wide drug delivery potential, including nucleotides, peptides, proteins, and even stem cells. Moreover, the nasal route of drug delivery includes both local and systemic drug delivery. A wide range of pharmaceutical dosage forms, including solutions, gels, suspensions, emulsions, liposomes, and microparticles administered via nasal route (Jullaphant et al., 2009; Kitiyodom et al., 2019; Lengyel et al., 2019; Salade et al., 2019), achieved an enhanced targeting ability and reduced systemic side-effects.

However, some vital factors and physicochemical properties influence the nasal absorption of drugs: (1) Physiochemical properties of the drug, including molecular weight, particle size, lipophilic-hydrophilic balance, and enzymatic degradation; (2) Nasal effect, including membrane permeability, environmental pH, mucociliary clearance, etc.; and (3) Delivery effect, including formulation, drugs distribution and deposition, and viscosity of the formulation (Alagusundaram et al., 2010; Chaturvedi et al., 2011; Bakri et al., 2018; Inoue et al., 2020). For example, some polar drugs or macromolecules are not absorbed in high enough concentrations for their poor membrane permeability, rapid clearance, and enzymatic degradation within the nasal cavity. And the nasal mucosa and physiological and anatomical factors, including nasal blood flow, enzymatic degradation, mucociliary clearance, the physical condition of the nose, including nasal atrophic rhinitis and severe vasomotor rhinitis, could also reduce the capacity of nasal drug absorption and bioavailability as Figure 3 (Sintov et al., 2010; Qian et al., 2014; Mansuri et al., 2016; Rohm et al., 2017; Inoue et al., 2018; Rohrer et al., 2018; Akel et al., 2020; Badhe and Nipate, 2020). These limitations must be addressed in the design of drug absorption by the nasal route.
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FIGURE 3. Nasal mucociliary absorption route after intranasal administration, reprinted with permission from Inoue et al. (2018). Copyright (2018) American Chemical Society.





NASAL DRUG DELIVERY DEVICES

It should be noted that efficient and novel nasal drug delivery devices used for direct transport of drugs from nose to brain is another important strategy for the improvement of diagnosis and treatment effect, which help drugs to be transported to the brain via the olfactory/trigeminal pathway. Some devices, including droppers, syringes, pressurized meter dose inhalers, Breathe Powered Bi-directional nasal devices, and pressurized olfactory delivery devices, were adopted in clinical treatment and were also categorized into devices with liquid, powder, and semisolid formulations (Djupesland, 2013; Erdő et al., 2018). The right delivery system depended on the type of drug formulation. Powder formulations with high stability often stick to the nasal mucosa before it is cleared. Liquid formulations are the oldest, cheapest, and simplest method. Popular nasal sprays spread easily and deposit in the olfactory region. The spray would distribute in the nasal cavity through nasal mucociliary clearance. But the limitation of nasal drops or spray devices depends on the self-administration technique.


Powder Devices

Compared with liquid (solution or suspension) and gel formulations of drugs, powder particles are stable and not easily dissolved so they can remain in the nasal mucosa for a long time. Moreover, because of free preservatives, powder dosages could be administrated in a large dose and prevent microbial contamination. Deposition and absorption of a powder formulation of drugs for nasal delivery depend on many factors, including size and shape of powder particle, flow characteristics, and solubility (Djupesland, 2013) as shown in Figure 4.
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FIGURE 4. Schematic illustration of the breath-powered Bi-Directional™ technology. Reprinted with permission from Djupesland (2013). Copyright (2013) Springer Nature.


An insufflator composed of straw or tube with drugs could directly deliver drugs to the olfactory region, although usually local anesthetics or decongestants are needed before insufflations delivery. Direct Haler, designed by a Danish company, delivered fine particles into the nasal cavity with lungs exposure. Compared with pressurized metered dose inhalers (pMDI) with poor patient acceptability, insufflators utilized the exhalation force of patients with normal temperatures and was popular. The Direct Haler device exhibited excellent advantages such as being free from contamination and preservatives, priming, and cleaning. Because the Direct Haler's route of drug delivery is from nose to brain, targeting the nasal valve is necessary. Smaller powder particles below 5 μ are used for olfactory absorption to increase the drug deposition to lungs. Bi-Directional technology uses the normal breath processes of the body to deliver drugs in liquid or powder form on the nasal epithelium (Djupesland, 2013). The nasal valve is a barrier for delivery of drugs because the nasal cavity is narrow. Optinose, a biopharmaceutical company, proposed closed-palate Bi-Directional™ Breath Powered® DDSs, which used an exhale device to target the drug beyond this valve (Djupesland, 2013; Djupesland et al., 2014). As we know, oxytocin has already been used for treatment of patients on the autism spectrum, however, a higher dose would lead to adverse effects. Quintana et al. (2015) proposed a randomized four-way crossover trial using a breath powered optinose device to study the relationship between the effect of oxytocin on social cognition with dose. Through this device, a lower dose was observed with a breath powered optinose device to deliver oxytocin across the nasal mucosa to the brain and demonstrated that lower doses are more efficacious than higher in producing a cognitive response.

Dry powder inhalers (DPI), which contain drug particles suspended or dissolved in solvent when they contact the nasal mucosa, deliver small doses to the nasal cavity. Teijin Puvlizer Rhinocort® is the earliest dry powder inhaler on the market. Rhinocort Turbohaler®, Rhinicort Puvlizer®, and Erizas® are three popular nasal dry inhalers used for the treatment of rhinitis (Gomes dos Reis et al., 2020). Dry powder inhalers are simple in design, cheap, can be operated without medical supervision, and doses range from μg to mg.

Bespak developed Unidose-DP™, resembling Flit Lizer technology, which was composed of a sealed container used for delivering a single shot of a drug. About 95% of the drug was delivered to the nasal cavity and about 60–70% reached the nasal vestibular region (Kaye et al., 2009). SoluVent™ is a powder delivery device and forces the powder to the nasal cavity. Vaccines have been delivered through this device (Huang et al., 2004). μco™ System was designed by Shin Nippon Biomedical Laboratories for drug absorption and decreased dose requirement. Powder carriers with systemic delivery, low molecular weight, and high molecular weight enhanced safety in clinical treatment (Bell et al., 1971; Ugwoke et al., 1999). μco™ System was designed by Shin Nippon Biomedical Laboratories. The μco™ carrier technology was based on a mucoadhesive powder drug carrier, which increased drug absorption and decreased doses of drug and provided a high activity and long contact time (Djupesland, 2013).



Liquid-Based Devices

Catheter-delivered drugs are the simplest method of drug delivery to the nasal cavity through the insertion of a catheter in the nose cavity. This technique is usually accompanied with anesthesia or a sedative to deliver the liquid. Because mucosa is sensitive to the deposition site, it is a major issue with this method of drug delivery. By blowing with the mouth, solution filled in the catheter enters into the nostril by the other end of the catheter in the nose cavity (Trangsrud et al., 2002; Berger et al., 2007; Djupesland, 2013).

Drops are another important method of nasal drug delivery for liquid formulations and have been used for decades due to their cost effectiveness and easy manufacture. However, this method risks microbial contamination and chemical instability. Glass droppers are a typical single dose drug delivery, and spray pumps would obtain a multidose administration. However, spray pumps are expensive and often are replaced by cheap disposable pipettes in clinical treatment. Pipettes, especially in treatment for nasal decongestion and irrigation purposes, often replace the drop or spray pump in the European market (Penttilä et al., 2000).

The olfactory epithelium is located in the upper part of the nose and is about 3–10% of the surface area of the nasal cavity between the nose and brain. It is a challenge to deliver therapeutic molecules via the nasal cavity due to its turbinate restriction (Morrison and Costanzo, 1990; Fonseca-Santos et al., 2015; Brozzetti et al., 2020). The pressurized olfactory device (POD) of Impel NeuroPharma (Seattle, Washington), containing a suitable tank, compressed air or nitrogen, chlorofluorocarbon (CFC) or hydrofluoroalkane (HFA), used as a propellant and air chamber, was realized to target the drug to the olfactory part of the nasal cavity. POD could transport both liquid and powder formulations through the nasal epithelium. Impel NeuroPharma deliver aqueous and powder forms of cholinergic reactivator (pralidoxime, 2-PAM) by POD with a higher concentration of 2-PAM in the brain (Brunelle et al., 2012; Bachurin et al., 2018).




INTRANASAL DELIVERY CARRIERS OF ANTIDEPRESSANTS IN CLINICAL STUDIES

Conventionally, drugs that are administered through the intranasal route are in the forms of solutions, suspensions, gels, emulsions, and powders. However, these conventional dosage forms meet many problems, such as a lack of dose precision, high particle size, high viscosity, and lack of drug stability. To enhance patient convenience, adherence, and comfort, alternating drug formulations and routes of administration should be used. As we know, oral and injectable routes of drug delivery result in a relatively well-tolerated therapeutic management, but it isn‘t feasible in all patients. The pharmacokinetic and physicochemical properties of drugs used in intranasal administration and drug properties for antidepressant medications are summarized in Table 3 (Mathias and Hussain, 2010; Bento et al., 2014). Two important factors, degree of lipophilicity (log P) and absorption of the acid dissociation constant (pKa), would most affect drug intranasal administration. Theoretically, based on these chemical properties, alternative routes of administration for antidepressants depending on different and novel formulations, including nanogels, nanostructured lipid, liposomes nanoparticles, and nanoemulsions/microemulsion, could be explored as drug delivery systems for intranasal delivery (Joshi et al., 2006; Wong et al., 2017; Ding et al., 2019a).


Table 3. Physicochemical properties of intranasal antidepressants.
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Nanogels

Intranasal delivery, as an attractive alternative method, has been used in the treatment of major depressive disorder, social anxiety disorder, generalized anxiety disorder, and panic disorder. However, low residence time of drugs in the nasal cavity would affect absorption and in turn bioavailability of the drug, which has been a crucial problem that must be faced in clinical treatment. That is, the anatomic and physiologic characteristics of nasal mucosa must be considered in the design of nasal dosage forms used for solving the rapid mucocilliary clearance (MCC) (Grinberg et al., 2017; Patel and Patel, 2017; Li S. et al., 2018; Jiang et al., 2019; Qiu et al., 2020). Gel as a nasal mucoadhesive has been very attractive due to its fluid-like qualities prior to nasal administration and can easily be administered by drops to allow for accurate drug dosing. Moreover, gelation can be constructed by using thermos-sensitive smart polymers which use sensing with nasal temperature (Dias et al., 2010; Singh et al., 2013; Naik and Nair, 2014; Gholizadeh et al., 2019; Zhang Y. et al., 2019). Bhandwalkar and Avachat (2013) reported an in situ mucoadhesive thermoreversible gel used for improving bioavailability of the antidepressant drug, venlafaxine hydrochloride, composed of Lutrol F127 (18%). Mucoadhesive thermoreversible in situ nasal gel enhanced nasal residence time and absorption of venlafaxine hydrochloride across the nasal mucosal membrane to improve bioavailability of the drug as compared with the oral route and administration of an equivalent dose. A thermoreversible biogel system based on chitosan and glycerophosphate for delivery of doxepin to the brain through intranasal administration was also reported (Naik and Nair, 2014). The antidepressant doxepin hydrochloride was doped into the mixture of chitosan and glycerophosphate with polyethylene glycol. The mixture gelled rapidly at 37°C, and returned to sol state upon cooling. The gels showed potential as effective drug delivery methods to the brain via the nose. Moreover, an intranasal chitosan nanoparticles (NPs)-loaded in situ gel, Tramadol HCl, against depression was developed (Kaur et al., 2014). Chitosan nanoparticles (NPs) were prepared by ionic gelation method followed by the addition of developed NPs within the Pluronic and HPMC-based mucoadhesive thermo-reversible gel. Depression induction of forced swim test and various behavioral and biochemical parameters demonstrated that intranasal TRM HCl NP-loaded in situ gels were a promising formulation for the treatment of depression.



Nanostructured Lipid

Nanostructured lipid carriers (NLCs), which are the nanostructured particles produced from the two-phased blend of solid and liquid lipids, have gained increasing attention during the last years. A characteristic feature of the NLC is its controlled “imperfections” nanostructure, which is created by lipid particle matrix as imperfectly as possible by spatially very different molecules being mixed into them. The imperfections in NLC increase drug loading capacity and minimize or avoid drug loss resulted from light,oxidation and hydrolysis. NLC has been used as a delivery carrier of therapeutic substances to the brain (Muchow et al., 2008).

Duloxetine (DLX) is the first class of anti-depressants which ensures rapid and sustained efficacy in treatment of both emotional and physical symptoms of depression. On oral administration of DLX, its bioavailability, kept about 50%, undergoes hepatic first pass metabolism (Martin et al., 2003). Moreover, as we know, the efficacy of antidepressants relies upon their continued presence at the site of action (brain), however, as DLX is an oral as well as intravenous administration, the BBB would restrict the access of antidepressant drugs to the brain, leading to the reduction in dose and side effects (Laffleur and Keckeis, 2020). Alam et al. (2014) reported a nanostructured lipid carrier system of intranasal administration in which the antidepressant drug, duloxetine (DLX), was contained to circumvent the BBB and maintain prolonged release at the site. DLX-NLC was prepared by mixing melted solid lipid (glyceryl monostearate) and liquid lipid (capryol PGMC), after which both of them were homogenized with hot surfactants aqueous solution (80°C pluronic F-68, 1.5%; sodium taurocholate, 0.5%) and lyophilized. The biodistribution studies suggested that DLX-NLC formulation had a better brain targeting efficiency and higher concentration of DLX in the brain by intranasal administration compared with the intravenous administration in the treatment of depression.



Liposomes

To date, two of the most popular pathways to delivery drugs via nasal administration that are also highly lipid-soluble compounds are hydrophilic and semilipophilic substances. However, highly lipid-soluble compounds usually require several steps and are relatively slow. Hydrophilic and semilipophilic substances provide a relatively quick absorption into the cerebrospinal fluid (CSF). Now liposomes have been used as an effective delivery system to the brain, due to particles being entrapped into the compounds and preventing the rapid degradation through the BBB and distribution in the brain tissue (Talegaonkar and Mishra, 2004; Krauze et al., 2006; Ding et al., 2019b). Liposomes could be prepared into nanosize vesicles (20–100 nm) by phospholipids and similar amphipathic lipids. Lipid bilayers of liposomes are similar to membranes in living cells; thus, they can carry lipophilic substances such as drugs within these layers as cell membranes. Specially, because the drug is entrapped in liposomes, a decreased dose of a compound is usually expected (Sharma and Sharma, 1997; Druliskawa and Dorotkiewiczjach, 2010; Loirapastoriza et al., 2014).

Quercetin, 3,5,7,3′,4′-pentahydroxylflavone, as a bioflavonol, usually found in foods such as onions, apples, tea, and red wines, could exert beneficial actions on the CNS, such as being antianxiety. To apply quercetin for the treatment of antidepressants, some limitations of quercetin must be solved, such as its poor absorption and very low distribution to the brain after oral administration (Dandrea, 2015; Wang et al., 2016) for rapid metabolism and bypassing of the BBB. The nasal route of quercetin can serve as a potential pathway for systemic drug delivery because of the high degree of vascularization and permeability of the nasal mucosa. Priprem et al. (2008) developed intranasal quercetin liposomes and assessed the anxiolytic and cognitive effects on rats based on lipid thin film formation and extrusion. The lipid thin film was a mixture of egg phosphatidylcholine (EPC) and cholesterol (chol). Due to the semilipophilic character of quercetin, it was mixed to the EPC/chol using a vehicle (water, 50% ethanol, and 50% PEG). Quercetin liposomes showed anxiolytic and cognitive-enhancing effects. Moreover, a lower dose and a faster rate were observed with intranasal quercetin liposomes which exhibited that the intranasal quercetin liposomes were effective in the delivery of quercetin to the central nervous system. Piperine, which encapsulated liposomes for intranasal delivery, was investigated in male Wistar rats (Priprem et al., 2011). Piperine, as a major alkaloid of black long pepper, had been proven to possess various activities, including anti-inflammatory and anti-depressant (Lee et al., 2005; Menneson et al., 2020). A lipid film of EPC and chol was used in the presence of piperine and chloroform. Subsequently, piperine-encapsulated liposomes were prepared. Intranasal liposomes also proved their potential in the delivery of piperine, at a low dose, to exert its antidepressant and cognitive enhancing activities.



Nanoparticles

Among intranasal drug delivery systems, the mucoadhesive chitosan nanoparticles (NPs) possess the ability to reduce the mucociliary clearance, pass through the tight junctions of cells transiently, and provide a drug transport route from the nasal membrane to the brain by the paracellular route because of its particle size, enhanced permeability, and ability to encapsulate various ingredients (Maculotti et al., 2005; Vllasaliu et al., 2010; Chen J. et al., 2020). Venlafaxine (VLF) is a dual action antidepressant [serotonin and norepinephrine reuptake inhibitors (SNRI)]. Oral therapy of VLF meets some problems, such as slow onset of action and side effects like tachycardia, increased blood pressure, fatigue, headache, dizziness, sexual dysfunction, and low bioavailability (40–45%).

Haque et al. (2012) prepared venlafaxine (VLF)-loaded chitosan nanoparticles (NPs) to enhance the uptake of VLF to the brain via intranasal delivery. One phase which contained a solution of polycation chitosan mixed with another that contained a solution of polyanion sodium tripolyphosphate (TPP) at room temperature and VLF was dissolved into chitosan solution at the drug polymer ratio of 1:1 before the addition of TPP. The brain/blood ratios of VLF for VLF (i.v.), VLF (i.n.), and VLF chitosan NPs (i.n.), were 0.0293, 0.0700, and 0.1612, respectively, at 0.5 h, which indicated a better brain uptake of VLF-chitosan NPs, higher drug transport efficiency (508.59), and direct transport percentage (80.34) of VLF chitosan NPs. In another piece of research, Haque et al. (2014) investigated Venlafaxine-loaded alginate chitosan nanoparticles (VLF AG-NPs) for the treatment of depression via intranasal (i.n.) nose to brain delivery route. Pharmacodynamic studies of the VLF AG-NPs for antidepressant activity were carried out in-vivo by forced swimming test, which indicated that VLF AG-NPs (i.n.) treatment significantly improved the behavioral analysis parameters including swimming, climbing, and immobility. Tong et al. (2017) prepared Desvenlafaxine-loaded PLGA-chitosan nanoparticles by solvent emulsion evaporation technique and the optimized Desvenlafaxine-loaded PLGA-chitosan nanoparticles based on intranasal administration significantly reduced the symptoms of depression. Intranasal Desvenlafaxine PLGA chitosan nanoparticles also enhanced the Desvenlafaxine in brain together with their brain/blood ratio at different time points, which demonstrated its better efficacy in treatment of depression. Singh et al. (2015) presented the study of thiolated chitosan nanoparticles (TCNs) which were synthesized by the ionic gelation method, to enhance the nasal delivery of selegiline hydrochloride for effective treatment of depression. In the evaluation of drugs on animals, selegiline hydrochloride—TCNs successfully attenuated oxidative stress and restored the activity of the mitochondrial complex. In an evaluation of behavioral parameters, TCNs successfully restored the impaired locomotor activity and normal sucrose consumption was found on treatment. TCNs seemed to be promising carriers for nose-to-brain delivery in the evaluation of antidepressant activity.



Nanoemulsions /Microemulsion

Intranasal delivery of drugs allows the drug to directly enter the brain by bypassing the BBB and avoids extensive hepatic and intestinal metabolism. This route has been a convenient and reliable route. Several new formulations are used to deliver drugs to the brain by olfactory, neuronal, and trigeminal pathways. Nanoemulsions are a promising and novel formulation to deliver lipophilic drugs to the brain through the intranasal route, which is an optically isotropic and thermodynamically stable system composed of oil, water, and surfactant (and/or co surfactant) (Mehta et al., 2008). Due to its high solubilization of lipophilic drugs, stability, ease of preparation, and handled stabilization of hydrolytically susceptible compounds, it provided the advantages of bioacceptability, biodegradability, and rapid uptake by the brain (Abouhussein et al., 2018; Pires and Santos, 2018). Many drugs, including Sumatriptan (Vyas et al., 2006a; Ganger and Schindowski, 2018), Zolmitriptan (Vyas et al., 2005; Islam et al., 2020), Cabergoline (Sharma et al., 2009; Pires and Santos, 2018), Clonazepam (Vyas et al., 2006b; Costa et al., 2019), Nimodipine (Zhang et al., 2004), Tacrine (Jogani et al., 2008), and Diazepam (Li et al., 2002), have been administered via the nasal route in the form of microemulsion (Mason et al., 2006; Jones et al., 2017; Singh et al., 2017; Sindhu et al., 2018). Pandey et al. (2016) developed a paroxetine-loaded nanoemulsion (o/w type) for direct nose-to-brain delivery. Nanoemulsions were constructed by the spontaneous emulsification technique using oil phase, including Capmul MCM, Solutol HS 15, and propylene glycol, surfactant and co-surfactant, for a delivery system via the nasal route to treat depression. Intranasal treatment of depressed rats with paroxetine nanoemulsion significantly improved the behavioral activities in comparison to oral paroxetine control groups. Biochemical estimation results suggested that the paroxetine-loaded nanoemulsion was effective in enhancing the depressed levels of glutathione and decreasing the elevated levels of thiobarbituric acid reactive substances (TBARS). Thakkar et al. (2013) prepared mirtazapine microemulsion for intranasal delivery microemulsions (MME-26% w/w, mirtazapine) through completely dissolving mirtazapine in a mixture of oil Capmul MCM (O-7% w/w), surfactant Tween-80 (S-33.75% w/w), co-surfactant, and Polyethylene Glycol 400 (CoS-11.25% w/w). Pharmacokinetics, swim tests, locomotor activity, maze tests, and brain/blood uptake ratios all demonstrated a more rapid and a larger extent of transport of mirtazapine into the brain with intranasal mirtazapine mucoadhesive microemulsion.




CONCLUSIONS AND PERSPECTIVES

Direct intranasal drug transportation to the brain has been highlighted as a potential strategy for addressing antidepressant therapy, because it would break through the bottleneck of the blood-brain barrier and enhance targeting ability. It is well-known that the progress of intranasal drug transportation benefits from nanocarrier-based formulations, however, although encouraging and tremendous developments have achieved, to explore and apply all kinds of drug carriers for antidepressant treatment by the intranasal route in clinics retains many challenges. Drugs in the intranasal delivery route are more sensitive for enzyme, acid, and hepatic metabolism than other routes. Moreover, the absorption and bioavailability of drugs can usually be influenced by rapid drug elimination, limited administration volume, and so on. In addition, the use of intranasal drugs is still at an early stage and far from clinical practice. As we know, esketamine nasal spray was recently approved as the first intranasal prescription medicine used for the treatment of depression. These findings corroborate that nose-to-brain drug delivery could provide a strong effective solution for treatment-resistant depression. Regulatory issues in safety and quality aspects need to be satisfied to translate these methods from research to the market. The pharmaceutical industry must be evolving and improving processes for manufacturing accurate and repeatable intranasal dose in the coming years. In this review, we introduced the absorption mechanism, advantages including large absorption surface area, good patient compliance, rapid and high drug permeability, bypassing of hepatic first-pass metabolism, potential direct drug delivery to the brain along the olfactory nerves, and limitations, including rapid drug elimination prompted by mucociliary clearance (5 mm/min for healthy humans), limited administration volume (25–200 ml), and the presence of enzymes that degrade in nasal drug delivery route (Lechanteur et al., 2017, 2019; Chen S. et al., 2020; Lechanteur and Evrard, 2020; Sabir et al., 2020; Taipaleenmaki and Stadler, 2020). Then, we systematically summarized the development of intranasal delivery carriers of antidepressants in clinical studies including nanogels, nanostructured lipid, liposomes nanoparticles, and nanoemulsions/microemulsion. Finally, recent progress, challenges, and future perspectives of intranasal delivery carriers in antidepressant treatment were discussed.
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A major factor for developing new tumor models is to recreate a proper three-dimensional environment for 3D tumors culture. In this 3D microenvironment, extracellular matrices play important roles in regulation of hallmark features of cancer through biochemical and mechanical signals. The fabrication of a mechanical and biophysical controllable hydrogel, while sharing similarities with Matrigel in cancer invasiveness evaluation, is an urgent but unmet need. In this study, we developed a hybrid hydrogel system composed of GelMA and hydrolyzed collagen to model tumor micro-environment and tested with several cancer cells with different origin and characteristics. This hydrogel possesses a well-ordered homogenous microstructure, excellent permeability and an adjustable mechanical stiffness. This hydrogel demonstrated similar properties as Matrigel in tumor spheroids culture and 3D tumor invasiveness studies. It was further applied in a Tumor-on-a-Chip system with 3D-bioprinting. Our research demonstrated this hydrogel's effectiveness in tumor 3D culture, and its potential to replace Matrigel in cancer invasiveness evaluation.

Keywords: hydrogel, 3D-ECM, microchip, bio-printing, cancer invasiveness


INTRODUCTION

In cancer research, in vitro cell based models have been widely used for the purpose of examining signaling pathways and mechanisms which are responsible for different phenotypes and functions of cancer cells. Some of these include, metabolism, growth, migration, matrix invasion, and drug resistance (Sharma et al., 2010; Goodspeed et al., 2016). Conventionally, monolayer cultures of adherent cancer cells have been used for such applications (Sharma et al., 2010; Ham et al., 2016). The ease of creation and maintenance of 2D cultures of cells, and their compatibility with a number of culture vessels and biochemical assays, makes 2D cultures vital to cancer research (Hughes et al., 2011). However, despite these advantages, 2D cultures fail to recapitulate the pathophysiological features of human tumors as shown by a growing understanding of the complexity of cancer. Because of the need for improved in vitro cancer models, intense research on the subject matter has been done in both industry and academia. This has resulted in the development of multiple 3D culturing systems (e.g., Tumor -on-a-Chip) which serve as high fidelity tools for basic cancer research and for drug discovery applications (Weigelt et al., 2014). 3D models allow for the exploration of a wide range of variables that affect tumor growth, invasion, and metastasis. Furthermore, they provide the capability of high-throughput drug-screening that is not possible with in vivo animal models or clinical samples (Li and Kumacheva, 2018).

The 3D microenvironments for cancer spheroid growth is very important. Hydrogels, reconstituted by extracellular matrix (ECM) components, are often used to create 3D environments for in vitro studies. This is possible because of their ability to mimic the natural bioactivity of physiological environments. Natural and synthetic biomaterials and their mixtures have been increasingly utilized to develop in vitro models to study various cancer cell behaviors in 3D microenvironments. Protein-based hydrogels such as collagen (Szot et al., 2011; Charoen et al., 2014; Jeong et al., 2016), Matrigel (Weaver et al., 1997; Lang et al., 2001; Härmä et al., 2010; Chaudhuri et al., 2014), or fibrin (Liu et al., 2012) are commonly used for 3D cancer cell culture owing to their specific chemical and biophysical properties, within which, Matrigel is recognized as a “golden standard” scaffold in vitro. Matrigel is a basement membrane (BM) extract composed of a complex mixture of over 1,000 proteins, including type IV collagen, laminin and nidogen as major components (Kratochvil et al., 2019). As the most commonly-used material for 3D cell and organoid culture, Matrigel ultimately augments the self-assembling capacity of PSCs (Kleinman and Martin, 2005; Hughes et al., 2010). The applications of Matrigel, have greatly exceeded other biomaterials since its initial development several decades ago. This is attributed to several major advantages which include: built-in complex distribution of nutrients and protein gradients, ease of handling, fast gelling kinetics, and the readily available commercialized product with high quality control. Apart from this however, Matrigel possesses several notable limitations in the area of tissue engineering. Firstly, the inherent compositional variability usually results in a lack of control over individual specific microenvironmental parameters. More importantly, due to a combination of growth factors in Matrigel, the simultaneous occurrence of signaling cascades may confound signal transduction in cells undergoing organogenesis. This may lead to an incomplete understanding of self-assembly mechanisms (Vukicevic et al., 1992). Secondly, precise control over gelation kinetics is not possible due to the rapid gelling of Matrigel. This creates uncertainty in the microstructure of the final network (Cruz-Acuña and García, 2017). In addition to this, the inability to manipulate or control its mechanical properties, restricts its application in mechanotransduction during organogenesis. Lastly, although Matrigel is a widely supplied commercialized product, problems with reproducibility could still arise. This is due to inherently inconsistent composition and batch-to-batch variability. Problems with consistency can lead to problems with genetic drift in organoid formation, which is particularly important if investigators subculture and passage organoids. Therefore, biomaterials with defined component content and adjustable mechanical are in demand to replace Matrigel for organoid culture (Thakuri et al., 2018; Kratochvil et al., 2019).

Physical properties of tumor environments regulate migration and invasion of cancer cells in vivo (Hynes, 2009; Schedin and Keely, 2011). However, most commonly used biomaterials for 3D models do not allow flexible control of mechanical and biophysical features (Szot et al., 2011). These effects on the prometastatic functions of cancer cells can be reproduced in vitro. Here, several studies demonstrate that the mechanical rigidity of a hydrogel regulates aggressive behaviors of cancer cells and tumor spheroids (Ulrich et al., 2009; Liang et al., 2011; Schedin and Keely, 2011; Taubenberger et al., 2016). Changing stiffness of a hydrogel is accompanied by alterations in gel microstructure, and the consequent changes in 3D permeability affect cell viability (Cha et al., 2010).

Biopolymer hydrogels offer a wide assortment of biochemical and biophysical properties for cell morphogenesis and function. However, factors such as the range of cues provided by natural scaffolds, their batch-to-batch variation, and uncontrolled degradation, often limit the isolation of the effect of a specific ECM property on cancer cell fate. Moreover, it can affect reproducibility of the results of comparative studies of cancer cell growth (Benton et al., 2014). These limitations may be overcome with the use of synthetic hydrogel scaffolds—which carry appropriate cell adhesion ligands and biodegradable cross linkers that control hydrogel composition and properties (Sung et al., 2011; Kratochvil et al., 2019).

Gelatin-methacrylate (GelMA) has recently emerged as an attractive option for fabricating engineered ECM-based matrices, since it possesses a wide range of physical properties while maintaining constant gelatin concentration (Chen et al., 2012). In this paper, we reported generation of a simple and effective composite hydrogel with tunable structures and properties. This approach also permits the manipulation of scaffold stiffness without changing collagen content, by changing the ratio of GelMA to collagen of scaffold stiffness without changing the collagen content. Specifically, we compared the invasion and growth of invasive MDA-MB-231 breast cancer cells and NCI-H23 lung cancer cells in this composite hydrogel with non-invasive cancer cells such as MCF-7 breast cancer cells and HT-29 colon cancer cells. This GelMA-based hydrogel demonstrated its ability to simulate the functions of Matrigel in support of 3D cancer growth, measurement of cancer invasiveness, and evaluation of drug sensitivity. In addition, it exceeded the Matrigel in its ability for its usage in 3D-bioprinting and Tumor-on-a-Chip fabrication.



MATERIALS AND METHODS


Materials and Cells

MDA-MB-231 and MCF7 human breast cancer cell lines, HT-29 human colon cancer cell lines, and NCI-H23 human lung cancer cell lines, were purchased from the Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (ACS). Leibovitz's L-15, high-glucose Dulbecco's Modified Eagle's Medium (DMEM), McCoy's 5A (Modified), and RPMI 1640 media, fetal bovine serum (FBS), Insulin-Transferrin-Selenium-A Supplement and Penicillin-Streptomycin Solution were from GibcoTM. All chemicals were purchased from Sigma-Aldrich.



Hydrogel Formation and Optimization

GelMA was synthesized using previously published procedure with some modifications (Chen et al., 2012) (Figure 1A). Briefly, porcine skin gelatin was dissolved at 10% w/v in phosphate buffered saline (PBS) at 50°C. Methacrylic anhydride (MA) was added to the gelatin solution using a peristaltic pump at a rate of 20 ml/min under aggressive stirring. Final MA concentrations of 3, 5, and 10% v/v were used and will be referred to as L-G, M-G, and H-G herein. The reaction proceeded for 24 h at 50°C shielded from light. The solution was ultrafiltrated to remove unreacted MA. The GelMA solution was filtered, lyophilized, and stored at −20°C.


[image: Figure 1]
FIGURE 1. Preparation of GelMA material. (A) Schematic illustration of GelMA reaction; (B) 1H NMR verification of GelMA. Peak correspond to acrylic protons (2H) of methacryloylated grafts of lysine groups. (C) GelMA gelation (L-G) with 0.5% w/v LAP cross-linked with 405 nm light for 1 min. (D) image of 3D culturing of cancer Spheroids inside of crosslinked L-G. Scale Bar, 200 μm.


To generate the GelMA-based composite hydrogels, GelMA was first dissolved at 20% w/v in PBS and incubated in a 50°C water bath until dissolved. The different degree of substitution GelMA solutions were blended in same ratios to tune the gel mechanical properties, with the goal of producing three different gel stiffness conditions. The GelMA solution was then combined with the photo-initiator lithium phenyl-2,4,6- trimethylbenzoylphosphinate (LAP; 0.05% w/v final concentration) (Fairbanks et al., 2009), PBS, and collagen in a 37°C water bath. For SEM, elastic moduli testing and culturing cancer cells and tumor spheroids, we prepared gels with same concentration (5% w/v) of different DS GelMA (L-G,M-G and H-G) and the two different collagen concentrations at each DS GelMA [0, 0.5%(w/v)].



Evaluation of Hydrogel Elastic Moduli

One hundred microliters Hydrogels were pipetted into a 96-well plate and photo-cross-linked via UV exposure at 405 nm for 1 min. The hydrogels were swelled in PBS at 37°C overnight, and indentation was performed to determine elastic moduli. The stiffness of the hydrogels was characterized by nano-indenter (PIUMA, Optics11, Netherlands). For analysis, we selected an appropriate probe with Stiffness value = 0.5 N/m, Tip radius Value = 50 μm.



Examination of Microstructure in Hydrogels

Hydrogels were frozen in liquid nitrogen, lyophilized and sputter coated with gold for 40 s and images were taken at 5 kV (PHENOM ProX SEM, Phenom-China). Porosity and pore sizes were calculated with Image J software (NIH). Each group had 3 hydrogel samples. Five images from each sample were randomly selected and 5 measurements from each image were taken.



The Viability of Cells and Morphology on Hydrogels

The viability of cells in the hydrogels was assessed by cytotoxicity test of the extract. The extract of high density polyethylene [U.S. Pharmacopeial Convention (USP)] as the negative control and ZEDC polyurethanes (Tokyo Into industrial Co., Ltd.) as the positive control. The hydrogels were extracted aseptically, sealed and incubated in Vapor-bathing Constant temperature vibrator at 37°C and 60 rmp for 24 h. Fibroblast L929 cells were cultured in MEM medium at 37°C in a humidified atmosphere of 5% CO2, then digested by 0.25% trypsin. The suspended cells were dispensed at 100 μl per well in 96-well plate, and cultured in cell incubator (5%CO2, 37°C). After the cell grew to form a monolayer, original culture medium was discarded. The 96-well plates were then treated with 100 μl of extract of hydrogels, control article, negative article and positive article respectively. The 96-well plate was incubated at 37°C in cell incubator of 5% CO2 for 24 h. Then 50 μl aliquot of MTT (1 mg/ml) was added to each well and then incubated at 37°C for 2 h. The liquid in each well was tripped out and 100 μl isopropanol was added to each well to suspend the cell layer. The above suspension was evaluated with a dual-wavelength spectrophotometer with the measurement wavelength at 570 nm and reference wavelength at 650 nm.

Cell morphology was examined at 24 h culture on the surface of the hydrogels. Hydrogel polymerization was conducted in a 96 well plate (75 μl per well) and photo-cross-linked via UV exposure at 405 nm for 1 min. Then Mouse skeletal muscle cell line C2C12 single-cell suspension (1 x 105 cells/ml) were dispensed at 100 μl per well in 96-well plate, and cultured in cell incubator (5%CO2, 37°C). After 24 h culture, C2C12 were fixed and stained with phalloidin (Beyotime) and DAPI to visualize F-actin filaments and cell nuclei respectively. Gels were washed in PBS and imaged on an OLYMPUS IX83 microscope.



3D Tumor Spheroid Formation and Invasion Study

Tumor cell cultures were trypsinized to generate a single-cell suspension and diluted to 200,000 cells/ml in growth medium. A volume of 50 μl single-cell suspension with tumor cells was added to each well of an anti-adhesion 96-well U-bottom plate (Corning, Corning, NY). The cells were pelleted into the u-bottom of each well by centrifugation at 500 × g for 5 min at room temperature using a centrifuge (Eppendorf, New York, NY). After centrifugation, 150 ml of growth medium was gently layered over each well. The plate was then incubated under standard culture conditions for 3 days.

The culture medium was removed and 50 μl of composite hydrogels (LGC, MGC, HGC) and Matrigel was added into each well. After polymerization, 150 μl of growth medium was gently layered over each well. The plate was then incubated under standard culture conditions. Olympus IX83 microscope photographs were taken on day 1, day 2, day 5, and day 7 to compare the tumor migration in composite hydrogels with Matrigel. Image analysis was performed with ImageJ to draw the spheroid boundary and measure the roughness and size of each cancer spheroid.



Statistical Analysis

Data are presented as the mean ± standard deviation of at least three individual biological experiments. Comparisons between two groups were made by Student's two-tailed unpaired T-test. P < 0.05 was considered for the significance level for all analyses. Analysis of the data from NMR was performed using software MestReNova.




RESULTS AND DISCUSSION


Determination of Degree of Methacrylation and Gelling Characteristics of GelMA

GelMA with varying degrees of methacrylation has previously been used to produce scaffolds with tunable mechanical properties (Benton et al., 2014). For instance, matrix stiffness could be changed via alterations to the methacrylation degree of GelMA. However, the effectiveness of GelMA containing composite hydrogels in modulating cancer cell growth and invasion have not been well-understood. In order to create an ideal in vitro micro-environment for cellular behavior studies, especially for cancer cells, we synthesized GelMA with MA at final concentrations of 3, 5, and 10% v/v. GelMA with low, medium, and high amount of MA modification are referred to as L-G, M-G, and H-G. The GelMA with different MA modification were confirmed with 1H NMR verification in correspond to acrylic protons (2H) of methacryloylated grafts of lysine groups (Figure 1B). These results demonstrated the ability to create GelMA polymers with a degree of methacrylation varying roughly from 20 to 95%. Three batches of GelMA were created with “high” (95 ± 0.2%), “medium” (65 ± 0.4%), and “low” (25 ± 0.6%) methacrylation degree.

The GelMA hydrogel polymerization was conducted when mixed with LAP (0.05% w/v final concentration) via UV exposure at 405 nm for 1 min. The transformation of GelMA from liquid to solid phase was demonstrated in Figure 1C. Cell spheroids, such as cancer spheroids, or iPSC-derived cardio-myocytes spheroids could be embedded in this gel perfectly while maintaining cellular functions (Figure 1D).



Characterization of Composite Hydrogels

To investigate how the changes in scaffold stiffness could affect cellular behavior, composite hydrogels with three different GelMA and collagen [0.5%(w/v)] were fabricated respectively. The porosity of the hydrogel was monitored with scanning electron microscopy (SEM) after lyophilization (Figure 2A). The SEM images revealed uniform porous microstructures throughout all the samples. SEM pictures show a homogenous microstructure with well-organized pores. The average size of interconnected pores decreased with higher degrees of methacrylation: 201.42 ± 5.87, 45.72 ± 7.12, and 16.45 ± 3.56 μm for the L-G, M-G, and H-G GelMA hydrogels, respectively. The mechanical properties of each synthesized GelMA hydrogel were evaluated using a nanoindenter tested. We selected the appropriate probe and test the elastic modulus of different methacrylation degree at GelMA concentrations of 10%(w/v). During the test, we performed mechanical testing in a water bath to avoid water loss, which can significantly affect the mechanical behavior of hydrogels (Data not shown). We found that the elastic modulus of the GelMA increased with its methacrylation degree: 142.56 ± 0.09 Pa (L-G), 3.75 ± 0.18 kPa (M-G), and 15.37 ± 0.33 kPa (H-G) (Figure 2B) and the concentration of collagen at 0.5%(w/v) did not influence the stiffness of the composite hydrogel. Collectively, the degree of methacrylation was found to affect the physical and mechanical properties of the synthesized GelMA hydrogels, with higher methacrylation resulting in stiffer and more durable hydrogels, with smaller pore sizes. To ensure the materials and polymerization conditions were not cytotoxic, Fibroblast L929 viability was measured when cultured with different material extracts. After 24 h, MTT assay was performed. The results showed that the cytotoxicity ratio of 100% test hydrogels extract was higher than 80% (Figure 2C). We observed acceptable viability for L929 cultured within the extracts of the composite hydrogel.


[image: Figure 2]
FIGURE 2. Mechanical properties of composite hydrogel. (A) SEM images of GelMA hydrogels, showing the effect of the degree of methacryloyl substitution on the ore sizes of GelMA hydrogels.; (B) three different degree of methacryloyl substitution of GelMA/collagen hydrogels were fabricated and collagen content was varied from 0 to 5 mg/ml, Despite variations in collagen content, under the same DS of GelMA, the stiffness of composite hydrogel was not significantly different. (C) Cell viability measured with different hydrogels, measured by MTT assay. (D) Schematic illustration of cell attachment on Composite hydrogel with different stiffness. (E) Morphology of C2C12 on 10% GelMA with different degree of substitution, I: L-G+C II: M-G+C III: H-G+C. N = 3 for each experiment. Error bars indicate the S.E.M of the data variation. Scale Bar, 100 μm.




Composite Hydrogel at Different Stiffness Led to Distinct Cell Behavior on 2D

Substrate stiffness plays an important role in the cellular adhesion formation and spreading (Figure 2D). Several previous studies have reported the regulation of cell behavior by substrates with different stiffness and the mechano-signaling involved (Discher et al., 2005, 2009; Han et al., 2018). Here, in order to test the cellular effect of stiffness change in composite hydrogel induced with different crosslinking, we used 2D cultured mouse skeletal muscle cell line C2C12 and placed them onto the hydrogel substrate. Results showed that on the softer substrate (L-G-C) (<1 kPa), majority of the 2D cultured C2C12 cells could not spread and attach firmly on the substrate; on a slightly stiffer substrate (M-G-C) (2.7 kPa), over 50% of cells could spread on the substrate and form spindle-like shape; on the hardest substrate (H-G-C) (15.4 kPa), majority of C2C12 cells could spread on the substrate entirely and formed a relatively large and flat cell morphology (Figure 2E). From the cell biology perspective, the above results demonstrated that substrates with different stiffness led to different cell-substrate adhesion patterns. These results also suggested that the composite hydrogel we made, could cover stiffness at a wide and defined range, which provided flexibility for researcher's usage. Considering that Matrigel is also a soft hydrogel (<1 kPa), the 3D organoids or cell spheroids could grow perfectly in the Matrigel system. The next question we asked, was whether or not the behavior of invasive and non-invasive tumors in the 3D environment, could be reconstructed and distinguished by our hydrogel series.



Cancer Spheroids Behavior in 3D Composite Hydrogel

Matrigel based cell invasion analysis has been recognized as a “golden standard” for cancer invasion analysis (Benton et al., 2014). To explore if our composite hydrogel is close to the function of Matrigel in tumor invasiveness analysis, four kinds of tumor cells including invasive cells (MDA-MB-231 and NCI-H23) and non-invasive cells (MCF-7 and HT-29) were made to formed spheroids and embedded in our GelMA/collagen composite hydrogels, with comparison to pure Matrigel.

