

[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 978-2-83251-581-5
DOI 10.3389/978-2-83251-581-5

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





Advancements and enhancements in bioactive and biocompatible hydrogels for tissue healing and drug delivery

Topic editors

Bruce Alan Bunnell – University of North Texas Health Science Center, United States

Bryan Brown – University of Pittsburgh, United States

Citation

Bunnell, B. A., Brown, B., eds. (2023). Advancements and enhancements in bioactive and biocompatible hydrogels for tissue healing and drug delivery. Lausanne: Frontiers Media SA.  doi: 10.3389/978-2-83251-581-5





Table of Contents




An Injectable Platform of Engineered Cartilage Gel and Gelatin Methacrylate to Promote Cartilage Regeneration

Wei Xu, Tao Wang, Yahui Wang, Xiaodi Wu, Yujie Chen, Daiying Song, Zheng Ci, Yilin Cao, Yujie Hua, Guangdong Zhou and Yu Liu

Silk Hydrogel-Mediated Delivery of Bone Morphogenetic Protein 7 Directly to Subcutaneous White Adipose Tissue Increases Browning and Energy Expenditure

Kristy L. Townsend, Eleanor Pritchard, Jeannine M. Coburn, Young Mi Kwon, Magdalena Blaszkiewicz, Matthew D. Lynes, David L. Kaplan and Yu-Hua Tseng

Hydrogel Development for Rotator Cuff Repair

Zhengyu Xu, Yifei Fang, Yao Chen, Yushuang Zhao, Wei Wei and Chong Teng

Dual-Action Icariin-Containing Thermosensitive Hydrogel for Wound Macrophage Polarization and Hair-Follicle Neogenesis

Ying-Ying Teng, Ming-Li Zou, Si-Yu Liu, Yuan Jia, Kai-Wen Zhang, Zheng-Dong Yuan, Jun-Jie Wu, Jun-Xing Ye, Shun Yu, Xia Li, Xiao-Jin Zhou and Feng-Lai Yuan

Poloxamer 407 and Hyaluronic Acid Thermosensitive Hydrogel-Encapsulated Ginsenoside Rg3 to Promote Skin Wound Healing

Xiaojuan Peng, Chuanbo Ding, Yingchun Zhao, Mingqian Hao, Wencong Liu, Min Yang, Fengyan Xiao and Yinan Zheng

Research on the osteogenesis and biosafety of ECM–Loaded 3D–Printed Gel/SA/58sBG scaffolds

Guozhong Tan, Rongfeng Chen, Xinran Tu, Liyang Guo, Lvhua Guo, Jingyi Xu, Chengfei Zhang, Ting Zou, Shuyu Sun and Qianzhou Jiang

Inactivation of human plasma alters the structure and biomechanical properties of engineered tissues

Cristina Rosell-Valle, María Martín-López, Fernando Campos, Jesús Chato-Astrain, Rafael Campos-Cuerva, Miguel Alaminos and Mónica Santos González

Dual role of injectable curcumin-loaded microgels for efficient repair of osteoarthritic cartilage injury

Qicai Sun, Wei Yin, Xuanliang Ru, Chun Liu, Baishan Song and Zhigang Qian

Wound healing mechanism of antimicrobial peptide cathelicidin-DM

Guixi Wang, Zhizhi Chen, Pan Tian, Qinqin Han, Jinyang Zhang, A-Mei Zhang and Yuzhu Song

Etanercept embedded silk fibroin/pullulan hydrogel enhance cartilage repair in bone marrow stimulation

Xiongbo Song, Xin Wang, Lin Guo, Tao Li, Yang Huang, Junjun Yang, Zhexiong Tang, Zhenlan Fu, Liu Yang, Guangxing Chen, Cheng Chen and Xiaoyuan Gong



		ORIGINAL RESEARCH
published: 14 April 2022
doi: 10.3389/fbioe.2022.884036


[image: image2]
An Injectable Platform of Engineered Cartilage Gel and Gelatin Methacrylate to Promote Cartilage Regeneration
Wei Xu1,2,3†, Tao Wang1,2,3†, Yahui Wang2†, Xiaodi Wu1,2,3, Yujie Chen4, Daiying Song1,2,3, Zheng Ci5, Yilin Cao2,3, Yujie Hua2,3*, Guangdong Zhou1,2,3* and Yu Liu1,2,3,5*
1Research Institute of Plastic Surgery, Wei Fang Medical College, Weifang, China
2National Tissue Engineering Center of China, Shanghai, China
3Shanghai Key Laboratory of Tissue Engineering, Department of Plastic and Reconstructive Surgery, Shanghai 9th People’s Hospital, Shanghai Stem Cell Institute, Shanghai Jiao Tong University School of Medicine, Shanghai, China
4Shanghai Engineering Research Center of Nano-Biomaterials and Regenerative Medicine, College of Chemistry, Chemical Engineering and Biotechnology, Donghua University, Shanghai, China
5Shanghai Resthetic Bio CO., LTD, Shanghai, China
Edited by:
Bruce Alan Bunnell, United States
Reviewed by:
Fengxuan Han, Soochow University, China
Wei Wang, Tianjin University, China
* Correspondence: Yujie Hua, hyj137@shsmu.edu.cn; Guangdong Zhou, guangdongzhou@126.com Yu Liu, yuliu1211@163.com
†These authors have contributed equally to this work
Specialty section: This article was submitted to Tissue Engineering and Regenerative Medicine, a section of the journal Frontiers in Bioengineering and Biotechnology
Received: 25 February 2022
Accepted: 30 March 2022
Published: 14 April 2022
Citation: Xu W, Wang T, Wang Y, Wu X, Chen Y, Song D, Ci Z, Cao Y, Hua Y, Zhou G and Liu Y (2022) An Injectable Platform of Engineered Cartilage Gel and Gelatin Methacrylate to Promote Cartilage Regeneration. Front. Bioeng. Biotechnol. 10:884036. doi: 10.3389/fbioe.2022.884036