Bright-field microscope images were taken on day 1, day 3, day 5, and day 7 to compare the cancer spheroid morphology in different hydrogels. Images analysis was performed with ImageJ for spheroid size and boundary analysis. The size and the roughness of the spheroid were measured and compared to characterize the parameters for cancer growth and invasion. We found that the gel with higher degrees of methacrylation strongly inhibits the invasion of cells invasion (Figures 3B–E). The reason for that was the higher degree of methacrylation GelMA the higher stiffness of hydrogel, and the average size of interconnected pores were smaller. High stiffness and small pore diameter reduced the invasion of tumor cells (Thakuri et al., 2018).


[image: Figure 3]
FIGURE 3. Tumor spheroid invasion in composite hydrogel. (A) Schematic illustration of Tumor invasion inside of hydrogels. GelMA hydrogel inhibits cell invasion while collagen promotes cell invasion. The composite hydrogel containing both GelMA and collagen component formed a 3D environment that allows invasive cells to digest matrix and invade, while the non-invasive cells were confined in their original positions. (B–E) are the comparison of cellular behavior among four types of cancer cells in Matrigel and in composite hydrogels, including: invasive breast cancer cells (MDA-MB231), less-invasive breast cancer cells (MCF7), invasive lung cancer cells (NCI-H23), and less-invasive colon cancer cells (HT29), respectively. Scale bar: 400 μm.


Examination of the effect of increasing collagen density at each stiffness revealed that, across all stiffnesses, the addition of collagen was necessary for invasion to occur (Figure 3A). High collagen-containing hydrogel led to emerging of invasion behavior in non-invasive cancer cells (MCF-7 and HT-29), while high crosslinking GelMA led to significantly reduced cell invasion behavior in invasive cancer cells (MDA-MB-231 and NCI-H23). Collagen promotes the migration and invasion of cells since it has similar filamentous structure as natural ECMs, which plays a crucial role in tumor progression, invasion and metastasis. This property can control both the spatial organization of the cell-substrate adhesive ligands and mechanical signal transduction from cells to the collagen nanofibers. The hydrogel formed by highly-cross-linked GelMA can tightly wrap around the cells then impeded cell protrusion and migration. Therefore, in order to simulate the Matrigel function in cancer invasion studies, there is a delicate balance between these two components—a suitable concentration of collagen and GelMA in the composite hydrogel is required.

Matrigel is recognized as a “golden standard” scaffold has several notable limitations for tissue engineering as we summarized above. These include, first, the variability of inherent composition usually results to uncontrollable individual specific microenvironments. Second, the differences between batch-to-batch and unmanageable degradation make it difficult to distinguish the true ECM component which is responsible for the cell fate, as well as to reproduce the comparison of cell growth in cancer cell studies. The fast gelling of Matrigel and lacking of consistency can result problems during cell culture. In our study, we developed a novel method for fabricating GelMA-based hydrogels to simulate the Matrigel for culture tumor spheroids. 5% L-G GelMA with 0.5% collagen could be used as basic scaffold. The invasion of invasive cells—MDA-MB-231 and NCI-H23—in the GelMA-based hydrogel (5% L-G GelMA with 0.5% collagen) were almost the same as in the Matrigel, judging from the cell morphology in the gel—the invadopodia/filopodia like protrusions (Figure 4A inserted images)—and by the comparison of size and roughness of the cancer spheroid (Figures 4A,B). The invasion and growth state of non-invasive cells (MCF-7 and HT-29) were also quite similar to as they were in the Matrigel. As a result, we concluded this recipe of the composite gels could be an alternative to or a replacement of Matrigel for tumor spheroids culture and invasion analysis.


[image: Figure 4]
FIGURE 4. Quantitative analysis of tumor spheroid behavior in composite hydrogel. (A,B) The spheroid roughness and size comparison of four kinds of tumor microspheres in Matrigel and composite hydrogel. Inserted image shows the invadopodia-like protrusions inside of the both Matrigel and L-G-C composite hydrogel. (C) The drug efficacy to cancer cells tested in Matrigel and L-G-C composite hydrogel. N = 3 for each experiment. Error bars indicate the S.E.M of the data variation. Significance were indicated with *P < 0.05, **P < 0.01 (one way ANNOVA with Tukey back test). Scale bar: 50 μm.




The Application of the Composite Hydrogel in 3D Bioprinting and Creating Channels and Structures for Tumor-on-a-Chip Research

GelMA is a bioprinting material (Yin et al., 2018). Since GelMA is one of the main components of our composite hydrogel, we explored the usage of this biomaterial for bio-3D printing, to form and obtain the desired microstructure and corresponding microfluidics. In order to test the printing characteristics of the material, we designed a Tumor-on-a-Chip with a core containing 3D tumor spheroids and circular flow channels around the tumor spheroids (Figure 5A), and used BioX printer (Cellink) (Figure 5B) to print and construct the chip. The process of the printing was shown in Figure 5C. We first printed the sacrificial layer with F127 to split the channels, and then printed L-G-C hydrogel to form the core part of the chip—the tumor spheroid made by invasive NCI-H23 cells or low invasive HT29 cells—and the external channel wall of the chip. After printing, we dissolved the F127 sacrificial layer with PBS solution to generate the channels all through the chip. Figure 5C is the schematic illustration and real images of the bioprinting in each step. After that, the chip was packaged with the outer bracket having a PMMA chamber structure obtained by machining, and the bottom having a glass slide. The inlet and outlet were positioned on the top of the chip and sealed with a screw and an O ring. The timeline of the cancer flow chamber experiment was shown in Figure 6A. We have prepared customized perfusion system and fluid control device for this experiment. The perfusion system uses the peristaltic pump (LONGER) installed on the self-made bracket for chip perfusion (Figure 6B), and the perfusion speed was set at 0.2 ml/min. The perfusion system also includes a medium reservoir (15 ml) and an 0.22 μm air filter. The control device had a touchable LED screen and corresponding software to setup perfusion speed and time, which could be freely programed (Figure 6C). The perfusion system was placed inside the incubator for long-term cell cultivation (Figure 6D). The medium of the systems was changed twice a week, and every 7 days, a 2-h continuous fluid perfusion was performed to collect direct flow through medium, in which the circulating tumor cells were harvested and analyzed. From the experimental results, the invasive NCI-H23 lung cancer cells can invade the circulatory system in about 14 days, and a large number of invasive cells can be detected in the circulating fluid of the chip after 21 days. Compared with the low invasive tumor cells, no cells were detected in the circulating flow path at 14 days, and only a few exfoliated cells were detected at 21 days (Figures 6E,F).


[image: Figure 5]
FIGURE 5. 3D Printing with composite hydrogel and fabrication of cancer spheroid containing Tumor-on-a-Chip. (A) Schematic illustration of 3D printing of a cancer spheroid containing flow chamber for cancer invasion and metastasis study. (B) Chip in 3D printing with BioX bio-printer (CellInk). (C) Upper panels are the schematic illustrate of the processing of the flow chip. Chip was first printed with F127 as a sacrificial layer. Then the L-G-C was printed and photo-crosslinked in the center of chip with cancer spheroids embedded, and the outer layer of the chip. The F127 layer was dissolved with phosphate buffer forming hollow channels for perfusion and the glass sealing was performed. Lower panels are the actual photo for the printed chip at each steps.



[image: Figure 6]
FIGURE 6. Perfusion of the tumor-on-a-chip and study of cancer invasion and metastasis. (A) The timeline of the experiment with the cancer spheroid containing flow microchip for cancer invasion and metastasis study. (B) The setup of peristatic pumping system. Each chip has two channels for inlet and out perfusion. (C) The controller of the perfusion system, allowed automated perfusion of chip. (D) The microchip and entire circulation system were setup in incubator, and perfused at 0.2 ml/min for up to 21 days with three times of sampling procedures and medium changes. (E) Cell metastasized and harvested from cancer spheroids from the perfusion medium on day 7, 14, and 21. (F) NCI-H23 cell in the L-G-C composite hydrogel with in Day 7, 14, and 21. Cells had distinguished invasion into the 3D-Matrix and migrated out of the gel into the micro-channels. N = 3 for each experiment. Error bars indicate the S.E.M of the data variation. Scale bar: 200 μm.




The Potential of the Composite Hydrogel as a Substitute for Cancer Spheroid Culture and Invasiveness Evaluation

Finding a chemically defined, multi-parameters adjustable—such as stiffness and porosity—and inexpensive novel hydrogels to replace Matrigel, is currently the focus of biomaterials research (Kratochvil et al., 2019). The most critical criterion for this novel hydrogel is its regulation of three-dimensional tumor growth and invasion, the invasive tumor in Matrigel is also invasive in the new gel, meanwhile the non-invasive tumor in Matrigel behave non-invasive in the new gel. In this paper, we used the mixture of GelMA at different degree of MA substitution and collagen altogether and fabricated a composite hydrogel. We had surprisingly positive results in regulating its porosity (Figure 2A) and hardness (Figure 2B), together with the tests of 3D tumor invasion abilities (Figures 3, 4). This depends on the joint action of the positively regulatory component—Collagen—that promotes cell invasiveness, and the negatively regulatory component—GelMA—that inhibits cell migration (Figure 3A). In testing of invasion of four representative tumor cells, we found that there was a good correspondence between their migration in LGC gel as to their migration in Matrigel (Figure 4). Then we tested the drug effect on the cancer spheroid between Matrigel and composite hydrogels, we found that the trend of the drug effect of LGC hydrogel was similar to the Matrigel. This enables the LGC hydrogel to have a good potential to replace Matrigel for the tumor three-dimensional migration studies. The application of the LGC gel in 3D printing and Tumor-on-a-Chip based tumor invasive detection further strengthen its advantages over Matrigel.

There are some deficiencies in this work. In order to confirm that this a material that can be used to completely replace Matrigel for tumor growth and invasion research. More tumor tests are required, including studies with primary tumors from different sources and tumor organoids culture—as the current trend in tumor cell biology research. The tumor invadopodia, filopodia, lobopodia, and other parameters could be systematically analyzed and compared to results from Matrigel in a mapping table format (Yamada and Sixt, 2019). This part of work will be performed in our future research.




CONCLUSIONS

In this paper, we developed a composite hydrogel with adjustable stiffness and porosity from mixation of GelMA, crosslinker, and collagen. We demonstrated this hydrogel had similar properties as Matrigel in 3D tumor spheroids culture and tumor invasiveness studies. This LGC hydrogel was further successfully applied in 3D-bioprinting and constructed a Tumor-on-a-Chip for cancer invasion and metastasis studies. Our research demonstrated this hydrogel has multiple advantages thus have a good potential to replace Matrigel for the tumor three-dimensional invasion studies.
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Charge-Mediated Co-assembly of Amphiphilic Peptide and Antibiotics Into Supramolecular Hydrogel With Antibacterial Activity
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Bacteria are the most common pathogens to cause infection of surgical sites, which usually induce severe postoperative morbidity and more healthcare costs. Inhibition of bacteria adhesion and colonization is an effective strategy to prevent the spread of infection at the surgical sites. Hydrogels have been widely used as promising antibacterial materials, due to their unique porous structure that could accommodate various antibacterial agents (e.g., antibiotics and cationic polymers with inherent antibacterial activity). Herein, inspired by the natural protein self-assembly, an amphiphilic peptide comprised of a hydrophobic naphthyl (Nap) acetyl tail and a hydrophilic peptide backbone was employed to construct supramolecular hydrogel for sustained release of the antibiotic polymyxin B. At neutral pH, the negatively charged amphiphilic peptide could form electrostatic attraction interaction with the positively charged polymyxin B, which could thus drive the ionized peptide molecules to get close to each other and subsequently trigger the self-assembly of the amphiphilic peptide into supramolecular hydrogel via intermolecular hydrogen bonding interaction among the peptide backbones and π-stacking of the hydrophobic Nap tails. More importantly, the electrostatic attraction interaction between polymyxin B and the amphiphilic peptide could ensure the sustained release of polymyxin B from the supramolecular hydrogel, leading to an effective inhibition of Gram-negative bacteria Escherichia coli growth. Combining the good biocompatibility of the amphiphilic peptide, the supramolecular hydrogel developed in this work shows a great potential for the surgical site infection application.

Keywords: amphiphilic peptide, self-assembly, supramolecular hydrogel, sustained release, antibacterial activity


INTRODUCTION

Surgical site infections are persistent and severe issues that prevent wound healing and induce wound dehiscence, abscess formation, and sepsis (Schierholz and Beuth, 2001; Edwards and Harding, 2004; Owens and Stoessel, 2008). According to the Center for Disease Control and Prevention (CDC), the ratio of surgical site infections reaches ∼22% of total hospital-related infections (Magill et al., 2014). Bacteria are the most common pathogens that induce surgical site infections. Once the bacteria adhere to the surgical sites and proliferate to form biofilm, bacteria could effectively escape from killing by antibiotics or eliminating by body immune system (Costerton et al., 2005; Wagner and Hänsch, 2017; Arciola et al., 2018). Therefore, the key point to prevent the spread of infection at the surgical sites is to inhibit bacteria adhesion and colonization (Mah and O’toole, 2001). In the past decade, intensive efforts have been focused on the design and development of antibacterial materials, including antibiotics, quaternary ammonium compounds, metal ions or particles, cationic polymers, and antibacterial peptides (Arciola et al., 2012; Campoccia et al., 2013; Modaresifar et al., 2019). Although these developed materials show good antibacterial characteristic via destroying bacterial membrane or disrupting bacterial functions, short drug effect duration and potential hemolytic activity may limit their wide application (Tian et al., 2020).

In recent years, hydrogels have emerged as a promising platform to construct antibacterial materials, due to their porous structure and easily tailored functionality (e.g., pore size and mechanical strength) (Lee et al., 2013; Li et al., 2018; Zhao et al., 2020). It is known that hydrogels have a three-dimensional network at hydrated environment, which is extremely similar to the natural extracellular matrix (ECM) and could thus maintain the host cell function to promote wound healing. Unfortunately, the hydrated environment of hydrogels could also improve the proliferation of bacteria adhered to the surgical sites (Schierholz and Beuth, 2001). Therefore, antibacterial agents such as antibiotics, metal particles, and cationic polymers with inherent antibacterial capability are usually incorporated into hydrogel networks to endow them with antibacterial activity (Li et al., 2018; Fan et al., 2020; Zhao et al., 2020). In the past few years, several polymers with bacteria membrane-destroying characteristic have been also developed to construct antibacterial hydrogels to inhibit surgical site infections (Salick et al., 2009; Liu et al., 2012; Giano et al., 2014; Wang et al., 2019). From the standpoint of clinical translation, because the complicated synthesis strategy may introduce difficulty in scale-up of the hydrogels made with antibacterial polymers, direct incorporation of antibacterial agents into hydrogels may be more advantageous. In addition, it is more convenient to adjust biocompatibility and antibacterial activity of the hydrogels loading antibacterial agents via simply changing their compositions (Lee et al., 2013). Especially for the supramolecular hydrogels self-assembled from peptides, due to their unique advantages such as wide availability of sources and inherent biodegradability, peptide hydrogels have been widely used for drug delivery, tissue engineering, and would healing (Ulijn and Smith, 2008; Koutsopoulos, 2016; Lu and Wang, 2018). Moreover, compared to many polymeric hydrogels with complicated synthesis strategy, the facile peptide synthesis method (e.g., solid phase synthesis technique) enables the scale-up of peptide hydrogels for various applications.

Along the principles described above, we herein designed and developed a new amphiphilic peptide that could co-assemble with polymyxin B, a widely used antibacterial agent for inhibition of Gram-negative bacterial infections (Tsubery et al., 2000; Bhor et al., 2005), to form well-defined supramolecular hydrogel. This amphiphilic peptide is comprised of a hydrophobic Nap tail and a hydrophilic peptide backbone (Figure 1). In aqueous solution at neutral pH, the negatively charged amphiphilic peptide could form electrostatic attraction interaction with the positively charged polymyxin B, which could thus drive the ionized peptide molecules to get close to each other and subsequently trigger the self-assembly of the amphiphilic peptide into stable hydrogel. More importantly, this electrostatic attraction interaction could ensure the sustained release of polymyxin B from the supramolecular hydrogel, thereby achieving an effective inhibition of Gram-negative bacteria E. coli growth.
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FIGURE 1. Chemical structures of the amphiphilic peptides and polymyxin B.




MATERIALS AND METHODS


Materials

Polymyxin B sulfate salt, calcein AM, ethidium homodimer-1 (EthD-1), dimethyl sulfoxide (DMSO), sodium hydroxide (NaOH), and hydrochloric acid (HCl, 37 wt%) were acquired from Sigma-Aldrich and used directly. Fluorescein isothiocyanate was provided by Thermo Fisher and used as received. Two amphiphilic peptides (Nap-Gly-Phe-Phe-Phe-Gly-Val-Asp-OH and Nap-Gly-Phe-Phe-Phe-Gly-Val-CONH2) were designed according to our previously studies (Xu et al., 2011, 2012) and synthesized by GL Biochem Ltd. (Shanghai, China). Phosphate buffered saline (PBS) solution, Dulbecco’s Modified Eagle’s Medium (DMEM), luria broth (LB) medium, fetal bovine serum (FBS), penicillin-streptomycin, trypsin, and were provided by GIBCO Invitrogen Co. All other reagents and solvents were of analytical grade and used directly.



Preparation of Peptide Hydrogel

The amphiphilic peptide (5 mg) was suspended in 1 mL of deionized (DI) water and a small volume of NaOH aqueous solution (1 M) was added to adjust the solution pH to a basic pH (∼10) to ensure the formation of homogeneous peptide solution. Subsequently, concentrated HCl aqueous solution (6 M) was added in 1–3 μL increments to adjust the solution pH and a stable hydrogel could be formed at an acidic pH (∼6.5) via the peptide self-assembly.



Oscillatory Rheology

ARES-RFS III rheometer (TA Instruments, United States) was employed to examine the oscillatory behavior of the peptide hydrogel. Prior to the measurement, the amphiphilic peptide solution (5 mg/mL) was prepared according to the method aforementioned and then transferred to the rheometer. After adjusting the solution pH to a value of ∼6.5, the storage modulus (G′) and loss modulus (G″) were recorded to understand the viscoelastic properties of the formed hydrogel.



Transmission Electron Microscopy

The peptide hydrogel was diluted in DI water and the obtained diluted hydrogel solution was applied to a copper grid with Formvar film. After air-drying, the sample was visualized on a transmission electron microscope (TEM, Tecnai G2 Spirit BioTWIN).



Circular Dichroism

JASCO J-815 spectropolarimeter was used to record the circular dichroism (CD) spectrum of the peptide hydrogel. Before the measurement, the peptide hydrogel was prepared in a 0.5 mm quartz cell. After placing the hydrogel in the spectropolarimeter, the conformation of the self-assembled peptide was analyzed with 4 s accumulations every 1 nm and averaged over three acquisitions.



Fluorescence Spectroscopy

Fluorescence emission spectra were recorded on a Synergy HT multimode microplate reader with an excitation at 272 nm and emission data ranging between 280 and 600 nm.



Synthesis of FITC-Labeled Polymyxin B

The FITC-labeled polymyxin B was synthesized based on the reaction between isothiocyanate group of FITC and the amino groups of polymyxin B. In brief, polymyxin B sulfate salt (20 mg, 0.014 mmol) was dissolved in the PBS solution (pH 7.4, 5 mL) and then FITC (8.6 mg, 0.022 mmol) dissolved in 0.5 mL of DMSO was added. After stirring in dark for 24 h, the mixture was transferred to a dialysis tube (MWCO 800) and dialyzed against DMSO for 24 h, followed by DI water for 48 h. The final dye-labeled polymyxin B (denoted FITC-polymyxin B) was collected after freeze-drying under vacuum.



In vitro Drug Release

The in vitro release experiments were conducted at 37°C to evaluate the sustained release behavior of the peptide hydrogel. Prior to conducting the release experiment, the peptide hydrogel loading FITC-polymyxin B was prepared by dissolving 5 mg of amphiphilic peptide and 1 mg of FITC-polymyxin B in 1 mL of DI water at a pH of ∼10, followed by adjusting the solution pH to a neutral pH. The obtained hydrogel was placed in a cylindrical glass vial with only the top surface exposed for the drug release. Thereafter, 1 mL of PBS solution was added to the top of the peptide hydrogel. At a predetermined time interval, the total volume of PBS solution was removed and 1 mL fresh PBS solution was added after each sampling. The amount of FITC-polymyxin B released from the hydrogel was measured by examining the fluorescence intensity of FITC (Ex = 488 nm and Em = 525 nm) using a microplate reader. The cumulative drug release was calculated as: Cumulative release (%) = (Mt M∞) × 100, where Mt is the amount of FITC-polymyxin B released from the peptide hydrogel at time t and M∞ is the amount of FITC-polymyxin B loaded in the peptide hydrogel.



Cell and Bacteria Culture

NIH/3T3 fibroblasts were incubated in DMEM (pH 7.4) with 10% FBS at 37°C in a humidified atmosphere containing 5% CO2. Gram-negative bacteria MG1655 (E. coli) were incubated in LB medium at 37°C.



In vitro Cytotoxicity

NIH/3T3 fibroblasts were used a model cell line to investigate the in vitro cytotoxicity of the amphiphilic peptides. The cells were seeded onto 96-well plates (5,000 cells per well) and then incubated in 100 μL of DMEM containing 10% FBS for 24 h. Thereafter, the medium was removed and the amphiphilic peptide dissolved in the medium was added. After 24 h incubation, the cells were washed with PBS solution and cell viability was measured using AlamarBlue assay according to the manufacturer’s protocol.



Evaluation of Biocompatibility of Peptide Hydrogel

The amphiphilic peptide (5 mg) and polymyxin B (1 mg) were dissolved in 1 mL of DI water at a pH of 10. After filtration using a 200 μm membrane, the aqueous solution was transferred to a round disc and the hydrogel loading polymyxin B was prepared according to the method aforementioned. After gently washing the hydrogel using DMEM (3 × 2 mL) and then sterilization under UV irradiation for 30 min, NIH/3T3 fibroblasts (2 × 105) suspended in 2 mL of DMEM with 10% FBS were seeded on the hydrogel surface. After incubation for 24 h, the medium was removed and PBS solution (2 mL, pH 7.4) containing 2 mM of calcein AM and 4 mM of EthD-1 was added for fluorescent live-dead staining assay. After incubation for 10 min, the stained cells were observed using a fluorescence microscope (Olympus). Viable cells were labeled by calcein AM with green fluorescence while apoptotic cells were stained by EthD-1 with red fluorescence. Viability was evaluated by measuring the percentage of viable cells of five randomly selected microscopic fields.



Evaluation of Antibacterial Activity

The antibacterial activity was carried out according to previously reported methods (Zhao et al., 2017; Tian et al., 2020), in which the surface antibacterial activity of the hydrogel against E. coli was examined. In brief, the amphiphilic peptide (5 mg) and polymyxin B (1 mg) were dissolved in 1 mL of DI water at a pH of 10. After filtration using a 200 μm membrane, 0.5 mL of the peptide solution was added to a 24-well plate and the peptide hydrogel loading polymyxin B was prepared according to the protocol described above. After gently washing the hydrogel using LB medium (3 × 1 mL) and then sterilization under UV irradiation for 30 min, bacterial suspension (10 μL, 1 × 108 CFU/mL) was added on the hydrogel surface. After incubation for 2 h, PBS solution (2 mL, pH 7.4) was used to sweep the bacteria out. Subsequently, the collected suspension of bacteria was diluted by 104-fold and 50 μL of the resulting diluted suspension was transferred to an LB agar plate. After 12 h incubation, the colonies on the LB agar plate were counted. As a control, 10 μL of bacterial suspension (1 × 108 CFU/mL) was added to a blank plate following the same steps described above. The average value of three independent experiments was collected.



RESULTS AND DISCUSSION


Preparation and Characterizations of Peptide Hydrogels

The structure of the amphiphilic peptide is shown in Figure 1. In this work, two amphiphilic peptides (denoted peptide 1 and 2) were designed to prepare supramolecular hydrogels. For these two peptides, they show a similar structure composed of a hydrophobic Nap tail and a hydrophilic peptide backbone. The hydrophobic Nap tail is expected to provide π-stacking interaction while the peptide backbone could afford hydrogen bonding interaction, which cooperate to drive the peptide self-assembly. In addition, considering that there are positively charged amino groups in the structure of polymyxin B (Figure 1), two carboxylic acid groups were incorporated into the structure of peptide 1, which is expected to form electrostatic attraction interaction to achieve sustained release of polymyxin B from the formed hydrogel. As shown in Figure 2, when dissolving these peptides into DI water at pH 10 followed by adding concentrated HCl solution, they could spontaneously self-assemble into stable supramolecular hydrogels (denoted Gel1 and Gel2) at an acidic pH (pH 6.5 for peptide 1 and pH 6.8 for peptide 2) within several minutes (Figures 2A,B). The viscoelastic properties (Figures 2C,D) show that the storage modulus (G′) is higher than the loss modulus (G″) of the formed hydrogels, which is a typical gel characteristic rheological behavior of solid-like materials (Xu et al., 2010, 2012). TEM measurement shows that the self-assembly of these two peptides induces the formation of uniform nanofibers (Figures 2A,B), which cross-link with each other to form the porous network of the formed hydrogel.
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FIGURE 2. (A,B) Photo and TEM images of the supramolecular hydrogels self-assembled from peptide 1 (A) and 2 (B). (C,D) Oscillatory rheology behaviors of the supramolecular hydrogels self-assembled from peptide 1 (C) and 2 (D).


Having validated the ability of the amphiphilic peptides to form stable hydrogels, we next investigated their self-assembly mechanism using CD and fluorescence spectroscopy. The fluorescent emission spectra of the amphiphilic peptides and their self-assembled hydrogels are shown Figures 3A,B. It can be found that both peptide 1 and 2 show two typical asymmetric emission peaks of Nap groups at ∼325 and 338 nm. After self-assembly into supramolecular hydrogels, the above two emission peaks shift to ∼331 and 344 nm, respectively. This slight red shift indicates the formation of π-stacking interaction among the hydrophobic Nap tails in the nanofibers (Yang et al., 2006; Xu et al., 2012). This π-stacking interaction is further confirmed by CD analysis. As displayed in Figure 3C, t, a negative broad bands from 240 to 300 nm corresponding to π-π∗ transition of the hydrophobic Nap tails (Yang et al., 2007; Xu et al., 2012) is observable in the CD spectra of the supramolecular hydrogels. Additionally, the negative band centered at ∼219 nm is a typical CD signal of polypeptide with a β-sheet conformation, suggesting the formation of a β-sheet-like superstructure among the peptide backbones of the amphiphilic peptides (Behanna et al., 2005; Yang et al., 2006; Xu et al., 2010). Combining the results of emission spectra and CD analysis, the self-assembly of the amphiphilic peptides designed in this work is mainly driven by π-stacking of the hydrophobic Nap tails and β-sheet-like arrangement of the peptide backbones via intermolecular hydrogen bonding interaction (Figure 3D).


[image: image]

FIGURE 3. (A,B) Fluorescent emission spectra of the solution of peptide 1 [Sol1, (A)] and 2 [Sol2, (B)], and their self-assembled hydrogels (Gel1 and Gel2). (C) CD spectrum of the supramolecular hydrogels self-assembled from peptide 1 and 2. (D) Schematic illustration of the self-assembly of peptide 1 and 2 into supramolecular hydrogels.




Evaluation of Drug Release Behavior

After investigating the peptide self-assembly behavior, we next evaluated the ability of the hydrogels of the amphiphilic peptides to encapsulate and release the antibiotic polymyxin B. Before the encapsulation, fluorescent dye FITC was used to label polymyxin B, which could facilitate the real-time tracking of polymyxin B release from the peptide hydrogels. Herein, fluorescent dye FITC was conjugated to polymyxin B via the reaction between the isothiocyanate group of FITC and the amino groups of polymyxin B. As shown in Figure 4A, the FITC-polymyxin B shows a typical signal at ∼525 nm, suggesting the successful conjugation of FITC to polymyxin B. After obtaining the dye labeled polymyxin B, we next encapsulated the FITC-polymyxin B into the hydrogel via mixing polymyxin B with the amphiphilic peptide in DI water followed by adding concentrated HCl aqueous solution. As shown in Figure 4B, the encapsulation of polymyxin B does not influence the self-assembly of the amphiphilic peptide and stable hydrogel with fibrous network could be obtained at a neutral pH, which is different from the acidic environment (pH ∼6.5) for the self-assembly of peptide 1, implying the formation of electrostatic attraction interaction between polymyxin B and peptide 1 (Behanna et al., 2005). As shown in Figure 1, because of the incorporation of two carboxylic acid groups in the structure of peptide 1, electrostatic repulsion interaction among the ionized peptide 1 molecules could be formed at a neural or basic environment and thus supramolecular self-assembly can be only achieved at an acidic pH (∼6.5). However, with the incorporation of polymyxin B into the self-assembly system, the positively charged polymyxin B could form electrostatic attraction interaction with the negatively charged peptide 1 at a neutral pH, which could thus drive the ionized peptide 1 molecules to get close to each other and subsequently drive the self-assembly of peptide 1 into supramolecular hydrogel via the π-stacking of the hydrophobic Nap tails and intermolecular hydrogen bonding interaction among the peptide backbones (Behanna et al., 2005; Xu et al., 2010). The electrostatic attraction interaction between polymyxin B and peptide 1 at a neutral pH was further confirmed by rheological behavior analysis (Figure 4C). Besides the intermolecular hydrogen bonding and π-stacking interactions (Figures 2A,C), the incorporation of polymyxin B could provide additional driving force for the self-assembly of peptide 1, thereby leading to significant increase in the mechanical strength of the resulting hydrogel (Xu et al., 2010). In contrast, due to the absence of electrostatic attraction, the incorporation of polymyxin B shows no obvious influence on the mechanical strength of the self-assembled hydrogel of peptide 2 (Figure 4D). With the electrostatic attraction interaction between polymyxin B and peptide 1, the resulting hydrogel shows an expected sustained release of the loaded antibiotic. Around 50% or 80% of loaded polymyxin B is released within 3 or 7 days (Figure 4E). In comparison, the release of polymyxin B from the hydrogel of peptide 2 is much faster and around 70 or 100% of the loaded polymyxin B has been released within 3 or 7 days.
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FIGURE 4. (A) Fluorescent emission spectrum of FITC-polymyxin B in aqueous solution. (B) Photo and TEM images of the hydrogel of peptide 1 (Gel1) loading FITC-polymyxin B. (C,D) Oscillatory rheology behaviors of Gel1 (C) and Gel2 (D) loading FITC-polymyxin B. (E) Cumulative release profile of polymyxin B encapsulated into Gel1 and Gel2 in PBS solution.




Evaluation of Biocompatibility and Antibacterial Activity

Having validated the sustained release behavior of the peptide hydrogels, we finally chose Gel1 to evaluate its biocompatibility and antibacterial activity since this peptide hydrogel shows a stronger ability to control the release of polymyxin B compared to Gel2. The biocompatibility was assessed by examining cytotoxicity of the amphiphilic peptide against model cell line (NIH/3T3 fibroblasts) and proliferation of this cell line on the surface of Gel1 loading polymyxin B. As displayed in Figure 5A, the amphiphilic peptides designed in this work do not show apparent toxicity against NIH/3T3 fibroblasts. More than 85% of the cells are still alive after 24 h incubation with the peptide at a concentration of 1.2 mg/mL. Figure 5B shows the proliferation of NIH/3T3 fibroblasts on the surface of Gel1 loading polymyxin B. It can be seen that the cells could adhere and proliferate on the hydrogel surface. In comparison with the cells seeded in the cell culture plate, there is no obvious difference in the cell morphology and cell viability (Figure 5C), demonstrating the good biocompatibility of Gel1 loading polymyxin B. The antibacterial activity was evaluated by seeding the Gram-negative bacteria E. coli on the hydrogel surface followed by cultured an LB agar plate. As shown in Figures 5D,E, due to the release of polymyxin B from the peptide hydrogel to destroy E. coli membrane (Tsubery et al., 2000; Bhor et al., 2005), the formed clone number of E. coli is much less than the bacteria cultured in the blank plate, strongly demonstrating the good antibacterial activity of the peptide hydrogel loading polymyxin B. Notably, compared to the direct use of polymyxin B (∼30 μg/mL equivalent to the release of polymyxin B released from the hydrogel), although peptide hydrogel loading polymyxin B shows slightly weak ability to inhibit bacteria growth, the sustained polymyxin B release from the peptide hydrogel demonstrated in Figure 4E could facilitate to achieve long-term antibacterial activity.
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FIGURE 5. (A) Viability of NIH/3T3 fibroblasts incubated with the amphiphilic peptides at different concentrations for 24 h. (B) Live-dead assay of NIH/3T3 fibroblasts seeded in blank cell culture plate (Control) or on the surface of Gel1 loading polymyxin B followed by cultured with DMEM containing 10% FBS for 24 h. The live cells were stained with calcein AM as green fluorescence and dead cells were stained with EthD-1 as red fluorescence. (C) Viability of NIH/3T3 fibroblasts quantified from panel (B). (D,E) Clone formation (D) and number of clones (E) of E. coli treated with free polymyxin B or Gel1 loading polymyxin B. E. coli incubated in blank culture plate was used control. **P < 0.01, ***P < 0.001.




CONCLUSION

In summary, we herein designed a new amphiphilic peptide that could co-assemble with polymyxin B to form supramolecular hydrogel with antibacterial activity. In aqueous solution at neutral pH, electrostatic attraction interaction could be formed between the negatively charged amphiphilic peptide and positively charged polymyxin B, which could thus drive the ionized peptide molecules to get close to each other and subsequently trigger the self-assembly of the amphiphilic peptide into supramolecular hydrogel. More importantly, with the characteristic of sustained polymyxin B release, this supramolecular hydrogel shows an effective inhibition of bacteria growth. Combining its good biocompatibility, the supramolecular hydrogel developed herein could be used a new antibacterial candidate for the surgical site infection application.
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Objective: To investigate the efficacy and improvement of Astragalus polysaccharides (APS) and APS-nano on cerebral thrombosis in rats.

Methods: A total of 72 SD rats were randomly divided into NC group, Model group, APS-Nano group, and APS group. The cerebral thrombosis Model of SD rats was established by injecting compound thrombus inducer into the internal carotid artery. After 14 days of different intervention treatments, the TTC staining of brain tissue were performed, and A/left brain wet weight ratio, left brain/right brain wet weight ratio, blood rheology indexes, and coagulation function indexes of cerebral thrombosis were measured. ELISA was used to measure the contents of thromboxane 2 (TXB2), 6-keto-prostaglandin F1α (6-Keto-PGF1α), tissue factor (TF), neuron-specific enolase (NSE), S-100β, catenin (CAT), superoxide dismutase (SOD), as well as malondialdehyde (MDA). The binding specificity between miR-885-3p and TF was verified by the double-luciferin reporting experiment, and western blot was used to measure the expression level of TF protein.

Results: Compared with the Model group, after treatment with APS-nano or APS, the ratio of left brain/right brain wet weight decreased significantly. Whole blood low shear viscosity (WBLSV), whole blood high shear viscosity (WBHSV), plasma viscosity (PV), and erythrocyte aggregation index (Arbc) was all reduced. In addition, prothrombin time (PT) and activated partial thromboplastin time (APTT) were increased, and fibrinogen (FIB) content was decreased. The expression of TXB2, 6-Keto-PGF1α, and TF showed a downward trend. Similarly, the expression of TF protein was decreased. Furthermore, the contents of NSE and S-100β proteins were all decreased, whereas the contents of CAT and SOD were increased, and the contents of MDA was decreased. At the same dose, compared with APS treatment, APS-nano treatment had a significant inhibitory effect on cerebral thrombosis in rats. Finally, we found that TF is a target gene of miR-885-3p and specifically binds to miR-885-3p.

Conclusion: APS has a significant inhibitory effect on the formation of cerebral thrombosis induced by compound thrombus inducers. Moreover, APS-nano has a more significant inhibitory effect on cerebral thrombosis. Meanwhile, the regulation of miR-885-3p regulating TF expression may be related to the occurrence of cerebral thrombosis.

Keywords: astragalus polysaccharide, nanoparticles, cerebral thrombosis, brain edema, hemorheology, blood coagulation function


INTRODUCTION

Cerebral thrombosis, a type of stroke is a common type of acute neurological disease. The incidence rate of cerebral thrombosis has been increased recently. Cerebral thrombosis is formed by abnormal blood flow, abnormal blood composition, and damage to blood vessel walls, and has a poor prognosis and many sequelae (Ding et al., 2017). When blood vessel stenosis occurs, it will lead to blood vessel occlusion, thickening, and thrombosis. In patients with cerebral thrombosis, local blood flow is reduced, supply is interrupted, which can lead to cerebral ischemia, hypoxia, softening and necrosis (Mehta et al., 2019). “Shennong’s Classic of Materia Medica” records that astragalus has the effects of stagnation and diuresis, and it is a commonly used medicinal material in clinical trials of traditional Chinese medicine. Modern pharmacological studies have shown that astragalus can regulate cardiovascular activity, and could exert anti-platelet aggregation, improve blood rheology, protect blood vessels, resist fibrosis, and other pharmacological effects (Fu et al., 2014). In the research on the effective ingredients of Chinese medicine, it is found that most of the effective ingredients of tonic Chinese medicines exist in the form of polysaccharides, Astragalus Polysaccharides (APS) is one of the main effective ingredients of Astragalus which not only can effectively improve the microcirculation of patients with cerebral thrombosis but also effectively eliminate free radicals, improve the fluidity of red blood cell and the activity of superoxide dismutase (Wu, 1989), that has been widely used in the clinical treatment of cardiovascular diseases. The blood-brain barrier is a dynamic interface between blood and brain tissue that selectively prevents substances from passing through. Therefore, it can effectively prevent harmful substances from damaging the brain tissue, but at the same time it also prevents many valuable biological drugs from entering the brain lesion area and thus weakening the therapeutical effectiveness. Nanoparticles are characterized by their small size and can cross the brain-blood barrier. Modern pharmacological research showed that the application of nanotechnology can improve the activity and bioavailability of traditional Chinese medicine, and even produce new properties (Chen et al., 2020), therefore, it is expected to become effective drug carriers. MicroRNA (miRNA) is a type of non-coding single-stranded RNA with a length of about 22 nucleotides that regulates the expression of its target gene essentially by translation inhibition or degradation of corresponding transcripts. It has been reported that a variety of miRNAs play a role in thrombosis, such as miR-150 (He et al., 2016), miR-126 (Wang et al., 2018), miR-200b (Kim et al., 2016), miR-495 (Kim et al., 2016), and so on. Among them, miR-885-3p is involved in blood system development, cell death, nervous system development, etc (Hunsberger et al., 2012). In this study, a cerebral thrombosis model rat was established by injecting a compound thrombus inducer into the internal carotid artery to explore the protective effect of astragalus polysaccharide nanoparticles on the brain tissue of cerebral thrombosis model rats and its improvement of blood rheology index and coagulation function, and finally provide some experimental basis for the clinical treatments of cerebral thrombosis.



MATERIALS AND METHODS


Drugs and Reagents

Astragalus polysaccharide (99% purity), was provided by Nanjing Zelang Pharmaceutical Technology Co., Ltd. Polylactic acid-polyethylene glycol copolymer (PEG-PLA), dichloromethane, polyvinyl alcohol, sulfuric acid, phenol, acetone, sodium sulfate, and distilled water were purchased from Jinan Daigang Biotechnology Co., Ltd. TTC staining kit was purchased from Shanghai Kanglang Biotechnology Co., Ltd. Human umbilical vein endothelial cell lines (HUVECs) were purchased from the Wuhan University Typical Culture Collection Center. Elisa test kits were purchased from Beijing Dakco Biotechnology Co., Ltd. TF-WT and TF-MUT were designed and synthesized by Qingke Biological Co., Ltd. miR-885-3p mimics and NC-mimics were designed and synthesized by Shanghai Jima Pharmaceutical Company.



Preparation of Astragalus Polysaccharide Nanoparticles

First, the astragalus polysaccharide solution was added to the PEG-PLA dichloromethane solution to obtain a milky white emulsion under high-speed stirring. After that, the emulsion was added to the polyvinyl alcohol aqueous solution and stirred at high speed for 3 min, and the double emulsion was stirred with a magnetic stirrer at the speed of 200 rpm until the organic solvent is completely volatilized. Thereafter, the remaining emulsion was centrifuged for 15 min at high speed, the supernatant was discarded, and the precipitate was taken. Finally, the precipitate was washed three times with distilled water and freeze-dried to obtain astragalus polysaccharide nanoparticles.



Detection of Astragalus Polysaccharide Nanoparticles


Making a Standard Curve

100 mg Astragalus polysaccharide nanoparticles were dissolved with water in a 100 mL volumetric flask to obtain the astragalus polysaccharide nanoparticle solution. To get the gradient concentration of astragalus polysaccharide nanoparticle solution, 2 mL of the prepared astragalus polysaccharide nanoparticle solution was drawn in a test tube, and subsequently 1 mL of 5% phenol solution was added. After mixing, 5 mL of concentrated sulfuric acid was added. After vigorous shaking, the solution was heated for 15 min with boiling water and cooled with ice-water mixture. Finally, phenol and sulfuric acid solution were used as blank control, and the absorbance was measure at 491 nm.



Stability Determination

The same batch of astragalus polysaccharide nanoparticles was dissolved in dichloromethane. After dissolving, 5 mL of distilled water was added and thoroughly mixed. After standing for 1 h, the aqueous phase was collected. Repeating the above steps for the remaining oil phase, which was first centrifuged at 2,000 rpm for 5 min, and then 2 mL of supernatant was added in a test tube. After that, 1 mL of 5% phenol solution was added, mixed and 5 mL of concentrated sulfuric acid was added. Thereafter, the solution was mixed and heated in boiling water for 15 min. Finally, the nanoparticle stability testing was conducted at a wavelength of 491 nm.



In vitro Release Test

An appropriate amount of astragalus polysaccharide nanoparticles was weighed and dissolved in 50 mL of normal saline. Then, 2 mL of astragalus polysaccharide nanoparticle solution was taken at 0, 1, 2, 3, 4, 6, and 10 days, respectively, to perform the stability test according to the operation in the stability testing. The ultraviolet-visible light photometer was used to measure the absorbance of astragalus polysaccharide released into physiological saline at different times, and the same batch of astragalus polysaccharide nanoparticles after ultrasonication was used to determine the absorbance with the same method to calculate the cumulative release rate at different times.




Cell Culture and Transfection

Human umbilical vein endothelial cell lines were cultured in RPMI-1640 medium containing 10% FBS and double antibodies at 37°C and 5% CO2. The fluid was exchanged every 3 days. HUVECs in the logarithmic growth phase were inoculated into 6-well plates with approximately 2 × 105 cells per well. Lipofectamine 2000 liposome transfection reagent with stable transfection efficiency was used for transfection. According to the experimental design, miR-885-3p mimics and miR-NC mimics (NC-mimics) were transferred into HUVECs, meanwhile, a blank control was used, and the same amount of liposome transfection reagent was added to it. After the transfection, the cells were cultured for 72 h under culture conditions.



Construction of Animal Models of Cerebral Thrombosis and Animal Grouping

Seventy two SD rats weighing about 200∼250 g were purchased. These rats were randomly divided into four groups, 18 rats in each group, namely NC group, Model group, APS-nano group (200 mg/kg d), APS group (200 mg/kg d). Except for the injection of normal saline in the NC group, the rats in the other groups were injected with a compound thrombosis inducer (1.25 mmol/L ADP solution, 125,000 units/L thrombin solution, 1 g/L epinephrine) into their common carotid artery, 0.1 mL of compound thrombosis inducer was injected per 100 g of rats. The clip was open during injection and closed again after injection to form an experimental thrombus model. Gavage once a day for 14 days. Then, subsequent experimental operations were carried out.