Cell–hydrogel constructs are frequently used as injectable platforms for irregular cartilage regeneration. However, cell–hydrogel constructs have obvious disadvantages, such as long culture times, high probability of infection, and poor cartilage formation capacity, significantly limiting their clinical translation. In this study, we aimed to develop a novel injectable platform comprising engineered cartilage gel (ECG) and gelatin methacrylate (GelMA) to improve cartilage regeneration. We first prepared an ECG by cutting the in vitro engineered cartilage sheet into pieces. The chondrocytes and ECG were evenly encapsulated into GelMA to form Cell-GelMA and ECG-GelMA constructs. The ECG-GelMA construct exhibited preferred gel characteristics and superior biocompatibility compared with the Cell-GelMA construct counterpart. After subcutaneous implantation in nude mice and goat, both gross views and histological evaluations showed that the ECG-GelMA construct achieved more homogenous, stable, and mature cartilage regeneration than the Cell-GelMA construct. Immunological evaluations showed that ECG-GelMA had a mitigatory immunologic reaction than the Cell-GelMA construct. Overall, the results suggest that the ECG-GelMA is a promising injectable platform for cartilage regeneration that may advance clinical translation.
Keywords: injectable platform, cell-hydrogel, cartilage regeneration, engineered cartilage gel, immune response
1 INTRODUCTION
Stable cartilage restoration still poses a tremendous clinical challenge for plastic surgeons (Zhou et al., 2018). Developments in tissue engineering technologies have provided a new avenue to achieve cartilage regeneration. When tissue-engineered cartilage is used in plastic surgery, it must create little trauma, have plasticity, be homogeneous, and effectively form cartilage tissue. The emergence of injectable cartilage may solve these problems (Liu et al., 2017).
The basic principle for the development of injectable cartilage is to inoculate chondrocytes into a fluid vehicle (Xu et al., 2020c), inject the chondrocyte-loaded fluid vehicle into the defect to form biologically active cartilage tissue, filling and repairing a defect site (Hua et al., 2021). This method is easily accepted by patients because it is simple, the injectable is malleable, and the process creates little trauma (Cakmak et al., 2013; Singh et al., 2018). Among a variety of fluid vehicles, hydrogels, such as gelatin methacrylate (GelMA), are the most frequently used platform for injectable cartilage tissue engineering because of their remarkable characteristics, including flexibility and versatility in fabrication, variety in composition, high moldability, excellent biocompatibility, and similarity to the extracellular matrix (ECM) (Wu et al., 2020; Xu et al., 2021b). However, because of their compact structure, hydrogels can block nutrient penetration, hindering oxygen and waste exchange, and impeding cell–cell interactions, which significantly interferes with cartilage formation and limits clinical translation (Lee and Shin, 2007; Qi et al., 2015).
Our recent studies have proved that mature in vitro engineered cartilage can improve the stability and efficiency of regenerated cartilage in vivo (Xu et al., 2020a; Xu et al., 2020d). Consequently, loading hydrogels with more mature cartilage tissue instead of chondrocytes may enhance the quality of the in vivo engineered cartilage. Scaffold-free cartilage sheet technology is based on the theory of “chondrocyte redifferentiation in high-density culture” (Schulze-Tanzil et al., 2002; Schuh et al., 2012), and extensive experiments have demonstrated that this technology can regenerate high quality cartilage tissue in vitro (Ding et al., 2021). Our latest studies demonstrated that an engineered cartilage gel (ECG) produced by the cartilage sheet technology has the excellent ability to regenerate cartilage (Ci et al., 2021). As a result, we suspect that ECG may be an alternative for chondrocytes, acting as the cellular supplementation in the form of microtissues to load into the GelMA, creating a new injectable platform for cartilage regeneration.
To verify our hypothesis, goat-derived chondrocytes were used to prepare a cartilage sheet, which was further cut into pieces to form the ECG. Thereafter, both chondrocytes and ECG were evenly encapsulated into GelMA to form Cell-GelMA and ECG-GelMA constructs, respectively. We systematically compared the gelation characteristics, biocompatibility, in vivo cartilage formation, and inflammatory reaction of the Cell-GelMA and ECG-GelMA constructs, to determine the feasibility of developing a novel injectable platform comprising ECG and GelMA to improve cartilage regeneration.
2 MATERIALS AND METHODS
2.1 Chondrocytes Preparation
This study was approved by the Weifang Medical University Ethics Committee. Goats (2,3 months old) were purchased from Shanghai Jiagan Experimental Animal Raising Farm (Shanghai, China). Auricular cartilage obtained from a goat was fragmented into 1 × 1 mm2 pieces and digested with 0.2% collagenase NB4 (Worthington biochemical Crop., Freehold, NJ, United States) for 8 h at 37°C on a shaker. The isolated chondrocytes were collected and cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco BRL, Grand Island, NY, United States) containing 10% fetal bovine serum (FBS, Gibco BRL) and 1% antibiotic–antimycotic (Gibco BRL). Chondrocytes were passaged at >80% confluence. Chondrocytes at passage 3 (P3) were harvested for use.
2.2 ECG Formation
Cartilage sheets were prepared as previously described (Xue et al., 2018; Ci et al., 2021). Briefly, the above prepared chondrocytes were seeded in 6-well cell culture plates at a density of 1.5 × 107 cells/well and cultured in a medium of high DMEM, 10% FBS, and 1% antibiotic–antimycotic. The medium was changed every day, and cartilage sheets were harvested with cell scrapers after 5 days cultivation. ECG was obtained by cutting the obtained cartilage sheet with scissors into small pieces with an area of 0.1–0.2 mm2.
2.3 Preparation of Cell-GelMA and ECG-GelMA Constructs