TTC Staining of Brain Tissue of SD Rats With Cerebral Thrombosis

Two SD rats in each group were randomly selected for intraperitoneal injection anesthesia, they were quickly decapitated on ice, and the brain tissue was carefully removed. The brain tissue was quick-frozen in the refrigerator at −20°C for 20 min and sliced with 2 mm intervals. The slices were placed in a 2% TTC staining solution for 30 min, and the container was rotated slightly at intervals of 5 min to fully stain. After staining, the sections were washed three times with 1 × PBS, fixed with 10% paraformaldehyde for 6 h, and then photographed.



Detection of the Degree of Thrombosis and the Severity of Cerebral Edema

Eight SD rats of each group were randomly selected and injected with 0.5% Evans blue solution. After 10 min of treatment, they were quickly decapitated on ice and the brain was removed, washed with physiological saline, and the remaining water was absorbed with filter paper. Then, the brain was weighed and cut. After that, the reagent (0.5% Na2SO4: acetone = 3: 7) was added and the brain tissue was ground to form a homogenate (add 5 mL of solution per gram of brain tissue), which stood at 4°C for 5 h and centrifuged at 4,000 rpm for 10 min to collect the supernatant and centrifuge again. Supernatant was taken, and the normal saline was used as the standard, the absorbance (A) value at 620 nm was measured by using a spectrophotometer. The ratio of the absorbance value of the left infarct area to the left-brain wet weight represents the content of Evans blue, which is the severity of cerebral thrombosis. The ratio of left-brain wet weight to right-brain wet weight indicates the severity of cerebral edema in rats.



Determination of Blood Rheology and Coagulation Function Related Indicators

The remaining 8 SD rats in the remaining groups were anesthetized by intraperitoneal injection, and blood was collected from the abdominal aorta. Then, the blood rheology indicators were detected using an automatic blood rheology tester, including whole blood low shear viscosity (WBLSV), Whole blood high shear viscosity (WBHSV), Plasma viscosity (PV), and Red cell assembling index (Arbc). Also, an automatic coagulation analyzer was used to determine the thrombin time (TT), prothrombin time (PT), activated partial thromboplastin time (APTT), and fibrinogen (FIB) content.



Elisa Detection

The blood sample obtained above was used and centrifuged at 4,000 rpm for 30 min at 4°C. After that, the serum was taken, and the expression of thromboxane B2 (TXB2), 6-keto-prostaglandin F1α (6-Keto-PGF1α), and tissue factor (TF) was measured using the Elisa test kit. In addition, the contents of neuron-specific enolase (NSE), S-100β, catenin (CAT), superoxide dismutase (SOD), as well as Malondialdehyde (MDA) were measured.



Dual-Luciferase Report Experiment

HUVECs cells were prepared as a single cell suspension, seeded in 96-well plates, and co-transfected with liposome transfection reagent Lipofectamine 2000 according to the instructions. After that, the cells were divided into the following four groups: (1) wild-type plasmid control group (Transfection of NC mimics and TF-WT); (2) Wild-type experimental group (transfection of miR-885-3p mimics and TF-WT); (3) Mutant plasmid control group (transfection of mimics-NC and TF-MUT); (4) Mutant plasmid experimental group (transfected miR-885-3p mimics and TF-MUT). After culturing them for 24 h, the cells were lysed, and the luciferase activity was detected according to the instructions of the dual-luciferase activity detection kit. Relative luciferase activity = firefly luciferase activity value/Renilla luciferase activity value.



Western Blot

Cells of rat brain tissue of each group were separated to prepare a cell suspension, centrifuged at 1,000 rpm for 5 min, and the supernatant was discarded. Then, the brain tissue was washed twice with 1×PBS and centrifuged at the same conditions as above. After that, an appropriate amount of cell lysate (containing protease inhibitors) was added to lysis for 10 min, centrifuged at 12,000 rpm for 5 min, and the supernatant was used to measure the protein concentration using the BCA method. Then, an appropriate amount of protein was used for SDS-PAGE electrophoresis, wet transferred to PDVF membrane, treated with 5% skimmed milk powder, blocked at 4°C overnight and the membrane was washed three times with 1×PBST (containing 0.05% Tween-20). Thereafter, the corresponding primary antibody (1:1000) was added and incubated overnight at 4°C in a shaker. After washing, the secondary antibody (1:10000) was added and incubated at room temperature for 1 h. Again, after washing, the ECL developing solution was added to the gel imager for imaging.



Statistical Methods

GraphPad Prism 6 software was used for statistical data analysis, expressed as mean ± SD (mean ± SD), single-factor analysis of variance (ANOVA) was used to compare the differences between multiple sets of data, and t-test was used to compare the difference between two sets of data. P < 0.05 indicates statistical significance.




RESULTS


Determination of Astragalus Polysaccharide Nanoparticles

The spectrophotometer was used to measure the prepared astragalus polysaccharide nanoparticles. The results showed that the particle size of astragalus polysaccharide nanoparticles is mainly distributed between 700 and 1000 nm, with an average particle size of 893 nm, as shown in Figure 1A. And the TEM image was shown in Figure 1B. Besides, astragalus polysaccharide nanoparticles had a good linear relationship in the concentration range of 0.01∼0.06 mg/mL (R2 = 0.9982; P < 0.05), see Figure 1C. The same batch of astragalus polysaccharide nanoparticles was used for stability tests at a wavelength of 491 nm. The results showed that astragalus polysaccharide nanoparticles are stable in color development within 60 min and have good stability, see Figure 1D. Subsequently, an in vitro release test of astragalus polysaccharides was conducted and the results showed that astragalus polysaccharide nanoparticles release smoothly in vitro, and the release time is longer, see Figure 1E.


[image: image]

FIGURE 1. Determination of APS nanoparticles. (A) The particle size distribution of Astragalus polysaccharide nanoparticles. (B) Transmission electron microscopy of Astragalus polysaccharide nanoparticles. (C) Standard curve of Astragalus polysaccharide nanoparticles. (D) Stability test of Astragalus polysaccharide nanoparticles. (E) The release rate of astragalus polysaccharide nanoparticles in vitro. **P < 0.01 and ***P < 0.001, compared with 0 h group.




Effects of Astragalus Polysaccharides and Nanoparticles on Rats With Cerebral Thrombosis

TTC staining results showed that compared with the Model group, the white area of the brain tissue of the APS group was significantly reduced (P < 0.05), and the white area of the brain tissue of the APS-nano group was also significantly reduced compared to the APS group (P < 0.05), as shown in Figure 2A. Compared with the NC group, the ratio of rat A/left brain wet weight in the Model group increased significantly (P < 0.001). Compared with Model, the ratio of A/left brain wet weight in the APS-nano group and the APS group was significantly lower (P < 0.001). Compared with the APS group, the ratio of A/left brain wet weight in the APS-nano group was significantly lower (P < 0.01), as shown in Figure 2B. Compared with the NC group, the left brain/right brain wet weight ratio of rats in the model group was significantly increased (P < 0.001). Whereas compared with the Model group, the left brain/right brain wet weight ratio of the rats in the APS-nano group and the APS group decreased significantly (P < 0.001). Moreover, compared with the APS group, the left brain/right brain wet weight ratio of the rats in the APS-nano group decreased significantly (P < 0.05), as shown in Figure 2C.


[image: image]

FIGURE 2. Effects of APS and APS nanoparticles on cerebral thrombosis model rats. (A) Cerebral infarction in SD rats with TTC staining. (B) Cerebral thrombosis SD rats A/left cerebral wet weight ratio. (C) Cerebral thrombosis SD rats left brain/right brain wet weight ratio. ∗∗∗P < 0.001, compared with NC group; ###P < 0.001, compared with Model group; @P < 0.05 and @@P < 0.01, compared with APS group.




The Effects of Astragalus Polysaccharides and Nanoparticles on Blood Rheology Related Indicators and Coagulation Function in Rats With Cerebral Thrombosis

As shown in Figure 3A, the WBLSV, WBHSV, PV, and Arbc of rat in the Model group showed a significantly increasing trend (P < 0.05) compared to the NC group. However, compared to the Model group, the WBLSV, WBHSV, PV, and Arbc of rats in the APS-nano group and the APS group were reduced to some extent (P < 0.05). Furthermore, the WBLSV, WBHSV, PV, and Arbc of rat blood in the APS-nano group were also significantly reduced compared with the APS group (P < 0.05). As shown in Figure 3B, the PT and APTT of the Model group were significantly reduced (P < 0.01), and the FIB content was increased (P < 0.01) compared with the NC group, but the PT and APTT of the rats in both APS-nano group and the APS group were increased (P < 0.001), and the FIB content was decreased (P < 0.01) compared to the Model group. Similarly, the PT and APTT in the APS-nano group were significantly increased (P < 0.05), and the FIB content was significantly reduced (P < 0.05) compared with the APS group. There was no obvious change in terms of TT in each group of rats, see Figure 3B.


[image: image]

FIGURE 3. Effects of APS and APS nanoparticles on hemorheology and coagulation function of cerebral thrombosis model rats. (A) Changes of hemorheology indexes in cerebral thrombosis model rats. (B) Changes of coagulation function in cerebral thrombosis model rats. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001, compared with NC group; #P < 0.05, ##P < 0.01, and ###P < 0.001, compared with Model group; @P < 0.05, compared with APS group.




Effects of Astragalus Polysaccharides and Nanoparticles on the Expression of TXB2, 6-Keto-PGF1α and TF in Rats With Cerebral Thrombosis

As shown in Figure 4, the expression of TXB2, 6-Keto-PGF1α, and TF in the Model group was significantly increased (P < 0.01) compared with the NC group, however, when compared with the Model group, the expressions of TXB2, 6-Keto-PGF1α, and TF in both APS-nano group and the APS group showed a downward trend (P < 0.05). Moreover, the expression of TXB2, 6-Keto-PGF1α, and TF in the APS-nano group was reduced (P < 0.05) compared with the APS group.
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FIGURE 4. Effects of APS and APS nanoparticles on the expression of TXB2, 6-keto-PGF1, and TF in cerebral thrombosis model rats. (A) Expression of TBX2 in cerebral thrombosis model rats. (B) Expression of 6-keto-PGF1 in rats with cerebral thrombosis. (C) Expression of TF in rats with cerebral thrombosis. ∗∗P < 0.01 and ∗∗∗P < 0.001, compared with NC group; #P < 0.05, ##P < 0.01, and ###P < 0.001, compared with Model group; @P < 0.05, compared with APS group.




Effects of Astragalus Polysaccharide and Its Nanoparticles on the Expression of NSE and S-100β in the Serum of Cerebral Thrombosis Model Rats

Compared with the NC group, the NSE and S-100β protein content in the Model group was increased significantly (P < 0.001). However, the content of NSE and S-100β protein in the APS-nano group and the APS group was decreased (P < 0.01) compared with the Model group. Similarly, the content of NSE and S-100β protein in the APS-nano group was decreased (P < 0.01) compared with the APS group, as shown in Figure 5.
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FIGURE 5. Effect of APS and APS nanoparticles on the expression of NSE and S-100β in the serum of cerebral thrombosis rats. (A) NES expression level in serum of cerebral thrombosis model rats. (B) S-100β expression level in serum of cerebral thrombosis model rats. ∗∗∗P < 0.001, compared with NC group; ##P < 0.01, and ###P < 0.001, compared with Model group; @@P < 0.01 and @@@P < 0.001, compared with APS group.




Effects of Astragalus Polysaccharide and Its Nanoparticles on the Content of CAT, SOD, and MDA in Brain Tissue of Cerebral Thrombosis Model Rats

As shown in Figure 6, the content of CAT and SOD in the Model group was significantly reduced, and the content of MDA was significantly increased (P < 0.001) compared with the NC group. However, the content of CAT and SOD in the APS-nano group and the APS group was increased, and the MDA content was decreased (P < 0.001) compared with the Model group. Similarly, the content of CAT and SOD in the APS-nano group was increased and the content of MDA was decreased (P < 0.05) compared with the APS group.
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FIGURE 6. Effects of APS and APS nanoparticles on CAT, SOD, and MDA levels in cerebral thrombosis model rats. (A) Content of CAT in brain tissue of cerebral thrombosis model rats. (B) Content of SOD in brain tissue of cerebral thrombosis model rats. (C) Content of MDA in brain tissue of cerebral thrombosis model rats. ∗∗∗P < 0.001, compared with NC group; ###P < 0.001, compared with Model group; @P < 0.05 and @@@P < 0.001, compared with APS group.




APS-Nano Targets TF by Up-Regulating miRNA Expression

Compared to the NC group, the expression of TF protein in the Model group was increased, but the TF protein in the APS-nano group and the APS group was decreased, as shown in Figure 7A. Predicted by the bioinformatics online analysis software miRBase, the results showed that TF may be the target gene of miR-885-3p, as shown in Figure 7B. Through the double luciferase report experiment, it was found that the luciferase activity of TF-WT in the miR-885-3p mimics group was significantly inhibited (P < 0.01), and the luciferase activity of TF-MUT did not change significantly, see Figure 7C. At the same time, compared with the Control group, the expression of TF protein in the miR-885-3p mimics group was significantly reduced, as shown in Figure 7D.
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FIGURE 7. miR-885-3p targets the site of TF. (A) TF protein expression levels in each group. (B) Target binding sites of miR-885-3P and TF. (C) Experimental results of double luciferase reporter gene. (D) TF protein expression levels in each group. ∗∗P < 0.01, compared with the NC-mimics group.





DISCUSSION

With the current changes in people’s lifestyles, the rate of cerebral thrombosis has increased year by year. Among them, hypertension, hyperlipidemia, atherosclerosis, and diabetes are the main causes of cerebral thrombosis. Since cerebral thrombosis often occurs in a quiet environment or sleep state, the treatment cannot be obtained in time, so it has the characteristics of poor postoperative recovery ability and a high disability rate (Balami et al., 2018). Studies have found that ADP can cause platelet aggregation, increased permeability of blood vessels and capillaries which leads to the destruction of the blood-brain barrier (Yan et al., 2018). Also, high expression of thrombin can cause fibrinogen in the blood to be converted into fibrin, which in turn can cause blood coagulation (Pleşeru and Mihailă, 2018). Furthermore, epinephrine causes vasoconstriction, which further activates platelet function, and promotes thrombosis (Kuiper, 2018). The compound inducer (ADP-thrombin-adrenaline) is used to induce rat cerebral thrombosis model, which can simulate the pathophysiological process of human cerebral thrombosis. It has the characteristics of convenient operation, short time, and high efficiency, and has been widely used in the investigation of the mechanism of cerebral thrombosis and the research of antithrombotic drugs. In the treatment of cerebral thrombosis, the curative effect of drugs is greatly reduced due to the existence of the blood-brain barrier. With the continuous deepening of research in recent years, it has been discovered that the nano-drug delivery system can cross the blood-brain barrier to reach the target site, thereby achieving the effectiveness of treating diseases.

Astragalus polysaccharide is the main bioactive substance of astragalus, which has pharmacological effects such as vascular protection, immune regulation, anti-inflammatory, and anti-fibrosis (Zeng et al., 2019). Studies have shown that Astragalus Decoction and Astragalus Injection can promote the treatment of stroke (Xu et al., 2017). The results of this study showed that compared with the NC group, rats in the Model group had severe cerebral thrombosis and cerebral edema, indicating that the rat brain thrombosis model was successfully constructed. When Astragalus polysaccharides were given for intervention, both the A/left brain wet weight ratio and the left brain/right brain wet weight ratio was decreased, that is, rat cerebral thrombosis and cerebral edema were significantly reduced, suggesting that astragalus polysaccharides can inhibit cerebral thrombosis in rats, reduce cerebral edema and inhibit the increase of cerebral vascular permeability. After the intervention of astragalus polysaccharide nanoparticles, the SD brain thrombosis model rats had lower A/left cerebral wet weight ratio and left brain/right brain wet weight ratio than astragalus polysaccharide intervention, which suggests that astragalus polysaccharide nanoparticles have better effects on the treatment of cerebral thrombosis.

The formation of cerebral thrombosis will result in obstacles in the body’s blood circulation system, leading to the slowing of blood flow velocity and the occurrence of eddy currents in local areas, causing abnormal coagulation function and blood rheology indicators (Schiano di Visconte et al., 2017). The results of this study showed that compared with the NC group, the whole blood low-cut viscosity, whole blood high-cut viscosity, plasma viscosity, and red blood cell aggregation index in the blood rheology index of the Model group were significantly increased, the proprotein content of fiber in the coagulation function test indicator was increased significantly and also the expression of TXB2 and 6-Keto-PGF1α were increased, but prothrombin time and activated partial thromboplastin time were decreased significantly, which suggested that the blood in the rat cerebral thrombosis model induced by the compound inducer was highly viscous. When given astragalus polysaccharides intervention treatment, it can make the model rat’s whole blood low-cut viscosity, whole blood high-cut viscosity, plasma viscosity, erythrocyte aggregation index gets a certain improvement. Also, after the intervention, the prothrombin time and activated partial thrombin time was increased, the fibrinogen content and the expression of TXB2 and 6-Keto-PGF1α were decreased. This is consistent with the results of blood flow changes during migraine attacks (Shayestagul et al., 2017). This shows that astragalus polysaccharide can improve the hemorheology and coagulation function of rat cerebral thrombosis model, and has a certain inhibitory effect on the formation and development of cerebral thrombosis. Compared with the astragalus polysaccharide intervention treatment, the astragalus polysaccharide nanoparticle intervention treatment has a better inhibitory effect on the cerebral thrombosis model rats.

Neuron-specific enolase (NSE) is a key step in the glycolysis pathway. It exists in the cytoplasm of neurons and neuroendocrine cells. When neurons are damaged or necrotic, NSE overflows from the cells, so it can be used to reflect the extent of neuronal damage in the acute phase of infarction (Arslan et al., 2020). S-100β protein is mainly present in astrocytes and glial cells of the central nervous system and it is a glial marker protein. When the brain is injured or the blood-brain barrier is destroyed, it can enter the blood, so it is a sensitive indicator reflecting the degree of brain damage and prognosis (Zhou et al., 2018). Compared with the NC group, the NSE and S-100β protein content in the Model group increased significantly. After astragalus polysaccharide intervention treatment, the content of NSE and S-100β protein in cerebral thrombosis model rats was reduced, and after astragalus polysaccharide nanoparticle intervention treatment, the trend of NSE and S-100β protein decline was more obvious. This shows that compared with Astragalus polysaccharides, astragalus polysaccharide nanoparticles can more effectively reduce the secondary damage of neurons and glial cells after cerebral thrombosis.

Superoxide dismutase and CAT are important indicators of oxidative and antioxidant systems in the human body. When this balance is broken, it will lead to increased membrane permeability, loss of function, mitochondrial dysfunction, lysosomal rupture, cell lysis, and tissue edema, increased permeability of blood vessels, and also promote the formation of cerebral edema and aggravate the condition (Gu et al., 2016). Compared with the NC group, the content of CAT and SOD in the Model group decreased significantly, and the content of MDA increased. Astragalus polysaccharide intervention treatment can increase the content of CAT and SOD and decrease the MDA content in rats with cerebral thrombosis model. Also, after the intervention treatment of astragalus polysaccharide nanoparticles, the content of CAT and SOD is much higher and the content of MDA is much lower. This shows that compared with Astragalus polysaccharides, astragalus polysaccharides nanoparticles can effectively enhance antioxidant enzyme activity, scavenge free radicals, and inhibit brain damage caused by lipid peroxidation.

Many studies showed that the specific surface area of the active ingredient of the Chinese medicine increased after coating the nano-carrier, which prolonged the drug’s in vivo retention time, in addition, it has the advantages of targeting and sustained release (Huang et al., 2015; Zhao et al., 2020). The astragalus polysaccharide nanoparticles prepared in this study had a smooth appearance, a longer release time in vitro, and a slow-release with a lower burst rate, which has the advantages of “nano traditional Chinese medicine”. In vivo studies have found that compared with Astragalus Polysaccharides, its nanoparticles showed better effects in the treatment of cerebral thrombosis. The above results indicate that Astragalus polysaccharide nanoparticles may achieve better clinical effects in the clinical treatment of cerebral thrombosis. However, most of the current research on nanoparticles is still in the drug preparation and animal experiment stage. The safety of its clinical application and its direct effects on humans is still unclear, which requires further study.

Tissue factor has important significance in thrombosis. Under normal conditions, the expression level of TF in plasma is low. When pathologically or physically stimulated, it will cause TF expression to increase and start the coagulation process, leading to the occurrence of thrombosis (Zhu et al., 2018). It has been found that TF is the main initiator of blood clotting in tumors, and silencing TF can inhibit blood-borne metastasis of tumors (Date et al., 2017). Compared with the Model group, the plasma TF content of cerebral thrombosis model rats decreased after astragalus polysaccharide intervention treatment, suggesting that astragalus polysaccharide may relieve cerebral thrombosis by reducing TF content. In this study, bioinformatics analysis showed that TF may be the target gene of miR-885-3p, and double luciferase experiments confirmed that the two can indeed directly bind, which is related to the formation of cerebral thrombosis, but it has not been discussed in this study and more research need to be done.

In summary, through research on the effects of thrombosis-related factors, blood rheology indicators, and blood coagulation function detection indicators, it was found that astragalus polysaccharides can play a certain role in relieving cerebral thrombosis, and astragalus polysaccharide nanoparticles have more significant inhibitory effects on cerebral thrombosis. Moreover, astragalus polysaccharide may play a role by miR-885-3p targeted regulation of TF expression. This study provides insights into the clinical treatment of cerebral thrombosis.
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Schistosomiasis has been a fatal obstinate disease that threatens global human health, resulting in the granulomatous inflammation and liver fibrosis.

Objective:The aim of this study was to evaluate the therapeutic effects and mechanisms of hydroxyasiaticoside combined with praziquantel in the treatment of schistosomiasis-induced liver fibrosis.

Methods:Mice were randomly distributed into four experimental groups: normal control group, model group, praziquantel group, praziquantel + hydroxyasiaticoside group. Except for the normal control group, they were infected with Schistosomia cercariae through the abdominal skin to induce liver fibrosis. In the intervention group, mice were administered with the respective drugs by gavage after 8 weeks of infection. At the end of the treatment, mice were sacrificed to collect blood for the determination of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) serum levels. Moreover, the liver was excised, weighed, and liver indices were calculated. Histopathological examination was performed to assess liver morphology. Besides, the expression of collagen type I and III in liver was determined; the mRNA expression levels of IL-6 and TNF-α in liver tissues were measured using Real-time PCR while ELISA and western blotting were performed on liver tissue homogenate to determine the protein expression of IL-6 and TNF-α.

Results:The combination of praziquantel and hydroxyasiaticoside lowered the pathological scores of schistosomiasis-induced hepatic fibrosis, the liver indice, serum AST and ALT levels, improved liver morphology, downregulated the expression levels of hepatic type I and III collagen, inhibited the mRNA expression levels of pro-inflammatory factors (IL-6 and TNF-α) in the liver of mice relative to the praziquantel alone.

Conclusion:The combination of hydroxyasiaticoside and praziquantel is a potential therapeutic option for schistosomiasis-induced hepatic fibrosis. Notably, this combination noticeably suppresses the protein and mRNA expression levels of pro-inflammatory factors (TNF-α and IL-6) in the liver.

Keywords: praziquantel, madecassoside, Schistosoma japonicum, liver fibrosis, pro-inflammatory factors


INTRODUCTION

In terms of public health impact, schistosomiasis is the second most important parasitic disease in the world (Tucker et al., 2013). Every year, 120 million symptomatic (Chitsulo et al., 2004), 70 million disability-adjusted (King et al., 2005) and schistosomiasis preferentially occurs in developing countries (Steinmann et al., 2006). Liver fibrosis is a wound-healing process that is aimed at restoring organ integrity after mechanical stress, autoimmune reactions and infections induced severe injury. The solicitation of this process is pathogenic and a pathognomonic feature of diseases like schistosomiasis (Campana and Iredale, 2017; Aydin and Akçali, 2018; Parola and Pinzani, 2019). Currently, there are still no efficacious therapeutic options for schistosomiasis-induced liver fibrosis.

In the past decades, traditional Chinese medicine has attracted significant attention due to its broad-spectrum anti-inflammatory and anti-fibrosis activities (Zhou et al., 2016; Yao et al., 2019). Centella asiatica is the whole dry grass of C. asiatica of umbelliferae used for clearing heat, dampness, detoxification and detumescence (Bylka et al., 2014). Hydroxyasiaticoside is a triterpenoid saponin that is isolated from C. asiatica. It has been reported that hydroxyasiaticoside has numerous significant biological effects, such as anti-inflammation, anti-oxidation, anti-depression, anti-tumor, and anti-scar proliferation (Fitri et al., 2018a,b; Song et al., 2018; He et al., 2019). However, it has not been established whether hydroxy asiaticoside can alleviate schistosomiasis-induced fibrosis.

To further demonstrate our hypothesis, in our study, we successfully established a mice model of schistosomiasis-induced liver fibrosis that were utilized to assess the therapeutic efficacies and mechanisms of a combination of hydroxyasiaticoside and praziquantel. Results have shown that the combination of hydroxyasiaticoside and praziquantel not only consistently improved the liver fibrosis extent and lowered the pathological scores but also efficaciously reversed the rising level of AST and ALT released by the damaged liver cells. Impressively, this combination also remarkably inhibited the pre-inflammatory mediators release of IL-6 and TNF-α, which provides a specific target in the screening of anti-inflammatory drugs for the treatment of schistosomiasis-induced liver fibrosis. Herein, we effectively evaluate the significant roles of a combination of hydroxyasiaticoside and praziquantel, which open up new avenues for exploring alternative therapeutic options in treating schistosomiasis-associated liver fibrosis.



MATERIALS AND METHODS


Experimental Animal

Eighty male Kunming mice weighing about 18–22 g were purchased from Dongchuang Experimental Animal Science and Technology Service Department. The mice were allowed 3 days to acclimatize to the environment before experimentation. Mice were freely provided with drinking water and standard pellet feeds. Positive snails were purchased from Hunan Institute of Schistosomiasis Control. Cercariae were acquired by routine methods at 24–28°C in the laboratory.



Drugs and Materials

Centella asiatica with standard purity of 98.93% (HPLC), batch number: MUST-19032915, were purchased from Chengdu Manster Biotechnology Co., Ltd. The chromatographic conditions used were as follows: Shimadzu InertSustain C18 column (4.6 × 250 mm, 5 μm); Mobile phase: acetonitrile: methanol: water=26: 24: 50; Flow rate: 0.8 ml/min; Detection wavelength: 204 nm; Injection volume: 10 μL. Praziquantel was purchased from Nanjing Pharmaceutical Co., Ltd. Aspartate aminotransferase (AST), alanine aminotransferase (ALT) kits, and other regents were obtained from Nanjing Jiancheng Biotechnology Co., Ltd.



Experimental Method
 
Animal Model Preparation and Experimental Set-Up

Mice were randomly distributed into four groups: normal control group, model group, praziquantel group, and praziquantel + hydroxyasiaticoside group. To successfully establish mice models of schistosomiasis-induced fibrosis, mice were fixed to a plate, and their hair on a small skin area of the lower abdomen was shaved. Subsequently, the exposed naked skin was rinsed with normal saline twice. Twenty five cercariae were microscopically counted on the cover slides. Except for the normal control group, the cover slides were then applied to the exposed skin of mice for about 10 min. Appearance of several hyperemic spots on the skin indicated the successful cercariae infection.



Experimental Animal Administration

Mice in the normal control group were not infected with the cercariae of Schistosoma japonicum. For the experimental control group, mice infected with the cercariae were intragastrically administered with 0.5 mL of normal saline each day for consecutive 8 weeks. Mice in the praziquantel group were intragastrically administered with praziquantel at a dose of 500 mg/kg (0.5 mL) for consecutive 2 days after the cercariae infection, followed by the administration of 0.5 mL of saline. For the praziquantel + hydroxyasiaticoside group, mice after the cercariae infection were intragastrically administered with praziquantel at the equal dose for 2 days, followed by hydroxyasiaticoside administration with a dose of 0.5 mL of 40 mg/kg for consecutive 8 weeks. At the end 16th week, mice were fasted for 16 h and then weighed. Finally, mice in different groups were anesthetized, blood samples were then collected from eyeballs for further tests.



Liver Index Calculation and Histochemical Staining

The obtained blood was centrifuged at 3,000 rpms for 10 min after which serum was obtained. Serum ALT and AST levels were determined using ELISA kits. Subsequently, mice were sacrificed by cervical dislocation. Their livers were excised, and weighed to calculate the liver indices (the number of milligrams of liver per gram body weight). The middle lobe of the liver tissue was fixed in 4% paraformaldehyde and then gradient-dehydrated via various concentrations of ethanol. These samples were embedded in liquid paraffin (Zhang et al., 2019b). It was then sectioned, stained with H&E and Masson reagents, and cover slipped. Pathological changes of the liver tissue were visualized and observed under a light microscope. The degree of liver fibrosis was divided into 4 grades (Parola and Pinzani, 2019): Grade 0 (20.1 points)–normal; grade I (21.2 points)–collagen fibers wrapped around the granuloma and inserted into it; grade II (22.2 points)–the existence of intense fibrosis in the portal area and only a small amount of fibrosis between lobules; grade III (2308 points)–a large amount of fibrous tissue extending into the interlobular. Moreover, the type I and III collagen levels in the liver were also determined. Briefly, the immunohistochemically stained sections of the liver were observed under *20 visual field of objective lens. Twenty visual fields were randomly selected in each group, and the average absorbance of brown granules in cells were measured by automatic color image analysis system.



ELISA and Western Blot Analysis of Protein Levels of TNF-α and IL-6

In the ELISA experiments, the known antigen was firstly diluted to 1–10 μg/ml with coating buffer and add 0.1 ml of diluted antigen solution to each well overnight. The samples were then washed thrice on the next day. Afterwards, we added 0.1 ml of the diluted sample to each reaction well and incubated for 1 h. Subsequently, 0.1 ml of freshly diluted enzyme-labeled secondary antibody was introduced and incubated at 37°C for 30 min. At last, 0.1 ml of the temporarily prepared TMB substrate solution and 0.05 ml of 2 M sulfuric acid was added to each reaction well and reacted for 30 min. The OD value was determined by enzyme labeling at 450 nm using an ELISA tester after coloring.

For western blot experiments, the BCA protein assay kit was used to determine the protein concentration of each sample. Equal amounts of protein samples were then scraped into SDS-PAGE gel electrophoresis, followed by electro-transfer to PVDF membrane. These membranes were incubated with primary antibodies at 4°C overnight and horseradish peroxidase-conjugated secondary antibodies for 2 h. The immune complexes of each group were detected by ECL WB detection system.



Real-Time Quantitative PCR Analysis

mRNA expression levels of samples in different groups were measured using Real-time PCR. Total RNA was isolated from liver tissues using a TRIzol Reagent (ThermoFisher, U.S.A). Approximately 1 ug of RNA was reverse-transcribed into cDNA, which was utilized as a template for real-time PCR detection via SYBR Premix Ex Taq reagent kit (TaKaRa, Japan). Expression levels were calculated using the 2−ΔCT method. Primers used for RT-PCR analysis are shown following Table 1.


Table 1. The Sequences of the Primers.

[image: Table 1]




Statistical Processing

SPSS 21.0 software was utilized to analyze the experimental data. Mean differences between groups were compared with ANOVA and Student's test. All data are expressed as mean ± standard deviation. p ≤ 0.05 was set as the threshold for statistical significance.




RESULTS


Characterization of Centella asiatica Extract

Hydroxyasiaticoside was extracted from C. asiatica by ethanol reflux method. Then it was separated and purified. Finally, it was characterized using a high-performance liquid chromatography (HPLC). The purity of hydroxyasiaticoside was found to be 90.9%. The required concentration was prepared by dilution in normal saline. The regression equation of the standard curve of hydroxyasiaticoside: Y = 282.96X-23.171, R2 = 0.9998, and the standard curve are shown in Supplementary Figure 1.



Comparison of Liver Morphology and Liver Index

For mice in the normal control group, the liver surface appeared smooth, ruddy, soft, with sharp edges and an intact capsule. Additionally, no pathological features of liver fibrosis were observed. On the contrary, the livers of model group mice were dark-brown, enlarged, brittle, and accompanied with the tense capsule and even distribution of granular processes. Although liver appearances in the praziquantel and praziquantel + hydroxyasiaticoside groups were slightly different with compared to those of the normal control group, they were noticeably improved compared to the model group.

Figure 1 shows that the liver index of model group was significantly higher than that of the normal control group. Furthermore, the praziquantel group exhibited a decrease in liver index when compared to the model group. This was attributed to a certain degree of attenuation effect from praziquantel treatment. Notably, praziquantel + hydroxyasiaticoside group exhibited the lowest liver index among all treatment groups, demonstrating that the combination of praziquantel and hydroxyasiaticoside exerted a desirable curative impact on the liver index.


[image: Figure 1]
FIGURE 1. Comparison of liver index of mice in various treatment groups. **p < 0.01, ***p < 0.001.




H and E and Masson Staining of Liver Tissues and Liver Fibrosis Scores

It is noteworthy that no significant liver pathological changes were observed in the normal control group. However, substantial chronic egg granulomas surrounded by spindle cells and collagen fibers were found in the model group, praziquantel group, and praziquantel + hydroxyasiaticoside treatment group, as shown in Figure 2. A small amount of acute egg granuloma and a large quantity of inflammatory cells were observed in the portal area, and the collagen fiber bundles around the granuloma and venules surrounded the hepatic lobules. As given in Figures 2A,B, the extent of liver tissue lesion in the praziquantel + hydroxyasiaticoside group was significantly low than that of the praziquantel group. This finding confirmed that a combination of praziquantel and hydroxyasiaticoside was more effective in ameliorating the lesion compared to praziquantel alone. The liver fibrosis scores in various treatment groups was calculated based on the grade standard of liver fibrosis. As shown in Figure 2C, the praziquantel group and praziquantel + hydroxyasiaticoside group exhibited noticeably lower hepatic fibrosis scores relative to the model group (p < 0.001). However, the difference in scores between these two treatment groups was not significant (p > 0.05).


[image: Figure 2]
FIGURE 2. H&E (A) and Masson (B) staining observation of morphological changes of liver tissue sections of mice in different treatment groups. Scale bar: 200 μm. 1: normal control group; 2: model group; 3: praziquantel group; 4: praziquantel + hydroxyasiaticoside group. (C) Comparisons of the liver fibrosis scores in various groups. ***p < 0.001.




Serum of ALT and AST Levels

Schistosoma japonicum infection elevated serum ALT and AST levels. Figure 3 shown that serum ALT and AST levels in the praziquantel group were remarkably low than those of the model group. Nevertheless, ALT and AST levels in the praziquantel + hydroxyasiaticoside group continued to decrease and remained relatively low when compared to the praziquantel group. This validated that a combination of praziquantel + hydroxyasiaticoside is an efficacious approach for ameliorating S. japonicum-induced elevated serum ALT and AST levels. The numerical variation of serum ALT and AST levels in the different treatment groups was as shown in Supplementary Table 1.


[image: Figure 3]
FIGURE 3. Comparisons of serum ALT and AST levels in mice. *p < 0.05, **p < 0.01.




Immunohistochemical Staining and Analysis of Type I and III Collagen Expression

Figures 4A,B displayed that hepatic type I and III collagen appeared brown, dense flaky, and were mainly distributed in egg granuloma and portal areas, especially in the model group. In the normal control group, there was no observable collagen staining. Besides, the brown hepatic type I and III collagen appeared to be improved to a certain extent after subjecting to the praziquantel or praziquantel + hydroxyasiaticoside treatments. As indicated in Figures 4C,D, the expression of type I and III collagen in the model group was noticeably higher than in the normal control group. Compared to either model group or praziquantel group, a combination of praziquantel and hydroxyasiaticoside given rise to significantly low hepatic type I and type III collagen levels in liver tissues (p < 0.001). This revealed that a combination of praziquantel and hydroxyasiaticoside had obvious superiorities in suppressing collagen levels compared to praziquantel alone. The numerical variation of hepatic type I and type III collagen levels in the various groups were shown in Supplementary Table 2.


[image: Figure 4]
FIGURE 4. Immunohistochemistry analysis of the expression levels of type I (A) and III (B) collagen in liver tissues. Scale bar: 200 μm. Quantitative detection of the expression levels of type I (C) and III (D) collagen among different groups. 1: normal control group; 2: model group; 3: praziquantel group; 4: praziquantel + hydroxyasiaticoside group. ***p < 0.001.




Protein Expression Levels of TNF-α and IL-6

Cytokines, such as TNF-α and IL-6, play an essential role in the progression of the schistosomiasis. Schistosoma japonicum infection inevitably results in a noticeable elevation of the expression levels of TNF- α and IL-6 proteins in damaged liver tissues of mice. Mice in the model group exhibited high TNF-α and IL-6 protein levels owing to schistosomiasis-induced liver tissue damage (Figure 5A). Of note, the expression levels of TNF-α and IL-6 proteins in the praziquantel group was lower than those of the model group from western blotting observation. Notably, ELISA analysis shown that the praziquantel + hydroxyasiaticoside group exhibited the lowest expression levels of TNF-α and IL-6 (Figures 5B,C), revealing a favorable inhibition effect of praziquantel + hydroxyasiaticoside on the pro-inflammatory factors. They could be exploited as therapeutic drug combinations for inhibiting inflammation cytokines secretion, therefore, improving overall curative performance.


[image: Figure 5]
FIGURE 5. (A) Western blot analysis of protein levels of IL-6 and TNF-α in liver tissues. Quantitative ELISA detection analysis of protein levels of TNF-α (B) and IL-6 (C). ***p < 0.001.




mRNA Expression of TNF-α and IL-6 in Liver Tissues

Afterwards, we further investigated the mRNA expression levels of TNF-α and IL-6 in liver tissues using RT-PCR, and the obtained results are presented in Figures 6A,B. It was found that the S. japonicum infection remarkably elevated mRNA expression levels of pro-inflammatory factors (TNF-α and IL-6) in the model group. Compared to the model group, the praziquantel group exhibited a certain inhibitory effect on the mRNA expression levels of TNF-α and IL-6. Impressively, there was a lowest mRNA expression levels of TNF-α and IL-6 in praziquantel + hydroxyasiaticoside group, which was slightly higher than the normal control group. This clearly demonstrated the satisfactory inhibitory effect on the mRNA expression of pro-inflammatory factors.


[image: Figure 6]
FIGURE 6. The mRNA expression levels of TNF-α (A) and IL-6 (B) in the liver among various groups. ***p < 0.001.





DISCUSSION

Schistosomiasis is a fatal disease that threatens human health, and more than 150 million people are infected with schistosomiasis globally (Bylka et al., 2014; Zhou et al., 2016; Fitri et al., 2018a). Previous studies showed that liver fibrosis symptoms due to S. japonicum can persist for a long time after complete disinfestation (Fitri et al., 2018b; Song et al., 2018; He et al., 2019). Patients with advanced schistosomiasis-induced liver fibrosis gradually develop cirrhosis due to egg deposition, and often die of gastrointestinal bleeding and liver failure caused by portal hypertension (Barnett, 2018; Chuah et al., 2019; Lewis and Tucker, 2019). Numerous studies have documented that liver fibrosis can be reversed, but liver cirrhosis is totally irreversible (Kamdem et al., 2018; Cai et al., 2019; Liu et al., 2019). Therefore, it is of importance to develop strategies for preventing or treating liver fibrosis.

Hydroxyasiaticoside has anti-inflammatory, antioxidant, and anti-tumor effects (Filgueira et al., 2018; Chen et al., 2019). However, it had not been established whether hydroxyasiaticoside can improve S. japonicum induced liver fibrosis. In this study, we found that 16 weeks after infection with the cercariae of S. japonicum, mice developed morphological and pathological features of liver fibrosis, and simultaneously, there was a significant decrease of liver indices. After 8 weeks of treatment with praziquantel, the extent of liver fibrosis in mice infected with cercariae was lower relative to the model group. It was noted that the liver fibrosis extent in mice after treatment with hydroxyasiaticoside for another 8 weeks consistently improved and relieved due to the role of hydroxyasiaticoside. This indicated that hydroxyasiaticoside is effective as a therapeutic option for early liver fibrosis-induced by schistosomiasis. It is well-acknowledged that the damaged liver cells could release some enzymes and other substances into the serum. In this study, we found that S. japonicum infection remarkably elevated serum ALT and AST levels. However, the treatment with hydroxyasiaticoside efficaciously lowered and reversed the rising ALT and AST expression levels. This clearly indicated that hydroxyasiaticoside had an effective hepatoprotective effects on liver cells.

Fibrosis is a self-repairing response after tissue damage. It is mediated by inflammation and persistent liver inflammation is a prerequisite for the formation of liver fibrosis (Zhou et al., 2014; Lurie et al., 2015; Campana and Iredale, 2017; Zhao et al., 2017b; Fernández-Ruiz and Aguado, 2018; Šibíková et al., 2018; Song et al., 2019). Abnormal cytokine production during inflammation can lead to the synthesis/degradation of the extracellular matrix (ECM) of liver. Cytokines such as TNF-α, IL-6, and IL-1 β, which are significant mediators of tissue damage, play an essential role in the progression of schistosomiasis (Qi et al., 2014; Yukinori and David, 2017; Jones and Jenkins, 2018; Li et al., 2019). TNF-α is induced by a wide range of pathogenic stimuli, and exerts a specific impact on the inflammatory response (Feng et al., 2019; Zhang et al., 2019a). IL-6 regulates neutrophil transport by coordinating chemokine production and leukocyte apoptosis (Ghasemi, 2018; Giudice and Gangestad, 2018; Tseng et al., 2019; Wang et al., 2020; Yu et al., 2020). Therefore, inhibition of pro-inflammatory mediators provides a specific target and direction in the screening of anti-inflammatory drugs. These results collectively indicate that hydroxyasiaticoside noticeably inhibits the expression levels of TNF-α and IL-6, and simultaneously improves schistosomiasis-induced liver fibrosis by regulating inflammatory response factors in vivo.
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Objective: Osteoarthritis (OA) is a common subtype of arthritis. To date, treatment of OA focuses primarily on alleviating pain and improving joint function. The lack of a vascular system within synovial joints and the rapid removal of agents due to synovial exchange hinder continuous delivery of OA drugs. However, these obstacles are being addressed by promising nanoscale drugs.

Methods: We synthesize and assemble a hydrogen peroxide [H2O2, belongs to the category of active oxygen species (ROS)]-sensitive nanomicelle, which is loaded with the anti-inflammation drug dexamethasone and chondrogenic differentiation factor cartilage-derivedmor-phogeneticprotein-1. The micelle can induce bone marrow mesenchymal stem cells to repair cartilage while inhibiting joint inflammation.

Results: The prepared nanoparticles were of uniform size and displayed an obvious core-shell structure. Under H2O2 stimulation, the shell layer could be removed gradually. The drug-loaded micelle effectively inhibited proliferation of activated macrophages, induced macrophage apoptosis with an anti-inflammatory effect, and caused the BMSCs to differentiate into chondrocytes.

Conclusion: This work provides an experimental and theoretical basis for further development of a drug-loaded micelle in the healing of osteoarthritis.

Keywords: osteoarthritis (OA), reactive oxygen species (ROS), nanomicelle, dexamethasone, cartilage-derivedmor-phogeneticprotein-1 (CDMP-1)


INTRODUCTION

Osteoarthritis (OA), a degenerative form of arthritis, causes articular cartilage damage and affects entire joints (Miller et al., 2019; Hunt et al., 2020). Because cartilage is a non-vascular, non-lymphoid, and non-nerve tissue (Zhang et al., 2019a,b) and chondrocytes are highly differentiated cells with little potential for proliferation and migration, self-repair and regeneration of cartilage is limited (Roseti et al., 2019; Zhu et al., 2020).

Several surgical procedures have been operated to repair cartilage, including micro fractures (Bergink et al., 2019), mosaics (Jordan et al., 2017) and autologous chondrocytes (Stoop et al., 2007), but long-term success has proved elusive. To meet clinical needs and achieve long-term efficacy, non-invasive therapies that promote cartilage regeneration and exert anti-inflammatory effects are being designed (Boulocher et al., 2007; Palmer et al., 2013). At present, treatment of OA focuses primarily on alleviating pain and improving joint function (Zhu et al., 2020). Glucocorticoids (Cooper et al., 2016; Zhou et al., 2019) are often used to relieve joint pain during inflammation, but they are only effective in the short term. Hyaluronic acid drugs are able to relieve the symptoms of various types of osteoarthritis, but they tend to rapidly exit the joint cavity and provide relief for no more than 1–3 months.

The lack of a vascular system within the synovial joint (Baboolal et al., 2016; Watt et al., 2020) impedes the delivery of potent molecules to target sites during systemic administration. The rapid removal of locally delivered therapeutic agents due to synovial exchange poses another challenge (Jia et al., 2011). The development of nanotechnology provides a promising alternative direction for the development of drug delivery systems for OA (Yang et al., 2017; Zhao et al., 2021).

Nanoparticle drugs offer several advantages over traditional drugs, including increased drug hydrophilicity, reduced side effects and increased circulation time in vivo (Zhu et al., 2020). Various functions can work through modification, such as clearance of reactive oxygen species (ROS), lesion-site imaging, photo-dynamic therapy, multi-drug-loading and targeting of lesion sites.

Recent studies have pointed out that the loss of cartilage matrix is closely related to oxidative stress. It is generally recognized that when reactive oxygen species (ROS) are overexpressed, the function of articular cartilage is degraded (Crivelli et al., 2019; Wegner et al., 2019; Shin et al., 2020). By introducing ROS responsive structural components (-SeSe -) into nanoparticles, it provides a basis for targeting the construction of nano-drugs for precision therapy.

Dexamethasone (DEX) is widely used in the treatment of various inflammatory diseases. It can inhibit the accumulation of inflammatory cells, including macrophages and white blood cells, and inhibit the phagocytosis, the release of lysosomal enzymes and the synthesis and release of inflammatory chemical intermediaries. DEX is mainly used in the treatment of OA to eliminate inflammatory response and relieve pain in inflammatory sites (Said Ahmed et al., 2019; Zhao et al., 2019).

Osteoarthritis is fundamentally degenerative arthritis caused by the injury of articular cartilage (Brown et al., 2020). Therefore, the key to the treatment of OA lies in the repair of damaged articular cartilage (Cui et al., 2019). With the progress of materials and biological science, biomaterials have great application prospect in cartilage repair and bone repair (Zhu et al., 2020). The combination of bioactive factors and engineered 3D scaffolds can limit the decrease of biological activity, reduce the occurrence of complications and achieve targeted therapy (Wang et al., 2019; Cui et al., 2020).

Cartilage-derive morphogenetic protein 1 (CDMP-1), as a cytokine which has the ability to induce the proliferation and differentiation of osteoblasts, promote the differentiation of bone marrow mesenchymal stem cells into chondrocytes for repair(Dobbs et al., 2005).

Here, we constructed a nanoparticle with low toxicity, ROS response properties, and ability to eliminate joint inflammation and induce cartilage repair, which was named as DLNPs. And we used hydrogen peroxide (H2O2) as a positive control. The nanoparticles use -SeSe- group as the ROS response component and DEX and CDMP-1 as the main pharmacophore. Drug-carrying nanoparticles were directly delivered to joint lesions through joint cavity injection. By taking advantage of the high concentration of oxygen free radicals in arthritis lesions, the fracture of -SeSe- and the slow release of DEX and CDMP-1 were observed. At the same time, PLGA hydrophobic groups accumulated in the damaged cartilage due to hydrophobic effect, forming exogenous biological scaffold. The schematic diagram of the nanoparticle for the treatment of osteoarthritis was shown in Scheme 1.


[image: Scheme 1]
SCHEME 1. DLNPs are injected into the joint cavity of OA, and the high concentration of ROS in the articular cavity leads to the fracture of –SeSe-. The slow release of DEX reduces both pain and inflammation. The aggregated PLGA particles distributed on the surface of damaged cartilage serve as cartilage scaffoldings, and CDMP-1 biological factors in PLGA particles further induce BMSCs to transform into cartilage and repair damaged cartilage tissues. PLGA, poly(lactic-co-glycolic acid; DEX, dexamethasone; CDMP-1, cartilage-derivedmor-phogeneticprotein-1; ROS, reactive oxygen species; BMSCs, bone marrow mesenchymal stem cells.




MATERIALS AND METHODS


Experimental Materials
 
Reagents

Dexamethasone, poly (lactic-co-glycolic acid (PLGA), mPEG5k-COOH, selenocystamine, N-(3-dimethylaminopropyl)–n′-ethyl carbondiimine hydrochloride (EDC), n-hydroxysuccinimide (NHS), and N, N-diisopropylamine (DIPEA) were obtained from Energy Chemical. Chloroform, polyvinyl alcohol (PVA) and D-α-tocopherol polyethylene glycol succinate (TPGS) were obtained from Alladin.

Lipopolysaccharides (LPS), rhodamine-B (RhB), penicillin, streptomycin, and 4′, 6-diamidino-2-phenylindole (DAPI) were also purchased from Aladdin. Trypsin and fetal bovine serum (FBS) were obtained from Gibco. CDMP-1 antibody (Product No. R30403) was obtained from Yuanye Bio-Technology.



Instruments

The techniques used in this study included high-performance liquid chromatography (HPLC, Dionex UltiMate 3000, ThermoFisher), transmission electron microscopy (TEM, Hitachi, H-600), fluorescence microscopy (Zeiss 710, Jena, Germany), dynamic light scattering (DLS, Santa Barbara, Nicomp 380 ZLS), laser scanning confocal microscopy (Zeiss 710, Germany) and flow cytometry (BD Biosciences, BD FACS Canto II).



Cells and Animals

Macrophages (RAW 264.7) were purchased from BeNa culture Collection. New Zealand rabbits were purchased from the Model Animal Research Center of Nanjing University.

Animal experiments were performed according to protocols approved by the Ethical Committee of XuZhou Central Hospital.




Methods

The PLGA-SeSe-mPEG synthesis process was depicted in Figure 1A. The nuclear magnetic resonance data of the PLGA-SeSe-mPEG was present in Figure 1B.


[image: Figure 1]
FIGURE 1. Schematic diagram for synthesis (A) and Nuclear magnetic resonance spectroscopy (B) of PLGA-SeSe-Mpeg. PLGA, poly(lactic-co-glycolic acid); PEG, polyethylene glycol.



Preparation of mPEG-SeSe-NH2

The mPEG5k-COOH was dissolved in formamide with EDC and NHS (mPEG5k-COOH: EDC: NHS = 1:5:5). The mixture was stirred for 6 h to mix it thoroughly and then a mixture of selenocystamine and formamide (V/V = 1:9) was dripped at 0°C and allowed to react for another 5 h. Excess precooled acetone was added and allowed to crystallize into crystals, which were filtered through a microporous membrane (0.22 mm). The precipitate products were then dissolved in water and dialysed (MWCO: 3,500) for 48 h. The intermediate product, mPEG-SeSe-NH2, was obtained by freeze-drying.



Synthesis of PLGA-NHS

PLGA (0.65 g), EDC (80 mg), and NHS (48 mg) was dissolved in 10 mL of dichloromethane, and reacted for 24 h under nitrogen protection. The product was then precipitated by precooled aether and the residue NHS and EDC were removed by washing three times with a mixture of aether/methanol (50/50, v/v). The resulting sediment was vacuum-dried and labeled PLGA-NHS.



Preparation of the PLGA-SeSe-mPEG

Briefly, PLGA-NHS (0.1 g), mPEG-SeSe-NH2 (0.2 g), and DIPEA (6 uL) were dissolved in a dry solution of dimethyl sulfoxide. The solution was stirred under nitrogen protection for 48 h. The solution was dialysed (MWCO: 8,000–14,000) for 48 h, and the final product PLGA-SeSe-mPEG was obtained by freeze-drying.



Assembly of Blank Particles

PLGA-SeSe-mPEG (50 mg) was added to 1 mL of chloroform and mixed into 6 mL of a 1% PVA and TPGS mixture (PVA: TPGS 1:5). An 80 W ultrasound probe was used for 2 min in an ice bath to form an oil-water emulsion.

The emulsion was then added to 30 mL of 0.3% PVA and stirred overnight to solidify the surface. Ultrafiltration concentration was carried out with a 100 KD ultrafiltration tube. Finally, the volume of the mixture was fixed with pure water to 5 mL, and the samples were collected and stored at 4°C.



Assembly of Drugs-Loaded Particles Containing DEX and CDMP-1

DEX, CDMP-1, and PLGA-SeSe-mPEG were dissolved in trichloromethane, respectively. Next, 50 μL of 2 mg/mL DEX, 50 μL of 1 mg/mL CDMP-1, 50 μL of 1 mg/mL rhB, and 500 μg of the PLGA-SeSe-mPEG mixture were evenly and ultrasonically prepared for use. The process for producing drug-loaded particles was the same as that of blank particles described above.




Characterization of Micellar Particles

The size and potential of the nanoparticles were measured by DLS, and the morphology of the nanoparticles was characterized by TEM (120 keV, 5,000–30,000×).

To prepare samples for morphological characterization, a total of 5 μL of the formulation was deposited onto a carbon-disc ultrathin grid, followed by staining with 0.2% phosphotungstic acid for 30 s.

A total of 0.1 mM H2O2solution was used to simulate the ROS environment at the inflammatory lesions.



Drug-Loading Coefficient and Drug Release

Drug-loaded nanoparticles (5 mL) were transferred into a dialysis bag (MWCO, 12–14 K) and submerged into 45 mL of deionised (DI) water (37°C, pH 7.4). At set time points (10 min, 30 min, 1 h, 1.5 h, 2 h, 3 h, 4 h, 6 h, 8 h, 12 h, 24 h, 48 h, and 72 h), 1 mL of dialysate was taken as a sample and 1 mL of fresh DI water was refilled. After the samples were separated by HPLC, the DEX contents were determined by mass spectrometry, and the contents of CDMP-1 were determined by an enzyme-linked immunosorbent assay (ELISA) kit.

A total of 0.1 mM H2O2 solution was used to replace the DI water to prepare dialysate to test the ROS sensitivity of drug-loaded nanoparticles. The rest of the procedure was the same as the control group.



Isolation and Culture of BMSCs

BMSCs cells were isolated by density-gradient centrifugation.

After anesthesia was successfully performed on healthy 1-month-old New Zealand rabbits, the skin was prepared and lower limbs were disinfected with 75% alcohol and 3% iodine. Under aseptic conditions, 5 mL of bilateral iliac spine bone marrow was rapidly extracted by a puncture with a 20 mL syringe. The same amount of Dulbecco's modified Eagle medium without FBS was extracted with a sterile 5 mL syringe on an ultra-clean table, and the cells were resuspended. Then the cells were then placed into a screw centrifuge tube, centrifuged at 800 rpm for 6 min, and the supernatant was discarded to remove tissue cells, such as fat and periosteum. The cells were resuspended in a complete cell culture medium containing 10% FBS, and then slowly injected into a centrifuge tube containing a 10 mL of lymphoid separation fluid at a volume ratio of 1:1. After centrifuging at 1,500 rpm for 30 min, the annular pale-yellow monocyte cloud layer at the junction of the liquid level was taken and resuspended in a complete cell culture solution to make a single-cell suspension, which was then counted with a blood-count board under an optical microscope. The suspension was then inoculated with a density of 2 × 105/mL in a 25 cm2 plastic culture bottle and placed in a constant-temperature incubator at 37°C in 5% CO2 at saturated humidity. After most of the cells grew adherent and slightly shook the bottle, the non-adherent cells were discarded and labeled as primary cells.

After ~12–14 days of primary cell culture, the cells were filled with culture bottles. At this time, they exhibited a fibroblast-like appearance.

Finally, cell passage cultivation of BMSCs were cultured at a 1:3 ratio every 8 days, and the non-adherent cells were discarded in each exchange to purify BMSCs. P3-generation BMSCs with good growth status were selected as experimental cells.



Activation of Macrophages

RAW 264.7 cells were activated by incubating them in a complete medium containing 0.5 μg/mL LPS for 12 h.



Cell Proliferation

The BMSCs and the activated macrophages (1 × 104 cells/well) were treated with various concentrations of PLGA-SeSe-mPEG micelle and DEX&CDMP-1@PLGA-SeSe-mPEG micelle for 1, 3, and 7 days. Cell viability was determined using an MTT assay.



Histochemical Detection of Collagen Type II

BMSCs induced for 21 days by CDMP-1 and drug-loaded micelles were digested into a cell suspension, and then fixed with 4% paraformaldehyde at 4°C for 30 min. The membrane was broken with 0.1% Triton solution for 30 min, sealed at room temperature for 30 min, and then cleaned with PBS solution 3 times.

Polyclonal antibodies against type II collagen were diluted at a ratio of 1:100, incubated overnight at 4°C and an SABC immuno-histochemical staining kit was used following the kit instructions. Finally, a DAB kit was used to detect the expression of type II collagen in the tissues, with a positive reaction producing a brown-yellow color. PBS was used for negative control staining instead of an antibody.



Alsin Blue Stain

BMSCs were inoculated in 12-well plates with 5,000 cells/well and cultured for 21 days in an induction solution containing 100 ng/mL drug-loaded micelles. BMSCs were rinsed with PBS for 3 min and fixed with 4% paraformaldehyde for 30 min. The cells were then rinsed with 0.1 mol/L of HCl for 5 min. After the pH was lowered to 1, a 0.1% alsin blue solution was used to stain the BMSCs overnight. The samples were then stained with a 0.1% neutral solid red solution for 5 min, rinsed with distilled water and dried, sealed with neutral resin and placed under an inverted microscope for imaging.



Cellular Uptake In vitro

The intracellular localization of drug-loaded nanoparticles was further detected by confocal imaging. BMSCs and activated macrophages were cultured in glass-bottom dishes at a density of 2 × 105 cells/well for 24 h. After 2 h of incubation with drug-loaded nanoparticles (10 μg/mL), the cells were washed with a PBS buffer three times

The cells were then fixed with 4% (v/v) paraformaldehyde and stained with Hoechst for 15 min before observation with a laser scanning confocal microscope.

Intracellular uptake of drug-loaded nanoparticles was detected by flow cytometry.



Expression of Key Proteins Measured by ELISA

Activated macrophages and BMSCs were planted in 6-well plates at a density of 2 × 105 cells/well and cultured for 24 h. The cells were further treated by different concentrations of nanoparticles for 24 h.

After the culture medium in the culture plate was removed, the cells were digested with trypsin, and an appropriate amount of culture medium was added to wash the cells off the culture plate.

The cell suspension was collected into a centrifuge tube, centrifuged at 1,000 g for 10 min, and then the culture medium was removed and the cells were washed three times with precooled PBS.

Cells were resuspended by adding 150–250 mL of PBS to each well of the 6-well plates and then lysed by ultrasonic treatment of the suspension with an ultrasonic cell breaker.

At 4°C, the ultrasound-treated cell fluid was centrifuged at 10,000 g for 10 min to remove cell debris, and the supernatant was then collected and labeled.

The cell supernatants were further analyzed by ELISA to determine the concentration tumor necrosis factor alpha (TNF-α), interleukin-1beta (IL-1β) and type II collagen.



Statistical Methods

SPSS13.0 statistical software package was used for analysis. Data were expressed as mean ± standard deviation. One-way ANOVA was used for comparison between groups with P-value & LT 0.05 was considered statistically significant.




RESULTS AND DISCUSSION

The synthesis path of the polymer PLGA-SeSe-mPEG was prepared as shown in Figure 1A. The nuclear magnetic resonance spectroscopy of PLGA-SeSe-mPEG (Figure 1B) showed that in addition to the characteristic peaks of -PLGA and -mPEG, there was an obvious characteristic peak of -SeSe- at 2.6–2.9 ppm.

As shown in the DLS results (Figure 2A), the particle-size distribution of blank and drug-loaded nanoparticles displayed an obvious single-peak normal distribution, without trailing tail or double peak, which indicated that the sizes of the micelles were relatively uniform. The drug load significantly increased the size of nanoparticles from 260 to 295 nm with a wider size distribution.


[image: Figure 2]
FIGURE 2. Size distribution of the nanoparticles after treatment with different concentrations of H2O2 characterized by DLS. Morphological characterization of PLGA-SeSe-mPEG micelle (C) and uncoated nanoparticles (D). DLS, dynamic light scattering.


After removing the mPEG shell by stimulation with H2O2, the size distribution of the nanoparticles showed a multi-peak distribution (Figure 2B). As the concentration of H2O2 increased, the proportion of secondary peaks on both sides of the main peak increased. When the concentration of H2O2 reached 500 μM, the micelle particles were completely destroyed, and the particle size presented an obvious bimorphic distribution, indicating an obvious aggregation effect of nanoparticles after uncoating.

As shown in the TEM results (Figures 2C,D), blank micelles presented an obvious core-shell structure with a relatively light hydrophilic ringing around the hydrophobic core. Blank micelles embraced a relatively uniform particle size with significant particle spacing and clean particle backgrounds. However, after stimulation by H2O2, the hydrophilic shell of the nanoparticles fell off, and accumulation of the hydrophobic nanoparticles was evident, resulting in different particle sizes. The detached mPEG segments were dispersed in the solution, contributing to a dirty background for the nanoparticles.

Previous studies have shown that the most important factor in determining drug loading is the compatibility between the hydrophobic segment and the drug molecule (Shi et al., 2016; Wilkosz et al., 2018). Factors such as the amount of drug loaded, particle size and particle-size distribution vary by drug-loading method. Exploring suitable drug-loading methods that enable polymer nanoparticles to carry larger quantities of drugs is the main content of this section (Zhang et al., 2017).

Drug-loading performance tests of blank micelles were conducted by assembling drugs of different concentrations with 50 mg blank micelles. The prepared drug-loading nanoparticles were filtered out of the unwrapped drugs by dialysis, and then dissolved into the organic solvent again to detect the drug content in the organic solvent, and to predict the drug-loading amount.

Drug-loading results (Figures 3A,B) showed that a 50 mg blank micelle could load a maximum of 4.8 mg of DEX and 0.265 mg of CDMP-1, with drug-loading rates of 9.8 and 0.53%, respectively. A PBS buffer (pH 7.4) was used as the release medium. The drug-loaded nanoparticles prepared by the physical-embedding method generally released the drug through diffusion, which was faster than the drug-loaded nanoparticles prepared by chemical binding. Its release rate was related to factors such as the molecular weight of the nanoparticles and the interaction between the drug and the nanoparticles. Strong compatibility between the drug and the hydrophobic core can delay the release of the drug, and a strong hydrogen bond between the micellar core and the drug can also slow down the release of the drug.


[image: Figure 3]
FIGURE 3. The DEX (A) and CDMP-1 (B) loading performance of blank micelles, and accumulative DEX and CDMP-1 release with or without ROS500μm (C). DEX, dexamethasone; CDMP-1, Cartilage-derivedmor-phogeneticprotein-1; ROS, reactive oxygen species. All error bars were presented as mean ± SD. ***p < 0.001.


As shown in Figure 3C, DEX and CDMP-1 both had drug-release rates of <10% in PBS. When the concentration of H2O2 reached 500 μM, the release rate of DEX reached more than 60% within 4 h, while the release rate of CDMP-1 was slightly lower, at 37.7% of CDMP-1. Because amphiphilic biomaterial is sensitive to H2O2, the concentration of hydrogen peroxide can be reduced at the ischaemic site, limiting damage to the body. The H2O2-sensitive amphiphilic biomaterial of the present invention is used as a drug carrier to meet the needs of extended circulation and targeted therapy (Shah et al., 2020).

In order to verify the stem cell characteristics of extracted BMSCs, BMSCs were incubated for a long time and the cells were counted. As shown in Figure 4A, BMSCs entered the logarithmic growth phase at 2–4 days, and the number of cells decreased significantly and entered the plateau phase at 5 days, indicating that BMSCs also had significant contact inhibition effect.


[image: Figure 4]
FIGURE 4. Cell counts of BMSCs Cells for 7 days (A).Cell viability of RAW 264.7 and BMSCs cell lines after 1 day, 3 days, and 7 days incubation in response to various treatments (B). Flow cytometric analyses (C) and quantitative analysis (D) of activated RAW264.7 and BMSCs after 4 h of incubation with various treatments, with PBS serving as the control. All error bars were presented as mean ± SD. **p < 0.01. BMSCs, bone marrow mesenchymal stem cells; PBS, phosphate buffer saline.


The cytotoxic results of drug-loaded micelles and DEX were shown in Figure 4B. The addition of DEX significantly reduced the activity of macrophages, but had little effect on the activity of BMSCs. Blank nanoparticles were less cytotoxic to all three groups of cells, with cell survival rates exceeding 80%, indicating the potential of blank nanoparticles to serve as drug carriers. Drug-loaded nanoparticles exhibited cytotoxicity to certain macrophages. When treated with drug-loaded nanoparticles, macrophages exhibited a cell survival rate of approximately 73%, and the survival rate of activated macrophages was even lower, at 57%. Longer incubation resulted in a decrease in the relative number of treated macrophages. However, blank micelles and drug-loaded micelles had little effect on BMSCs. After 7 days of culture, BMSCs treated with DLNPs had higher activity than those treated with BNPs. Combined with the proliferation curve of BMSC, DLNPs treatment reduced the contact inhibition effect and restored the vitality of BMSCs.

Measurement of flow-cell apoptosis (Figures 4C,D) showed that DEX significantly affected the induction of apoptosis of macrophages, with the cell survival rate dropping from 92.4 to 65.9%. DEX had a relatively light effect on BMSCs, with the cell survival rate dropping from 87.2 to 77.5%. Blank nanoparticles had little effect on apoptosis induction in the two groups; the proportion of normal cells was more than 80%, indicating that blank nanoparticles were safe and non-toxic. Drug-loaded nanoparticles showed a similar apoptotic effect with DEX on activated macrophages, with the survival rate dropping to 68.2%. Drug-loaded nanoparticles had little effect on BMSCs, up to 75% of normal cells.

The fluorescent dye RhB was attached to the nanoparticles to indicate the location of the drug-loaded micelle inside the cell after being engulfed.

Cytophagocytosis diagrams (Figure 5A) showed that the drug-loaded nanoparticles accumulated primarily in the cytoplasm and did not enter the nucleus. The differences in cell phagocytosis between cells were significant. The activated macrophages were the brightest, followed by the inactive macrophages and the BMSC group.


[image: Figure 5]
FIGURE 5. (A) Cellular uptake of RhB and RhB#Nanoparticles in activated RAW 264.7 and BMSCs while the nucleus were stained with DAPI. (B) Results of chondrogenic differentiation of BMSCs were conducted by type II collagen immunohistochemistry staining and Alsin blue staining. (C) Expression of key factors (TNF-α, IL-1β, and type II collagen) were tested by an ELISA kit. All error bars were presented as mean ± SD. **p < 0.01. ELISA, enzyme-linked immunosorbent assay; TNF, tumor necrosis factor; IL, interleukin.


After incubating CDMP-1 and drug-loaded micelles with BMSCs for 14 days, BMSCs were fully induced to form cartilage. Collagen and chondrogenic differentiation in cells was characterized by the histochemistry of alsin blue and type II collagen. As shown in Figure 5B, after 2-day differentiation induced by drug-loaded nanoparticles, a small number of BMSCs changed from a spindle shape to polygons, and the black particles around the nucleus gradually increased with induction time. After 14 days of differentiation induction, the cells began to grow in size, particles around the nucleus were visible, and the cells gradually grew into clusters of cartilaginous nodules. Type II collagen immunohistochemistry staining showed that some cells were dark brown and exhibited a strong positive reaction. While the positive signals were located mainly in the cytoplasm of the cells, a small number of positive signals occurred in the extracellular matrix, indicating that the cells expressed type II collagen after the induced differentiation.

CDMP-1 and drug-loaded nanoparticles were incubated with BMSCs for 24 h, and the supernatant contents of TNF-α, IL-1β, and type II collagen were determined by ELISA, as shown in the Figure 5C. The expression of TNF-α and IL-1β in activated macrophages was significantly increased, compared with normal macrophages. DEX and drug-loaded nanoparticles therefore significantly reduced the expression level of the above factors, indicating that DEX and drug-loaded nanoparticles had a significant inhibitory effect on activated macrophages and reduced inflammatory responses caused by LPS. Both CDMP-1 and drug-loaded nanoparticles significantly increased the expression level of type II collagen, indicating that CDMP-1 and drug-loaded nanoparticles effectively induced chondrogenic differentiation of BMSCs. All groups showed statistically significant differences (P < 0.05). This indicated that, at a higher concentration, the action time was longer, which caused drugs that entered the cell through either of two ways to act fully on the cell and perform its function.



CONCLUSION

OA is usually associated with cartilage damage and joint inflammation (Chow and Chin, 2020). We designed, synthesized, and assembled a core-shell nanomicelle loaded with the anti-inflammation drug DEX and CDMP-1 to induce BMSCs to repair cartilage and inhibit joint inflammation. The nanometre-scale micelles were able to release drugs at lesion sites with high ROS, making them ROS-sensitive.

The function of the nanometre-scale micelle drug was verified through drug release, cytotoxicity, cartilage-induced differentiation, and other experiments, providing a basis for the further development of the drug in the treatment of OA.
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Background: Patients with systemic internal diseases present high risks for invasive fungal infections, which results in increased morbidity and mortality. Identification of high-risk departments and susceptibility systems could help to reduce the infective rate clinically. Correct selection of sensitive anti-fungal drugs not only could improve the cure rate but also could reduce the adverse reactions and complications caused by long-term antifungal drug treatment, which can be especially important in patients with serious systemic diseases. Therefore, the distribution changes of invasive fungal strains in patients with systemic internal diseases and the choice of antifungal drugs in clinical practice should be updated.

Objective: This work aimed to investigate the incidence, strain distributions, and drug susceptibility of invasive fungal strains isolated from patients with systemic internal diseases.

Methods: Samples were collected from 9,430 patients who were diagnosed with internal diseases in our hospital from January to December 2018. We then cultured and identified the fungal strains using API 20C AUX. We performed drug sensitivity analysis via the ATB Fungus-3 fungal susceptibility strip. Resistance was defined using the revised Clinical Laboratory Standardization Committee of United States breakpoints/epidemiological cutoff values to assign susceptibility or wild-type status to systemic antifungal agents.

Results: A total of 179 patients (49 female, 130 male) with fungal infection were included. The high-incidence departments were determined to be the respiratory department (34.64%), intensive care unit (ICU; 21.79%), and hepatology department (9.50%). The susceptible systems for infection were the respiratory tract (sputum, 68.72%, 123/179; secretion retained in the tracheal catheter, 3.35%, 6/179), urinary tract (urine, 9.50%, 17/179), and gastrointestinal tract (feces, 9.50%, 17/179). The major pathogens were Candida (90.50%), Aspergillus (8.93%), and Cryptococcus neoformans (0.56%). The infective candida subgroups were Candida albicans (70.95%), Candida krusei (6.15%), Candida glabrata (5.59%), Candida parapsilosis (3.91%), and Candida tropicalis (3.91%). The susceptibility of non-Aspergillus fungi for amphotericin B was 100.0%. The susceptibility rates of 5-fluorocytocine (5-FC) and voriconazole were 72.73 and 81.82%, respectively, for C. krusei, 98.43 and 100% for C. albicans, and 100% for both drugs for C. glabrata, C. parapsilosis, and C. tropicalis. The susceptibility rates of fluconazole and itraconazole were 0 and 54.55%, respectively, for C. krusei, 20 and 20% for C. glabrata, and 57.14 and 57.14% for C. tropicalis. The resistance rate of C. tropicalis for both fluconazole and itraconazole was 41.43%.

Conclusion: Patients in the respiratory department, ICU, and hepatology department presented high rates of invasive fungal infections and should include special attention during clinical treatment. The respiratory tract, urinary tract, and gastrointestinal tract were the susceptible systems. Candida, especially C. albicans, was the main pathogen. From the perspective of drug sensitivity, amphotericin B should be given priority in treating the non-Aspergillus fungi infection in patients with systemic internal diseases, while the susceptibility of invasive fungal strains to azoles was variant. These data might provide clinical evidence for the prevention and treatment of invasive fungal infection in patients with systemic internal diseases.
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INTRODUCTION

Patients with systemic internal diseases present an increasing risk of invasive fungal infection. In recent years, the extensive use of broad-spectrum antibiotics, hormones, immunosuppressants, and other drugs used for the treatment of patients with internal diseases has given rise to an increase in the rate of invasive fungal infection. Furthermore, the development and extension of new technologies for organ transplantation and other procedures might also induce infections from conditional pathogens, especially fungal infections, as well as increase the likelihood to confer drug resistance changes (Bonduel et al., 2001). Identification of high-risk departments and susceptibility systems which are prone to suffer from invasive fungal infection could help reduce the clinical infective rate.

The drug sensitivity and resistance of invasive fungi to the frequent use of fluconazole and itraconazole in clinical treatment are changing. Some of the mechanisms for antifungal drug resistance include drug absorption and drug accumulation, decreased affinity of the drug to its target, alteration of metabolic pathways to disturb cellular drug concentrations, and biofilm formation (Ramana et al., 2013). Factors related to a patient’s clinical situation and present co-morbidities, local epidemiology data, and purpose of treatment (prophylactic, pre-emptive, empiric, or definitive) should be taken into account when choosing the appropriate antifungal agents (Paramythiotou et al., 2014).

For the distribution of invasive fungi and drug sensitivity are varied, clinicians should select appropriate treatment schemes according to the patient’s condition and the drug sensitivity results. Clinical awareness and knowledge of local epidemiology and pharmaceutical considerations could also help to achieve early diagnosis and treatment. Correct selection of sensitive anti-fungal drugs could not only improve the cure rate but also could reduce adverse reactions and complications caused by long-term antifungal drug treatment, especially in patients with serious systemic diseases. Therefore, knowledge of the susceptibility and resistance of invasive fungi strains to antifungal agents should be updated, especially in patients with systemic internal diseases who have received therapeutic drugs.

In this study, we investigated the incidence, strain distributions, and drug susceptibility of invasive fungal strains isolated from patients with systemic internal diseases in the southern area of China.



MATERIALS AND METHODS


Fungal Strain Collection

Both outpatient and inpatient samples, including sputum, urine, feces, blood, bile, cerebrospinal fluid, and secretion retained in the tracheal catheter, were collected from January to December 2018 at the Third Affiliated Hospital of Sun Yat-sen University–Yuedong Hospital. The samples were collected from 9,430 patients who were diagnosed with internal diseases, and a total of 179 strains of invasive fungi were isolated.



Ethics

This work was an antifungal susceptibility surveillance study, and no human rights issues were involved. We obtained these strains in anonymized and de-identified forms.



Instruments and Reagents

The Candida chromogenic culture medium was purchased from Jiangmen Kailin Trading Co., Ltd. We used the API 20C AUX identification instrument and ATB Fungus-3 fungal susceptibility strip by the French biological company Merieux.



Culture and Identification

The cultures were incubated in Sabouraud media and maintained at 35°C for 24–48 h in order to grow into a yeast-like colony. The single colony was then inoculated into Candida chromogenic culture medium and identified with an API 20C-AUX system.



Susceptibility Testing

We carried out the susceptibility test using the ATB Fungus 3 fungal susceptibility strip. Testing of the drug sensitivity of the minimum inhibitory concentration was obtained by utilizing ATB instrument interpretation. The strains were classified as sensitive, intermediate, or drug-resistant according to the Clinical Laboratory Standardization Committee of United States standard and ATB Fungus 3 product specification. The instructions were observed in detail, and the results were read with the naked eye if necessary. The quality control strain used was Candida albicans, ATCC 90028.



Statistical Analysis

Data processing and statistical analysis were performed using SPSS software (version 16.0, Inc., Chicago, IL, United States). Count data variables were expressed as frequencies and percentages. For all statistical analyses, statistical significance was accepted at P < 0.05 (two-sided).



RESULTS


High-Incidence Departments

A total of 179 fungal infection patients (49 females, 130 males) were included. Of those, 34.64% patients (n = 62) were in the respiratory department, 21.79% patients (n = 39) were in the intensive care unit (ICU), and 9.50% patients (n = 17) were in the hepatology department (Figure 1).
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FIGURE 1. Distribution of isolated fungi strains in clinic departments. A total of 179 fungal strains were isolated from clinical patients with systemic internal diseases (49 females and 130 males). Of those, 34.64% were from the respiratory department, 21.79% were from the intensive care unit, 9.50% were from the hepatology department, 8.95% were from the endocrinology department, and 4.47% were from the neurology department and nephrology department separately.




Susceptibility System Analysis

The susceptible systems for infection were the respiratory tract, urinary tract, and gastrointestinal tract. Strains of fungi were isolated from the infective tissues or secretions of these patients, with 68.72% (123/179) coming from sputum, 9.50% (17/179) from urine, and 9.50% (17/179) from feces (Table 1).


TABLE 1. Susceptibility system analysis of invasive fungi infection in clinical patients with systemic internal diseases.
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Analysis of Fungal Species in Clinical Infection

The invasive fungi isolated were primarily Candida, which accounted for 90.50%, with the remaining being Aspergillus, which accounted for 8.93%, and Cryptococcus neoformans, which accounted for 0.56%. Among the Candida species, Candida albicans accounted for 70.95%, Candida krusei accounted for 6.15%, Candida glabrata accounted for 5.59%, Candida parapsilosis accounted for 3.91%, and Candida tropicalis accounted for 3.91%.



In vitro Susceptibilities Among Non-Aspergillus Fungi

Of the 179 invasive fungi detected, we analyzed the susceptibility of 163 strains of non-Aspergillus fungi to five kinds of antifungal drugs. The results showed that the drug susceptibility rate of the non-Aspergillus fungi for amphotericin B was 100.0%. The susceptibility rates for 5-FC and voriconazole were, respectively, 72.73 and 81.82% for C. krusei, 98.43 and 100% for C. albicans, and 100% for both drugs for C. glabrata, C. parapsilosis, and C. tropicalis. The susceptibility rates of fluconazole and itraconazole were, respectively, 0 and 54.55% for C. krusei, 20 and 20% for C. glabrata, and 57.14 and 57.14% for C. tropicalis. The resistance rate of C. tropicalis for both fluconazole and itraconazole was 41.43% (Table 2).


TABLE 2. In vitro susceptibility among non-Aspergillus fungi.
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DISCUSSION

Invasive fungal infections have been associated with increased morbidity and mortality, and the number of patients at risk of suffering invasive fungal infection is increasing (Ibáñez-Martínez et al., 2017). Several factors can contribute to this effect, and they include the widespread adoption of aggressive immunosuppressive therapy (e.g., chemotherapy, transplants), the use of new immune-modifying drugs among certain patient populations, and the increasing use of invasive devices such as central venous catheters (Enoch et al., 2017).

Our data have indicated that the clinical specimens of invasive fungi were mainly from a few departments, the respiratory department, the ICU, and the hepatology department, from which the composition breakdown was 34.64, 21.79, and 9.50%, respectively. We can conclude from our results that patients in the departments that presented high rates of invasive fungal infections, specifically the respiratory department, ICU, and hepatology department, should include special attention during clinical treatment. Patients in the ICU often have a serious illness, are committed to long-term stays in the hospital, and are subjected to extensive use of antibiotics, hormones, or immunosuppressants and invasive operations, all of which could increase the susceptibility of secondary fungal infection. Bassetti et al. (2017) suggested that further investigation was needed to determine the incidence of invasive aspergillosis in the ICU, its relationship with influenza outbreaks, the clinical impact of rapid diagnosis, and the significance of combination treatment.

Previous studies have revealed that fungal infections were identified primarily in the respiratory tract (Smith and Kauffman, 2012) and urinary tract. Furthermore, 86.03% of infective patients were persons over 60 years old who had weak mucociliary clearance ability and more bronchial gland hyperplasia and secretion (Anaissie et al., 2009). We found that, besides the respiratory tract and urinary tract, the gastrointestinal tract was also a susceptible system in which deep fungal infection appeared in patients with systemic diseases.

In this study, 179 strains of invasive fungi were identified and detected. Candida was the main pathogen causing invasive fungal infection in patients with systemic internal diseases. Among the Candida species infecting those patients, Candida albicans was the most frequently recognized, followed by C. krusei, C. glabrata, C. parapsilosis, and C. tropicalis. The rate of C. glabrata infection increased when comparing the patients with sepsis (Bloos et al., 2013).

The antifungal antibiotics were categorized into different groups including azoles, polyenes, fluoropyrimidine analogs, echinocandins, morpholines, allylamines, thiocarbamates, and 5-FC. In this study, we analyzed the sensitivity of 163 strains of non-Aspergillus fungi to five antifungal drugs commonly used in clinics. The results of the drug sensitivity testing showed that all of the invasive fungi in this study were 100% sensitive to amphotericin B, and over 70% of invasive fungi were sensitive for 5-FC (only 1.57% C. albicans with drug resistance). This suggested that amphotericin B and 5-FC should be considered more in clinical treatment (Ramana et al., 2013).

Enoch et al. declared that the epidemiology of Candida infections has changed in the last decade, with a gradual shift from C. albicans to non-albicans candida strains that may be less susceptible to azoles (Enoch et al., 2017). The sensitivity of the invasive fungi in this clinical study showed that there was a great difference in sensitivity to azoles. The resistance rate of C. tropicalis for both fluconazole and itraconazole was 41.43%. Moreover, C. albicans and C. parapsilosis were relatively sensitive to azoles. When compared with C. albicans and C. parapsilosis, C. krusei, C. glabrata, and C. tropicalis were less susceptible to fluconazole and itraconazole. The resistance rate of C. krusei for fluconazole was 100%, due to natural resistance. These data have high potential to be useful for the selection of antifungal drugs in the clinical setting.

Combination therapy with amphotericin B and azoles was recommended in cases of localized infection such as meningitis, osteomyelitis, and intra-abdominal infections (Ostrosky-Zeichner, 2008), but our data found that the susceptibility of invasive fungi to zolium drugs presented a genus difference. The frequent use of fluconazole and itraconazole in treating invasive fungi might be the cause of the increase in drug resistance. Badiee and Hashemizadeh (2014) also suggested that monitoring of drug dose was necessary to ensure that therapeutic levels are achieved for optimal clinical efficacy in order to prevent opportunistic invasive fungal infections in sensitive patients. Considering the safety of patients with systemic diseases, a systematic combination of antifungal drugs might increase the incidence of adverse reactions and complications.

There are several limitations to the study. The study population consisted of patients in South China and may not be representative of patients in the general population. Investigation of multiple fungal infections in patients with severe systemic diseases should also be a concern. Although this is a regional study, we hope that the data could further help multi-regional and worldwide epidemiological surveys, which could provide more favorable clinical evidence for the prevention and treatment of invasive fungal infection in patients with systemic internal diseases in the future.

In this study, we found that patients in the respiratory department, ICU, and hepatology department presented high rates of invasive fungal infections and should include special attention during clinical treatment. The respiratory tract, urinary tract, and gastrointestinal tract were the susceptible systems. Candida, especially C. albicans, was the main pathogen. From the perspective of drug sensitivity, amphotericin B should be given priority in treating the non-Aspergillus fungi infection in patients with systemic internal diseases, while the susceptibility of cynical strains to azoles was variant. These data might provide clinical evidence for the prevention and treatment of invasive fungal infection in patients with systemic internal diseases.
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Therapies for autoimmune diseases such as multiple sclerosis and diabetes are not curative and cause significant challenges for patients. These include frequent, continued treatments required throughout the lifetime of the patient, as well as increased vulnerability to infection due to the non-specific action of therapies. Biomaterials have enabled progress in antigen-specific immunotherapies as carriers and delivery vehicles for immunomodulatory cargo. However, most of this work is in the preclinical stage, where small dosing requirements allow for on-demand preparation of immunotherapies. For clinical translation of these potential immunotherapies, manufacturing, preservation, storage, and stability are critical parameters that require greater attention. Here, we tested the stabilizing effects of excipients on the lyophilization of polymeric microparticles (MPs) designed for autoimmune therapy; these MPs are loaded with peptide self-antigen and a small molecule immunomodulator. We synthesized and lyophilized particles with three clinically relevant excipients: mannitol, trehalose, and sucrose. The biophysical properties of the formulations were assessed as a function of excipient formulation and stage of addition, then formulations were evaluated in primary immune cell culture. From a manufacturing perspective, excipients improved caking of lyophilized product, enabled more complete resuspension, increased product recovery, and led to smaller changes in MP size and size distribution over time. Cocultures of antigen-presenting cells and self-reactive T cells revealed that MPs lyophilized with excipients maintained tolerance-inducing function, even after significant storage times without refrigeration. These data demonstrate that excipients can be selected to drive favorable manufacturing properties without impacting the immunologic properties of the tolerogenic MPs.

Keywords: stability, autoimmunity, immunotherapy, excipient, lyophilization, multiple sclerosis, formulation, nanotechnology


INTRODUCTION

Polymeric particles and scaffolds have been widely researched as carriers for biologics and small molecules to improve delivery of cargo to cell and tissue targets (Nair and Laurencin, 2007; Ulery et al., 2011; Danhier et al., 2012; Fenton et al., 2018). One important emerging area applies these carriers to immunotherapies by delivering peptides recognized by the immune system (antigens) and immune cues to modulate immune response (Andorko et al., 2015; Northrup et al., 2016; Tostanoski et al., 2016b; Bookstaver et al., 2018; Ben-Akiva et al., 2019). This development is motivated by the unique benefits of polymeric carriers and other designed materials in the context of immunotherapy, including co-delivery of immune signals, controlled release, prolonged cargo exposure, cargo protection, and preferential delivery to target immune cells (Tostanoski et al., 2016b; Bookstaver et al., 2018). While incorporating biomaterial carriers into these exciting new therapies adds potential, these components also add complexity for manufacturing and regulatory characterization. These are important aspects to address at an early stage to support more efficient translation of new immunotherapies.

We and others have recently explored the control that polymer carriers provide to correct the excessive inflammation and immune defects that occur in autoimmune disease such as multiple sclerosis (MS; Tostanoski et al., 2016b; Pearson et al., 2017; Gosselin et al., 2018; Dellacherie et al., 2019). MS, for example, occurs when the body’s immune system incorrectly attacks myelin, the matrix that surrounds neurons in the central nervous system (CNS). This attack is driven by myelin-specific immune cells, resulting in inflammation, neurodegeneration, and demyelination in the CNS (Bitsch et al., 2000; Sospedra and Martin, 2005; Comabella and Khoury, 2012). MS is treated with disease-modifying therapies that have improved patient quality of life but that are non-curative and non-specific. Even the newest monoclonal antibodies do not differentiate between normal cells and dysfunctional myelin-reactive immune cells or lymphocytes; this inhibitory function can leave patients susceptible to infection (Cross and Naismith, 2014). Therefore, an important goal for next-generation therapies is the induction of antigen-specific tolerance—correcting defects that occur in autoimmune disease without impacting normal immune responses. For example, using a simple, easily scalable degradable polymer [poly(lactide-co-glycolide), PLGA], we developed microparticle (MP) depots that promote regulatory immune function and reverse disease in preclinical models of MS. These depots recondition the local environment of lymph nodes—tissues that coordinate immune function—by co-delivering myelin self-peptide (MOG) and an immunomodulatory cue, rapamycin (Rapa). This shifts the response to myelin away from inflammation and toward tolerance in a selective fashion (Tostanoski et al., 2016a).