GelMA was synthesized as previously described (Van Den Bulcke et al., 2000). To prepare the standard hydrogels, 13% GelMA (w/v) was dissolved in phosphate buffered saline (PBS) at 50 °C to create the gel precursors, which were then mixed with 0.2% (w/v) photo-initiator (lithium phenyl-2,4,6-trimethylbenzoyl-phosphinate, LAP). The prepared GelMA solution was filtered aseptically (0.22 µm) and stored at 4°C prior to use.
The harvested chondrocytes were suspended to a concentration of 1.7 × 108 cells/m, and mixed with GelMA at a ratio of 1:1 by volume to achieve a Cell-GelMA construct with a final concentration of 8.5 × 107 cells/ml.
The collected ECG was mixed with GelMA at a ratio of 1:1 by volume, achieving a ECG-GelMA construct with a final concentration of 8.5 × 107 cells/mL. Both the Cell-GelMA and ECG-GelMA constructs were crosslinked by UV light irradiation (365 nm, 20 mW/cm2) for 5 s.
2.4 Characteristics of the GelMA, Cell-GelMA, and ECG-GelMA Constructs
2.4.1 Morphology
The chondrocytes, cartilage sheet, ECG, GelMA, Cell-GelMA, and ECG-GelMA were observed using a light microscope (OLYMPUS, CKX41), and photographed using a single lens reflex camera (Nikon, Japan). The GelMA, Cell-GelMA, and ECG-GelMA constructs were freeze-dried and examined using scanning electron microscopy (SEM, Philips XL-30, Amsterdam, Netherlands) at an accelerating voltage of 15 kV.
2.4.2 Rheological Analyses and Viscosity
Tests of the viscosity and shear-thinning behavior of the gel precursors were performed on a HAAKE MARS Rotational Rheometer with a parallel plate geometry (P20 TiL, 20 mm diameter) at 25°C. The shear-thinning behavior was analyzed at a 0.5 mm gap from 0 1/s to 50 1/s. Dynamic rheology experiments were exposed to light irradiation (365 nm, 20 mW/cm2) within 60 s. A time sweep oscillatory test was performed at 10% strain (CD mode), 1 Hz frequency, and a 0.5 mm gap for 120 s. The gel point was determined as the time when the storage modulus (G′) surpassed the loss modulus (G″).
2.4.3 Swelling Ratio and In Vitro Enzymatic Degradation
The initial volume of the GelMA, Cell-GelMA, and ECG-GelMA constructs was recorded as V0, and the volume after 24 h was recorded as V. The volume swelling ratio was defined as SRv = V/V0 (Gan et al., 2019).
[image: image]
R1 and R0 are the radii of the various hydrogels before and after 24 h swelling, respectively, and H0 and H1 are the initial height and the height after 24 h swelling of the various hydrogels, respectively.
The enzymatic degradation was examined by a gravimetric method, as previously described (Xu et al., 2020d). The initial hydrogel dry weight was W0 and the remaining hydrogel dry weight after immersing in an enzymatic solution (0.15% w/v collagenase) was recorded as Wt. The degradation ratio was defined as Wt/W0×100%.
2.4.4 Mechanical Testing
The mechanical properties of the hydrogel discs (Φ 10 × 3 mm), including GelMA, Cell-GelMA, and ECG-GelMA constructs, were examined using a mechanical testing machine (Instron-5542, Instron, Canton, MA, United States), as previously described (Gan et al., 2019). Briefly, crosslinked samples were compressed at a rate of 0.5 mm/min at room temperature until 80% of the maximum deformation to obtain compressive stress–strain curves. The compressive modulus was then calculated from the slope of the stress–strain curve.
2.4.5 Biocompatibility of the Cell-GelMA and ECG-GelMA Constructs
To determine the biocompatibility of the Cell-GelMA and ECG-GelMA constructs, chondrocytes within the constructs were adjusted to a final concentration of 3.0 × 107 cells/mL. After 1, 4, and 7 days in vitro culture, the viability of the cells within the constructs were evaluated using a Live and Dead Cell Viability Assay (Invitrogen, United States) via a confocal microscope (Nikon, Japan), following the manufacturer’s instructions. After imaging using the confocal microscope, ImageJ software was used to quantitatively analyze the number of dead cells.
To observe the chondrocytes and ECG morphology within GelMA, samples after 7 days in vitro culture were washed thrice in PBS and the samples were fixed in 4% paraformaldehyde (PFA) at room temperature for 30 min. The fixed samples were washed thrice in PBS and immersed in a permeabilization and blocking buffer (1% bovine serum albumin and 0.1% Triton in PBS) for 30 min. To stain the actin cytoskeleton, a diluted methanolic solution of Alexa Fluor 546 phalloidin (Invitrogen) in the blocking buffer was incubated with the fixed samples at room temperature in the dark for 30 min. All samples were washed with PBS and the nuclei was counterstained with 4, 6-diamidino-2-phenylindole dihydrochloride (DAPI). All samples were sealed with a solution containing an anti-fluorescence quenching agent. The images were acquired using a confocal microscope equipped with the appropriate excitation and emission filters.
The DNA content was extracted from the samples using 250 μg/ml Protease K, and then quantified with the PicoGreen dsDNA assay (Invitrogen) according to the manufacturer’s protocol to determine the chondrocytes proliferation within the constructs.
2.6 Subcutaneous Injection Into Nude Mice and Goats
Cell-GelMA and ECG-GelMA constructs were subcutaneously injected into the dorsal area of nude mice at a total volume of 0.15 ml via a syringe with an 18-gauge needle. Samples were harvested 8 weeks post-implantation. Cell-GelMA, ECG, and ECG-GelMA constructs were also subcutaneously injected into the dorsal area of goats at a total volume of 0.4 ml. Samples were harvested at 1, 2, and 12 weeks post-implantation.
2.7 Quantitative Polymerase Chain Reaction (qPCR)
The expression of cartilage-related genes (ACAN, COL-2, and Sox-9) and inflammation-related genes (CD3 and CD68) were analyzed by qPCR. The total RNA was extracted with Tiazol reagent (Invitrogen), and then reverse transcribed using Moloney murine leukemia virus reverse transcriptase (Invitrogen). qPCR was performed using a Fast Synergy Brands Green Master Kit and Light Cycler 480 system (Roche) in accordance with the manufacturer’s instructions. The results were analyzed using the comparative threshold cycle method and normalized to endogenous reference gene GAPDH. The primer sequences are listed in Table 1.