While these and other preclinical studies often afford the ability to make and begin testing immunotherapies on demand, translating candidate therapies require additional considerations to chemistry and manufacturing controls (CMCs), stability, and characterization after storage. These are all crucial aspects for regulatory approval but receive little attention in the drug delivery field relative to the number of preclinical therapeutic studies. Even well-established materials such as PLGA have ongoing issues for clinical translation in therapeutic contexts. While PLGA degrades by hydrolysis and is commonly used clinically, such as in degradable sutures, the degradation products of PLGA (e.g., lactic acid, glycolic acid) can be metabolized by cells (Danhier et al., 2012; Mohammadi-Samani and Taghipour, 2015). Further, any aqueous storage of particles requires consideration of unwanted cargo release, particle aggregation and fusion, and maintenance of cargo integrity during storage (Fonte et al., 2016b). Thus, the stability, transport, and storage of immunotherapeutic particles formed from degradable biopolymers are an important focus area.

As the pharmaceutical industry has long shown, freeze-drying (lyophilization)—a controlled dehydration process—is a common route to support particle storage that stabilizes particles and reduces degradation and aggregation. Lyophilization dehydrates particle suspensions via three steps: (1) freezing, (2) water removal by sublimation, and (3) desorption of unfrozen water by vacuum (Fonte et al., 2016b). However, polymer particles are complex, and their structure is susceptible to damage from the stresses of freeze-drying (Holzer et al., 2009; Fonte et al., 2016b), as well as the risks to the sensitive cargos that incorporated in these cargos as part of many immunotherapies. To limit this stress, cryoprotectants and lyoprotectants, including sugars such as mannitol, sucrose, and trehalose, can be added to alter the glass transition temperature of polymers and allow for a higher freezing rate (Holzer et al., 2009; Niu and Panyam, 2017; Shaikh et al., 2017; Chishti et al., 2019). These changes to the lyophilization process hinder ice crystal formation and limit mechanical stresses on particles, which results in better resuspension of the particles (Lee et al., 2009; Fonte et al., 2014, 2015, 2016a,b). The resulting glassy matrix also immobilizes MPs to protect from aggregation and degradation (Fonte et al.,2016a,b). Further, in the context of immunotherapies aimed at autoimmunity, these issues are crucial since the immune system amplifies responses; this means the homogeneity and stability of therapies that rely on particle delivery have an equally important role in determining efficacy and safety.

Although PLGA particles have been extensively characterized, there are knowledge gaps to address for immunotherapies to ensure that CMC considerations (e.g., lyophilization, long-term storage) do not impact integrity and cargo immune function during translation. To study the role of sugars as cryoprotectants in the freeze-drying of PLGA MP depots co-loaded with the candidate autoimmune therapeutic components mentioned above, we prepared samples of MPs loaded with MOG and Rapa, along with cryoprotectants. These cryoprotectants included mannitol, sucrose, or trehalose that were either encapsulated (Enc) in the MP depots during particle synthesis, or incorporated externally by resuspending in an aqueous solution with the cryoprotectant. The therapeutic MPs were then lyophilized and characterized to assess the long-term particle stability and cargo functionality following lyophilization and storage at room temperature. In this study, we show that low concentrations of Enc and externally incorporated (Ext) excipients enhance the stability of MPs after 5 months in storage at room temperature. MPs loaded with low concentrations of excipients were reconstituted more effectively than MPs without excipients and showed a smaller increase in size after storage than MPs with no excipients. In addition, MPs containing excipients maintained cargo biofunctionality: all of these MPs containing Rapa constrained immune cell activation and proliferation of myelin-specific T cells.



MATERIALS AND METHODS


Materials

50:50 poly(lactide-co-glycolide) (inherent viscosity range: 0.55–0.75 dL/g) was purchased from Durect Corporation (Birmingham, AL, United States). High molecular weight poly(vinyl alcohol) (PVA) was purchased from Alfa Aesar (Tewksbury, MA, United States). Dichloromethane, mannitol, sucrose, and trehalose were purchased from Sigma Aldrich (St. Louis, MO, United States). Dimethyl sulfoxide was purchased from Thermo Fisher Scientific (Waltham, MA, United States). Myelin oligodendrocyte glycoprotein peptide (MOG35–55, MEVGWYRSPFSRVVHLYRNGK) was synthesized by Genscript (Piscataway, NJ, United States) with ≥98% purity, and Rapa was obtained from LC Laboratories (Woburn, MA, United States).



Preparation of PLGA Microparticles


Synthesis of MPs

Microparticles were synthesized by double emulsion and solvent evaporation as previously described (Tostanoski et al., 2016a). Briefly, an inner aqueous phase of 500 μL was prepared with either water or 1 mg MOG35–55 in 500 μL water. For MPs with Enc excipients, mannitol, sucrose, or trehalose was loaded in the inner aqueous phase at 1%/5%/10% w/v. An organic phase of 80 mg of PLGA was dissolved in 5 mL dichloromethane; for Rapa-loaded MPs, 2 mg Rapa was loaded into the organic phase prior to synthesis. The inner aqueous and organic phases were sonicated for 30 s at 12 W to form a water/oil emulsion. The primary emulsion was then homogenized with an outer aqueous phase of 40 mL 2% w/v PVA for 3 min at 16,000 rpm. MPs were stirred at 350 rpm for 16 h to allow for solvent evaporation, then poured through a 40-μm cell strainer and collected using centrifugation (5 min at 5,000 g, 4°C). The supernatants were removed, and the MPs were washed three times in 1 mL water with collection by centrifugation after each wash. The particles were then resuspended in 1 mL of water. For MPs with Ext excipients, the MPs were resuspended in 1%/5%/10% w/v of mannitol, sucrose, or trehalose. For all synthesis cycles, a batch of control MPs was prepared without excipient. All of these control samples were analyzed in the cell culture studies to serve as batch validation. This resulted in a higher number of control samples (indicated in cell culture figures as “Lyophilized 0”) in this group than in the groups for the excipient formulations.



Lyophilization of MPs

Microparticles prepared with or without the cryoprotectants (mannitol, sucrose, or trehalose) incorporated either externally or by encapsulation at different concentrations (1, 5, and 10%) were placed into glass vials and flash frozen on dry ice. Frozen samples were loaded into a FreeZone 6-L Console −84°C Freeze Dryer (Labconco, Kansas City, MO, United States) and lyophilized over 48 h. Samples were removed from the freeze dryer, capped and sealed air-tight, and allowed at least 24 h to acclimate to room temperature and pressure before samples were characterized. Lyophilized samples were stored at room temperature.




Characterization of Microparticles


Stability and Reconstitution Studies

Lyophilized MPs were stored at room temperature for 5 months post lyophilization. MPs were then reconstituted in 200 μL of water and vortexed for 10 s. To assess ease of reconstitution, supernatants were extracted, and remaining MPs were air dried. The mass of remaining MPs was measured. Percent reconstituted MP was calculated using the following equation:

[image: image]



MP Loading Analysis

To measure the loading of Rapa and MOG35–55 in MPs, a known volume of MPs was either air-dried or lyophilized to remove water from the sample. Dried MPs were dissolved in dimethyl sulfoxide. Rapa loading was measured by UV/Vis spectrophotometry, and MOG35–55 loading was measured using a Micro Bicinchoninic Acid (mBCA) Protein Assay kit (Thermo Fisher Scientific Pierce, Waltham, MA United States) according to the manufacturer’s instructions. Standard curves of known concentrations were used to calculate loading, reported as the mass of cargo per mass of dried MP formulation. Encapsulation efficiency was calculated by normalizing loading to drug input during MP synthesis:
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MP Size and Polydispersity Index

Particle size and polydispersity index (PDI) were measured using an LA-950 laser diffraction size analyzer (Horiba Instruments, Irvine, CA, United States). PDI was assessed using the following equation:
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In vitro Cargo Functionality Cellular Assays


Cell Culture

Primary dendritic cells (DCs) were isolated from spleens of female C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME, United States, IMSR Cat# JAX:000664, RRID:IMSR_JAX:000664) female mice. DCs were isolated by positive selection for CD11c using a magnetic isolation kit according to the manufacturer’s instructions (Miltenyi Biotech, Bergisch Gladbach, Germany). Primary CD4+ MOG35–55 specific T cells were isolated from the spleens of transgenic “2D2” mice (C57BL/6-Tg(Tcra2D2,Tcrb2D2)1Kuch/J), (The Jackson Laboratory, IMSR Cat# JAX:006912, RRID:IMSR_JAX:006912). MOG35–55-specific T cells were isolated using a magnetic CD4+ T cell negative selection kit according to the manufacturer’s instructions (STEMCELL Technologies, Vancouver, BC, Canada).

All cells were cultured with DC 2.4 Media, comprised of RPMI1640 media + L-glutamine (Thermo Fisher Scientific, Gibco), supplemented with 10% fetal bovine serum (Sigma Aldrich), 1X Pen/Strep, 2 mM L-glutamine (Thermo Fisher Scientific, Gibco), 1X non-essential amino acids and 10 mM HEPES (Thermo Fisher Scientific, Hyclone GE Healthcare Life Sciences), and 55 μM β-mercaptoethanol (Sigma Aldrich), and incubated at 37°C.

All animal studies were fully compliant with local, state, and federal guidelines per the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) expectations for animal care and use/ethics. All studies were approved and carried out under the supervision of the University of Maryland Institutional Animal Care and Use Committee (IACUC).



Flow Cytometry Studies

Following incubation times listed below, cells were prepared for analysis by flow cytometry. All antibodies were purchased from BD Biosciences (Franklin Lakes, NJ, United States). All analyses were completed performed on a FACS Celesta (BD Biosciences), and data analysis was conducted using FlowJo (BD Biosciences Tree Star, FlowJo, RRID:SCR_008520 version 10.6).



In vitro DC Activation Studies

Lyophilized MPs were stored at room temperature for 5 months. Fresh MPs for comparison were prepared without sugars the night before uptake studies. Primary DCs were seeded into a 96-well plate at 105 cells per well and cultured with DC2.4 media. DCs were activated with lipopolysaccharide (Sigma Aldrich) at 0.25 μg/mL and then treated with 5–21 μg of MP formulation, dose-matched to provide 91 ng Rapa per well. Empty MPs were used as controls for Rapa-loaded MPs to assess differences due to MP formulation. Cells and MPs were cultured for 18 h. DCs were then stained for activation. Cells were first blocked with anti-CD16/CD32, then stained for CD11c, CD40 (BD Biosciences Cat# 553791, RRID:AB_395055), CD80 (BD Biosciences Cat# 560016, RRID:AB_1645212), CD86 (BD Biosciences Cat# 560582, RRID:AB_1727518), and viability using DAPI. Functionality of Rapa was assessed by a change in expression of DC activation markers. All flow cytometry data analysis was completed using Flowjo software. All samples were compared to Rapa MPs lyophilized with no excipient using Welch’s ANOVA with a Dunnett’s test for multiple comparisons.



In vitro T Cell Proliferation Studies

Lyophilized MPs were stored at room temperature for 5 months. Fresh MPs for comparison were prepared without sugars the night before uptake studies. Similar to DC activation studies, primary DCs were seeded into a 96-well plate at 105 cells per well and cultured with DC2.4 media. DCs were activated with lipopolysaccharide at 0.25 μg/well and then treated with 5–10 μg of MPs, dose-matched to provide 68 ng of MOG35–55 per well. DCs and MPs were cultured for 24 h, after which MOG35–55-specific CD4+ T cells were added to the wells at 3 × 105 cells per well. To assess T cell proliferation, prior to addition to the wells, T cells were labeled with Cell Proliferation Dye eFluor 450 (Thermo Fisher Scientific eBioscience). A media only and a soluble MOG35–55 + LPS served well as controls for low and high T cell proliferation, respectively. Cells were cultured for 72 h more and then stained for proliferation. Cells were first stained for viability using Fixable Viability Stain 510 (BD Biosciences), then blocked with anti-CD16/CD32 and stained for CD4 BD Biosciences (Cat# 552051, RRID:AB_394331). Functionality of MOG35–55 was evident by proliferation of MOG35–55-specific T cells treated with MPs loaded with MOG35–55. Rapa functionality was evident by a decrease in proliferation of T cells treated with MPs co-loaded with Rapa. All flow cytometry data analysis was completed using Flowjo software. The Proliferation Index of the sample was calculated using Flowjo Proliferation software analysis and is calculated using the following equation:
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All samples were compared to MOG MPs lyophilized with no excipient using Welch’s ANOVA with a Dunnett’s test for multiple comparisons.



Cytokine Secretion

Inflammatory cytokine secretion was quantified by ELISA according to the manufacturer’s instructions (IFN-γ and IL-6, BD Biosciences; IL-17, Biotechne, R&D Systems). Media samples were collected from DC activation and T cell proliferation studies and analyzed for inflammatory cytokine concentrations. DC supernatants were run at 4× dilutions for IL-6. All IL-6 samples were compared to Rapa MPs lyophilized with no excipient using Welch’s ANOVA with a Dunnett’s test for multiple comparisons. T cell supernatants were run at 10× dilutions for IFN-γ and 5× dilutions for IL-17. IL-17 and IFN-γ samples were compared to MOG MPs lyophilized with no excipient using Welch’s ANOVA with a Dunnett’s test for multiple comparisons.





RESULTS


Characterization of Microparticles


Incorporating Excipients Prior to Lyophilization Improves Lyo Cake Formation and Product Reconstitution

To determine if excipients improve collection and recovery of MP products, MPs were lyophilized with or without excipients. Excipients were either loaded into the MPs in the inner aqueous phase during synthesis (encapsulated—“Enc,” top left, Figure 1) or added after the final washing steps (externally incorporated—“Ext,” top right, Figure 1). Three excipients were selected based on previous research on protein stabilization in PLGA particles—mannitol, sucrose, and trehalose (Fonte et al., 2014, 2015, 2016a; Niu and Panyam, 2017). These were added to MP batches at concentrations of 1, 5, and 10% w/v during synthesis or after washing (Table 1). Samples were then lyophilized and stored (Figure 1, bottom).
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FIGURE 1. MP synthesis and lyophilization process. MPs are synthesized using a double-emulsion synthesis with an inner aqueous phase, organic phase, and outer aqueous phase mixed using sonication (first emulsion) and homogenization (second emulsion). The inner aqueous phase is loaded with water-soluble cargo including MOG peptide and any excipients that were to be encapsulated in the MPs (Enc). The organic phase contains the PLGA polymer and the water-insoluble cargo including Rapa. The outer aqueous phase contains 2% polyvinyl alcohol as a stabilizer. These MPs are washed and resuspended three times, after which any excipients that were to be externally incorporated are added (Ext). These MPs are mixed well and aliquoted into lyo vials, then flash frozen on dry ice. The frozen vials were lyophilized for 48 h, and then the lyophilized vials were allowed 24 h to acclimate to room temperature (RT) and atmospheric pressure before MPs were characterized for loading and sizing. MPs were stored for 5 months, then characterized and used in in vitro biofunctionality and reconstitution assays.



TABLE 1. MOG/Rapa MP formulation information and abbreviations.

[image: Table 1]To assess the quality of the cakes formed by MPs after lyophilization, the lyo cakes were imaged to reveal the extent of crystallization and cake formation. High-quality lyo cakes appear smooth with even color and do not contain crevices or pockets from ice crystal formation. These data revealed that MPs lyophilized and stored without excipients formed fragile lyo cakes that easily crumble (Figure 2A). Qualitatively, MPs with Enc excipients generally formed lyo cakes that appeared less brittle than MPs without excipients (Figure 2B). When comparing within the excipient formulations, there were some difference, but no trends were evident across the excipients. This generally suggests that the primary driver of cake formation is the presence of excipient, with relative insensitivity to the specific excipient and concentration. To quantitatively determine the ease of reconstitution of the MP lyophilization products, water was added to each sample, then vortexed for 10 seconds. The solutions were collected and used to determine the extent of mass recovery. MPs with excipient were more easily reconstituted relative to those without excipients, as indicated by remaining material in the vials after reconstitution solutions were removed (Supplementary Figure 1). In particular, for nearly all cases, this corresponded to an increase in MP mass recovery in the reconstitution solutions (Figure 2C and Supplementary Table 1). Across the excipient concentrations and stage of excipient addition (i.e., Enc, Ext), trehalose conferred the most consistent improvements in recovery, followed by sucrose and mannitol. The only formulation that did not improve recovery relative to cakes without excipient was the lowest concentration of mannitol added externally (Figure 2C).
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FIGURE 2. Caking, reconstitution, and product recovery as a function of excipient formulation. (A) MPs lyophilized and stored without excipients form fragile lyo cakes that crumble apart. (B) Images of MPs with encapsulated excipients. (C) Mass recovered of each formulation following a reconstitution assay (solution addition and vortexing for 10 s).




Cargo Loading Efficiency Is Influenced by Excipient Formulation

We next studied the impact of excipients on immune cargo loading using UV/Vis spectrophotometry and mBCA assays to assess Rapa and MOG loading (μg/mg), respectively. In these studies, Enc excipient maintained and improved Rapa loading compared to externally added (Ext) excipient (Figure 3A, left and Supplementary Table 2). The loading levels for Enc Rapa were similar to MPs without excipient, though Enc trehalose increased Rapa loading. Within the Ext excipient formulations, there was an inverse concentration effect, which is expected as the mass of excipient increases with increasing excipient concentration. The efficiency of loading was a weaker function of the excipient formulations, though a maximum was observed when a low concentration (i.e., 1%) of Enc trehalose was used (Figure 3A, right and Supplementary Table 2). Reduced values were observed for both sucrose addition schemes and the externally added trehalose, with some modest concentration effects. MOG loading decreased as excipient concentration increased (Figure 3B, left and Supplementary Table 2). However, no clear trends emerged as a function of the specific sugar structure or addition scheme. A generally similar inverse concentration trend was observed for the loading efficiency, but the reduction was not present for sucrose and trehalose added externally; in the latter case, the highest efficiency was measured for the intermediate excipient concentration (Figure 3B, right and Supplementary Table 2). In a few cases, the data in Figure 3 reveal decreases in loading levels, while loading efficiency increases. The loading level is driven by the cargo loading per mass of formulation and the efficiency is determined in part by the mass of formulation recovered, which is impacted by the addition of excipient (Figure 2). Taken together, these data suggest that excipients impact not only particle recovery but also the cargo loading levels and efficiency. Further, these data suggest that at high concentrations of excipients, there is a possibility for MOG cargo to be displaced. Thus, in considering translation and therapeutic use, a related variable that would be important to study with respect to lyophilization and stabilization is the ratio of MOG and Rapa cargo in a given candidate formulation.
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FIGURE 3. Cargo loading levels and loading efficiency as a function of excipient formulation. (A) Rapa loading per mg of formulation (left) and Rapa loading efficiency relative to initial drug input (right). (B) MOG loading per mg of formulation (left) and MOG loading efficiency relative to initial MOG input (right).




Effect of Excipient Formulation on MP Size and Size Distribution

To assess the stability and aggregation state of MPs formed with excipients, diameter and PDI were monitored. MPs with each excipient formulation were sized before lyophilization (Supplementary Figure 2), after lyophilization (Figure 4A, left), and after 5 months in storage (Figure 4A, right and Supplementary Table 3). Encapsulating excipients within the MPs generally increased the diameter of MPs, but this effect diminished as the concentration increased. In contrast, the externally added excipients minimized the diameter after lyophilization. Importantly, for sucrose and trehalose—where the effects were greatest—these diameters were smaller than the diameters of MPs lyophilized without excipient. After storage for 5 months and reconstitution, MPs generally increased in size (Figure 4A), with the largest increases observed in particles that exhibited the smallest diameters before the storage period (i.e., Suc Ext, Tre Ext) (Figure 4B). While these formulations exhibited larger increases in size, the particles that exhibited larger diameters immediately after lyophilization (i.e., Man Enc, Man Ext, Suc Enc) revealed smaller increases in size during the storage period (Figure 4B). These findings were also confirmed by analysis of particle size distribution (Figure 4C). Importantly, encapsulating (Enc) excipients into the MP formulations also reduced the PDI relative to MPs without excipients, a favorable outcome for product manufacturing and uniformity (Figure 4C and Supplementary Figure 3). Taken together, the data reveal that excipients can reduce particle diameter and PDI during lyophilization processes relative to MPs without excipients.
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FIGURE 4. Encapsulated excipients increase MP size, and adding excipients protects against aggregation. (A) MPs were sized immediately following lyophilization and again after storage at room temperature for 5 months. (B) MP size data before and after storage was used to report a percent increase in diameter. (C) Size curves for each excipient formulation before and after storage for 5 months.





In vitro Cargo Functionality Cellular Assays


Effect of Excipient Formulation on DC Viability and Deactivation After Stimulation

To confirm that the potency of immune cargo is retained after lyophilization with excipients, changes in DC activation were assessed following treatments with Rapa-loaded MPs. After isolation, DCs were treated with LPS, which induces an inflammatory response in DCs, and either Empty (X) MPs or Rapa-loaded (R) MPs. For these candidate therapies, the Rapa cargo plays a role in reducing the activation of DCs, an important step to restrain the downstream destructive effects of self-reactive T cells. The viability of the cells was then quantified, along with the deactivation as a result of Rapa treatment using the median fluorescence intensity (MFI) of common DC co-stimulatory signals, CD80 and CD86. Figure 5A shows the gating scheme with representative samples (negative control, positive control, an Empty MP sample, and a Rapa MP sample). Generally, viability was a weak function of treatment type, with all samples exhibiting typical viability levels for culture of primary DCs (Figure 5B and Supplementary Figure 4A). As expected, many of the empty MP formulations conferred a modest increase relative to Rapa MPs lyophilized without excipient (gray asterisks) because Rapa can restrain processes involved in cell division and maintenance. With respect to Rapa MP excipient formulations, Ext trehalose at the 5 and 10% excipient concentrations (red asterisks) resulted in modest decreases in viability, though the size of the decrease was small. In assessing deactivation of the LPS-stimulated DCs, the presence of Rapa in the MPs was the main driver of outcome. For both CD80 (Figure 5C) and CD86 (Figure 5D), MPs containing Rapa for almost all excipient formulations reduced activation to levels equivalent to those measured for freshly lyophilized MPs without excipient. These levels were also similar to those in controlled studies using soluble Rapa as a deactivation control (Supplementary Figures 4B,C). A few of the Rapa MP excipient formulations (red asterisks) caused variations relative to the freshly lyophilized Rapa MPs without excipient, but again, these shifts were modest in scale. Together, these data confirm that long-term storage of Rapa MPs does not impact the suppressive function of Rapa across a range of excipient designs.
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FIGURE 5. Effect of MP excipient formulation on DC viability and deactivation after stimulation. Primary DCs were collected and cultured for 18 h with LPS and empty or Rapa-loaded MPs to assess changes in viability and deactivation of stimulated DCs. (A) Flow cytometry gating scheme for DC activation analysis. The numbers in the top right of the contour plot indicate viability for the corresponding representative plot, while the numbers in the top left corner of the histograms indicate the median fluorescent intensity (MFI) for the corresponding representative plot. (B) Viability of DCs. Activation following treatment, as measured by CD80 (C) and CD86 (D). Gray and red asterisks, respectively, indicate a specific empty MP (gray) or Rapa MP (red) formulation is significant against Rapa MPs without excipient (“Lyophilized 0”). For reference, the comparison values are indicated using dashed lines in each panel. For all panels, statistical comparisons were performed using Welch’s ANOVA with a Dunnett’s test for multiple comparisons. (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). The legend in panel A applies to all gating schemes in panel (A). The legend above panel (B) applies to panels (B–D).




MPs Containing MOG Maintain Antigen Integrity and Expand MOG-Specific T Cells After Long-Term Storage

We next determined if lyophilization and storage impacts the ability of MPs to limit proliferation of MOG-specific T cells. MPs loaded with MOG or MOG/Rapa were synthesized and stored with or without excipients. These formulations were then cocultured with DCs and fluorescently labeled T cells isolated from 2D2 transgenic mice. T cells from this strain exhibit receptors specific for MOG. Thus, when these cells encounter MOG displayed by DCs with appropriate co-stimulatory signals, they proliferate and secrete inflammatory cues. Proliferation was assessed by quantifying the intensity of dye in the T cells at the end of culture, where a decrease in signal corresponds to an increase in proliferation as a result of dye dilution during successive generations of cell division. Figure 6A shows the gating scheme with representative samples (negative control, positive control, a MOG MP sample, and a MOG/Rapa MP sample). As expected, all MOG MP excipient formulations caused strong T cell expansion, as indicated by the low MFI values (i.e., dilution of proliferation dye) (Figure 6B and Supplementary Figure 5A). In the case of MOG/Rapa MPs, most formulations potently suppressed proliferation, with a few exceptions (e.g., trehalose “Enc 1%,” “Enc 5%”). While there were no clear indicators why this occurred, further study could reveal effects from excipient concentration or variation in relative cargo loading when multiple components are present. We also observed that these formulations exhibited the largest sizes and widest size distributions, shown in Figure 4, after storage. Together, the data on these formulations might indicate that the large size increases or aggregation limited the ability of cargo to be internalized or presented, or altered the kinetics of these processes to drive proliferation.
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FIGURE 6. Effect of MP excipient formulation on expansion of MOG-specific T cells. Primary DCs were collected and cultured for 24 h with LPS and either MOG or MOG/Rapa MPs. After 24 h, fluorescently labeled MOG-specific transgenic T cells were added to wells and cultured for 72 h to assess proliferation of MOG-specific T cells. (A) Flow cytometry gating scheme for T cell proliferation analysis. (B) MFI of fluorescently labeled (eFluor450) MOG-specific T cells as an indicator of proliferation. (C) Frequency (%) of proliferated MOG-specific T cells. (D) Proliferation index, reflecting the average number of divisions undergone by proliferating T cells. Blue and purple asterisks, respectively, indicate a specific MOG MP (blue) or MOG/Rapa MP (purple) formulation is significant against MOG MPs lyophilized with no excipients (“Lyophilized 0”). For reference, the comparison values are indicated using dashed lines in each panel. For all panels, statistical comparisons were performed using Welch’s ANOVA with a Dunnett’s test for multiple comparisons. (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). The legend in panel (A) applies to all gating schemes in panel (A). The legend in above panel (B) applies to panels (B–D).


Assessing the frequency (%) of cells that proliferated past generation 0 (G0) revealed similar trends (Figure 6C and Supplementary Figure 5B) but allowed visualization of some subtler differences within the MOG MP groups. For both sucrose and trehalose, several MOG MP formulations increased proliferation frequency relative to MOG MPs lyophilized without excipient. However, there were no clear trends with respect to the excipient concentration or stage of addition. To directly assess the number of divisions of each T cell, we next calculated proliferation indices (Figure 6D and Supplementary Figure 5C). All of the MOG/Rapa MP excipient formulations significantly decreased the proliferation index relative to MOG MPs lyophilized without excipient, but there were no differences as a function of the specific excipient schemes. For the MOG MPs, the majority of the samples were not statistically different from the MOG MPs lyophilized without excipient. For each excipient, there was a trend of increased proliferation moving from Enc to Ext, and also as a function of concentration. However, these were only significant in the case of Ext at the highest concentration. Overall, the data Figures 5, 6 indicate that—across a range of excipient formulations—MOG/Rapa MPs maintain their ability to deactivate DCs and restrict myelin-reactive T cells following lyophilization and long-term storage.



MPs Containing MOG/Rapa With or Without Excipients Can Reduce IL-6, IL-17, and IFN-γ Inflammatory Cytokine Secretion

To determine if excipient formulation impacts not only T cell proliferation but also the ability of cargo to exert the desired anti-inflammatory effects, supernatants were collected from the DC/T cell cocultures and analyzed for cytokine secretion using ELISA. In particular, we assessed IL-6 secreted by DCs, along with IFN-γ and IL-17 secreted by T cells. IL-6 promotes acute phrase proteins and lymphocyte proliferation, IFN-γ promotes cellular immunity and control of intracellular pathogens, and IL-17 is secreted by TH17 effector cells that support further inflammatory cytokine secretion and the role of monocytes and neutrophils. IL-6 secretion was a weak function of excipient formulation, with many samples—both Empty MPs and Rapa MPs—exhibiting no statistical differences relative to the Rapa MPs lyophilized without excipient (Figure 7A and Supplementary Figure 6A). This suggests that the suppression of IL-6 secretion is not sensitive to the specific excipient chosen. In a few cases, Empty MPs resulted in modest increases in IL-6; this was most obvious in particles using trehalose as an excipient, though most of these were not statistically significant. This could suggest that trehalose exhibits some inherent immunogenic properties, though additional studies would be needed to confirm this possibility.
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FIGURE 7. Effect of excipient formulation on inflammatory activity of immune cells. Functional analysis of immune cells in in vitro cultures assessed by ELISAs for common inflammatory cytokines, (A) IL-6 secretion by DCs, (B) IL-17, and (C) IFN-γ secretion by T cells. Samples in panel A were compared to Rapa MPs lyophilized with no excipient using Welch’s ANOVA with a Dunnett’s test for multiple comparisons. Samples in panels B and C were compared to MOG MPs lyophilized with no excipient using Welch’s ANOVA with a Dunnett’s test for multiple comparisons. (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). The color of an asterisk indicates a specific formulation is significant against Rapa MPs (“Lyophilized 0”) in panel (A), or MOG MPs (“Lyophilized 0”) in panels (B,C). For reference, the comparison values are indicated using dashed lines in each panel. The legend above panel (B) applies to panels (B,C).


In assessing IL-17 (Figure 7B and Supplementary Figure 6B), we found that nearly all of the MOG/Rapa MPs significantly suppressed IL-17 production relative to MOG MPs lyophilized without excipients. These results were irrespective of the specific excipient formulation. There were a few exceptions for IL-17, but no consistent trends were obvious. In line with the data on proliferation index, MOG MPs did exhibit a weak trend, with IL-17 secretion increasing with excipient concentration and when comparing Enc excipient vs. Ext excipient. Although therapeutic particles based on these MPs would likely contain both MOG and Rapa, this weak trend does suggest that MPs containing only the self-antigen might best be stabilized by encapsulating excipient (“Enc”) to minimize inflammatory cytokines. Lastly, for IFN-γ secretion (Figure 7C and Supplementary Figure 6C), all of the MOG/Rapa MPs restrained secretion relative to MOG MPs lyophilized without excipient. None of the MOG MP formulations with excipients suppressed IFN-γ relative to the MOG MPs without excipient. Taken together, these functional cytokine measurements confirm that a range of excipient strategies can be used to stabilize the particles, without impacting the immunological function of these cargos. Thus, there is opportunity to select excipient types, concentrations, and stages of addition that are favorable for manufacturing and recovery while maintaining a target product profile.





DISCUSSION

As immunotherapies become more personalized and patient-specific to improve patient outcomes, biomaterials are becoming increasingly important as delivery agents (Andorko et al., 2015; Northrup et al., 2016; Tostanoski et al., 2016b; Bookstaver et al., 2018; Ben-Akiva et al., 2019). Biomaterials provide incredible flexibility in stabilizing and delivering immunotherapy cargo, as they are highly tunable, with properties that can be engineered to meet many different functions (Fang and Zhang, 2016; Gammon et al., 2016; Tostanoski et al., 2016b). Importantly, they can provide features that traditional immune modulators do not have—including co-delivery of immune signals, controlled release of immune cues, and prolonged immune cargo exposure and protection (Tostanoski et al., 2016b; Bookstaver et al., 2018). However, long-term storage of biomaterial-based immunotherapies has different considerations than long-term storage of other biologics used in immunotherapies (e.g., monoclonal antibodies), due to those specific functions, which adds complexity for manufacturing and regulatory characterization. As preclinical studies often allow for the production of immunotherapies on-demand, relatively few preclinical studies have been focused on improving storage and stability of biomaterial-based immunotherapies. However, in order to translate these immunotherapies to the clinic, more research is required in these areas.

For our studies, we used a well-established material—PLGA—to deliver our immunotherapy cargo—a myelin peptide and immunomodulatory signal rapamycin. PLGA is commonly used in applications for humans, as it degrades by hydrolysis, and its degradation products can be processed by cells (Danhier et al., 2012; Mohammadi-Samani and Taghipour, 2015). However, it is this same hydrolysis degradation process that complicates storage of immunotherapies based on PLGA MPs, as aqueous storage of PLGA MPs can lead to undesirable cargo release, particle aggregation and fusion, and degradation of cargo integrity (Fonte et al., 2016b). Thus, we turned to lyophilization—a common method used in the pharmaceutical industry to control dehydration of samples—to enhance the stability of PLGA MPs during storage. As the MP structure can be damaged from the stress of lyophilization due to ice crystal formation (Holzer et al., 2009; Fonte et al., 2016b), we tested several lyoprotectants to protect against ice crystal formation and immobilize MPs to limit aggregation. We tested several features to compare MPs lyophilized and stored for 5 months without excipients to MPs lyophilized and stored for 5 months with excipients, and against MPs made on-demand, fresh immediately before use.

Throughout our materials and cellular testing, several findings emerged. First, lyophilizing MPs with excipients—both Enc and external—improved yield of lyophilization cakes. Observationally, these cakes also appeared to be more stable and less broken relative to MPs lyophilized without excipient. These considerations are important, as damaged lyophilized formulations can possess unfavorable properties, for example, component crystallization and higher residual water content (Izutsu et al., 2014). Further studies, such as x-ray diffraction or differential scanning calorimetry, would be useful in investigating the crystallization state and water content as a function of lyophilization formulation. Qualitatively, in our studies, samples lyophilized with excipients Enc exhibited the smoothest appearances, with the fewest visible pores in the bulk sample. Improved lyo cake formation with lower concentrations of Ext excipients is not unique to PLGA MPs. Protein preservation efforts in immunotherapy, for example, have concluded that lowering concentrations of Trehalose excipient reduces formation of a glassy matrix and leads to more concentrations of proteins during freezing (Hassett et al., 2013). We also measured improvements in ease of reconstituting MPs formulated with excipients. With the exception of the 1% Enc mannitol formulation, all MPs with excipients showed more complete reconstitution after a 10-second vortex. This is important: in an environment where immunotherapies are carefully titrated and tested prior to approval, it is essential that patients get the entire dose.

Since dosing is such an important consideration, effective co-loading of immune cargo is another feature of PLGA MPs that must be supported by the preparation process. MOG and Rapa can both be loaded into PLGA MPs without excipients relatively efficiently (43.5 and 51.0%, respectively). In polymer-based drug carrier systems, studies have suggested that excipients like sucrose may induce conformation changes in protein cargo (Vlugt-Wensink et al., 2007). Increasing hydrophobicity of a protein could increase its partitioning over the organic phase and reduce its concentration and therefore loading within the inner aqueous core (Vlugt-Wensink et al., 2007). This suggests that lower excipient inclusion levels (1%) might be the best for this application. This aligns well with the results from the lyo cake formation and reconstitution assay. However, studies focused on minimizing variability of relative cargo loading for a range of input cargos would increase the robustness of this approach.

Our lab has previously used these MPs to deliver MOG and Rapa to lymph nodes to reprogram autoimmune responses to myelin (Tostanoski et al., 2016a). We directly inject MPs into lymph nodes (Andorko et al., 2014) and rely on the size of the PLGA MPs (∼2–5 μm) to prevent drainage from lymph nodes and uptake by non-phagocytic cells (Singh et al., 2007; Jewell et al., 2011; Keselowsky et al., 2011; Andorko et al., 2016; Tostanoski et al., 2016a; Gammon et al., 2017; Gosselin et al., 2017). However, APC uptake is much less efficient once MPs reach sizes >5 μm (Singh et al., 2007). After synthesis and lyophilization, MOG/Rapa MPs without excipients are on average 3.4 μm in diameter, with all of the MPs with Ext excipients in the same range (2.7–3.8 μm). Adding Enc excipients to the aqueous phase of PLGA MPs increases the mean diameter of the batch to sizes after lyophilization to about 4.5 μm (3.6–5.4 μm). However, after storage for 5 months, several MOG/Rapa PLGA MPs without excipients experience greater increases in size and size distribution compared to the MPs stored with excipients. In particular, the MPs prepared with mannitol (both enc and ext), as well as the sucrose and trehalose enc (with the exception of 1% tre enc) MPs, best maintained their size after storage.

In order to maintain the benefits of a biomaterial-based immunotherapy, the excipients added to enhance storage must enable biofunctionality of immune cargo and not interrupt with drug–target interaction. During DC culture studies, empty MPs—before and after lyophilization and storage—exhibited higher levels of activation relative to Rapa MPs. This was also seen in several cases when measuring IL-6 secretion. This may result from potentially immunogenic features of the polymer or polymer degradation—PLGA is known to have some intrinsic immunogenicity as it degrades (Sharp et al., 2009; Park and Babensee, 2012; Park et al., 2015). However, in all cases, adding rapamycin to these particles, with or without excipients, decreased the expression of DC activation markers, showing that the Rapa maintains its immunosuppressive activity during storage with or without excipients. The MOG-specific T-cell coculture revealed lyophilized MOG MPs—with or without excipients—can stimulate T-cell proliferation comparably to fresh MOG MPs, confirming that the MOG in the MPs maintains biofunctionality. In addition, adding Rapa to these MPs often significantly restrains this proliferation compared to lyophilized MOG MPs without excipients. In fact, MOG/Rapa MPs lyophilized with or without excipients restrain proliferation similarly to fresh MOG/Rapa MPs. These trends are also seen in the inflammatory IL-17 and IFN-γ, suggesting that the intrinsic immunogenicity of the slightly degrading PLGA is not enough to impair the biofunctionality of the loaded immune cargo.

Effects of excipients on cellular viability and function can greatly impact the success of a vaccine carrying out proper function (Kheddo et al., 2016). The excipients assisted in preserving desirable properties of the particles without substantial impacts on the immunologic and cell profiles. However, our list of candidate lyoprotectants is not exhaustive. Classes of molecules other than sugars have been studied as excipients for lyophilization. Arginine and glutamate, for example, have been of interest in immunotherapy design due to beneficial function that the amino acids have as excipients (Blobel et al., 2011; Kheddo et al., 2016). Generally, amino acids are natural constituents of cells and are not a threat to cellular viability. Studies of these residues have also shown increased protein stability with vaccine development (Blobel et al., 2011).

While, in this study, a full optimization of the lyophilization process itself was not the focus, controlling these parameters can further optimize preservation of the candidate therapeutics. One important parameter is the shelf temperature (Izutsu et al., 2014). Controlling the chamber pressure can provide further fine tuning with an aim of ice sublimating as rapidly as possible so as not to cause any physical changes in the solid phase of the product. Other strategies such as post-freeze heat treatment, ultrasound ice fog, vacuum-induced surface freezing, and release of the pressurized/depressurized chamber are also possible to preserve biologics and their carriers (Izutsu et al., 2014). Cryopreservation is a simple and available technique that can extend the usefulness of drug carriers (Izutsu et al., 2014; Fonte et al., 2015, 2016b). Implementing these strategies would benefit MP stabilization. The results obtained from our studies and further exploration that is evident in the field of vaccine design presents promise in development of a preservation method for biomaterial-based immunotherapies.



CONCLUSION

Understanding and optimizing the stability of biomaterials-based immunotherapies will enable translation of these immunotherapies beyond preclinical studies. In this study, we incorporated excipients in the lyophilization process of PLGA MPs loaded with peptide self-antigens and small molecule immunomodulators to enhance the stability of cargo-loaded MPs. The presence of the excipients during the lyophilization process improving lyo cake formation and conferred favorable reconstitution properties and MP recovery yields. These benefits were achieved without impacting the function of peptide and small-molecule cargos used to restrain immune response in primary cells. Utilizing these agents in biomaterial systems aimed at tolerance provides several levers to control important post-synthesis processes.
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The application of combinational therapy breaks the limitation of monotherapy and achieves better clinical benefit for tumor therapy. Herein, a hyaluronic acid/Pluronic F68-based copolymer-mixed micelle was constructed for targeted delivery of chemotherapeutical agent docetaxel (PHDM) in combination with programmed cell death ligand-1(PD-L1) antibody. When PHDM+anti-PDL1 was injected into the blood system, PHDM could accumulate into tumor sites and target tumor cells via CD44-mediated endocytosis and possess tumor chemotherapy. While anti-PDL1 could target PD-L1 protein expressed on surface of tumor cells to the immune checkpoint blockade characteristic for tumor immunotherapy. This strategy could not only directly kill tumor cells but also improve CD8+ T cell level and facilitate effector cytokines release. In conclusion, the rational-designed PHDM+anti-PDL1 therapy strategy creates a new way for tumor immune-chemotherapy.

Keywords: hyaluronic acid, mixed micelle, chemo-immunotherapy combinations, drug delivery system, programmed cell death ligand 1 (PD-L1)


INTRODUCTION

Cancer is a great threat to human health, and chemotherapy has been widely applied in clinics (Wu et al., 2016; Zheng et al., 2017; Cheng et al., 2018; Jiang et al., 2019; Dai et al., 2020; Zhou F. et al., 2021). However, intravenous administration of a free chemotherapeutical agent for tumor therapy would bring severe systematic toxicity and side effects (Li et al., 2017; Luo et al., 2018; Han et al., 2019; Liu et al., 2019; Shi et al., 2019). The development of nanoparticle drug delivery systems (NDDS) could not only reduce drug nonspecific distribution but also increase tumor accumulation via the enhanced permeability and retention (EPR) effect (Zhang et al., 2017, 2018a,b, 2019). However, a major problem lies in the insufficient tumor target capability, which resulted in unsatisfied antitumor efficacy. Hyaluronic acid (HA) is a polyanionic polysaccharide, which is biocompatible and safe for intravenous administration (Huo et al., 2017; Trujillo-Nolasco et al., 2019; Razavi and Huang, 2020). Besides this, HA has been widely used for the construction of tumor-targeting nanoparticles because it could specifically target CD44 receptors of tumor cells and facilitate cellular uptake (Huo et al., 2017; Cai et al., 2019; Zhang et al., 2020; Rangasami et al., 2021). The copolymer micelle is an amphiphilic molecule, which could self-assembly into a nanoparticle in aqueous solution (Zhang et al., 2016, 2017). Structure-modified HA with hydrophobic molecules could form grafted amphiphilic copolymers and be used for micelle construction. Vitamin E succinate (VES), as a natural hydrophobic vitamin E derivative, could not only serve as hydrophobic residue, but also possess potential antitumor activity (Fan et al., 2021; Farooq et al., 2021; Puig-Rigall et al., 2021). Therefore, the HA-g-VES-grated copolymer is suitable for copolymer micelle construction.

Despite many advantages of copolymer micelles in tumor targeting and tumor therapy, mono-grafted micelles possessed unsatisfied stability, which might induce drug leakage and dissociation of micelles. Therefore, the introduction of other copolymers and the construction of mixed micelles is a promising strategy for enhancing the stability. Pluronics as triblock copolymers with repeated a PEO-PPO-PEO sequence has attracted great attention for NDDS due to its biocompatibility and biodegradability, and Pluronic F68 has been widely used for construction of temperature-sensitive gels (Huang et al., 2008; Al Khateb et al., 2016; Powell et al., 2017; Patil et al., 2019; Wang et al., 2019). The introduction of F68 in copolymer micelles is a promising strategy for enhancing the stability of the copolymer micelle. Docetaxel (DTX) is an active derivative of paclitaxel. DTX can inhibit the depolymerization of microtubules, ultimately resulting in the loss of function of forming microtubule bundles and thereby inhibiting the mitosis of cancer cells (Rafiei and Haddadi, 2019; Dawoud et al., 2020; Ertugen et al., 2020; Li et al., 2021). Therefore, DTX was used to incorporate into the copolymer mixed micelle for tumor chemotherapy.

Despite that chemotherapy could directly reduce tumor volume and increase the survival rate, drug resistance and severe side effects remain unsatisfactory (Shen et al., 2014; Fan et al., 2018; Zhang et al., 2018b). Hence, a combination with antibodies, inhibitors, or sensitizers seems to be a prosing strategy for enhance tumor therapy efficacy. Immunotherapy emerges as a promising strategy for enhance antitumor activity (Qin et al., 2020; Zhou W. et al., 2021). An immune checkpoint inhibitor based on programmed cell death ligand 1 (PD-L1) antibodies is a promising breakthrough for tumor therapy. Anti- PD-L1 could activate CD8+ T cells and inhibit regulatory T cells, which results in the effector cytokines effect (Choi et al., 2019). Although there are many advantages for PD-L1-based immunotherapy, a low response rate is a critical problem. It has been reported that combination chemotherapy and immunotherapy could make the tumor sensitive to chemotherapeutics and respond to immunotherapy, which possesses a better synergistic antitumor effect (Yang et al., 2019).

In this work, we synthesized the HA-VES grafted copolymer, and DTX was selected as a model drug for construction of grafted copolymer micelle Hyaluronic acid-based Docetaxel Micelle (HDM). Meanwhile, F68 was introduced into the copolymer micelle and the prepared mixed micelle to enhance in vitro/vivo stability Pluronic modified Hyaluronic acid-based Docetaxel Micelle (PHDM) and in combination of PD-L1 antibody to possess tumor chemo-immunotherapy (Scheme 1). This strategy demonstrated superior tumor-targeting efficacy and tumor suppression.
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SCHEME 1. Schematic illustration of construction of PHDM and the potential mechanism for tumor immune-chemotherapy for PHDM+anti-PDL1.




METHOD AND MATERIALS


Materials, Cells, and Animals

HA (MW = 10,000) was purchased from Bloomage Freda Biopharm Co. Ltd (Shangdong, China). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS) was purchased from Shanghai Civi Chemical Technology Co., Ltd. (Shanghai, China). VES was obtained from Jiangsu XiXin Vitamin Co., Ltd. (Jiangsu, China). Pluronic F68 was purchased from Sigma Chemical Co., Ltd. (St. Louis, MO). DTX was acquired from Shanghai Jinhe Biotech Co., Ltd. (Shanghai, China). Dialysis bag (MW = 3,500) was obtained from Union Carbide Corporation. (Danbury, CT USA). Dulbecco's Modified Eagle's Medium (DMEM) was purchased from Thermo Fisher Scientific Inc. (Waltham, MA USA). Fetal bovine serum (FBS) was acquired from Tianjin Kangyuan Biotechnology Co., Ltd. (Tianjin China). Cell-counting kit-8 (CCK-8) was obtained from Nanjing KeyGen Biotech Co., Ltd. (Naijing, China).

B16-F10 cells were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in DMEM with 10% FBS and 1% penicillin-streptomycin (Gibco) at 37°C under 5% CO2 atmosphere.

C57BL/6 mice (6–8 weeks) and BALB/c mice were purchased from Beijing HFK Bioscience Co., Ltd. (China), and B16 cell suspension (about 2 × 107 cells in 75 μL of PBS) was subcutaneously injected into the left flank of mice, and when the tumor volume reached ~100 mm3, they were divided into several groups for further use. All the animal experiments were carried out according to the guidelines of the Experimental Animal Administrative Committee of Jiamusi University.



Synthesis of HA-VES

HA (0.02 mmol) was dissolved in 10 mL formamide at 50°C to complete dissolved and cooled to room temperature, subsequently, EDC (0.22 mmol), DMAP (0.22 m mol), and VES (0.2 mmol) were added into the mixture, and the mixture was stirred at room temperature overnight. The mixture was dialyzed by a dialysis bag (MWCO 3,500 Da) for 48 h. Finally, the solution was filtered, and lyophilized and HA-VES was obtained. (~1.92 ppm 3.23~4.67 ppm methyl proton of N-acetyl group, 3.23~4.67 ppm methylene and hydroxyl groups of HA; 1.51~1.81 ppm and 2.02~2.24 ppm methyl and methylene protons of VES).



CMC Measurement

Critical micelle concentration (CMC) of HA-VES was measured by pyrene fluorescent probe. Briefly, pyrene was 6 × 10−8 mol L−1 was transferred into a brown flask, and a gradient concentration of HA-VES was added into each flask. Samples were under ultrasound in the water bath at 50°C for 2 h and stored overnight under dark conditions. Finally, the samples were measured by fluorescent spectrometer at 338 and 334 nm.



Preparation of DTX-Loaded Micelles

The dialysis method was used to prepare DTX-loaded micelles. Briefly, 10 mg HA-VES/7 mg HA-VES + 3 mg F68 and 1 mg DTX were dissolved in DMSO and stirred at room temperature until completely dissolved. The mixture was transferred into a dialysis bag for dialysis and to remove organic solvent. Finally, the samples were filtered, and HDM and PHDM were prepared.



Characterization of Formulations

The size and ζ-potential of the HDM or PHDM were measured by Zetasizer (Nano ZS90, Malvern Instruments Ltd.). The morphology of different formulations was observed using transmission electron microscopy (TEM; JEOLJEM-1230 microscopes at 120 kV, JEOL, Japan).



Stability Measurement

In-vitro stability measurement was investigated, and particle size change of different formulations was measured. Briefly, both formulations (5 mL) were placed in shaking incubator at 37°C, 100 rpm. At an interval time point, 0.5 mL samples were taken for particle size determination. Meanwhile, encapsulation efficacy (EE, %) change was also measured by ultracentrifugation method. HDM or PHDM were dissolved in PBS (10 mL). The solution was centrifuged for 10 min, the filtrate (0.5 mL) was transferred into a 10-mL brown volumetric flask, and made up to the volume with methanol as the free DTX. Next, another unfiltered formulation was transferred into a 10-mL brown volumetric flask, and made up to the volume with methanol as the the total DTX, and calculate EE% as reference reported. For the stability assay, both formulations were placed in shaking incubator at 37°C. At an interval time point, 0.5 mL samples were taken for EE% measurement and particle size determination.



In vitro Drug Release Study

The in-vitro release process of different formulations was examined using the dialysis method. Different formulations were transferred into dialysis bags (MWCO 3,500 Da), and the dialysis bags were immersed in a 100 mL phosphate buffer saline (PBS, pH = 7.4) with moderate shaking (50 rpm) at 37 ± 0.5°C. Fresh medium was used to replace released medium at the predetermined time points. The cumulative release was plotted against time.



In-vitro Cell Cytotoxicity and Cell Apoptosis Assay

Cytotoxicity of different micelles was studied by the MTT method. In brief, B16 cells were seeded in 96 well plates at a density of 104 cells and treated with various samples. At specified time intervals, 10 μL MTT solution was added into each well, and the plate was incubated for another 4 h. subsequently, the medium was removed and DMSO was added into each well. The plates were shaken and determine the absorbance at 450 nm was taken by the microplate reader.

The cell apoptosis assay was investigated with the Annexin V-FITC kit. The detailed operation procedure was according to the manufacturer of the kit.



In-vitro Cell Uptake Assay

Nile red (NR) was used as a fluorescence probe to represent DTX and incorporated it into different formulations for a cellular uptake assay. Briefly, cells were seeded into a glass-covered six-plate well and allow attachment. Different formulations were added into each well and incubated for different times. At the interval time point, the medium was removed and washed with PBS, harvested with trypsin for flow cytometry, and counterstained with 4′,6-diamidino-2-phenylindole (DAPI) for Confocal laser scanning microscopy (CLSM) assay.

For investigating intracellular drug release, LysoTracker-Green was used to pre-stain intracellular endo/lysosomes. Subsequently, different formulations were added into each well and incubated for 4 h. The cells were fixed with formalin and stained nucleic with DAPI, visualized using CLSM.



In-vivo Tumor-Targeting Study

To investigate in-vivo tumor-targeting of different formulations, DiR was used as fluorescence probe and incorporated into the micelles. Tumor-bearing nude mice were intravenously administrated different DiR-loaded micelles for circulation. At the interval time point, the mice were anaesthetized and visualized using an IVIS system. After 24 h, mice were sacrificed, and their major organs were obtained for imaging.



In-vivo Antitumor Activity

B16 bearing mice were randomly divided for several groups (Control, DTX, HDM, PHDM, PHDM+anti-PDL1). All mice received intravenous administrated of different formulations every other day for four times and measured for the tumor volume and body weight change. At the end of the trail, tumor tissues were weighed, and blood was collected for further study.



Cytokines Measurement

Serum TNF-α,IFN-γ,and IL-2 level were measured using an ELISA kit. The detailed procedure was according to the manufacture of the kit.



Immune Cell Analysis

Freshly isolated tumor tissue was obtained and cut into small pieces. The tumors were digested with collagenase IV for 1 h. Subsequently, the cells were filtered to prepare a single-cell suspension. The cells were stained with a cocktail antibody for flow cytometry. CD3-FITC and CD8-PE were used to detect CD8+ T cells. CD4-FITC and Foxp3-PE were used to label Tregs.



Statistical Analysis

All data expressed as mean ± standard deviations (SD). Significant different between two groups was analyzed using two-tailed Student's t-test.




RESULTS AND DISCUSSIONS


Characterization of Different Formulations

HA-VES was synthesized firstly via the ester reaction. Due to the presence of amount of hydroxyl groups in HA, it's easy to modify different functional backbones on the surface of HA through the ester reaction. Due to active carboxyl groups in VES and hydrophobic characteristic, it is suitable to construct HA-VES-grated amphiphilic copolymers, which could form micelle structures in an aqueous environment. The synthesis route and 1H NMR spectrum is illustrated in Figures 1A,B. The appearance of characteristic peaks (~1.92 ppm 3.23~4.67 ppm methyl proton of N-acetyl group, 3.23~4.67 ppm methylene and hydroxyl groups of HA; 1.51~1.81 ppm and 2.02~2.24 ppm methyl and methylene protons of VES) indicated HA-VES has been synthesized successfully.


[image: Figure 1]
FIGURE 1. (A) Synthesis route of HA-VES (A) and (B) 1H NMR spectrum.


CMC is an important parameter for evaluating the aggregation capability of copolymer in aqueous condition, which influences the self-assembly ability and structural stability of copolymer micelles both in vitro and in vivo (Patil et al., 2019; Puig-Rigall et al., 2021). In this section, the CMC value of HA-VES was measured. As shown in Figure 2A, the CMC value of HA-VES was 6.6 mg L−1, which indicated that HA-VES could form micelles at extremely low concentrations. The relative low CMC value indicated a better structural stability, which could possess the integrity of the copolymer micelle in extreme dilution. Particle size and ζ-potential of different formulations were measured, as shown in Figure 2B; both HDM and PHDM possessed average particle size of ~130 nm with negative surface charge. The introduction of F68 brings a slight increase in particle size, further demonstrating the successful construction of mixed micelles. Subsequently, in-vitro stability of different formulations was measured, as shown in Figure 2C and Supplementary Material 1; particle size and EE% change were both investigated. With an increase of incubation time, particle size of HDM gradually increased from ~140 to ~180 nm, while there was no obvious change for PHDM. Meanwhile, EE% of HDM significantly decreased after 24-h incubation. Both results indicated that HDM was relatively unstable, and this phenomenon was mainly attributed to the leakage of DTX and would bring a decrease of hydrophobic interaction of micelle inner core, which resulted in a change of particle size. While there was no obvious change for PHDM, this result indicated that the presence of F68 would enhance hydrophobic interaction between the drug and carrier and enhance its physical stability, which would reduce non-specific drug release and reduce systematic toxicity. The morphology of both formulations were observed. As shown in Figures 2D,E, both HDM and PHDM were spherically shaped with uniform particle size, which was in consistent with Dynamic Light Scattering (DLS) data. In-vitro drug release profiles were investigated, and the result is shown in Figure 2F. Both formulation groups possessed sustained release behavior with the total drug release percentage at about 60%, which indicated both formulations were suitable for intravenous administration. Interestingly, PHDM possessed relative lower release rate compared with HDM, and this phenomenon was mainly attributed to the introduction of F68 that would bring a hydrophobic interaction between the drug and carrier and influence drug release from the carrier.


[image: Figure 2]
FIGURE 2. (A) CMC value of HA-VES copolymer measured with pyrene fluorescence method; (B) particle size and ζ-potential of different formulations; (C) in vitro stability of HDM and PHDM; (D,E) TEM images of HDM and PHDM, scale bars represented 200 nm; (F) in vitro drug-release profile of different formulations.




Cell Cytotoxicity and Cell Apoptosis Assay

In-vitro cell cytotoxicity of different formulations were measured using MTT method against the B16 cell line. As shown in Figures 3A,B, all groups possessed a significant time-dependent and dose-dependent cytotoxicity manner. Compared with DTX, HDM possessed higher cytotoxicity, and this result was mainly attributed to CD44-mediated endocytosis of the carrier, which facilitated intracellular drug accumulation. However, the free drug could only accumulate into tumor cells via passive diffusion, and the efficacy was limited. Meanwhile, no significant difference could be observed for both HDM and PHDM. Although F68 would form a hydrophilic shell on the surface of micelle, this shell was incomplete and could not totally block HA expose, only minor percentage of active targeting moiety could reach tumor-active targetability, which indicated F68 didn't influence the interaction between the CD44 receptor and HA residues.


[image: Figure 3]
FIGURE 3. In-vitro cell cytotoxicity of different formulations at 24 h (A) and 48 h (B) and IC50 value (C) of different formulations using MTT method with B16 cell line; (D) in vitro cell apoptosis assay of different formulations with Annexin V-FITC/PI method.


Cell apoptosis was considered as an important symbol of programmed cell death, and it is necessary to investigate whether the cell cytotoxicity arose from apoptosis or necrosis. As shown in Figure 3C, the control group showed minor apoptosis cells, which indicated the cells were in a good state. After incubation with both HDM and PHDM, an obvious increase for apoptosis cells could be observed, indicating both formulations could efficiently induce tumor cell apoptosis. The cell apoptosis results of both micelle formulations possessed the similar trend as MTT, further demonstrating the cell cytotoxicity of as-prepared formulations.



In-vitro Cell Uptake Assay

CLSM and flow cytometry were both used for cellular uptake assay. As shown in Figure 4A, cellular uptake of NR possessed moderate red fluorescence, indicating the uptake capability of the free drug was limited. In comparison, both HDM and PHDM possessed significantly higher red fluorescence, suggesting both formulations could efficiently accumulate into cytoplasm via the CD44 receptor-mediated endocytosis. Flow cytometry results (Figure 4B) possessed all formulations, possessed time-dependent uptake capability, and similar uptake trends as CLSM.


[image: Figure 4]
FIGURE 4. (A) CLSM observation of cellular uptake of different formulations for 4 h, red and blue fluorescence indicated formulations and nucleic, scale bars represented 100 μm; (B) flow cytometry determines cellular uptake of different formulations at interval time points; (C) intracellular drug release behavior of HDM and PHDM, red, green, and blue fluorescence indicated formulations, endo/lysosomal and nucleic, scale bars represented 50 μm.


In order to investigate intracellular drug release behavior, LysoTracker Green was used to stain endo/lysosomes, and different formulations were incubated with cells. As shown in Figure 4C, yellow pixel dots indicated co-localization of formulations and nucleic, which indicated the formulations were accumulated into endo/lysosomes. For both DHM and PHDM, significant red fluorescence could be observed in the image, which indicated drug was successfully released into cytoplasm.



In-vivo Biodistribution and Antitumor Activity

In-vivo biodistribution and antitumor activity of different formulations were investigated using tumor-bearing mice. DiR was used as fluorescence probe to detect the biodistribution of different formulations. As shown in Figure 5, when intravenous administrated of HDM and PHDM for 4 h, significant tumor targetability of both formulations could be observed with strong fluorescence in the tumor. With an increase of circulation time, the fluorescence decreased gradually and at 24 h, and PHDM possessed relative higher fluorescence in tumor sites. This phenomenon was mainly attributed to two reasons: (Wu et al., 2016) PHDM owes higher stability, which could release drug leakage; and (Zheng et al., 2017) due to the presence of F68, PHDM owes relative loner circulation time. All these results indicated PHDM is a suitable carrier for tumor-targeted chemotherapeutical agent delivery, and it could be used for further study.


[image: Figure 5]
FIGURE 5. In-vivo biodistribution of HDM and PHDM in B16-tumor bearing mice (A) and biodistribution in major organs after 24 h administration (B) with IVIS system.


In-vivo antitumor activity of different formulations was investigated using B16-bearing C57BL/6 mice. As shown in Figures 6A–C, compared with control group, DTX only showed limited antitumor activity, and HDM and PHDM possessed higher antitumor activity. This result was mainly because the free drug possessed limited tumor targetability, which showed limited antitumor activity. However, both formulations could accumulate to tumor sites via the EPR effect and target tumor cell via HA-mediated endocytosis. PHDM + anti-PDL1 possessed the best antitumor activity, and this result was mainly because the introduction of the antibody could not only activate immune checkpoint-based immunotherapy, but also enhance the sensitivity of DTX-based chemotherapy. For the body weight study, only DTX possessed significant body weight loss, which was mainly attributed to the non-specific distribution and severe side effects of free DTX.


[image: Figure 6]
FIGURE 6. In-vivo antitumor activity of different formulations against B16-tumor bearing C57 mice. Tumor volume (A), tumor weight, (B) and body weight changes, (C) of different formulation groups, (D–F) serum cytokines measurement using ELISA kits.




Cytokines Measurement and Immune Cell Analysis

In order to further demonstrate whether PHDM+anti-PDL1 achieve tumor immune-chemotherapy, a series of T cell cytokines was measured. As shown in Figures 6D–F, IFN-γ,TNF-α, and IL-2 play an active role in the antitumor immune response, which was associated with immune activation. Significant increase for these cytokines of PHDM+anti-PDL1 group was compared with other groups, which indicated this strategy could relieve immunosuppression and activate immune system for tumor immunotherapy.

Subsequently, CD8+ T cell and regulatory T cells were both measured by flow cytometry. As shown in Figure 7, the percentage of CD3+CD8+ cells increased, CD4+Foxp3+ cells decreased, and the ratio of CD8+/Treg increased for PHDM+anti-PDL1. It is well-acknowledged that tumor tissue possessed an immunosuppressive microenvironment and inactive effector T cells from PD-1/PD-L1 axis, which is the main reason for the failure of tumor therapy. Although a chemotherapy-based drug-delivery system could directly kill tumor cells via cytotoxic drugs, the clinical benefit is unsatisfied. In this study, the combination of chemotherapy and PD-L1 antibody is a suitable strategy for better antitumor therapy. The PD-L1 antibody could block the PD-L1 protein in tumor cells, which sends the “don't eat me” signal to T cells and induces a T-cell-based antitumor immune response. The released effector cytokines could enhance this process for long-term tumor progression inhibition. Meanwhile, PHDM could efficiently target tumor cells and intracellularly deliver antitumor molecules for tumor killing. All these results indicated that the combination therapy strategy could efficiently activate CD8+ T cells and decrease Treg to relieve tumor immunosuppression and activate the antitumor immune response.


[image: Figure 7]
FIGURE 7. Flow cytometry detection of immune cell population with cocktail antibodies. (A) CD8+ T cells; (B) Treg cells; (C) CD8+/Treg ratio.





CONCLUSION

Overall, in this study we constructed a DTX-loaded HA-based copolymer-mixed micelles in combination with PD-L1 antibody for tumor immune-chemotherapy. The as-synthesized HA-VES could be efficiently entrapped hydrophobic molecule DTX, and F68 could be used for mixed micelle construction. After injection, PHDM could efficiently accumulate into tumor sites and target tumor cells for tumor chemotherapy. While the PD-L1 antibody could also bind tumor cells for immune checkpoint inhibition for tumor immunotherapy, all the results demonstrated that PHDM+anti-PDL1 was a potential for tumor immune-chemotherapy.
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Background: It has been confirmed that the α7-nicotinic acetylcholine receptor (α7nAChR) is an important target for identifying vulnerable atherosclerotic plaques. Previously, we successfully designed and synthesized a series of 18F-labeled PET molecular probes targeting α7nAChR, which are mainly used in the diagnosis of Alzheimer's disease. Based on the characteristics of α7nAChR in blood vessels, we have firstly screened for a suitable novel 18F-labeled PET molecular probe ([18F]YLF-DW), with high selectivity for α7nAChR over α4β2nAChR and a good effect for the imaging of atherosclerotic animal models, to effectively identify vulnerable atherosclerotic plaques at an early stage. Meanwhile, we compared it with the “gold standard” pathological examination of atherosclerosis, to verify the reliability of [18F]YLF-DW in early diagnosis of atherosclerosis.

Methods: The vulnerable atherosclerotic plaques model of ApoE-/-mice were successfully established. Then based on the methods of 3D-QSAR and molecular docking, we designed oxazolo[4,5-b] pyridines and fluorenone compounds, which are targeted at α7nAChR. Through further screening, a novel alpha7 nicotinic acetylcholine receptor radioligand ([18F]YLF-DW) was synthesized and automatically 18F-labeled using a Stynthra RNplus module. Subsequently, we employed [18F]YLF-DW for the targeting of α7nAChR in atherosclerotic plaques and control group, using a micro-PET/CT respectively. After imaging, the mice were sacrificed by air embolism and the carotid arteries taken out for making circular sections. The paraffin embedded specimens were sectioned with 5 μm thickness and stained with oil red. After staining, immunohistochemistry experiment was carried out to verify the effect of micro-PET/CT imaging.

Results: The micro-PET/CT imaging successfully identified the vulnerable atherosclerotic plaques in the carotid arteries of ApoE-/-mice; whereas, no signal was observed in normal control mice. In addition, compared with the traditional imaging agent [18F]FDG, [18F]YLF-DW had a significant effect on the early plaques imaging of carotid atherosclerosis. The results of oil red staining and immunohistochemistry also showed early formations of carotid plaques in ApoE-/-mice and provided pathological bases for the evaluation of imaging effect.

Conclusion: We innovated to apply the novel molecular probe ([18F]YLF-DW) to the identification of vulnerable atherosclerotic plaques in carotid arteries, to detect atherosclerosis early inflammatory response and provide powerful input for the early diagnosis of atherosclerotic lesions, which may play an early warning role in cardiovascular acute events.

Keywords: vulnerable atherosclerotic plaques, ApoE-/-mice, α7-nicotinic acetylcholine receptor, 18 F-labeled, PET imaging agent


INTRODUCTION

The harmfulness of cardiovascular diseases (CVDs) to human is self-evident. According to a report from the World Health Organization's Global Burden of Disease Assessment, cardiovascular diseases become the main cause of global human mortality (World Health Organization, 2017). Many risk factors of CVDs are related to atherosclerosis (Cole and Kramer, 2015). Despite tremendous advances in the treatment of CVDs, over the past few decades, the incidence of atherosclerosis and its associated complications remain high (Lloyd-Jones et al., 2009; Writing Group et al., 2016). It was also found that plaque inflammation plays an important role in the progression of atherosclerosis (Libby, 2002). Although some features of atherosclerotic plaques can be observed by imaging techniques, such as CT, MRI and intravascular ultrasound (IVUS), others are at the molecular level and beyond the resolution of most imaging techniques (Lovett et al., 2005; Saam et al., 2007; Huibers et al., 2015; Tarkin et al., 2016). Due to these limitations, the early identification of vulnerable atherosclerotic plaques is still an issue. Positron emission computed tomography (PET) has advantages over the above imaging techniques through multimodal-imaging contained anatomical and molecule functional images, thus it is able to visualize molecular mechanisms with high sensitivity (Tarkin et al., 2014; Evans et al., 2016; Chen et al., 2020). PET uses high affinity drugs (ligands) labeled with medical radionuclides. In addition to its high sensitivity, another advantage of PET is that its radioactivity in vivo or target tissue is absolutely quantitative. For example, the standard uptake value (SUV) or target to background ratio (TBR), is often used to quantify the uptake of PET tracer in arterial angiography(Bucerius et al., 2016). The key of PET imaging is to identify a suitable tracer for the appropriate target in vascular plaques.

Nicotinic acetylcholine receptors (nAChRs) are pentameric ligand-gated cation channels, which are mainly expressed in the central and peripheral nervous systems diseases (Picciotto et al., 2000; Aharonson et al., 2020). Recently, it become evident that nAChRs are also extensively expressed on non-neuronal cells, such as lung epithelial, endothelial, and immune cells (Wessler et al., 1999; Conti-Fine et al., 2000; Brüggmann et al., 2002; Heeschen et al., 2002; Moccia et al., 2004). Multiple subtypes of nAChRs exist, differing by the type and arrangement of five subunits surrounding an ion channel pore, and which include α (i.e., α2-α10) and β (i.e., β 2-β 4) subunits (Dani and Bertrand, 2007). The nAChR structure affects the pharmacology, cation selectivity, and desensitization kinetics of the receptors. Among the subtypes, the α7nAChRs are composed of five identical α7 subunits. Many studies indicated that alpha7 nicotinic acet-ylcholine receptor (α7nAChR) had the promotion in tumor-induction, furthermore, the lower α7nAChR expression indicated less chemotherapeutic drugs resistance (Hajiasgharzadeh et al., 2020; Zhang et al., 2020; Zheng et al., 2020). Meanwhile, nAChRs also play an important role in the pathophysiology of inflammation in atherosclerotic plaque (Zhao, 2016; Fujii et al., 2017). Among the subtypes, the α7nAChRs are composed of five identical α7 subunits, which appear to be involved in the occurrence and development of atherosclerosis and are becoming one of important targets for early identification of vulnerable atherosclerotic plaque (Sine, 2002; Wilund et al., 2009; Hashimoto et al., 2014; Johansson et al., 2014; Chen et al., 2016).

Previously published reviews have described the development of radiotracers suitable for the in vivo imaging of α7nAChR (Toyohara et al., 2010; Brust et al., 2012; Bauwens et al., 2015; Kassenbrock et al., 2016). In the past decade, many researchers have been working on the development of a clinically available imaging agent for an ideal target to non-target ratio through safe and efficient drug delivery (Chen et al., 2017; Feng et al., 2017; Wang J. et al., 2018; Ding et al., 2019; Qiu et al., 2020). About 20 kinds of F-18 or C-11 labeled α7nAChR radioactive PET tracers have been developed. Contributed to the specially binding to α7nAChR, several α7nAChR radioligand had been successfully applied in Alzheimer's Disease, but there have not yet successfully reported in detection of unstable atherosclerosis in vivo (Gao et al., 2013; Wang S. et al., 2018). The structure of some representative reported α7nAChR PET tracers is shown in Figure 1 (Boswijk et al., 2017).


[image: Figure 1]
FIGURE 1. Some representative α7nAChR radioligands.


All above-mentioned tracers have been mainly studied for neuroimaging applications. In addition, α7nAChR appears to be involved in multiple atherogenic processes in vitro (Wang et al., 2016). The ideal features for an imaging PET tracer of vasculature receptors expression differ from those required for imaging of brain receptors. For instance, a correct increase in radioligands hydrophilicity will not pass through the blood-brain barrier and will not allow interference with the signal in the brain; thus, enhancing the signal on the atherosclerotic plaques and increasing the specificity. For these reasons, α7nAChR as a new potential drug target in atherosclerosis diagnosis and treatment, have received an increasing interest in the fields of science and medicine.

Our research group has previously designed and synthesized a series of radioligands for α7nAChR targeting in the brain, with Ki values ranging from 0.005 to 450 nM, which exceeded the affinity of similar molecules reported in the literature. Based on the previous experiments and related literature (Rotering et al., 2014; Xue et al., 2016; Boswijk et al., 2017; Teodoro et al., 2018), we first used the novel designed and synthesized high-sensitivity molecular probe ([18F]YLF-DW) to identify vulnerable plaques and detect atherosclerosis early inflammatory response, to provide powerful help for the early diagnosis of atherosclerotic lesions and to truly detect early warnings of cardiovascular acute events.



MATERIALS AND METHODS


Design and Screening of Ligands Based on α7nAChR

The ligands based on α7nAChR can be mainly divided into two types: fluorenone derivatives and oxazolo [4,5-b]pyridine derivatives (Figure 2), In addition the active α7nAChR agonist is generally composed of three parts: basic segment, aromatic group, and connecting segment. We used the methods of the three-dimensional quantitative structure-activity relationship (3D-QSAR) and molecular docking, in computer-aided drug design (CADD) (supplementary materials for design details), and Finally screened for the suitable novel ligand ([18F]YLF-DW) for atherosclerotic vulnerable plaques (The structure of [18F]YLF-DW is shown in Figure 3).


[image: Figure 2]
FIGURE 2. (A) Structural skeleton of fluorenone ligands. (B) Structural skeleton of oxazolo[4,5-b] pyridine ligands.



[image: Figure 3]
FIGURE 3. (A) The stereoscopic structure of the novel radioligand ([18F]YLF-DW). (B) The chemical structure of the novel radioligand ([18F]YLF-DW).




Radiochemistry of [18F]YLF-DW

[18F]YLF-DW was labeled using a Synthra RNplus AAQQ67 module (Synthra GmbH, Hamburg, Germany). First, the 18F-produced by the accelerator (Cyclone 18 twin, IBA, Belgium) and adsorbed in the QMA pillars, was eluted by 1 ml eluent (15 mg K.2.2.2., 1.5 mg K2CO3, 0.6 mg acetonitrile, 0.4 mL H2O). Second, the precursor (3 mg) and DMSO (0.5 mL) were added to the reaction vial and the reaction was carried out at 120°C for 15 min; subsequently, the reactant was diluted and separated and the diluent passed through a C18 column to remove impurity. Finally, the C18 column was eluted with ethyl alcohol (1 mL); thereafter, the leachate was diluted by normal saline (10 mL) to acquire the 18F-labeled Radioligand injection. The total time was ~30 min with a radiochemical yield of 10–15% and a radiochemical purity >98% (Figure 4).


[image: Figure 4]
FIGURE 4. (A) Synthetic scheme of [18F]YLF-DW. (B) Radio-high-performance liquid chromatography profile of [18F]YLF-DW.




Animal Model Preparation

ApoE-/-mice (n = 6, weight 25–33 g) and normal mice (n = 6, weight 25–33g) were purchased from Qingzilan Technology Co., Ltd (Nanjing, China). After 1 week of feeding with common feed, the selected ApoE-/-mice were fed with western diet, containing 21% fat and 0.15% cholesterol content, with a high-fat/high-cholesterol content for 9–10 weeks and subjected to micro-PET/CT imaging. The tissues were used for red staining and immunohistochemistry experiments. The normal mice served as controls for micro-PET/CT imaging and their tissues for immunohistochemistry. All mice were kept in a temperature-controlled environment with a 12 h light/dark cycle with free access to food and water. Animal care and experimental procedures were conducted in compliance with the Helsinki Declaration and approved by Fuwai hospital animal care committee.



Blocking Experiments

To further determine the specific binding of [18F]YLF-DW to α7nAChR over other similar receptors, blocking experiments were carried out by pre-subcutaneous injection of blocking agents. α4β2nAChR, a heteromeric nAChR subtype widely expressed and 5-HT3, a receptor sharing high sequence homology with α7nAChR, were the most likely receptors to cross binding with α7nAChR ligands. We used the brain tissues of CD-1 mice to do the blocking experiment. Cytisine (1 mg/kg, a selective partial agonist of α4β2nAChR) and ondansetron (2 mg/kg, a selective antagonist of 5-HT3) were pre-injected 5 and 10 min prior to the intravenous injection of [18F]YLF-DW, respectively. The CD-1 mice were sacrificed at 60 min after the [18F]YLF-DW injection, and the brain tissues were harvested.



Micro-PET/CT Imaging

When the animal models were 10 and 11 weeks old, the micro-PET/CT imaging were conducted. An Inveon small animal PET/CT scanner (Siemens,Germany) was used to perform the scans. A total volume of 5.56 MBq (150 μCi) of [18F]YLF-DW was injected into six ApoE-/-mice and six normal mice by the tail veins, and the animal models were anesthetized with 2% isoflurane through inhalation. We performed PET/CT dynamic scanning. After screening, the acquisition was performed at 1 h after tail vein injections. The micro-PET/CT was initially performed with the following parameters: energy peak, 511 keV; window width, 3.5 E0 SUV-bw; resolution, 0.775 mm/pixel; and matrix, 128 × 128. Each mouse required a 15-min acquisition and the computed tomography (CT) was performed after PET scanning in the same bed position using the following parameters: frame resolution, 256 × 512; tube voltage, 80 kVp; current, 0.5 mA; and exposure time, 500 ms/frame.

The images were reconstructed by two-dimensional-ordered subsets expectation maximization. The three-dimensional regions of interest (ROIs) were superimposed on the high uptake region in carotid arteries of ApoE-/-mice. The tissue density was presumed as 1 g/ml, and % ID/g was calculated based on the dose injected into the mice.



In vivo Biodistribution Studies in Mice

After dynamically micro-PET/CT imaging for 1 h. The primary data were reconstructed by OSEM 3D strategy on MicroQ software through 4 times iteration. The region of interest of the heart, liver, spleen, lung, kidney, aorta, muscle, and bone tissues were outlined on the CT background were with the post-reconstruction Inversion Reconstruction Workstation. The % ID/g value at each period were automatically obtained.



Red Staining Experiment and Immunohistochemistry Experiment

Six carotid arteries from ApoE-/-mice and normal mice, that underwent in-vivo micro-PET/CT imaging, were selected for oil red staining and immunohistochemistry experiments.


Oil Red Staining Experiment

First, the frozen sections of the carotid artery were rewarmed and dried, fixed in the fixative (G1101, Servicebio) for 15 min, washed with running water and dried. Then, the slices were dipped into the oil red dye solution (G1016, Servicebio) for 8–10 min (cover to avoid light), washed with distilled water, slightly differentiated with 75% alcohol and washed with distilled water. Afterward, the slices were dyed with hematoxylin solution (G1004, Servicebio) for 3–5 min, washed with tap water, differentiated with differentiation solution, washed with tap water, returned to blue with returned blue solution (G1005-4, Servicebio) and washed with running water. After the film is sealed with glycerin gelatin (G1402, Servicebio), the dyed slices were examined under microscope and the images were collected and analyzed.



Immunohistochemistry Experiment

The slides were successively put into xylene I, II, and III for 15 min each, anhydrous ethanol I and II for 5 min each, 85% ethanol for 5 min, 75% ethanol for 5 min, and washed with distilled water. Then, the tissue sections were placed in the repair box filled with citric acid antigen repair buffer (pH 6.0) and repaired in the microwave oven. The reaction mixtures were heated to boil within 8 min, after boiled maintained heating for 8 min and then kept heating for 7 min under medium-low power. In this process, excessive evaporation of the buffer should be prevented, and the chips should not dry. After natural cooling, the slides were placed in PBS (pH 7.4) and shaken on the bleaching shaker for 3 times, each time for 5 min. The slides were then put into 3% hydrogen peroxide solution, incubated at room temperature in the dark for 25 min, placed in PBS (pH 7.4) and washed on the decolorizing shaking table for 3 times, each time for 5 min. A solution of 3% BSA was dripped into the histochemical circle to cover the tissue uniformly and the tissues were sealed for 30 min at room temperature These steps were followed by a gentle shaking off the sealing solution, PBS drops were added on the slides to prepare for the first antibody (Alpha7 antibody, abcam, Ab216485) in a certain proportion, and incubated flat in the wet box at 4°C for incubation overnight (add a small amount of water in the wet box to prevent the antibody solution from evaporating). After incubation, the slides were washed in PBS (pH 7.4) and shaken for 3 times, each time for 5 min. After, the slides were slightly dried, labeled HRP corresponding to the first antibody species were dripped into the circles and incubated at room temperature for 50 min. After this incubation step, the slides were washed in PBS (pH 7.4) for decolorization on a shaker for 3 times, each time for 5 min and slightly dried. DAB (G1211, Servicebio) was used to develop color, which was controlled under the microscope. When the brown yellow color developed (positivity), the slides were washed with tap water to stop the color further developing. For the hyperchromatic nucleus, hematoxylin was re-dyed for ~3 min, washed with tap water, differentiated with hematoxylin differentiation solution for several seconds, washed with tap water, turned blue with hematoxylin return solution and washed with running water. Finally, the slides were treated with 75% alcohol for 5 min, 85% alcohol for 5 min, anhydrous ethanol for 15 min, anhydrous ethanol for 5 min, xylene for 5 min to dehydrate and render transparent, slightly dried, and sealed with neutral gum. Then, the images were collected and analyzed.




Statistical Analysis

All the reported data were expressed as mean and SD. P-values < 0.05 were considered as statistically significant.




RESULTS


In vivo Biodistribution Studies

In the previous experiment, we have measured the Ki value of the novel molecular probe (Ki = 2.98 ± 1.41 nM) and also made blocking experiments to prove that the ligand is specific binding to α7nAChR33. Evaluated the biodistribution of the tracer in normal mice (Figure 5). The highest accumulation of radioactivity was observed in the kidney, liver and brain, with a peak uptake at 10 min after injection before decreasing. The lowest uptake was found in the muscle and bone. The distribution of the novel radioligand in the artery was consistent with the distribution of α7nAChRs in the arterial vessels, which uptake increased over time, with peak uptake at 60 min.


[image: Figure 5]
FIGURE 5. Biological distribution of mice.




Blocking Experiment Studies

Cytisine is a selective agonist of α4β2nAChR, and Ondanstron is a selective antagonist of 5-hydroxytryptamine receptor. we have done relevant selection experiments. there is no significant difference in the uptake of this novel radioligand between the experimental group and the control group. [18F]YLF-DW(Ki = 2.98 ± 1.41 nM) exhibited high initial brain uptake (11.60 ± 0.14%ID/g at 15 min post-injection), brain/blood value (9.57 at 30 min post-injection), specific labeling of a7-nAChRs and fast clearance from Kunming mouse brains, which demonstrated that [18F]YLF-DW has good selectivity to α7 nAChR (Wang S. et al., 2018).



Micro-PET/CT Imaging Studies Between Nomal and ApoE-/-Mice

We performed micro-PET/CT dynamic scanning on the animal models. After comparative analysis, it is found that the carotid artery imaging effect is better contrast byound other section after 1 h of scanning, which can be used for later clinical guidance. We also attached 5, 15, and 30 min of scanned images to the paper for comparison (Figure 6). [18F]YLF-DW images one of the ApoE-/-mouse models and normal mouse models are shown in Figure 7. Compared with the normal mouse(a) and the traditional [18F]FDG of the ApoE-/-mouse(b), [18F]YLF-DW was obvious in the carotid artery of the ApoE-/-mouse(c). (Red arrows in the right figure below). This suggests that [18F]YLF-DW is better than [18F]FDG in the early detection of carotid plaques. In addition, Figure 8 shows [18F]YLF-DW carotid plaque imaging of the ApoE-/-mouse alone (The carotid plaques was obviously imaged).


[image: Figure 6]
FIGURE 6. Dynamic scanning: 5 min imaging on the left, 15 min imaging in the middle, 30 min imaging on the right.



[image: Figure 7]
FIGURE 7. Comparison of (A) the normal mouse, (B) [18F]FDG carotid plaques imaging, and (C) [18F]YLF-DW carotid plaques imaging.



[image: Figure 8]
FIGURE 8. (A) [18F]YLF-DW carotid plaques imaging of ApoE-/-mouse. (B) Local enlarged view of carotid artery imaging.




Oil Red Staining

Under the light microscope, the layers of the carotid artery were arranged in order. Oil red O staining of ApoE-/-mice and normal mice showed that the area of the atherosclerotic plaques was bright red in fat, blue in nucleus and colorless in stroma. The structure is clear, the cell morphology is good and there are few wrinkles and vacuoles (Figure 9). The section clearly showed the formation of extensive and typical atherosclerotic plaques in the carotid arteries of ApoE-/- mouse, which reflects the presence of lipid content in the atherosclerotic plaques in ApoE-/- mouse and provide the basis for the early diagnosis of atherosclerosis.


[image: Figure 9]
FIGURE 9. Oil red staining chromatogram of ApoE-/-mice (A) and normal mice (B).




Immunohistochemistry

Figure 10 shows the immunohistochemistry of the carotid artery in control mice (a), and the immunohistochemistry of the carotid artery in the ApoE-/-mice (b) (Red arrows indicates plaques formation). Hematoxylin stained cell nucleus is shown in blue and the positive DAB staining is brownish yellow. The lesions with accumulated radioactivity agreed with the anatomical structure of the plaques, which confirms the imaging effect of micro-PET/CT and further explains the early formation of vulnerable plaques.


[image: Figure 10]
FIGURE 10. (A) Immunohistochemical results of normal mice. (B) Immunohistochemical results of ApoE-/-mice.





DISCUSSION

Until now, the prediction of vulnerable atherosclerotic plaques, that are thrombotic triggers, tightly linked to inflammation, was challenging. Although [18F]FDG has been used for atherosclerotic inflammation imaging for several years, but the low cell specificity of [18F]FDG restrict the use of FDG in atherosclerosis (Bucerius et al., 2016). As it has been proved that α7-nicotinic acetylcholine receptor (α7nAChR) in blood vessels is closely related to atherosclerotic plaques, imaging α7nAChR would provide a unique tool to identify atherosclerotic plaques that are prone to rupture. Therefore, it becomes very important to study appropriate PET molecular probes that can specifically bind to α7nAChR in vascular plaques.

In the present study, we established plaque models of abdominal and carotid arteries in ApoE-/-mice. We found that the abdominal artery of the ApoE-/-mice was not easy to model, and that early plaques could not be observed by pathology. On the contrary, the mouse carotid artery plaques is easy to model, which was confirmed by immunohistochemistry. Therefore, we chose the mouse carotid artery as the subject of our study. Meanwhile, the formation of vulnerable atherosclerotic plaques is a complex process involving inflammation, microcalcification and apoptosis. Therefore, the evaluation of the vulnerability of atherosclerotic plaques by PET/CT imaging, with an appropriate molecular probe for α7nAChR in blood vessels, also has an important clinical application value.

In the past work, we mainly used manual labeling. In this study, we used automatic modular instrument to shorten the synthesis time, improve the purification rate and labeling rate (total synthesis time is about 15 min, radiochemical yield is 10–15%, radiochemical purity is over 99.5%). Dynamic scanning method can screen out the best imaging conditions, which is helpful to guide the optimization of subsequent probes.

This study shows the potential of the novel molecular probe for early diagnosis of vulnerable atherosclerotic plaques. Compared with the previous diagnosis of plaques, the imaging system is more sensitive to their detection, and may present a higher plaque signals. Therefore, PET/CT imaging can be used to evaluate the effect of α7nAChR targeting strategies in the diagnosis of atherosclerosis.