TABLE 1 | Primer sequences of related genes.
[image: Table 1]2.8 Histological and Immunohistochemical Analyses
Samples were fixed in 4% paraformaldehyde and embedded in paraffin for sectioning into 5-µm thick slices that were then mounted on glass slides. Sections were stained with hematoxylin and eosin (HE) and safranin-O (SO). For immunohistochemical analysis, a rabbit anti-human monoclonal antibody against collagen II (COL-2) was used with a horseradish peroxidase (HRP)-conjugated anti-rabbit antibody (1:400 in PBS, Santa Cruz) as the secondary antibody. CD3 was detected using a rabbit anti-human CD3 monoclonal antibody (1:100 in PBS, Santa Cruz Biotechnology, Santa Cruz, CA, United States). CD68 was detected using a rabbit anti-human CD68 monoclonal antibody (1:1,000 in PBS, Santa Cruz Biotechnology). Color development was conducted with diaminobenzidine tetrahydrochloride (Santa Cruz Biotechnology).
2.9 Biochemical and Biomechanical Determination
Quantitative biochemical analysis of regenerated cartilage was performed as described previously (Wang et al., 2020; Chen et al., 2021). Briefly, samples were weighed using an electronic balance. The volume of each sample was measured using a water displacement method. The GAG content in the samples was quantified using Alcian Blue. The total collagen content was detected using a hydroxyproline assay. The DNA content was determined as described above. The amount of COL-1 and COL-2 was measured by an ELISA.
Young’s modulus was analyzed using a constant compressive strain rate in a biomechanical analyzer (Instron-5969, Canton, MA, United States), as previously described (Xu et al., 2020b). The Young’s modulus was calculated using the slope of the stress–strain curve.
2.10 Statistical Analysis
All samples were test at least three times. Differences in quantitative data were analyzed using SPSS23. A p value < 0.05 was considered statistically significant.
3 RESULTS
3.1 Characterizations of ECG, Cell-GelMA, and ECG-GelMA Constructs
As shown in the light microscopy images in Figure 1A, P3 chondrocytes had polygonal morphology, indicating viability. The chondrocytes were cultured in 6-well culture plates at a density of 1.5 × 107 cells/well for 5 days, successfully achieving a cartilage sheet with pink-white appearance and soft texture. The generated cartilage sheet had lacunae structures and preliminary cartilage-specific ECM deposition, as confirmed by superficial SEM examination (Supplementary Figure S1A), as well as positive SO and COL-2 staining (Figure 1B). Phalloidine staining further revealed that the cartilage sheet displayed extensive F-actin (Supplementary Figure S1B), indicating favorable viability.
[image: Figure 1]FIGURE 1 | The synthesis and gel properties of ECG-GelMA. The light microscope image of chondrocytes at P3, gross image of cartilage sheet after 5 days in vitro cultured, and gross image of ECG derived from chopped cartilage sheet (A). HE, SO, and COL-2 staining of cartilage sheet (B). The gross and light microscope images of GelMA, Cell-GelMA, and ECG-GelMA before UV crosslinking (C). The gross, light microscope, and SEM images of GelMA, Cell-GelMA, and ECG-GelMA after UV crosslinking (D). The blue arrows indicate cells, and the orange arrows indicate ECG.
Thereafter, the generated cartilage sheet was cut into pieces to achieve ECG, which had satisfactory gel properties and could be collected using a 5 ml syringe (Supplementary Figure S2 and Supplementary Videos S1). The P3 chondrocytes and ECG were evenly blended with GelMA to form Cell-GelMA and ECG-GelMA constructs, respectively. Our results confirmed that both the Cell-GelMA and ECG-GelMA constructs exhibited gel properties (Supplementary Videos S2,S3).
As shown in the gross view and light microscope images (Figure 1C), a uniform distribution of chondrocytes and ECG were clearly observed inside the GelMA, and the same results were observed after being exposed to UV light irradiation (Figure 1D). SEM images revealed that the freeze-dried pure GelMA exhibited highly interconnected micropores with smooth pore walls, whereas chondrocytes aggregated on the pore walls in the Cell-GelMA group and minced ECG was distributed in the pores in the ECG-GelMA group.
The gene expression of the chondrocyte and ECG groups were examined using qPCR. The expression of cartilage-related genes, including ACAN, COL-2, and Sox-9, was significantly greater in the ECG than in chondrocytes after 5 days in vitro culture (Figures 2A–C).
[image: Figure 2]FIGURE 2 | QPCR analysis of chondrocytes and ECG. Gene expression of ACAN (A), COL-2 (B) and Sox-9 (C) in chondrocytes and ECG after 5 days in vitro culture. *p < 0.05.
The Cell-GelMA and ECG-GelMA constructs exhibited injectable gel modality with suitable viscosity, and the addition of ECG into GelMA enhanced the viscosity of the hydrogel (Supplementary Figure S3A). Time-sweep rheological analyses further confirmed fast gelation at approximately 5 s, indicating satisfactory photo-crosslinked performance of gel precursors (Supplementary Figure S3B). Adding ECG to the GelMA hydrogel significantly enhanced the storage moduli (Supplementary Figure S3C), whereas it did not affect the compressive moduli (Supplementary Figure S3D). The GelMA, Cell-GelMA, and ECG-GelMA groups displayed a consistent low swelling ratio (Supplementary Figure S3E), which is beneficial for in vivo implantation and shape maintenance. In vitro degradation experiments showed that all samples significantly degraded over the initial 8 h (Supplementary Figure S3F), suggesting favorable biodegradability for cartilage regeneration. Furthermore, our results confirmed that both the Cell-GelMA and ECG-GelMA constructs were quickly crosslinked from the solution to the sol state upon light irradiation (365 nm, 20 mW/cm2) within 60 s (Supplementary Figure S4). Alternatively, pure ECG failed to form a gel state under identical light irradiation. Collectively, the results indicate the successful preparation of Cell-GelMA and ECG-GelMA constructs that may be ideal injectable gel modalities for cartilage regeneration.