CONCLUSION

In the current study, a novel radioligand micro-PET/CT imaging successfully explored the atherosclerotic plaques in mouse models [the acute toxicity studies and blocking studies of this probe have been finished (Wang S. et al., 2018)]. The results supported the feasibility of the appropriate molecular probe as a α7-targeting tracer to detect the inflammation in atherosclerotic plaques, which holds the potential to assess the vulnerability of atherosclerotic plaques rupture. Therefore, the molecule probe has potential to be an appropriate α7-nAChR-targeted imaging radiotracer for early plaques diagnosis, and further studies on these radioligand series are ongoing.
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The transdermal route of administration provides numerous advantages over conventional routes i.e., oral or injectable for the treatment of different diseases and cosmetics applications. The skin also works as a reservoir, thus deliver the penetrated drug for more extended periods in a sustained manner. It reduces toxicity and local irritation due to multiple sites for absorption and owes the option of avoiding systemic side effects. However, the transdermal route of delivery for many drugs is limited since very few drugs can be delivered at a viable rate using this route. The stratum corneum of skin works as an effective barrier, limiting most drugs’ penetration posing difficulty to cross through the skin. Fortunately, some non-invasive methods can significantly enhance the penetration of drugs through this barrier. The use of nanocarriers for increasing the range of available drugs for the transdermal delivery has emerged as a valuable and exciting alternative. Both the lipophilic and hydrophilic drugs can be delivered via a range of nanocarriers through the stratum corneum with the possibility of having local or systemic effects to treat various diseases. In this review, the skin structure and major obstacle for transdermal drug delivery, different nanocarriers used for transdermal delivery, i.e., nanoparticles, ethosomes, dendrimers, liposomes, etc., have been discussed. Some recent examples of the combination of nanocarrier and physical methods, including iontophoresis, ultrasound, laser, and microneedles, have also been discussed for improving the therapeutic efficacy of transdermal drugs. Limitations and future perspectives of nanocarriers for transdermal drug delivery have been summarized at the end of this manuscript.
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INTRODUCTION

Oral administration is the typical route for drug delivery, but the drawbacks such as first-pass metabolism, high cost, and repeated dosing create this route challenging. A new drug delivery mechanism needs to be developed to enhance the therapeutic effectiveness, stabilization, and protection of medications to address all these challenges (Shaw and Mitchell, 1983). Stoughton has predicted the percutaneous absorption of drugs long ago in 1965, which tiled the technique for the topical/transdermal drug delivery system (TDDS) (Idson, 1975). Medications through TDDS offer an extended-spectrum for application to different shapes and sizes of formulations of single or more than one active constituents that, when applied on the integral skin, can distribute to all over the body or can act locally at the site of application. The wide-scale epidermis and informal functionality make it an ideal route to the penetration of drugs (Prausnitz and Langer, 2008). Though, the crucial trials in the formulation of TDD are prerequisites to address the very high impermeable, keratinized external layer skin, for example, ‘stratum corneum’ (SC) for successful translation to clinics. The core function of the stratum corneum is to give a protective layer for the tissues beneath the skin, however, this blockade function often decreases the quantity of drugs that can move through the skin passively (Prausnitz et al., 2004).

In nanoparticle technology, the range of particles is 1–500 nm to cure diseases and diagnose and has overcome the highly significant issue of low bioavailability of drugs. There have been many innovative studies and some of them are patented nanotechnology-based products in the medical field over the last few decades (Boisseau and Loubaton, 2011). The purpose of this technique is to identify and resolve issues of drugs for enhancing wellbeing by minimizing the adverse effects of drugs with non-invasive treatments. Nanoparticles deliver a lot of new resources to encounter these achievements. The alteration of drugs and other ingredients on a nanometer scale through nanotechnological approaches significantly enhances the therapeutic outcomes of these materials and reduces the associated side effects. Surface area, site-targeting, solubility enhancement, control delivery, and sustained release are a few properties that distinguish nanomedicines from conventional counterparts (Hughes, 2005). The field of nanocarriers based medicine is constantly growing and it has achieved success in curing cancers and infectious disorders that were hard to treat in the past (Díaz-Torres and Transdermal nanocarriers, 2010).

The use of such preparations on the skin for therapeutic reasons is as ancient as the medical history, analogous to the use of salves and ointments in the history of Egyptian and Babylonian traditional therapies. The historical patterns in permeation analysis are well characterized by Lane and Hadgraft (Hadgraft and Lane, 2005). The skin has developed a crucial route of drug delivery for topical, local, or systemic effects for centuries. Nonetheless, the skin is a significant obstacle and offer hindrances to the transdermal distribution of drugs. Meanwhile, a limited number of drugs can reach the stratum corneum in appropriate concentrations to achieve an active drug quantity in the blood. Numerous methods have been developed and patented to enhance the transdermal absorption of medicines (Barry, 2001; Rizwan et al., 2009). Table 1 highlight the major advantages and disadvantages of TDDS (Escobar-Chávez et al., 2012).


TABLE 1. Major advantages and disadvantages of transdermal drug delivery.

[image: Table 1]The fate of the medicinal agent in skin penetration through the stratum corneum is shown in Figure 1. Improving physical permeation enhancement technology also contributed to increased interest in the delivery of transdermal medications.
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FIGURE 1. Drug molecules’ fate during skin penetration.




SKIN AS A BARRIER FOR TRANSDERMAL DRUG DELIVERY

Skin is the body’s most important organ and the body’s largest organ consisting of three main layers (epidermis, dermis, and hypodermis) (Hendriks et al., 2006). It performs a range of essential functions, such as defense (biological, mechanical, chemical, and physical) and hydro and thermo-regulation (Roosterman et al., 2006). Skin appears as a central route for drug delivery by allowing topically administered drugs to travel via stratum corneum (SC) to extra locations inside the skin, which could contribute to the systemic circulation (Sala et al., 2018). Its wide surface area improves drug preoccupation, and thus larger quantity of drugs could be efficiently distributed through transdermal delivery systems. Nevertheless, the SC of the skin also prevents the engrossment of some types of low permeable and/or heavy molecular weight drugs (Schroeder et al., 2007; El Maghraby et al., 2008).

The skin’s barrier function is almost entirely and quite remarkably accomplished by the stratum corneum (SC)- a morphologically and compositionally unique biomembrane (Scheuplein and Blank, 1971). This enormously thin (nearly 1/100 of a mm), least permeable skin layer is the ultimate stage in the epidermal differentiation process, forming a laminate of compressed keratin-filled corneocytes anchored in a lipophilic matrix (Christophers, 1971; Elias, 1981, 1983). The lipids of this extracellular matrix are distinct in many ways (Gray et al., 1982; Williams and Elias, 1987) i.e., (i) they provide the sole diffusion pathway and continuous phase from skin’s surface to the base of SC; (ii) the composition of skin is unique among biomembranes and of particular interest is that it is devoid of phospholipids; (iii) despite this deficit of lipids, the SC lipids produce multilamellar sheets; and (iv) the long-chain, mostly saturated hydrocarbon tails provide an ordered, interdigitated configuration and the formation of gel-phase membrane domains as opposed to the more usual liquid crystalline membrane systems.

However, it seems that the unusual lipid matrix alone cannot entirely explain the outstanding resistivity of the membrane, and the SC architecture as a whole has been proposed to play a key role in the barrier function of the skin. Hence, the staggered corneocyte arrangement in a lipid continuum is suggested to confer a highly twisted lipoidal diffusion pathway making it 1000-times less permeable to water compared to other biomembranes (Potts and Francoeur, 1991). The transport role of this twisting pathway is further elucidated by visualization studies including localization of different permeants in the intercellular channels (Nemanic and Elias, 1980; Bodde et al., 1991), kinetic analysis of the in vivo skin penetration rates of different model compounds (Albery and Hadgraft, 1979), and through evidence from lipid domains’ thermotropic biophysical studies (Golden et al., 1987; Potts and Francoeur, 1990). Figure 2 shows the schematic view of different skin layers.


[image: image]

FIGURE 2. Schematic illustration of the skin layer and showing penetration routes of the drug administered through the skin.




ROUTES OF DRUG PENETRATION VIA SKIN

Various studies have been conducted to determine the route of penetration of topical compounds via the skin. The permeability of drugs to the skin essentially require that the retained epidermis should be diffused by the drug. The human skin additionally contains sweat glands and hair follicles, which form thrust pathways via the intact epidermis, accounting for 0.1% of the entire skin (Illel, 1997). The penetration of the drug through the skin is often regulated by the stratum corneum. Two different pathways namely transcellular and intercellular are suggested for drugs to cross this complete barrier.


The Intercellular Lipid Route

The stratum corneum (SC) possesses interlamellar areas, such as linking regions, ordered lipids, and stable hydrophobic chains providing a non-planar gap between both the neighboring cells and the crystalline lipid lamellae of the cell wall. For transepidermal diffusion of lipid and amphiphilic particles, fluid lipids in the skin layer are of vital significance, filling these spaces for migration and insertion (Geinoz et al., 2004; Ly and Longo, 2004). Hydrophilic molecules diffuse mostly “laterally” through surfaces with less inter-lamellar spaces filled with water or across certain volumes. Polar molecules can also use the available spaces at the same end between the outer membrane and the corneocyte of the lamella (Gupta and Trivedi, 2016).



The Transcellular Pathway

The intracellular macromolecular matrix runs very deep in keratin, which does not directly add to the diffusive barrier of the skin; however, it promotes mechanical stability and thus contributes to stratum corneum intactness. Transcellular diffusion is unrelated to TDD (Cevc and Vierl, 2010). Confocal microscopy has been applied to track small aqueous transepidermal pathways where regions with intercellular and low molecular weight lipids overlap with skin wrinkles. The surface and, at the same time, the areas with the lowest lipid density resist the delivery of hydrophilic substances including drugs. Among corneocyte clusters, this small resistance pathway occurs in positions where there is no lateral similarity between such groups. The more confined and transport resistant mechanism is the intra-cluster/inter-corneocyte mechanism (Schätzlein and Cevc, 1998). The hydrophilic duct has openings of ≥ 10 nm (narrow pores of intercorneocytes) and ≥ 5 μm (appendages of the skin). Thus, they form the highest width/lowest resistance end of the continuum are pilosebaceous units (5–70 μm) and sweat ducts (≥50 μm), sebaceous glands (5–15 μm). Cluster boundaries and junctions of clusters collapse within the range (Mitragotri, 2003). The lipophilic cutaneous boundary is defined by the predicted values and molecular weight rather than the molecular size of the drug (Johnson et al., 1997). Different tools are applied for measuring the number of drugs found in the skin or different skin layers. It has not been possible to accurately and non-invasively quantify the volume of topically used materials absorbed into the follicle. As a result, cyanoacrylate skin surface, stripping techniques, peel biopsy, etc., have been used to extract the topically applied dye-containing stratum corneum components and estimate the amount of drug absorbed through the transdermal route (Nguyen et al., 2019). Different stripping techniques have also been applied to test the delivery of topically used products selectively and non-invasively into the follicular infundibula (Desai et al., 2013; Nakkam et al., 2018; Carolina Oliveira Dos Santos et al., 2019).



DRUG PROPERTIES AND TRANSDERMAL PENETRATION

Percutaneous drug absorption depends on physico-chemical characteristics - which have the capacity of facilitating absorption as well as on the condition of the skin. The factors that influence percutaneous absorption include daily dose, molecular weight, lipophilicity, and melting point. Ideally, the daily dose of the drug should be less than or equal to 20 mg per day, molecular weight should be less than 500 Da, should have a log P-value between 1–3 and the melting point should be less than 200°C. Moreover, the drugs applied to the transdermal delivery route should be non-irritating and non-immunogenic (Finnin and Morgan, 1999).

In general, biomembranes consist of a lipophilic membrane with a hydrophilic portion. The fundamental equation which described passive drug transport through biomembranes is based on Fick’s first law:
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where J is the flow of the drug through the membrane (mass/area/time), P is the permeability coefficient through the lipophilic membrane and C is the concentration of the drug between both sides of the membrane. The permeability coefficient is defined as:
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where D is the drug’s diffusion coefficient within the membrane, K is the partition coefficient of the drug from the external environment towards the membrane and h is the thickness of the membrane. Finally, the diffusion coefficient can be estimated by the Stokes-Einstein equation:
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where R is the molar gas constant, T is the absolute temperature, η is the viscosity of the membrane, r is the radius of a spherical drug molecule permeating the membrane, and N is Avogadro’s number. The equation demonstrates that in order for the drug to be released across the membrane, it must present some aqueous solubility, (Caq); however, at the same time, it must also possess lipophilicity and suffer partition from the external aqueous environment to the lipophylic membrane (K). By observing Stokes-Einstein equation, it’s possible to see that small molecules are able to permeate much more easily than large molecules (Loftsson, 2002).

The hydration of the skin is another factor that influences the percutaneous absorption of drugs. The greater the hydration, the higher and better the absorption of substances, in particular polar substances. Hydration is the result of the diffusion of water from adjacent layers, or of an accumulation of water – after the application of some material and/or occlusive vehicle. Other factors, such as the area and method, region, period of application, the age of the skin, and the use of vehicles which alter barrier function also influence percutaneous absorption (Idson, 1975).

In a parallel manner, the presence of determined compounds, which act with diverse mechanisms, can provide variations in flow, due to modifications in cellular membrane structures, diffusion coefficient alterations, the partition coefficient of the SC/vehicle, influences cutaneous water content, and can also modify superficial tension. These substances are designated modifiers, accelerators, catalyzers, or simply, absorption promotors. Such substances or physical methods, usually temporarily and reversibly modify the SC barrier, assisting in drug penetration. Iontophoresis, electroporation, and ultrasound - physical methods -, apart from diverse chemical absorption enhancers are used to make this route viable as a drug administration alternative (Carpentieri-Rodrigues et al., 2007).



OVERCOMING THE FUNCTIONAL BARRIER OF SKIN FOR TRANSDERMAL DRUG DELIVERY

The skin exhibits a surprising evolutionary effect which not only includes the physical penetration of microorganisms and multifunctional interface with surroundings but also involves the assembly of a highly effective hemostatic barrier to prevent water loss. To do so, the skin serves as an adept membrane to limit the transportation from the body to the environment or vice versa. This barrier is considered as the main challenge for the scientists working in the field of transdermal drug delivery. To overcome the skin barrier, an efficient approach is highly required to enhance the drug permeability through the skin and to expand the drugs’ range for transdermal application. To achieve this goal, various strategies based on varying complexity and efficacy are available for the pharmaceutical scientists which are described below (Naik et al., 2000):


Passive Penetration Enhancement

The simplest approach involves the manipulation of the formulation used in the transdermal drug delivery. While the design of super-loaded formulation, i.e., supersaturation, microemulsion, and liposomal systems, is the more innovative approach to overcome the skin barrier (Osborne et al., 1990; Davis and Hadgraft, 1993). These approaches have modestly improved the penetration across the membrane but are unlikely to transform an impermeable drug entity into an ideal transdermal candidate.


Drug Modification

Considering the drug molecules, the process of derivatization can be used to modify the lipophilicity of any drug candidate. This approach is involved in the pro-drug strategy to physically modify the drug candidate for enhanced skin permeation. This prodrug is enzymatically converted into its active form (Lee and Li, 1989). Hence the prodrug approach is successfully being utilized in the field of the topical steroidal anti-inflammatory agent where the inherent property of the pharmaceutical molecule is not often exact with the topical potency. For instance, triamcinolone has five times greater activity than that of hydrocortisone but exhibits very low topical activity i.e., only 10%. However, the topical efficacy of triamcinolone increase by 1000-folds after being transformed into acetonide as this modification provides favorable lipophilicity to triamcinolone. Similarly, the topical activity of betamethasone was increased by 450-folds after conversion into 17-valerate analog via esterification. This approach has widely been exploited to develop a transdermal formulation and the pharmaceutical scientist are in continuous efforts on the method development to improve the permeability of the membrane per se (Naik et al., 2000).



Chemical Enhancement

One of the widely utilized approaches includes the use of chemicals which can reversibly alter the function of the skin’s barrier and therefore allow penetration of low permeable drug candidates into the membrane and systemic circulation. Various chemicals have been reported to make the SC more permeable including poly-alcohols, alcohols, amines, pyrrolidones, amides, sulphoxides, fatty acids, alkanes, esters, surfactants, terpenes, and phospholipids, and much more (Walters and Hadgraft, 1993). The structural diversity of these molecules prevents the formulation of any singular mechanistic hypothesis but it remains a source of debate which one is well echoed by the vast penetration-enhancer through literature. However, mechanistic information has been reported for some of the molecules at the molecular level with the variable mode of action, i.e., alcohols (e.g., ethanol) enhance the permeation by extracting and solubilizing the lipid content of SC (Kai et al., 1990), while fatty acids (e.g., oleic acid) are involved to induce phase separation and lipid fluidization within the membrane (Ongpipattanakul et al., 1991; Naik et al., 1995). On the other hand, simple hydration is a well-known method to enhance the absorption without affecting the conformation of lipid bilayer or spacing but the mechanism is not yet known (Lieckfeldt et al., 1994). Penetration enhancer 1-dodecylazacycloheptan-2- one (Azone), show its activity at lower concentration and the possible mechanism for its performance involves lipid fluidization and ion-pairing (Hadgraft et al., 1985). It has also been reported that the enhancers (e.g., fatty acids, Azone) and more polar co-solvents (e.g., propylene glycol, ethanol) synergistically affect the solubilization of the constituents within the SC hence promoting the lipid-modulating effect. Likewise, the absorption mechanism of solvents such as Transcutol involves the solubilization of drugs within the membrane rather than causing the increase in drug diffusivity (Harrison et al., 1996). By contrast, sulphoxides, are comparatively aggressive and capable to induce various structural deterioration, i.e., solubilization of membrane components and keratin denaturation thus act as permeation enhancers.



Physical Penetration Enhancement

Transdermal systems provide several advantages, one of them is the control and sustain release of drug candidate suffering from the short biological half-life and require frequent administration. The newly developing ‘biotechnology’ drugs (i.e., proteins, peptides, and oligonucleotides) are particularly prone to this problem. Although these therapeutics are highly specific and potent but cannot be delivered by conventional methods because of their exceptionally labile nature (Khavari, 1998; Pettit and Gombotz, 1998). Besides this, these drugs are usually large molecules with polar and/or charged groups which significantly limit their transdermal delivery. However, physical enhancement technologies (described below) are working to directly respond to the described challenges and offer dominant and exciting strategies to overcome the issues of transdermal application (Berner and Dinh, 1998).


Iontophoresis

Iontophoresis is the most evolved technology facilitating drug transportation across the membrane by using a small electrical current (usually, 500 microamperes cm2). The electrical potential allows the transport of charged species into the skin but the efficacy of this approach is strictly dependent on the ionic mobility, polarity, and valency of the drug being permeated as well as on the constituents of the drug delivery formulation. Typically, two electrolyte chambers (cathodic and anodic) are employed on the skin and operate by using a constant current source. The anodal chamber is contained the cationic drug while the other contains the ionized molecule of the therapeutic drug having the same polarity. The transportation of ions into the membrane is dependent on the magnitude of current because it is associated with the charge generation within the circuit which in turn transports the charged ions into the skin. This approach is considered an efficient and controlled drug delivery method because the delivered drug content is directly related to the applied charge intensity (Guy, 1992).

At the physiological pH, the skin carries a net negative charge hence the delivery of the cationic drug is generally preferred because the negatively charged membrane selectively accepts the cationic substances under the influence of an applied electrical field. However, transportation of small cations (such as buffer salts) also occurs in the direction of the movement of cations (anode to cathode). During their path, these ions collide with solvent molecules and result in an electro-osmotic flow which subsequently permits the transport of neutral species (along with cationic substances) that can now literally be transported from the anode to the cathode. For the transportation of cationic drugs, with increasing molecular weight, the contribution of electro-osmosis becomes more significant as compared to the classic electro-repulsive effect such that it is probably considered as the main transport mechanism for peptides and small proteins via iontophoresis (Guy et al., 2000).

Over passive transport, iontophoretic transdermal delivery exhibits various advantages such as dosing precision potential, and pulsatile delivery profiles, which allow endogenous release patterns to be mimicked and the avoidance of unwanted effects (e.g., tolerance) as a result of sustained drug input. Iontophoresis presents an authentic protocol for the administration of polar and moderately sized (up to 7 kDa) ionized molecules (Guy, 1998). The delivery of such molecules at therapeutic levels is a function of both the transportability and potency of the molecule [e.g., although iontophoretic delivery of insulin (6 kDa) is possible the obtained plasma concentrations are not enough which can fulfill the requirement of diabetic patients. Hence, intense research is required for the transcutaneous route followed by the molecules delivered by iontophoresis. Certainly, up-to-date research showed the higher significance for this method of drug delivery besides that some other pathway might be created after the transportation of molecules under the high electric influence as the charged permeants try to follow the path of least resistance (Scott et al., 1992; Jadoul et al., 1995).



Electroporation

Electroporation uses high-voltage pulses for a shorter duration of time and it is believed that this process creates the permeabilizing potential at the localized regions by making the aqueous pathway in the bilayer lipid membrane (Tsong, 1989). Based on this destabilizing tool, permeabilizing nuclear membranes to effect DNA transfer currently has become a topic of interest to enhance transdermal transport (Prausnitz et al., 1993). In vitro analysis has been performed for the electroporation of the SC using exponential voltage pulses or square waves that are capable to produce a transmembrane potential of up to 1 kV with a time of about 10 ms–500 ms. This approach of electrical transdermal improvement is considered as most effective (quantitatively) than that of iontophoresis as confirmed by the in vitro analysis (Bommannan et al., 1994). Furthermore, electroporation significantly enhances the transport level as compared to passive delivery (Wang et al., 1998), but it is limited in vivo, and skin toxicological studies are present hence the establishment of clinical value is still required.



Ultrasound

Ultrasound, the sound of frequency greater than 20 kHz, is generally used to alter the skin’s barrier function (Barry, 2001; Escobar-Chávez, 2016). Although ultrasound technology (sonophoresis) is widely used in various diagnostic procedures and physical therapy, its unambiguous consignment to the ‘enhancement armamentarium’ is yet to be understood. The frequencies that have been reported to enhance the transdermal delivery cover a range of 20 kHz to 10 MHz with intensities of up to 3 W cm2. It is reported that as compared to conventional means, low-frequency ultrasound (∼20 kHz) is capable of the greater deterioration of the skin barrier as the therapeutic ultrasound (∼1 MHz) treatment caused the 1000-fold enhancement in transportation (Mitragotri et al., 1995b).

Mechanistically, sonophoresis creates various amendments in the skin tissues (thermal, chemical, and mechanical alterations) to enhance drug delivery. Sonophoresis is also reported to form small gaseous pockets within cells (cavitation) along with the elevation of skin temperature. The increase in pore size causes the increased alterations of SC lipid architecture (Mitragotri et al., 1996), which may eventually lead to significant cytotoxicity (Bommannan et al., 1992). However, cavitation is considered as the main mechanism through which low-frequency ultrasound facilitates the skin permeation and probably accounts for the improved transportation of polar macromolecules such as interferon-g (∼17 kDa), insulin (∼6 kDa), and erythropoietin (∼48 kDa) through the in vitro model of human skin (Tachibana, 1992). Insulin has been successfully delivered to the skin of the rats and rabbits (in vivo) via ultrasound-mediated transdermal delivery (Tachibana, 1992; Mitragotri et al., 1995a). The study provoked curiosity but data still needs validation on human models to achieve a safe and effective level of ultrasound application.



NANOCARRIERS FOR TRANSDERMAL DRUG DELIVERY

Nanocarriers are classified as colloidal structures with a mean diameter of fewer than 500 nanometres (Neubert, 2011). New nanocarriers, including liposomes, nanoparticles (NPs), nanoemulsion, and microemulsion are most investigated for TDD. NPs have several benefits, such as higher drug diffusion for TDD systems in the target area, improved physicochemical stabilization of the drug-loaded in nanoparticles, and sustained and regulated drug delivery. Lipid-based NPs including liposomes, solid lipid nanoparticles (SLNs), niosomes nanostructured lipid carriers (NLCs), and nanoemulsions have also been widely used for TDD delivery (Patzelt et al., 2017). Hair follicles act as a significant route to improve skin penetration for both transdermal and dermal delivery. The mean size of NPs is by far the most significant factor that decides the extent of follicular penetration independent of the form of NPs (Patzelt et al., 2017; Ghasemiyeh et al., 2019). Hair follicles targeting might be an awesome option for the treatment of hirsutism androgenetic alopecia, and acne vulgaris. Transfollicular drug delivery does have the benefits of prolong drug accumulation and storage, deep skin penetration, targeting the tissue, and improved skin bioavailability (Fang et al., 2014). However, transdermal hair follicle delivery is correlated with several challenges such as low physical properties of activity, including compatibility, pharmacokinetics, metabolism, and solubility, Paudel et al. (2010), which need to be tackled. Compared to the traditional drug delivery approaches, nanocarriers offer a passive drug delivery strategy (Figure 3) which is considered to be safer and quicker than the conventional methods.
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FIGURE 3. Drug delivery strategy of Nanocarriers and conventional approaches.



Solid Lipid Nanoparticles (SLNs)

Solid lipid nanoparticles are produced by emulsifiers and solid lipids. These are made from lipids that are fully stable at room temperature (Garcês et al., 2018a). SLNs are nanocarriers with sizes ranging from 50 to 2000 nm. Lipid NPs are recognized as secure drug delivery systems for a variety of reasons, including biodegradability, low toxicity, and biocompatibility (Ghasemiyeh et al., 2017). SLNs based TDD systems have the potential for occlusive and adhesion characteristics that allow them to create a homogeneous and even coating on the stratum corneum and extend the amount of residence and boost the absorption through the skin (Arora et al., 2017). TDD through lipid NPs could result in high drug deposition in particular target areas such as hair follicles, sweat glands, and sebaceous glands and reduce systemic adverse reactions (Borgia et al., 2005). Studies also reported that SLNs could dramatically improve the dermal absorption of active pharmaceutical products relative to simple o/w creams and nanoemulsions owing to SLN occlusion. In vivo research has shown that cyclosporine A and calcipotriol-loaded lipid NPs had the highest decrease in inflammation of the eye, increased lesion, and lower psoriatic score relative to free medicines (Arora et al., 2017). Loteprednol etabonate (LE) is a carbon-20 ester corticosteroid having potent anti-inflammatory effects and a reduced propensity for provoking corticosteroid related adverse effects. It has been demonstrated that reducing the drug particle size to the nanometer range in diameter using SLNs provides effective ocular tissue penetration and resolution of pain and inflammation despite a reduced drug concentration (0.38%) and dosing frequency (Salinger et al., 2019). Benzoyl peroxide SLN has demonstrated higher drug accumulation in lower skin inflammation, skin organelles, continuous release of drugs, lower systemic absorption of drugs, and decreased adverse effects relative to the current marketing formulations (Pokharkar et al., 2014). Lipid NPs are significant carriers for lipophilic drugs for topical delivery having high log P-values (logP > 3) and maximum molecular weight (≤500). The term “cutaneous absorption” is properly used to characterize the sum of the amounts of a drug that penetrates and permeates the skin. The amount of drug absorbed through the skin depends on many factors including the nature of the drug, the drug load in the nanocarriers, type of surfactants or other permeation enhancers used, and the area on which the formulation is applied. Thus different formulations have respective capabilities of delivering the loaded drug in different amounts (Ruela et al., 2016). Owing to their lipid nature, SLNs are more effective at trapping and penetrating deep into the skin layers. The selection of surfactant mixtures and lipid plays an essential part in lipid nanoparticle drug encapsulation, especially SLNs (exhibits suitable crystalline structure) in the prevention of drug leakage throughout processing and delivery. The absorption of drugs in the lipid mixture should also be measured before the manufacture of nanoparticles (Arora et al., 2017).

A most critical drawback of topical SLNs is their ideal crystalline form, which leads to higher bursting effects and low drug loading. To tackle this restriction, the application of a second lipid portion to the solid lipid matrix has recently demonstrated improved stability, increased drug loading performance, and improved prolong release potential (Chantaburanan et al., 2017). Lipid-based NPs systems may have a thick film on the skin surface with an occlusive effect and improve the hydration of the skin. The involvement of surfactants in this system can loosen or fluidize the stratum corneum and can enhance the permeation of loaded drugs (Fang et al., 2008). SLNs can also be employed in cosmetics, e.g., the anti-wrinkle impact of retinyl palmitate-loaded SLNs has been tested and the findings showed that it can protect the skin and improve skin penetration.



Nanostructured Lipid Carriers (NLCs)

Nanostructured lipid carriers are produced by the combination of liquid and solid lipids (Garcês et al., 2018b). Common liquid lipids used for the preparation of NLCs are Triolein (Ghasemiyeh et al., 2017), Miglyol (Stecová et al., 2007), oleic acid (Stecová et al., 2007), sesame oil, Copaiba oil, Capryol PGMC, and sweet almond oil (Ribeiro et al., 2017), to mention a few. These nanoparticles are actual carriers for medicinal and cosmeceutical products for dermal, transdermal, and follicular applications. The usage of these nanocarriers have numerous benefits, for example, drug safety, controlled release of drugs, enhanced bioavailability of drugs, and improved diffusion and deposition in the tissues. The potential mechanism of NLC to attract skin penetration is its greater occlusion, which can be achieved by inducing an improvement in the angularity of nanoparticles and stratum corneum within a precise surface area, as well as the volume and degree of encapsulation of loaded molecules.

Lipid nanoparticles have the possibility of interfering with the lipid bilayer and persuading lipid reorganization that can increase the accumulated drug molecules’ penetration. NLCs also recover skin hydration by stopping trans-epidermal water loss and through film starting on the stratum corneum surface (Schwarz et al., 2013). Other promising applications of lipid nanoparticles (especially NLC) are in the delivery of active drugs through follicles to address androgenic skin diseases, such as acne, hirsutism, and hair loss. The important property of nanocarrier impacting the volume and depth of follicular distribution is the size of nanoparticles (Ghasemiyeh et al., 2017), i.e., tiny elements can enter the blood, while larger particles stay on the stratum corneum surface and intermediate nanoparticles can be deeply focused in sebaceous glands and hair follicles (Ricci et al., 2005). In cosmetics, NLCs showed good properties than SLNs, such as octyl methoxycinnamate (OMC)-loaded NLCs demonstrated better UV safety than WTO-loaded SLNs, which may be credited to maximum WTO solubility in liquid NLC lipids (Garcês et al., 2018a).



Liposomes

Liposomes are made of unilamellar or multilamellar lipid bilayers surrounding an aqueous phase. Liposomes are usually composed of phospholipids and cholesterol. Liposomes can act as vesicular nanocarriers and have many benefits for TDD, including local anesthetics in the epidermis, controlling drug release, enhancing absorption, and reducing side effects. It has been shown that local tissue activation of liposomes reduces blood pressure and urination (Maghraby et al., 2006). The deposition performance of liposomes’ encapsulated drug is strongly influenced by the composition of the liposome, particle size, lamellarity, fluidity, and occlusive characterization, and also relay on liposome preparation methods. SCL (stratum corneum liposomes) have been documented to have improved sedimentation stability compared to the alcohol-oil emulsions, and hydroalcoholic solutions have greater precipitation compared to phospholipids (Egbaria et al., 1990; Lee D. W. et al., 2015). Another application of liposomes as a local drug delivery mechanism is their possible follicular targeting (Lieb et al., 1992). Liposomes have the potential to produce TDD, and current studies have shown that deformable vesicles (called transdermal vesicles) are a safer alternative to traditional liposomes for transdermal delivery (Maghraby et al., 2006). Adding ethanol to the composition of liposomes (so-called ethosomes) improves the durability of the vesicles, and therefore the efficiency for skin penetration.

Super-deformed sulforaphane-loaded vesicles have been extensively investigated for treating certain cancers. Its advantage is that it reduces the dose compared to the traditional delivery routes, thus minimum adverse effects are observed. Elastic liposomes having a particle size of less than 300 nm have also been investigated for the treatment of skin inflammatory diseases and skin cancer (Di Francesco et al., 2017). These types of nanocarriers have the advantages of prolonging stability and improved drug release kinetics. Though there are many pitfalls in the delivery of liposomal drugs via skin due to stability and penetration problems (Cristiano et al., 2020). Paclitaxel-loaded liposomes have been tested as a possible treatment for squamous cell carcinoma in a study. Their findings indicate that compared with free drugs, this TDD device can increase skin penetration via the stratum corneum and enhance its anti-proliferative effect, which may help improve the treatment of cases of squamous cell carcinoma (Paolino et al., 2012). Liposomes have two main functions in TDD e.g., deposition and preservation (directed delivery to skin organelles), and enhancement of drug penetration (Choi and Maibach, 2005). The particle size of liposomes is an important parameter for skin penetration, as previous studies have shown that smaller liposomes can retain water in the skin layer, and smaller unilamellar vesicles (SUVs) may be more effective than multicellular vesicles. Liposomes larger than 600 nm cannot be effectively transmitted to the skin layer, and most of them adhere to the surface of the horn layer. Liposomes with a particle size of 300 nm penetrate deeper into the skin layer, while liposomes of 70 nm are promising for skin delivery (Choi and Maibach, 2005).



Niosomes

Niosomes are single or multi-layer spheroidal structures made of surfactants and considered the counterpart of liposomes (Balakrishnan et al., 2009). Nonionic surfactants are safer, fairly non-toxic and biocompatible with the host, and can act as a thickening agent in TDD. Surfactants that exhibit increased HLB values are not capable to form a vesicle due to the advanced hydrophilicity of their particles, however, Tweens and Spans are ideal non-ionic surfactants for the preparation of noisome (Tavano et al., 2017). One of the processes for enhanced permeation of niosomes through the skin is the elimination of trans-epidermal water loss (TEWL) while the alternate mechanism is the adsorption or fusion of the vesicles with skin lipids.

Niosomes can disturb the configuration of the stratum corneum to render it looser and more permeable (Muzzalupo et al., 2017). Non-ionic surfactants used in niosomes formulations can even serve as ideal enhancers of skin permeation (Choi and Maibach, 2005). The tiny size of the niosomes as drug-delivery devices can even improve the bioavailability of the encapsulated medicines through the skin. Previous research has shown that minoxidil-loaded niosomes could dramatically improve skin penetration and skin bioavailability relative to the conventional topical formulation. It has also been reported that particle size and surfactant behavior had a substantial effect on the amount of skin permeation and bioavailability of encapsulated medicines. Previous research indicated that 5-aminolevulinic acid (ALA)-loaded niosomes could dramatically increase the penetration of the drug relative to basic aqueous suspension (Bragagni et al., 2015). Niosomes can function as nanocarriers for chemical drugs and peptides and proteins. Spans and Tweens are the most commonly used surfactants for niosomes for drugs, while diacyl glycerides and poly-oxyethylene ether are mainly used in the niosomes for the delivery of peptides and proteins. These factors can also serve as permeation enhancers in the formulations of niosomes (Choi and Maibach, 2005). The types of non-ionic surfactants and the amount of cholesterol in niosomes are important parameters for transdermal delivery. Previous studies have suggested that Tweens can improve transdermal delivery more than Span and lower levels of cholesterol can improve transdermal delivery through niosomes (Fang et al., 2001). Vesicular membrane fluidity is an essential factor influencing the delivery of transdermal drugs by niosomes. Essential oils, in particular terpenes, are considered an essential element of niosomes formulations that can serve as penetration enhancers by disrupting the structure of the stratum corneum. Besides, essential oils have the ability for vesicular fluidization and improvement of the elasticity of the niosomes, which may increase the delivery of transdermal drugs. A previous study has demonstrated that the addition of essential oils to the formulation of felodipine-loaded niosomes greatly improved the permeation of the drug and this improvement was heavily influenced by the quantities and types of added essential oils. Lemon oil, clove oil, and eucalyptus oil may dramatically improve transdermal distribution relative to free niosomes (Eid et al., 2019).



Nanocrystals

Nanocrystals are particulate structures that are entirely made up of drug particles through top-down or bottom-up approaches. Nanocrystals vary in size from 1 to 1000 nm (Pireddu et al., 2016) and are kept dispersed and stabilized by stabilizers to prevent their aggregation. There are three kinds of stabilizers which are commonly used for nanocrystal development, including ionic stabilizers, non-ionic stabilizer; and polymeric stabilizers (Müller et al., 2011). The topical formulations of drug nanocrystals can allow increased dermal bioavailability of the drug, saturation solubility, surface adhesion, drug release rate, and dissolution rate (Shegokar, 2016). Milling approaches and high-pressure homogenization techniques (top-down) are the most common approaches used in nanosuspension and nanocrystal formulation. The final aim of nanotechnology is to increase the absorption of poorly water-soluble drugs in the skin. A previous study has reported that lutein nanocrystals (nanosuspension) display remarkably greater saturation solubility compared to the lutein microcrystals (coarse powder and the nanocrystals had improved skin penetration (Vickers, 2017).

As nanocrystals can improve the dissolution rate of poorly water-soluble products, they are an efficient new delivery system for dermal use. Nanocrystals are effective drug carriers for water-insoluble drugs and drugs with minimal skin penetration, however, the most significant drawback is their optimization for size and regular dosing (Döge et al., 2016). Nanocrystals are used to boost skin deposition, increase skin permeation and achieve rapid skin penetration compared to standard topical formulations. Research has shown that dexamethasone nanocrystals significantly improved skin penetration compared to traditional dexamethasone creams and dexamethasone-loaded ethyl cellulose nanocarriers. These findings also showed that much of the medication was deposited in the dermis layer in nanocrystal formulations relative to traditional nanocarriers in which much of the drug stayed in the epidermis and rapid skin permeation was observed for nanocrystal (Pyo et al., 2017).



Natural Lipids Based Nanoparticles

Lipid nanoparticles may be formulated using natural lipids like Illip butter with the potential for skin hydration and Calendula oil with the benefit of anti-inflammatory and curing properties. These natural lipid nanoparticles can be used to encapsulate certain active pharmaceuticals for selective skin delivery (Pivetta et al., 2018). Another benefit of natural lipid nanoparticles is their lower potential toxicity relative to other synthetic ones. An example of these natural lipids is stearin fractions of fruit kernel that have been examined in the topical drug distribution of tretinoin (Mandawgade and Patravale, 2008). Natural nanoparticles will also be regarded as potential nanocarriers for skin distribution and targeting strategies of high effectiveness and reduced toxicity issues. Table 2 enlists the various therapeutic agents loaded in nanocarriers along with their benefits and drawbacks.


TABLE 2. Therapeutic materials encapsulated in nanocarriers and their applications.
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COMBINATION OF NANOCARRIERS AND PHYSICAL METHODS FOR ENHANCED TRANSDERMAL DELIVERY

Ultrasonic treatment (sonophoresis, phonophoresis) is one of the less invasive physical enhancers (Tyle and Agrawala, 1989; Mitragotri, 2017). It is effectively utilized for enhanced intra- and transdermal delivery of bioactive molecules (Mitragotri, 2017) and particulate systems (Genina et al., 2019). Such ultrasonic treatment of skin at frequencies higher than 0.7 MHz gives rise to pressure changes in the medium, forming cavitation bubbles inside the inherent cavities represented by hair follicle shafts and sweat glands (Polat et al., 2011). Bubbles oscillation in the follicles push the particle suspension down the follicle. It was shown, that application of 1 MHz ultrasound at a power density of 2 W/cm2 did not induce adverse effects on rat skin (Levy et al., 1989). Prolongation of the enhanced permeability time window allows for the stepwise application of drugs or vaccines (Mitragotri et al., 1996). Ultrasonication can also be coupled with other methods. Thus, enhanced transdermal delivery of solid nanoparticles by simultaneous application of ultrasound and various chemical enhancers has been demonstrated (Lopez et al., 2011; Zaytsev et al., 2020).

Iontophoretic delivery is another effective non-invasive approach for therapeutic drug delivery (Merino et al., 2017; Wu et al., 2020). Generally, transdermal iontophoresis creates a small electric current (0.1–0.5 mA/cm2) in the skin to induce transdermal molecular transport, enhancing drug transportation by electrorepulsion and electro-osmosis. At neutral pH, the skin is negatively charged and cation-permselective (Burnette and Ongpipattanakul, 1987). Thus, the current passage causes a convective solvent flow from anode to cathode, facilitating cation transport and enabling the enhanced transdermal transport of neutral, polar solutes. Relative electrorepulsion and electro-osmosis effects depend on the physico-chemical and electrical characteristics of the membrane and permanent. Besides, the negative charge of the skin can be reduced, neutralized, or even reversed by the iontophoresis of certain cationic, lipophilic species (Hoogstraate et al., 1994).

Simultaneous application of sonophoresis and iontophoresis has also been applied (Long et al., 2000; Watanabe et al., 2009; Park et al., 2019). The synergistic effect of their application is demonstrated for transdermal delivery of various cosmeceutical drugs using a Franz diffusion cell. Such a combined strategy is advantageous as it declines the energy density and thereby reduces skin irritation (Park et al., 2019).

Phono- and iontophoresis were successfully applied for translingual delivery of antimycotics (e.g., terbinafine and ciclopirox) allowing the significant enhancement of their penetration into nail plates (Nair et al., 2009; Kline-Schoder et al., 2019). Heating is another physical approach allowing one to improve the delivery profile of topical medicaments (Hao et al., 2016; Szunerits and Boukherroub, 2018). The heat-enhanced effect is generally attributed to both an increase in drug diffusion in the vehicle and skin and an increase in skin lipid fluidity. Furthermore, the skin temperature rise increases its blood supply that also plays an important role in enhancing the transdermal delivery of a topically applied compound (Szunerits and Boukherroub, 2018).

Microporation is one of the most common invasive physical methods applied for skin barrier removal. Such a method allows the formation of micropores or even microchannels in the skin by the usage of microneedles fabricated of different materials and geometries (Migdadi and Donnelly, 2019; Waghule et al., 2019) or laser and radiofrequency ablations, which allows for further transferring of water-soluble molecules and macromolecules (Sintov et al., 2003; Szunerits and Boukherroub, 2018), as well as particulate systems (Genina et al., 2013; Belikov et al., 2015; Lee W. R. et al., 2015; Genina et al., 2016; Engelke et al., 2018). Such techniques enable the delivery of much larger molecules with much greater fluxes into the skin than other methods and therefore are extensively developed for delivery of insulin (Fang et al., 2004), hormones (Song et al., 2018), vaccines (Weiss et al., 2012), etc.

Although the formation of micron-scale holes within the stratum corneum is a prospective and successfully applied approach towards transdermal drug transportation, its adaptation for antifungal treatment of skin appears unpromising as this procedure is invasive. Furthermore, it should be mentioned here that micro-needling treatment results in the expression of various genes related to epidermal differentiation, inflammation, and dermal remodeling (Schmitt et al., 2018). Thus, microneedles possess their pharmacological activity which may interact with the antimycotic compound.

The combined application of the most efficient physical methods with various nanocarriers has also been investigated demonstrating its superiority in drug penetration enhancement compared to their single-use (Dragicevic and Maibach, 2018). Thus, for example, a particulate drug delivery system based on the use of porous biodegradable carriers appeared beneficial when applied topically together with sonophoresis (Svenskaya et al., 2019, 2020). Meanwhile, no evidence of systemic toxicity enhancement was indicated. The proposed system provided the transportation of immobilized drugs along with the entire depth of hair follicles, its intrafollicular accumulation, and prolonged storage. Such an approach was successfully applied for transdermal delivery of griseofulvin antifungal drugs as well (Lengert et al., 2019). Some examples (Ding et al., 2011; Tomoda et al., 2011, 2012; Taveira et al., 2014; Charoenputtakun et al., 2015; Huber et al., 2015; Qiu et al., 2016; Takeuchi et al., 2017; Teong et al., 2017) of the combined nanocarriers and physical methods are listed in Table 3.


TABLE 3. Examples of Nanocarriers combined with physical methods for transdermal drug delivery.
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LIMITATIONS AND FUTURE OUTLOOK OF NANOCARRIERS FOR TRANSDERMAL DRUG DELIVERY

Among various challenges for nanocarriers, there is a lack of essential studies and standards, which are required to develop to ensure an appropriate classification, analytical evaluation, toxicological and pharmacological evaluation of these systems. These are critical for the evaluation of the effectiveness of nanotechnology for therapy and diagnostics due to their tiny scale, maximum surface energy, structure, and design. The key benefits of nanocarrier based drugs are that their multifunctional attributes and it is possible to manipulate the functional groups present in the nanocarriers for desired outcomes (Esfand and Tomalia, 2001; D’Emanuele and Attwood, 2005). Owing to their shape and size (1–10 nm), these particles may hold imaging agents, drugs, and may interfere with lipids in membranes to improve permeation as documented for intestinal absorption and cell cultures. Nanocarriers improve the absorption of lipophilic drugs more effectively compared to hydrophilic drugs.