3.2 Biocompatibility
Cell viability assays showed that chondrocytes grew well in both Cell-GelMA and ECG-GelMA with significant proliferation rates and few dead cells at 1, 4, and 7 days (Figure 3A). Notably, significantly more dead cells were observed in the Cell-GelMA group, whereas few dead cells were displayed in the ECG-GelMA group, as further confirmed by quantitative analysis of the dead cells (Figure 3B). In addition, the cell proliferation test demonstrated that the total DNA content in both the Cell-GelMA and ECG-GelMA groups gradually increased with increasing culture time, and more DNA was observed in the ECG-GelMA group than in the Cell-GelMA group (Figure 3C). Phalloidine staining showed that the ECG-GelMA construct displayed extensively more F-actin and stretched more than the Cell-GelMA construct (Figure 3D). Collectively, these results indicate that ECG had better biocompatibility than the cells (chondrocytes) when encapsulated within GelMA.
[image: Figure 3]FIGURE 3 | Biocompatibility evaluation of Cell-GelMA and ECG-GelMA. Live/dead staining images (A), as well as quantitative analysis of dead cell number (B) and DNA content (C) in Cell-GelMA and ECG-GelMA groups at 1–7 days. Phalloidin staining images in Cell-GelMA and ECG-GelMA groups at 7 days (D). *p < 0.05.
3.3 Cartilage Regeneration in a Nude Mice Model
The feasibility of cartilage regeneration was primary tested in nude mice. After 8 weeks subcutaneous implantation, both Cell-GelMA and ECG-GelMA successfully generated cartilage-like tissues with an ivory-white appearance (Figure 4A1 and B1). Histological analysis further confirmed that samples in all groups formed cartilage-specific ECM distributions with abundant lacuna structures (Figure 4A2-A8 and B2-B8). Notably, the ECG-GelMA group exhibited a significantly robust appearance with larger volume and homogeneous cartilage ECM deposition than the Cell-GelMA group (Supplementary Figure S5). Additionally, heterogeneous cartilage ECM distribution and fibrous-like tissue were observed in Cell-GelMA (Figure 4A2), especially in the inner zone (Figure 4A4, A6, and A8). Consistent with the gross and histological staining, the quantitative analysis showed that the wet weight, volume, Young’s modulus, DNA content, GAG content, total collagen content and COL-2 content presented a trend of ECG-GelMA > Cell-GelMA (Figures 5A–G). COL-1 content showed ECG-GelMA group were less than Cell-GelMA group (Figure 5H). The data suggests that ECG-GelMA outperformed the Cell-GelMA group in terms of cartilage regeneration in nude mice.
[image: Figure 4]FIGURE 4 | Gross view and histological examination of regenerated cartilage in Cell-GelMA and ECG-GelMA after 8 weeks implantation in nude mice. Gross view (A1 and B1), HE (A2-A4 and B2-B4), SO (A5-A6 and B5-B6), and immunohistochemical COL-2 (A7-A8 and B7-B8) staining in Cell-GelMA and ECG-GelMA groups. The blue box represents magnified images at inner zone of regenerated cartilage, and the red box represents magnified images at peripheral zone of regenerated cartilage. The blue arrows indicate fibrous tissue.
[image: Figure 5]FIGURE 5 | Quantitative analysis of the regenerated cartilage in Cell-GelMA and ECG-GelMA groups after 8 weeks implantation in nude mice. Quantitative analysis of wet weight (A), volume (B), Young’s modulus (C), DNA content (D), GAG content (E), total collagen (F), COL-1 content (G), and COL-2 content (H) in Cell-GelMA and ECG-GelMA groups. *p < 0.05.
3.4 Immune Response
The immunological response of the Cell-GelMA and ECG-GelMA groups were compared in an immunocompetent goat model. After 1 week of subcutaneous implantation, samples in the Cell-GelMA group showed tremendous inflammatory cell infiltration, indicated by positive immunohistochemical staining for CD3 and CD68 (Figure 6A1-A5). In contrast, little inflammatory cell infiltration was observed in ECG-GelMA (Figure 6B1-B5). Although the inflammatory reaction was significantly reduced in both groups after 2 weeks implantation (Figure 6C1-C5 and D1-D5), obvious inflammatory cells were observed in samples at the Cell-GelMA group, whereas they nearly disappeared in the ECG-GelMA group. qPCR analysis of the inflammation-associated genes was used to evaluate the immune response to xenogeneic tissue (Figures 6E,F). Expression levels of CD3 and CD68 in the Cell-GelMA was much greater than those in the ECG-GelMA after 1 and 2 weeks in vivo. The expression levels of CD3 and CD68 in both samples gradually decreased over the in vivo period and were nearly undetectable in the ECG-GelMA group after 2 weeks implantation. The ECG-GelMA had negligible inflammatory reaction compared with the Cell-GelMA group.
[image: Figure 6]FIGURE 6 | Inflammatory response evaluations of Cell-GelMA and ECG-GelMA constructs subcutaneously implanted into goats for 1 and 2 weeks. Gross view of samples in Cell-GelMA, ECG, and ECG-GelMA groups subcutaneously implanted into goats for 1 week (A1-B1) and 2 weeks (C1-D1). HE (A2-D2), SO (A3-D3), immunohistochemical CD3 (A4-D4) and CD68 (A5-D5) staining of samples in Cell-GelMA, ECG, and ECG-GelMA groups subcutaneously implanted into goats for 1 and 2 weeks. Expression of CD3 (E) and CD68 (F) genes Cell-GelMA, ECG, and ECG-GelMA groups subcutaneously implanted into goats for 1 and 2 weeks *p < 0.05.
3.5 Cartilage Regeneration in a Goat Model