Compromised biodegradation and intrinsic cytotoxicity are the major hurdles with these formulations for translation to clinics (Parekh, 2007). Different strategies have been developed to overcome this issue such as pairing with other biocompatible ingredients. Dendrimers have been paired with peptides to produce less toxic dendrimers. Dendrimers-peptides are composed of amino acids, which are bound by peptide-amide to the branches of dendrimers in the core or upon the upper surface to mitigate toxicity. Moreover, the production of these complexes is less costly and there is little problem in purification (Cloninger, 2002; Niederhafner et al., 2005). Further research is required to study the interactions of nanocarriers as well as other particles, and the interactions of the nanocarriers and biological systems should be fully explained. The toxicity of nanocarriers is also a significant issue, and a lot of research groups are actively engaged in designing and manipulating the nanocarriers to mitigate their toxicity. Nanocarriers act drastically when they are reduced to tiny particles. Standard rules are not applied to this “nanoscale” in the same manner as they work at the macro-scale. On the macro scale, the majority of characteristics of the substance predominate over the surface properties. Also at the micro-scale, surface properties tend to predominate. Both forms of properties play a major role in the mesoscale (Medintz et al., 2005; Zaib and Iqbal, 2019). Besides that, the effects of metabolized/modified nanostructures on the biological system are hard to guess. Regulatory agencies are taking steps to test emerging nanocarriers, their properties, and biocompatibility with the host. Though manufacturing nanocarriers from the laboratory to mass production is hard, and the materials applied to produce nanocarriers are costly still we hope this technology will be a promising one for combating certain long-lasting and un-treatable diseases like cancer.



CONCLUSION

Nanotechnology has demonstrated numerous benefits for the topical and transdermal delivery of medications. It has already been reported for different medications that topical/transdermal formulations composed of NPs can boost skin penetration, increase treatment effectiveness, target epidermis or follicles, and minimize the adverse events. Besides, enhanced activities have been recorded. Most of these delivery systems can be used for both hydrophilic and lipophilic particles. Further development within the structures, processing processes, and procedures promote the production of new and improved nanocarriers. Combined physical methods and nanocarrier based drug delivery has seen much progress in the field of topical drug delivery. However, future research needs to properly establish a unified system for a range of drugs to be used in nanocarriers and calculate their risk ratio.
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Materials

Glass

PDMS

Plastic

Paper

Collagen

Gelatin

Alginate

PEG and its derivatives
(e.g., PEGDA)

Major properties Limitations

+ Surface stability
+ Optically transparent
+ Electrically insulating

— Not gas permeable
— High cost of fabrication

+ High elasticity

+ High gas permeability
+ Biocompatibility — Not compatible with organic
+ Rapid prototyping solvents

+ Optically transparent — Less gas-permeable

+ Low absorption — Unsuitable for prototyping
+ Rigid

+ Suitable for mass production
+ Highly porous

+ Matrix of cellulose

+ Potable and low cost

— Hydrophobicity

— Limited detection methods
— Difficult to integrate
microcomponents

+ Biocompatible

+ Enzymatically degradable

+ Similar in structural and
mechanical properties to native
tissues

+ Good cell adhesion

— Weak mechanical properties

+ Biocompatible

+ Biodegradable

+ Similar in composition to collagen

+ Good cell adhesion

+ Tunable properties by the addition
of functional group (e.g., GelMA)

— Weak mechanical properties
— Rapid degradation

+ Biocompatible

+ Biodegradable

+ Easy functionalization

+ Immediate gelation at mild
condition

— Weak mechanical properties
— Poor cell adhesion
— Uncontrollable degradation

— Less cell adhesive
— Limited biodegradation

+ Biocompatible

+ Tunable and precise mechanical
and degradation properties

+ Relatively low protein adsorption

— Strong adsorption of biomolecules

Typical applications in OOC

e OOC device substrate

o Glass-based chip for transform studies
(Kulthong et al., 2018)

e Enabling real-time imaging (Li X. et al.,
2018)

e Most common OOC substrate

e Biomimetic cell culture scaffold (Kim et al.,
2012)

e Microvascular model (Zhang W. et al., 2016)

e OOC device substrate (Miller and Shuler,
2016)

e Porous membrane to model tissue-tissue
interfaces (Pocock et al., 2017)

e OOC device substrate

e TRACER (Young et al., 2018)

e Model of respiratory system (Rahimi et al.,
2016)

e Microvascular networks (Zheng et al., 2012)

e Scaffold mimicking 3D villi structure (Shim
etal., 2017)

e Neurovascular model (Adriani et al., 2017)

o Skin model (Lee S. et al., 2017)

o Kidney model (Lee S. J. et al., 2018)

e Pumping heart chamber model (Li R. A.
etal., 2018)

e Liver spheroids, tumor spheroids (Yamada
etal., 2015; Jeong et al., 2016)

o Heart-on-a-chip (Zhang Y. S. et al., 2016)

o Skin model (Zhao et al., 2016)

e Microvascular networks (Yang et al., 2016)

e Spheroid-based liver model (Bhise et al.,
2016)

e Scaffolds containing living cells (Ning et al.,
2016)

e Liver spheroids, tumor spheroids (Chan
etal, 2016; Kang et al., 2016)

e Hydrogel fibers (Zhu et al., 2017)

e Self-organizing cardiac microchambers (Ma
etal., 2015)

e Liver organoids generation (Ng et al., 2018)

e Intestinal organoids generation
(Cruz-Acuna et al., 2017)
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PElysx, Ceria, Col

KSINPs

PVA/CS
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GH

PLLA, silica NPs

Col

Poly 2/08S, CS

Bioactive
agent

Protease

Calculus
bovis

SDF-1

Edaravone

AntagomiR-
26a

Bee venom

VEGF-
plasmid

IL-8,

MIP-3a

DMOG

siRNA

Model/Disease

Patients with
pressure ulcers

Patients with
venous ulcers

0.7 cm circular
wounds in diabetic
mice

1.0cm circular
wounds in diabetic
rats

Patients with
chronic leg uicers
Spiinted 0.6cm
ciroular wounds in
diabetic mice

0.5¢m circular
‘wounds in diabetic
rats.

1.5cm circular
wounds in diabetic
rats.

0.7 cm circular
wounds in diabetic
mice

1.80m circular
wounds in diabetic
rats

Splinted 0.6cm
circular wounds in
diabetic mice

1.0cm circular
‘wounds in diabetic
mice

0.8cm circular
wounds in diabetic
mice

Patients with
venous leg uicers
0.60m circular
wounds in diabetic
mice

Results

The debridement effect was similar to that of a
traditional carboxymethyl cellulose-based
hydrogel, but the abilty to absorb exudates
was limited

Compared with an amorphous hydrogel,
protease/polyacrylate more effectively removed
necrotic tissue and granulation tissue.
Non-healing MRSA-infected wounds treated
with CuS nanodots combined with laser
irradiation were healing atter 12 days

The two-stage dressing promoted tissue repair
in S. aureus-infected wounds

Reduced the area of chronic ulcers and
effectively reduced pain

‘The antioxidant PPGN hydrogel could promote
epidermal and appendage regeneration,
combined with SDF-1 to further improve the
repair effect; wounds were closed by day 24
The therapeutic effect was dose-dependent,
which proved the dual role of ROS in chronic
wound healing.

The PCN-miR/Col treatment promoted wound
healing in diabetic rats, and the quality of
repaired skin including Col and skin appendage
was similar to that of normal skin

KSINPs group promoted wound healing in
diabetic mice through M2 macrophage
polarization

Wounds in the bee venorn loaded PVA/CS
hydrogel group were basically healed in day 21,
and animals had lower IL-6 levels

HA hydrogel with pores of 60 wm in diameter
had the strongest granulation formation and
healing abilty, but the combination of VEGF
plasmids did not further enhance the
regeneration of granulation tissue

IL-8-loaded GH hydrogel exhibited stronger
repair-promoting neovascularization, and
wound healing ability than the MIP-3«
treatment

The treatment effectively promoted wound
healing and neovascularization in diabetic mice

‘Commercial ovine-derived Col dressing cured
50% of venous ulcers in 12 weeks

In the MMP-9 gene siiencing group, the

content of type | Col increased and wound
healing was accelerated
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Forward
Reverse
Forward
Reverse

Sequence (5'-3')

CATGTACGTTGCTATCCAGGC
CTCCTTAATGTCACGCACGAT
GCTGCGAAGTGGAAACCATC
CCTCCTTCTGCACACATTTGAA
GGCTCCTGGCAAAAGGTCA
CTGCGTAGTTGTGCTGATGT
CCCCGAGAGGTCTTTTTCCGAG
CCCAGCCCATGATGGTTCTGAT
GGTGGGGTCATGTGTGTGG
CGGTTCAGGTACTCAGTCATCC
AGTCCACTGAGTACCGGAGAC
CATTTCACGCATCTGGCGTTC
CGAACTGGACACACATACAGTG
CTGAGGATCTCTGGTTGTGGT
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Nanocarriers Advantages/Disadvantages Active Drug Applications References
(size)
Niosomes Can be used for both hydrophilic Quercetin Antioxidant and skin whitening Luetal., 2019
(100-2000 nm) and lipophilic drugs, relatively agent
stable/stability issue, irritation
Asiaticoside Antipsoriasis, antiaging, and burn Wichayapreechar et al.,
and wound healing agent 2020
Liposomes Can carry both hydrophilic and Vitamin D3 UV protective and antiaging agent Bietal, 2019
(20-10,000 nm) lipophilic drugs/shelf life, stability
issue, costly
Folic acid Skin regenerative and nutritional Kapoor et al., 2018

Nanostructured
lipid carriers
(10-1000 nm)

Nanoemulsions
(50-200 nm)

Solid lipid
Nanoparticles
(50-100 nm)

enhanced drug encapsulation and
stability/often Lipid particle growth

Can be used for all type of lipophilic

drugs/irritation, stability issues,
phase separation, and inversion

Stable, prolong the release of
drugs/unpredictable gelation, low
drug encapsulation

Hydroquinone

Isoliquiritigenin

docosahexaenoic acid and
Eicosapentaenoic acid

Hyaluronan
Tazarotene

Idebenone

Agent

Antioxidant and skin bleaching
Agent

Antioxidant and skin whitening
agent

Anti-proliferative and
Anti-inflammatory

Hydrating and antiaging agent
Acne scare healing, Antipsoriasis,

and photo-aging properties

Antioxidant and hydrating agent

Wu et al., 2017

Noh et al., 2017

Kabri et al., 2011

Kong et al., 2011
Rajkumar et al., 2019

Montenegro et al., 2018
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Stable, prolong the release of
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Eicosapentaenoic acid

Hyaluronan
Tazarotene

ldebenone

Agent
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Advantages of Transdermal
delivery

Disadvantages/Limitation of
transdermal delivery

Provide constant plasma levels
and is helpful for drugs that
need relatively consistent
plasma levels (Escobar-Chévez
etal., 2012).

Prolong duration of action
(Carpentieri-Rodrigues et al.,
2007).

Decreased dosing frequency
(Salinger et al., 2019).

Provide drug administration
flexibility eliminating the patches
from the human skin. The
alternative route of drug delivery
for patients that are not eligible
for oral dosage forms.

The low permeability of the skin
limits the number of drugs
(Carpentieri-Rodrigues et al., 2007).

Local edema by the drug, ltching,
Erythema by the adhesive or other
excipients in the patches (Park
etal., 2019).

Irritation at the site of
administration.

Difficulties in large-scale production.

Disruption of stratum corneum
integrity by lipids
(Carpentieri-Rodrigues et al., 2007).
The possibility of polymorphic
transition.
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Implantable scaffolds

Injectable scaffolds

Material type

Alginate scaffold

Alginate scaffold

Hyaluronic acid scaffold

Collagen and HA
cross-linking scaffold

PLG scaffold
Alginate hydrogel
Alginate hydrogel

Alginate hydrogel

PEGylated
poly(L-valine) hydrogel

RADA16 peptide
hydrogel
ROS-degradable
hydrogel
D-tetra-peptide
hydrogel

Phospholipid hydrogel

HA-Tyr hydrogel

Peptide hydrogel

MSR

PEI with MSR

PEG, RGD, or RDG
modified MSR

Payload

CAR-T cells

CAR-T cells, STING
agonists
CAR-NK cells

GEM, poly(i:0)

GM-CSF, CpG-ODNs
GM-CSF
Microparticles, peptide
antigens

Celecoxib, PD-1
antibody

TCL, poly(l:C)

PD-1 antibodies, DCs,
TCL

GEM, PD-L1 antibody
OVA, X-ray irradiated
E.G7 tumor cells
OVA, CpG-ODN
IFN-a, sorafenib

CDN

OVA, GM-CSF,
CpG-ODN

E7 peptide

None

Results

Proliferate T cells and reduce the unresectable or
incompletely resected tumors.

Stimulate systemic immune response to eliminate
solid tumors.

Enhance the expansion, persistency and antitumor
efficiency of NK cells.

Reduce the tumor-infiltrating MDSCs and increase
the number of CD8+ T cells.

Recruit, activate and home to lymph nodes of DCs.
Recruit CD11b+ CD11c+ DCs into the hydrogels.
Recruit and activate immune cells

Regulate the immunosuppressive tumor
microenvironment and improve antitumor activities.
Enhance the percentage of migratory DCs in
tumor-draining lymph nodes and induce cytotoxic
T-lymphocyte immune response.

Increase the percentage of CD8+ IFN-y+ T cells.

Achieve obvious tumor suppression effects and
induce a T cell immune response.

Induce powerful CD8+ IFN-y+ T cellimmune
response.

Recruit and activate DCs, induce memory T cells
response.

Induce apoptosis of tumor cells and the suppress
the angiogenesis.

Achieve powerful immune memory effect to resist a
secondary injection of tumor cells.

Recruit DCs, increase the systemic TH1 and TH2
serum antibody and cytotoxic T cells.

Recruit and activate DCs and the immune response
of T cells.

Increase BMDC activation marker expression and
the innate immune cells infiltration.

References

Stephan et al., 2015

Smith et al., 2017

Ahnetal., 2020

Phuengkham et al., 2018

Ali et al., 2009

Verbeke and Mooney, 2015

Verbeke et al., 2017

LiY.etal, 2016

Song et al., 2018

Yang et al., 2018

Wang C. et al., 2018

Luoetal., 2017

Han et al., 2016

Ueda et al., 2016

Leachetal., 2018

Kim et al., 2015

LiAW.etal, 2018

Li WA. etal., 2016
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EV Size Shape Marker Origin

Exosome 40-120 nm Round Tetraspanins, Alix, TSG101, PDCDGIP, flotillin, MFGE8 Endolysosomal pathway
Microvesicle 50-1000 nm Irregular Integrins, MMPs, selectins, CD40 Plasma membrane
Apoptotic body 500-2000 nm Heterogeneous Phosphatidylserine, genomic DNA Plasma membrane, endoplasmic reticulum
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Drug Adult oral dose  Molecular weight of Log P Basic pKa
parent molecule

Citalopram 20-40mg 3244 372 957
Desvenlafaxine  50-100mg 263.4 280 933
Doxepin 75-300mg 2794 391 9.19
Escitalopram 10-20mg 3244 372 957
Fluvoxamine 50-300mg 3183 255 939
Mirtazapine 15-45mg 265.4 3.09 81
Paroxetine 20-50mg 3294 323 968
Selegiline 5-30mg 187.3 379 758
Trazodone 50-400mg 3719 242 752

Venlafaxine 75-375mg 277.4 3.02 9.27
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Classifications

Nanogels

Nanostructured lipid
Liposomes
Nanoparticles

Nanoemulsions /microemulsion

Common materials

Lutrol F127
Chitosan- glycerophosphate

Chitosan-Pluronic and HPMC

Sold lipid (glyceryl monostearate) and fiquid lipid (capryol PGMC)
Mixture of egg phosphatidylcholine (EPC) and cholesterol (chol)
Chitosan nanoparticles

Alginate chitosan nanoparticles (VLF AG-NPs)

PLGA-chitosan nanoparticles

Capmul MCM, Solutol HS 15, and propylene glycol

Caprmul MCM (O-7% w/w) ~TRIN

Example

Venlafaxine
Doxepin
Tramadol HOI
DLX

Piperine
Venlafaxine
Venlafaxine
Desvenlafaxine
Paroxetine
Mirtazapine

References

Bhandwalkar and Avachat, 2013
Naik and Nair, 2014

Kaur et al., 2014

Alam et al., 2014

Priprem et al,, 2011

Haque et al,, 2012

Haque et al,, 2014

Tong et al., 2017

Pandey et al., 2016

Thakkar et al,, 2013
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Classifications

Selective serotonin reuptake inhibitors (SSRIs)

Serotonin norepinephrine reuptake inhibitors (SNRls)

Tricyclic antidepressants (TCAs)

Monoamine oxidase inhibitors (MAOIs)

Other

Drug name

PROZAC
CELEXA
PAXIL
VIIBRYD
EFFEXOR
CYMBALTA
DESVENLAFAXINE
FETZIMA
TOFRANIL
PAMELOR
ELAVIL
NARDIL
PARNATE
REMERON
WELLBU-TRIN

Active ingredients

Fiuoxetine
Citalopram
Paroxetine
Vilazodone
Venlafaxine
Duloxetine
Desvenlafaxine
Levominacipran
Imipramine
Nortriptyline
Amitriptyline
Phenelzine
Tranyleypromine
Mittazapine
Bupropion

FDA approved year

1987
2000
1992
2011
1993
2004
2013
2013
1982
1982
1982
1982
1985
1997
2002

Formations

Capsule
Tablet
Tablet
Tablet
Tablet
Tablet
Tablet
Capsule
Injection
Solution
Tablet
Tablet
Tablet
Tablet
Tablet
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Source/type of EVs

EVs derived from
human BMMSCs

Exosomes derived from
human iPSC-MSCs

MVs derived from rat
BMMSCs

Exosomes derived from
hASCs

Exosomes derived from
human BMMSCs

Exosomes derived from
hAD-MSCs

Exosomes derived from
human MSCs

Exosomes derived from
hPDLSCs

Exosomes derived from
human gingival MSCs

Carrier scaffolds

Hydrogel

B-TCP scaffold

Alginate-PCL scaffold

PLGA/pDA scaffold

Calcium sulfate/
nanohydroxyapatite-based
NC

PLA-based
CaSi-DCPD-doped scaffold

3D collagen hydrogels

Collagen membrane
(Evolution), PEI-modified

3D-PLA scaffold,
PEI-modified

Experiment procedure

e In vitro
e In vivo: rat calvarial bone
defect

e In vitro
e In vivo: rat calvarial bone
defect

e In vitro

e In vivo: a subcutaneous
bone formation model in
nude mice

e In vitro
e In vivo: Hind limb ischemia
in murine model

e In vivo:
e osteoporosis in femur neck
canal defect model

e In vitro

e In vitro
e In vivo: athymic nude mice

e In vitro

e In vivo: rat calvarial bone
defect

e In vitro

e In vivo: rat calvarial bone
defect

Findings

o BMSC-derived EVs regulate differentiation of
osteoblast and expression of osteogenic genes
in vitro.

e Bone formation is enhanced in vivo.

e Exogenous EVs enter the Golgi apparatus.

e The exosomes internalized by hBMSCs could
profoundly enhance the proliferation, migration,
and osteogenic differentiation of hBMSCs.

e Osteogenesis of the exosomes + p-TCP
combination scaffold was promoted in vivo as
compared to B-TCP alone.

e MSC-MVs enhance capillary network formation
of HUVECs in vitro.

e MVs+ alginate-PCL scaffold increased
vascularization and tissue-engineered bone
regeneration in vivo.

e Exosomes could promote osteogenesis,
proliferation, and migration effects of hBMSCs.

e Exosomes were released from PLGA/pDA
scaffold under control.

e Osteoinductive effects and migration and
homing of MSCs were enhanced in vivo.

o NC work as a carrier to deliver drugs and other
bioactive molecules.

o A trend of promoted mechanical properties in
the NC + BMP + ZA group was shown.

e Exosomes enhance the bone formation in the
absence of BMP.

e The PLA-based scaffolds could adhere, keep
and release exosomes.

e The osteogenic properties of hAD-MSCs were
promoted by the EV-enriched scaffold.

e Mineral-doped scaffolds stimulated
osteogenesis of hAD-MSCs, and showed a
potential in regenerative bone healing.

e Exosomes derived from osteogenic hMSCs
trigger lineage specific differentiation of naive
hMSCs both in vitro and in vivo.

e Exosomes can bind to ECM proteins like type |
collagen and fibronectin.

PEI-EVs promoted osseointegration activity by
enhancing mineralization and vascular network.

e The system could induce bone regeneration.
PEI-EVs play a role in activating local bone
induction.

e The system facilitates bone repair by enhancing
mineralization and vascularization.
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polyethylenimine.
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Fungal species Number Fluconazole Itraconazole Voriconazole 5-FC Amphotericin B

S 1 R S 1 R S 1 R S 1 R S 1 R
C. albicans 127 97.64 2.36 0 97.64 157 0.79 100 0 0 98.43 0 5 100 0 0
C. krusei 11 0 0 100 54.55 45.45 0 81.82 0 18.18 72.73 27.27 0 100 0 0
C. glabrata 10 20.00 80.00 0 20.00 80.00 0 100 0 0 100 0 0 100 0 0
C. parapsilosis T4 100 0 0 100 0 0 100 0 0 100 0 0 100 0 0
C. tropicalis 7 5714 143 4143 5714 143 4143 100 0 0 100 0 0 100 0 0
Cryptococcus neoformans 1 0 100 0 0 100 0 100 0 0 100 0 0 100 0 0
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Clinical sample C. albicans C. krusei C.glabrata C. parapsilo- C. tropicalis Aspergillus Cryptococcus Total Percentage

(n) (n) (n) sis (n) (n) neoformans (n) (%)
(n)

Sputum 89 5 5 2 6 16 0 123 68.72

Urine 12 3 0 1 1 0 0 17 9.50

Feces 13 2 1 1 0 0 0 17 9.50

Blood 1 0 3 2 0 0 0 6 3.35

Secretion retained 6 0 0 0 0 0 0 6 3.35

in the tracheal

catheter

Bile 4 1 0 0 0 0 0 5 2.79

Cerebrospinal fluid 0 0 0 0 0 0 1 1 0.56

Other 2 0 1 1 0 0 0 4 2.23

Total 127 11 10 74 7 16 1 179

Total percentage 70.95 6.15 5.59 3.91 3.91 8.93 0.56 100

(%)
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Gene name

TNF-a

p-actin

Upstream
sequence

TGATGCTGTTGCTGC
TGCTGAG
GCCTCTTCTCATTCCTGC
TIGTGG
AGAGGGAAATCGT
GCGTGAC

Downstream
sequence

CACATTCTGGAGGAAG
TCCTTGGC
GTGGTTTGTGAGTG
TGAGGGTCTG
CAATAGTGATGAC
CTGGCCGT
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Nt Factor Baseline protein levels

Experimental doses

Mixed nerves

Sensory nerves

Motor nerves

Preclinical trials

NGF 211 pg/mg [Grosheva et al.,
2016] 130 pg/mL [Shakhbazau
etal., 2012]

BDNF 5 pg/mg [Grosheva et al., 2016]

14.8 pg/mL [Omura et al.,
2005; Shakhbazau et al., 2012;
Shakhbazau et al., 2012]

NT3 6 pg/mL [Shakhbazau et al.,
2012] 100 pg/mg [Omura et al.,
2005; Shakhbazau et al., 2012]

GDNF 150 pg/mL [Shakhbazau et al.,
2012]

IGF1 793 pg/mg [Grosheva et al.,
2016]

IGF2 39 pg/mg [Grosheva et al.,
2016]

FGF 45 pg/mg [Grosheva et al.,
2016]

CNTF 100 ng/mg [Grosheva et al.,
2016]

PTN 20.2-24 pg/mL [Hoke et al.,
2006]

Clinical trials

NGF

FGF

0.8-1 pg/mL [Kemp et al.,
2011; Santos et al., 2016a)]
0.5 pg/mL [Chang et al., 2017;
Lietal, 2018]

10 pg/mL [Kemp et al., 2011;
Santos et al., 2016a]

10-100 pg/mL [Chang et al.,
2017]

2 pg/mL [Kemp et al., 2011;
Santos et al., 2016a]

20 pg/mL [Alsmadi et al., 2018]

50-100 pg/mL [Sullivan et al.,
2008

1 pg/mL [Caplan et al., 1999]

0.025-0.5 pg/mL [Kemp et al.,
2011; Santos et al., 2016a]

0.5 pg/mL [Liet al., 2018]

300 pg/mL [Newman et al.,
1886]

20 pg/mL [Alsmadi et al., 2018]

1 ng/mL [Kemp et al., 2011;
Santos et al., 2016a] 20 pg/mL
[Anand et al., 2017]

1 wg/mL [Glazner et al., 1993]

20 pg/mL [Anand et al., 2017]

100 pg/mL [Apel et al., 2010]

1 pg/mL [Glazner et al., 1993]

10 pg/mL [Lee et al., 2017]

50 wg/mL [Dubovy et al., 2011]

20 pg/mL [Anand et al., 2017]

0.1 pg/kg [Apfel, 2002; Apfel, 2002; Li et al., 2020]
2 ml [Apfel, 2002; Wu et al., 2011; Li et al., 2020]

2 pg/mL [Kemp et al., 2011;
Santos et al., 2016a] 20 pg/mL
[Anand et al., 2017]

0.5 ng/mL [Sterne et al., 1997]

20 pg/mL [Anand et al., 2017]

100 pg/mL [Apel et al., 2010]

0.05 pg/mL [Near et al., 1992]

100 pg/mL [Guzen et al., 2016]

0.1 pg/mL [Mi et al., 2007]

The reference articles for this value are in square brackets.
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Molecule S+ M+ S— M-
NGF f 1 b 1
BDNF 4 4 d;

NT3 o 1 1 1
NT4/5 4 4

GDNF 4 4

IGF1 t ¥ i

IGF2 4

FGF2 3 4

CNTF % ki

PTN 4 4

References: NGF: S+, (Apfel, 1999; Hoke et al., 2006; Webber et al., 2008; Hoyng
et al, 2014; Santos et al., 2016b; Anand et al., 2017); M+, \Wong et al., 1993;
Wang et al., 1997; Boyd and Gordon, 2003; Pehar et al., 2004, 2006); S—, (Averill
et al., 1995; Suzuki et al., 2016); M—, (Pehar et al., 2004, 2006). BDNF: S+,
(Apfel, 1999; Fine et al., 2002; Hoke et al., 2006; Allodi et al., 2012; Gordon,
2014, Grosheva et al., 2016); M+, (Funakoshi et al., 1993; Wong et al., 1993;
Friedman et al., 1995; Kobayashi, 1996; Apfel, 1999; Al-Majed et al., 2000, 2004;
Hammarberg et al., 2000; Terris et al., 2001; Boyd and Gordon, 2003; Allodi et al.,
2012; Gordon, 2014; Hoyng et al., 2014; Santos et al., 2016b); S—, (Geremia
etal.,, 2010). NT3: S+, (Apfel, 1999; Santos et al., 2016b; Anand et al., 2017); M+,
(Funakoshi et al., 1993; Wong et al., 1993; Apfel, 1999; Hammarberg et al., 2000;
Boyd and Gordon, 20083; Allodi et al., 2012; Anand et al., 2017); S—, (Hou et al.,
2012; Wang et al., 2015); M—, (Wang et al., 2015). NT4/5: S+, (Apfel, 1999; English
etal., 2005, 2011); M+, (Funakoshi et al., 1993; Wong et al., 1993; Friedman et al.,
1995; Apfel, 1999; Boyd and Gordon, 2003; English et al., 2005, 2011). GDNF:
S+, (Apfel, 1999; Keast et al., 2010; Allodi et al., 2012; Santos et al., 2016b; Anand
etal., 2017); M+, (Apfel, 1999; Hammarberg et al., 2000; Boyd and Gordon, 2003;
Allodi et al., 2012; Hoyng et al., 2014, Santos et al., 2016b; Anand et al., 2017;
Ruven et al., 2018). IGF1: S+, (Kanje et al., 1989; Brushart et al., 2013); M+, (Li
et al, 1994; Di Giulio et al., 2000); S—, (Kanje et al., 1989). IGF2: M+, (Brushart
et al, 2013). FGF2: S+, (Grothe et al., 2006; Allodi et al., 2012; Brushart et al.,
2013; Santos et al., 2016b); M+, (Allodi et al., 2012; Brushart et al., 2013; Santos
etal, 2016b). PTN: S+, (Anand et al., 2017); M+, (Mi et al., 2007; Gordon, 2014).
CNTF: S+, (Apfel, 1999); M+, Wong et al., 1993; Apfel, 1999; Hammarberg et al.,
2000). Up-oriented arrows (1) indicate facilitation of the regeneration of these fibers,
whereas down-oriented arrows (|) indicate inhibition. No arrow indicates that this
experimental condition has not been tested. Supply of any of the neurotrophic
factors to the injured fibers, either sensory or motor, favors the regeneration of both
fibers. NGF is the only exception.
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Neurotrophic factors

Boyd and Gordon, 2003; Jin et al.,
2009; Liet al., 2020

Allodi et al., 2012; Hoyng et al.,
2014; Anand et al., 2017

Di Giulio et al., 2000; Brushart
etal., 2013

Allodi et al., 2012; Brushart et al.,
2013; Santos et al., 2016b

Mi et al., 2007; Gordon, 2014

Seilheimer and Schachner, 1988;

Axonal growth NGF, BDNF,
promoters NT3, NT4/5
Transforming GDNF

growth factors

Insulin-like IGF1 e IGF2
growth factors

Fibroblast FGF2

growth factors

Neuropoietic PTN, CNTF,
cytokines IL6, LIF
Molecules integrated into the surrounding nerve tissue
Axonal growth N-CAM,
promoters N-cadherin, L1,

integrins, etc.

Extracellular fibrinogen,
matrix fibronectin,
molecules laminin, etc.

Smith et al., 1994; Hammarberg
et al., 2000; Franz et al., 2005;
Saito et al., 2005, 2010; Gardiner
et al., 2007; Tucker and Mearow,
2008; Gardiner, 2011; Anand et al.,
2017

Politis, 1989; Hammarberg et al.,
2000; Zhang et al., 2003; Previtali
et al., 2008; Tucker and Mearow,
2008; Webber et al., 2008;
Gardiner, 2011; Fudge and
Mearow, 2013; Zeng et al., 2014;
Santos et al., 2016b

Each endoneural tube contains a specific blend of such molecules depending on
the type of its axon (i.e., sensory or motor). Moreover, blends change in time.
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MP formulation Cargo Excipient Excipient Concentration
included included inclusion of excipient
method (%)
MR 0 MOG/Rapa None N/A 0
MR Man Enc 1 MOG/Rapa Mannitol Encapsulated il
MR Man Enc 5 MOG/Rapa Mannitol Encapsulated 5
MR Man Enc 10 MOG/Rapa Mannitol Encapsulated 10
MR Man Ext 1 MOG/Rapa Mannitol External 1
MR Man Ext 5 MOG/Rapa Mannitol External 5
MR Man Ext 10 MOG/Rapa Mannitol External 10
MR Suc Enc 1 MOG/Rapa Sucrose Encapsulated 1
MR Suc Enc 5 MOG/Rapa Sucrose Encapsulated 5
MR Suc Enc 10 MOG/Rapa Sucrose Encapsulated 10
MR Suc Ext 1 MOG/Rapa Sucrose External 1
MR Suc Ext 5 MOG/Rapa Sucrose External 5
MR Suc Ext 10 MOG/Rapa Sucrose External 10
MR Tre Enc 1 MOG/Rapa Trehalose Encapsulated 1
MR Tre Enc 5 MOG/Rapa Trehalose Encapsulated 5
MR Tre Enc 10 MOG/Rapa Trehalose Encapsulated 10
MR Tre Ext 1 MOG/Rapa Trehalose External 1
MR Tre Ext 5 MOG/Rapa Trehalose External 5
MR Tre Ext 10 MOG/Rapa Trehalose External 10

MR, MOGss_ss/Rapa; Man, mannitol; Suc, sucrose; Tre, trehalose; Enc, encapsu-
lated; Ext, externally incorporated; 0/1/5/10, concentration of excipient (w/v) in
solution during addlition step.
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Interactions

Hydrogen bonds
interactions

Hydrophobic
interactions

Supramolecular
guest-host
interactions

lonic bonds
interactions

Nanocomposites
integrated in
hydrogels

Dynamic covalent
bonds interactions

Materials

y-PGA-GMA, DTT, and Sodium
tetraborate decahydrate

PACG and GelMA

PAMPS and
P(NIPAAmM-co-AAm)

Acrylated B-CD and gelatin

Acrylated B-CD and
Ad-functionalized hyaluronic
acid

PVA and CPBA

Silated hydroxypropylmethyl
cellulose with Laponites

Collagen and alginate with
hydroxyapatite nanocrystals

PEG-1000 and Pluronic F-127
copolymer with calcium
phosphate nanocrystals

Hydrazine-modified elastin-like
protein and aldehyde-modified
hyaluronic acid

Advantages

The hydrogels can be compressed to nearly a
90% strain, with 0.95 MPa compression stresses

The hydrogels have a high tensile strength
(1.1 MPa), outstanding compressive strength
(12.4 MPa), large Young’s modulus (320 kPa),
and high compression modulus (837 kPa)

The hydrogels demonstrate a high compressive
strength (25 MPa), cartilage-like modulus (1 MPa),
hydration (80%), and exhibit a 50% lower
coefficient of friction than that of native articular
cartilage

The hydrogels have a good extensibility (400%),
and are fatigue resistant under repeated tensile
loading-unloading cycles

The hydrogels are capable of withstanding a
compressive strain up to at least 80% and rapidly
relaxing over 80% of the peak stress

The hydrogels are ultra-tough, showing maximum
tensile strain, tensile and compressive fracture
energies up to 1,600%, 600 and 25 kJ m~2,
respectively

The increase of Laponites amount in hydrogel
allows the modulus to reach a fourfold increase
for 5% Laponites

Hydrogels with hydroxyapatite nanocrystals
exhibit the highest modulus among all of the
collagen-based hydrogels

The hydrogels exhibit a good combination of
compressive modulus (0.64 MPa) and tensile
modulus (0.9 MPa). They can also bond well to
native cartilage

By tuning the ratio of aldehyde groups to
hydrazine groups, hydrogels with variable
hyaluronic acid concentration can be fabricated
with comparable stiffness

Application

Cartilage defects in
rabbit

Osteochondral defects
in rat

Osteochondral defects
in rat

Cartilage defects in rat

Osteochondral defects
in rabbit

Subcutaneous pockets
of nude mice

Effect

Cells cultured in hydrogels exhibit good
proliferation and adhesion abilities and the
hydrogels scaffolds contained MSC enhance
the regeneration of cartilage

The hydrogel significantly facilitates concurrent
regeneration of cartilage and subchondral bone

The hydrogel can promote the regeneration of
both hyaline cartilage and subchondral bone

The hydrogels not only sustain extended
release of encapsulated TGF-p1 but also
support chondrogenesis of the human MSCs
and promote cartilage regeneration

The hydrogels can promote smooth and
complete cartilage regeneration

Formation of a cartilage-like tissue with an ECM
containing GAG and collagens is observed at

6 weeks implantation

The hydrogels can promote cell proliferation
and upregulated hyaline cartilage markers

in vitro

The hydrogels can promote cartilage-marker
gene expression and enhanced GAG
deposition while minimize undesirable
fibrocartilage phenotype in in vitro

References

Liu S. et al., 2020

Gao et al.,, 2019

Means et al., 2019

Xu J. et al., 2019

Wei et al., 2016

Zhao et al., 2018

Boyer et al., 2018

Zheng et al., 2014

Schlichting et al., 2011

Zhu et al., 2017





OPS/images/fbioe-08-604814/fbioe-08-604814-g006.jpg
0y OH

OH

HN—HN__O

- HNI
N
Fo Lo Adipic Acid |/ © ° 3:‘0
o o © Dihydrazide |[,o ° OTT—
OH 4\ ———— OH
o EDC/HOBT
. . H2° = 100 X =
Hya'";:;')c Acid HA-Hydraznde (HA-HYD)
Sodium oy OH
. [o]
LT gLO‘\LY goﬂ(o -
H,0 °
0
2 y 100y-
HA-Aldehyde (HA-ALD)
HA-HYD
y = *
WALD= |l Il Hydrazone
R/C\ /N i
> H R; H
HA ALD
K3 > °
Concentration (wWt%)
0 minutes 10 minutes 10 minutes

G
>
£
3 > z
? S 2
© ©
< © 8
S k]
o
o
£ £
= £ E
© = £
o £ \
£ £
(72
S
»
1SS
S
o
£
o~

O
W
w
|3
3 .





OPS/images/fbioe-08-617585/fbioe-08-617585-g001.jpg
Mg-IHC hydrogel

Mg-IHC solution

Mg-Zn alloy

SN
N mW."ii
e D ASEST
<
w s
?
o
(8]
z
>
s
2
P4
<
=
[7]
(V)
g ) g ° °
(ed) ©

Shape plasticity

(%) @bejuaasad uonepesbag

()

— GelMA

-~ Mg-HC

Mg-IHC . /

1
[=]
~N

Days





OPS/images/fbioe-08-617585/cross.jpg
3,

i





OPS/images/fbioe-09-646554/fbioe-09-646554-e001.jpg
P =DxK/h





OPS/images/fbioe-08-598997/fbioe-08-598997-g008.jpg





OPS/images/fbioe-09-646554/fbioe-09-646554-e000.jpg
J = PxCaq





OPS/images/fbioe-08-598997/fbioe-08-598997-g007.jpg
Control hano-Se Radiation nano-Se+Radiation

CCND1

C-myc

MMP2

MMPS

cleaved Caspase-3

Caspase-3

cleaved Caspase-9

Caspase-9

B-actin

Relative expression of

1.5+

mm Control

= nano-Se

B3 Radiation

=3 nano-Se+Radiation






OPS/images/fbioe-09-646554/cross.jpg
3,

i





OPS/images/fbioe-08-598997/fbioe-08-598997-g006.jpg
60+ o
Control nano-Se Radiation nano-Se+Radiation - T
L T iz ' ez 0 oy b L T 2 o 40
2.13% 1.77% 1.88% 9% 1.27% 7 70% 1.38% LLRE -
4 4 E *hKk *
0 3 0° 3 03 L :
v, | I_' _~_-‘ } arr | i . g [ gy 1 o .»Vﬂ::g ,,g 20
A549z vi—— o S B SO &
92.21% g "“..:'-» 76.84% ﬁ ':1:111 am 4'1_5“ 2.4% ﬁ”v ‘gigm
10' 3 | ' | ' w'
) 0~
w0 S —— w0 . . ] w0 re v
w0 10 10 0w 0w 10 b e - i i " 0 w0 0 10 4"\ 0,%@ O %o(‘
ANNEXIN V-FITC ANMEXIN V-FITC ANMEXIN V-FITC ANNEXIN V-FITC c‘oo o °b"° 6{’
N & &

o
W
&
Control nano-Se Radiation nano-Se+Radiation NCI-H23
Lol T Rz b T I 0 he LT iz 50 -
T.a7% 1.47% 1.91% 247% 7.79% 1 287 17.37%
07 P W E 40 = T
NCI-H23 . _ . £ .
b T ’ z o % 30- "
91.95% BO.6N ﬁ 4.61% ’E
10 3 o "', i 3 g 20—
E &
1 a
w T J e T w T T .
0° ' 0 v ’ w0 0 10 w0t = w0 10 0 w1 10° 10’ o oot "0
ANNEXIN V-FITC ANNEXIN V-FITC ANNEXIN V-FITC ANNEXIN V-FITC
0-
~
& &© @ @
o & L S
& &
e
Q(‘





OPS/images/fbioe-09-640037/fbioe-09-640037-g010.gif





OPS/images/fbioe-08-598997/fbioe-08-598997-g005.jpg
Radiation nano-Se+Radiation

Y .o
S Tl

v Y &
A, /
s o ]
: 'ﬁ:w&"fﬁt

Radiation nano-Se+Radiation

-
N A

w ”. ¢ 1 A" P
v el "L Ry X
o

Cell counts(#)

=
]

o
o
1

(=2
o
1

s
1

N
o
1

o
|

60~

Cell counts(#)
B
o
1

nN
o
1

A549

NCI-H23






OPS/images/fbioe-09-640037/fbioe-09-640037-g009.gif





OPS/images/fbioe-08-598997/fbioe-08-598997-g004.jpg
A549
Control nano-Se nano-Se+Radiation 60+
e
=
s 40+
-
£
= 20 - *
A549 2 +
i & & &
2 < é‘f @J:;f
nano-Se Radiation nano-Se+Radiation Nc:;”
B 60
NCI-H23 40

migration rate (%)
N
T






OPS/images/fbioe-09-640037/fbioe-09-640037-g008.gif





OPS/images/fbioe-08-598997/fbioe-08-598997-g003.jpg
A Positive Control B Control C 0.5 pg/mL nano-Se D 1 pg/mL nano-Se

o o = o

g ‘ g - z g
< & L & L8 -8
2o 2o a A
e "’§: “§ " §

o J OE = o

&7 &7 46.53% 4 4

R e R © ey = R RS L R °

0 200 400 600 800 1000 1000 0 200 400 600 800 1000
FSC-H FSC-H

100~
£ g0
-
w
—
2 604
[
—
S
o 40+
7
2
€ 20-
c

0~
> N
&° oﬁ“’ O
(,° o 06\0 b\’b
<o & Q_'b





OPS/images/fbioe-09-640037/fbioe-09-640037-g007.gif





OPS/images/fbioe-08-598997/fbioe-08-598997-g002.jpg
NCI-H23
#it

150
100+
5

{lonyuos yo o) Ayjigeia jjen

A549

150

< {lonuoo yo o) Aupqen oo

1
=2
= "y}
-—

nano-Se (pg/mL)

nano-Se (pg/mL)

NCI-H23

Ab549

150

&&&

Wk

W

150 -

{loauoa jo %) Apjiqeia jjan

&&

00 -

p—

T T T
2 Gy 4 Gy 6 Gy

T
Control

{losyuoa jo o) Aupqeia (e

I
=
=
=

=
)

nano-5e (1 pg/mL)

nano-Se (1 pg/mL)





OPS/images/fbioe-09-640037/fbioe-09-640037-g006.gif
tr






OPS/images/fbioe-08-598997/fbioe-08-598997-g001.jpg
(@)

Intensity (a.u.)

T

30

40 50
2 Theta (degree)

Absorbance

5-10

size distribution (nm)

1015 15-20 20-25 25-30 30-35 3540 40-45
=mm cOUNt ——frequency
—— Nano-Se
~——— Nano-Se+2Gy
——— Nano-Se+4Gy
———— Nano-Se+6Gy
200 220 240 260 280 300 320 340 360 380 400

Wavelength (nm)

0.300

0.200

0.150

0.100

0.000





OPS/images/fbioe-09-640037/fbioe-09-640037-g005.gif





OPS/images/fbioe-08-617585/fbioe-08-617585-g002.jpg
Calgeiiy/.

o
e i —
A,
#
0
"
b
7
"
¥
4
ol
ﬂ
2

P

100um

Phalloidin/DAP!
.
.
.

100um