The cartilage regeneration abilities of Cell-GelMA and ECG-GelMA were evaluated by subcutaneously injecting the samples into autologous goats. As the in vivo period increased, Cell-GelMA and ECG-GelMA gradually matured, as evidenced by the switch from a reddish appearance and less ECM deposition at 1 and 2 weeks to an ivory-white appearance and mature ECM deposition at 12 weeks (Figures 6, 7). Notably, gross and panorama HE staining revealed that the Cell-GelMA construct shrunk during the in vivo period, whereas ECG-GelMA showed limited shrinkage (Figure 7A1, B1, A2, B2). Histological results further demonstrated that the regenerated tissues gradually matured over 12 weeks implantation, and GelMA in all groups degraded over time (Supplementary Figure S6). Additionally, immature cartilage-like tissue and undegraded GelMA were observed inside the Cell-GelMA (Figure 7A2-A8), whereas mature and homogeneously distributed cartilage-like tissue was observed in the ECG-GelMA group (Figure 7B2-B8). The biomechanical and biochemical results further indicated that the wet weight, volume, Young’s modulus, DNA content, GAG content, total collagen and COL-2 content presented a trend of ECG-GelMA > Cell-GelMA (Figure 8A-G), meanwhile, COL-1 content showed ECG-GelMA group were less than Cell-GelMA group (Figure 8H), indicating the advantages of ECG-GelMA for cartilage regeneration in an immunocompetent goat.
[image: Figure 7]FIGURE 7 | Cartilage regeneration of Cell-GelMA and ECG-GelMA subcutaneously implanted in goat for 12 weeks. Gross view (A1 and B1), HE (A2-A4, and B2-B4), SO (A5-A6 and B5-B6), and immunohistochemical COL-2 (A7-A8 and B7-B8) staining of Cell-GelMA (A), and ECG-GelMA (B). The blue box represents magnified images at inner zone of regenerated cartilage, and the red box represents magnified images at peripheral zone of regenerated cartilage. The blue arrows indicate fibrous tissue.
[image: Figure 8]FIGURE 8 | Quantitative analysis of the regenerated cartilage in Cell-GelMA and ECG-GelMA groups after 12 weeks subcutaneously implantation in a goat. Quantitative analysis of wet weight (A), volume (B), Young’s modulus (C) DNA content (D), GAG content (E), total collagen (F), COL-1 content (G), and COL-2 content (H) in Cell-GelMA and ECG-GelMA groups. *p < 0.05.
4 DISCUSSION
Various types of irregular cartilage tissue deficiencies are common clinically, especially in plastic surgery, such as head and face cartilage defects or dysplasia (Pascual-Garrido et al., 2018). Autologous bone, cartilage, and various artificial materials are frequently used to repair cartilage defects or simply improve the morphology by transplantation or injection filling; however, these methods have not been widely used because of their limitations (Schuurman et al., 2013; Wei et al., 2021). Herein, we introduce a new injectable platform for cartilage regeneration that includes cutting an in vitro engineered cartilage sheet into pieces to achieve ECG and encapsulating the ECG into GelMA to form an injectable ECG-GelMA construct. Thereafter, the ECG-GelMA construct could be injected in situ for in vivo cartilage restoration. Our results confirmed that the ECG-GelMA construct supported better cartilage regeneration than a traditional Cell-GelMA construct.
In recent years, injectable cartilage has been easily accepted by patients and has broad application prospects because of unique advantages such as minimal trauma, injection moldability, and convenient operation. Cell–hydrogel constructs are frequently used in the research on injectable cartilage. However, cell–hydrogel constructs still have obvious disadvantages such as long culture times, high probability of infection, and poor cartilage formation capacity (Bryant et al., 2007; Mashingaidze et al., 2013; Ni et al., 2014).
A cartilage sheet is an ideal tissue for tissue-engineered cartilage regeneration, and a photocrosslinkable hydrogel is a promising scaffold for cartilage regeneration. However, using ECG in combination with photo-crosslinked hydrogels in vitro to construct injectable cartilage patterns has not been demonstrated. Our current study showed that the ECG-GelMA constructs supported satisfactory chondrogenesis, and was used as an injectable hydrogel for cartilage regeneration.
ECG-GelMA regenerated better quality cartilage with more efficiency than traditional a Cell-GelMA. The ECG-GelMA group had more mature chondrocyte formation than the Cell-GelMA group after 8 weeks implantation in nude mice and 12 weeks in goats. We suggested that the ECG-GelMA is a promising method for cartilage regeneration. The regeneration process and principle are mainly as follows: 1) the ECG was made of tissue pieces from a cartilage sheet cultured in vitro, in which genes (ACAN, COL-2, Sox-9) were up-regulated and ECM was preliminary deposited. In the active stage of cartilage regeneration, the implantation can adapt to the internal environment more quickly in vivo, and cartilage regeneration is more stable; 2) ECG contains cartilage-specific ECM, allowing chondrocytes to be housed in an environment that mimics their natural growth process and cells may sense the resistance of matrix through attachment to their own ECM, in order to appropriately induce cellular differentiation and tissue remodeling. (Schulze-Tanzil et al., 2002; Xu et al., 2021a); 3) cells are effectively “caged” away from one another by the hydrogel (Zhang et al., 2016), resulting in interference with the fluidity and interaction of chondrocytes in the Cell-GelMA group. In contrast, ECG is a microscale tissue with integrated structure that does not affect cell interaction and is more conducive to cartilage tissue regeneration. 4) Our results confirmed that ECG-GelMA group exhibited mitigative inflammatory reaction compared to Cell-GelMA group, which was obvious conducive for cartilage formation.
The stability of injectable cartilage regeneration in immunocompetent large animals is still a bottleneck because the scaffold materials cause inflammation, which hinders cartilage regeneration (Luo et al., 2009). Prolonged in vitro cultivation supports the formation of a mature cartilaginous graft to resist the acute host response and promotes stable subcutaneous cartilage formation in autologous immunocompetent animals (Liu et al., 2016). However, a long-term in vitro cultured cell–hydrogel construct still cannot achieve satisfactory cartilage regeneration in vivo, mainly because the scaffold degradation is incomplete. The cartilage sheet can improve cartilage regeneration in vivo (Wu et al., 2020). However, our previous study found that ECG had a certain degree of absorption in large animals, which may be related to the slight inflammation caused by surgical trauma during the early stages of implantation. A scaffold that can protect ECG from inflammatory cells in the early stages in vivo is needed. Herein, we confirmed that the incorporation of GelMA allowed the construct to serve as an immune barrier against the immune response during the initial implantation.
ECG has unique advantages in clinical translation because of its scaffold-free nature; however, whether the ECG can effectively avoid the inflammatory reaction and steadily maintain the cartilage phenotype in large and immunocompetent animals still needs to be investigated (Wu et al., 2020). We speculate that GelMA may protect chondrocytes from inflammatory cells. The reasons are as follows. 1) Inflammatory cells were mainly distributed in the periphery of the tissue and very few entered the tissue. 2) A significantly reduced inflammatory response was observed in both of the groups at 2 weeks. In addition, our study demonstrated that the ECG-GelMA group had low inflammatory response and a high cartilage survival rate. We suppose the main reasons are as follows: 1) Numerous studies have confirmed that chondrocytes caused inflammatory responses, while cartilage-specific ECM was inflammatory inert. Compared to the chondrocytes in Cell-GelMA group, chondrocytes in ECG-GelMA group were enveloped by a layer of cartilage-specific ECM in ECG, thus protecting chondrocytes from inflammatory invasion (Yang et al., 2005; Wu et al., 2007; Weidenbecher et al., 2008). 2) qPCR analysis demonstrated that the expression of cartilage-related genes, including ACAN, COL-2, and Sox-9 of the ECG was significantly up-regulated, which also promoted the deposition of ECM. The ECM surrounding the cells in ECG function as a natural barrier to make them less vulnerable to inflammatory cells (Xu et al., 2019). 3) The ECM in ECG-GelMA also provides a suitable microenvironment for cells to reside, and would be more conducive to keep stable cartilage phenotype and lower inflammatory response after implantation compared with Cell-GelMA.
Although cartilage can be regenerated in immunocompetent animals, how to solve the problem of early inflammation, and how to adjust the ECG construction and hydrogel selection need to be investigated. Furthermore, the generated cartilage was nearly an island structure, which may relate to the ingrowth of connective tissue after injection into the body. The island cartilage is an absorption risk that needs to be solved. Although ECG-GelMA at a 1:1 ratio is reported in this study, whether a higher ECG concentration can produce better regenerated cartilage has not been investigated. In addition, some important questions, including how to precisely control the shape after injection and achieve stable regenerated cartilage, still need to be studied.
5 CONCLUSION
This study establishes and demonstrates a new concept for cartilage regeneration on the basis of an injectable platform of a ECG-GelMA construct. The ECG-GelMA construct has preferred gel characteristics, superior biocompatibility, enhanced cartilage formation capacity, and enhanced mitigatory immunologic reaction compared with a traditional Cell-GelMA construct. The results of this study provide a new strategy for injectable cartilage regeneration with the potential for clinical translation.
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Objective: Increasing the mass and/or activity of brown adipose tissue (BAT) is one promising avenue for treating obesity and related metabolic conditions, given that BAT has a high potential for energy expenditure and is capable of improving glucose and lipid homeostasis. BAT occurs either in discrete “classical” depots, or interspersed in white adipose tissue (WAT), termed “inducible/recruitable” BAT, or ‘beige/brite’ adipocytes. We and others have demonstrated that bone morphogenetic protein 7 (BMP7) induces brown adipogenesis in committed and uncommitted progenitor cells, resulting in increased energy expenditure and reduced weight gain in mice. BMP7 is therefore a reliable growth factor to induce browning of WAT.
Methods: In this study, we sought to deliver BMP7 specifically to subcutaneous (sc)WAT in order to induce tissue-resident progenitor cells to differentiate into energy-expending recruitable brown adipocytes, without off-target effects like bone formation, which can occur when BMPs are in the presence of bone progenitor cells (outside of WAT). BMP7 delivery directly to WAT may also promote tissue innervation, or directly activate mitochondrial activity in brown adipocytes, as we have demonstrated previously. We utilized silk protein in the form of an injectable hydrogel carrying BMP7. Silk scaffolds are useful for in vivo delivery of substances due to favorable material properties, including controlled release of therapeutic proteins in an active form, biocompatibility with minimal immunogenic response, and prior FDA approval for some medical materials. For this study, the silk was engineered to meet desirable release kinetics for BMP7 in order to mimic our prior in vitro brown adipocyte differentiation studies. Fluorescently-labeled silk hydrogel loaded with BMP7 was directly injected into WAT through the skin and monitored by non-invasive in vivo whole body imaging, including in UCP1-luciferase reporter mice, thereby enabling an approach that is translatable to humans.
Results: Injection of the BMP7-loaded silk hydrogels into the subcutaneous WAT of mice resulted in “browning”, including the development of multilocular, uncoupling protein 1 (UCP1)-positive brown adipocytes, and an increase in whole-body energy expenditure and skin temperature. In diet-induced obese mice, BMP7-loaded silk delivery to subcutaneous WAT resulted in less weight gain, reduced circulating glucose and lower respiratory exchange ratio (RER).
Conclusions: In summary, BMP7 delivery via silk scaffolds directly into scWAT is a novel translational approach to increase browning and energy expenditure, and represents a potential therapeutic avenue for delivering substances directly to adipose depots in pursuit of metabolic treatments.
Keywords: silk hydrogel, adipose tissue, browning, thermogenesis, BMP7, intraadipose delivery
HIGHLIGHTS

• BMP7 delivery to scWAT using protein-loaded silk scaffolds allows targeted browning without undesirable bone-formation.
• Silk scaffolds for drug delivery to scWAT can be done via direct injections through the skin with a hypodermic needle.
• Silk can be loaded with fluorescent tags to non-invasively monitor.
• BMP7 delivery to scWAT increased energy expenditure concurrent with increased tissue UCP1 expression.
INTRODUCTION
Obesity and related metabolic conditions such as type 2 diabetes mellitus (T2DM) and cardiovascular disease (CVD) currently exist as global pandemics, and cardiometabolic disease is a leading cause of death worldwide. Obesity is a difficult condition to treat and reverse, due to the complex pathophysiology that involves both genetic predisposition and environmental factors such as diet, as well as dysfunction in numerous tissues and organs. Therapies that act on appetite centers of the brain are met with undesirable psychiatric side effects, thus, an approach that instead targets unhealthy adipose tissue itself is an appealing alternative option to not only reduce adipose mass, but prevent other metabolic comorbidities by improving adipose tissue function. Improvement of obesity can mitigate resulting co-morbidities such as T2DM, CVD and cardiometabolic diseases.
Bone morphogenetic protein 7 (BMP7) is capable of inducing a range of metabolically beneficial effects, including: 1) promotion of stem and progenitor cell commitment to the brown adipocyte lineage (Tseng et al., 2008); 2) differentiating brown preadipocytes into mature, uncoupling 1 (UCP1)-positive brown adipocytes (Tseng et al., 2008; Boon et al., 2013; Elsen et al., 2014; Okla et al., 2015)); 3) increasing mitochondrial activity and fatty acid utilization in brown adipocytes (Townsend et al., 2013); 4) increasing whole-body energy expenditure (Townsend et al., 2012; Boon et al., 2013; Saini et al., 2015; Townsend et al., 2017); 5) decreasing appetite (Townsend et al., 2012; Townsend et al., 2017); and 6) promoting neural plasticity (reviewed in (Jensen et al., 2021)). Since brown adipocytes are so metabolically healthy, with both anti-obesity and anti-diabetes functions (Townsend and Tseng, 2014) (Jensen et al., 2021), there is great interest in the potential therapeutic benefits of increasing brown adipose tissue (BAT) mass and/or activity in humans. Therefore, the utilization of BMP7 for the treatment or mitigation of obesity and its co-morbidities, such as T2DM and CVD, is of interest.
BMP7 is currently FDA-approved (marketed as OP-1 by Stryker Biotech), under the Humanitarian Device Exemption, for utilization in long bone nonunions and recalcitrant nonunions (White et al., 2007), but has not yet been used in human clinical trials as a weight-loss or anti-diabetes drug. While systemic administration of BMP7 has been shown to be effective at reversing diet- and genetically-induced obesity and diabetes in mice (Townsend et al., 2012), systemic administration in humans will be met with a number of obstacles, including the potential for bone-formation at higher doses (Luo et al., 1995) (Lavery et al., 2009), and the short half-life of BMP7 in circulation (Vukicevic et al., 1998). Therefore, direct and continuous release of BMP7 discretely in subcutaneous white adipose tissue (scWAT) should result in several beneficial effects of BMP7 treatment, as indicated by prior mouse studies (Tseng et al., 2008; Boon et al., 2011; Boon et al., 2013) (Townsend et al., 2012) (Townsend et al., 2017). These benefits include an increase in brown adipogenesis, reduction of white fat mass, activation of brown adipocyte energy expenditure, and weight loss, while avoiding the potentially harmful side effects of systemic administration such as osteogenesis in niches where bone progenitor cells are found.
Thermogenic adipose tissue consists of classical BAT depots, such as the interscapular depot in rodents and human babies, as well as inducible/recruitable cells that can be stimulated to appear in white fat depots, termed either ‘beige’ or ‘brite’, through the process of ‘browning’ (Townsend and Tseng, 2014). One of the most prominent thermogenic systems in brown and beige adipocytes is the regulated uncoupling of oxidative phosphorylation from ATP synthesis by uncoupling protein 1 (UCP1), a protein specifically expressed in the mitochondria of mammalian brown and beige adipocytes. UCP1 offers an efficient way to expend excess energy, although there also exist UCP1-independent means of heat production (Roesler and Kazak, 2020). UCP1 activity requires fatty acid fuels, which are in part released from white adipocytes through lipolysis. Browning may occur either via transdifferentiation of a mature white adipocyte to a UCP1-positive brown adipocyte, or via de novo adipogenesis differentiated from tissue-resident progenitors (Townsend and Tseng, 2014). Several growth factors, including BMP7, have been shown to promote the browning process, as does beta-adrenergic stimulation, such as with norepinephrine release to WAT and BAT after cold exposure (Townsend and Tseng, 2014). In humans, browning of scWAT was demonstrated by the presence of UCP1 in multilocular adipocytes, with increased presence of mitochondria and respiratory capacity after burn trauma (Sidossis et al., 2015), or after treatment with pharmacological agents (reviewed in (Herz and Kiefer, 2019)). Cold exposure or treatment with beta-adrenergic agonists in humans have been pursued as a means to increase browning, but may also lead to increased appetite, in addition to discomfort and potential cardiovascular risks (Schellen et al., 2012). Therefore, new non-sympathetic modes of increasing brown fat mass and activity are appealing options, especially if these therapies can also stimulate UCP1 activity and other metabolically healthy processes in adipose tissues.
Bioengineered silk protein delivery vehicles are an appealing candidate for mediating BMP7 delivery to WAT, as silk is a readily available natural resource (such as from silkworm production), is non-immunogenic, and is able to be engineered into microspheres, hydrogels and other drug delivery systems that protect the ‘drug’ from degradation, but are able to be regulated to control drug release kinetics ((Guziewicz et al., 2011; Hines and Kaplan, 2011; Pritchard et al., 2013a; Pritchard et al., 2013b; Guziewicz et al., 2013; Coburn et al., 2015; Lovett et al., 2015; Kluge et al., 2016; Zhang et al., 2017)). Silk-mediated delivery of BMP2 has already been optimized in vitro and in mouse models (Diab et al., 2012; Shi et al., 2013; Zhang et al., 2014; Koolen et al., 2016; Shen et al., 2016).
As we demonstrate here, specific delivery of BMP7 to subcutaneous (sc)WAT by silk-hydrogel delivery directly through the skin led to induction of browning of white fat. Silk-mediated, scWAT-specific, delivery of BMP7 also appears able to increase energy expenditure and reverse diet-induced adiposity, without the problem of bone formation that may occur with systemic administration, making it an appealing candidate for treatments aimed at augmenting brown fat amount and function.
MATERIALS AND METHODS
Mouse Studies
Mice were C57BL6/J males or UCP1-Cre mated to Rosa-Luciferase males, and all were adults over 7 weeks old and housed in a standard 12/12 light/dark cycle starting at 7a.m., and were held at room temperature unless otherwise indicated. Those undergoing a high fat diet were fed 45% kcal from fat diet (part of the diet-induced obesity diet series) from Research Diets. Metabolic phenotyping included measurements in a Columbus Instruments Comprehensive Laboratory Animal Monitoring System (CLAMS) for assessment of VO2, VCO2, RER and Heat, using the Joslin Diabetes Center Metabolic Phenotyping Core, and these measurements were conducted just prior to tissue collection. DEXA scans (dual-energy X-ray absorptiometry) were used to quantify tissue composition (fat vs. lean), and was conducted the first day of CLAMS. An IVIS-CT small animal imager was used to image tissue levels of fluorescent or luciferase signals in live, anesthetized animals. Circulating insulin and glucose were measured by commercially available ELISAs in the Joslin Specialized Assay Core. All mouse studies were conducted similar to previously described methods (Townsend et al., 2012; Townsend et al., 2017). N = 6-8 mice were used per study, except IVIS imaging which included N = 3-4 mice per group. Separate cohorts were used for ipsilateral/contralateral measurements of changes to skin temperature and for imaging of silk injections, versus cohorts used for whole body metabolic assessments where bilateral silk injections were given directly through the skin to flank/inguinal scWAT.
IVIS-CT
For acquisition of fluorescent and bioluminescent images an IVIS-Spectrum CT imaging system equipped with a CCD camera (Caliper Life Sciences) was used. Mice were sedated with 2% isoflurane, then fluorescent images and microCT images were captured. Silk hydrogels were labeled using DyLite800 beads and were imaged using the 735 nm excitation filter and the 800 nm emission filter. Fluorescent data was projected onto microCT imaging using Living Image software to generate 3 dimensional projections. Immediately after fluorescent imaging, D-Luciferin (Perkin Elmer) was diluted to 3 mg/100 µL in normal saline and 0.6 mg of D-Luciferin was administrated intraperitoneally. 15 min after D-Luciferin injection, bioluminsecent images were captured without an emission filter or any excitation light.
Extraction of Silk Fibroin
Silk fibroin from B. mori silkworm cocoons was isolated as previously described (Rockwood et al., 2011). Briefly, cocoons were cut to approximately 1 cm2 pieces and boiled in 0.02 M Na2CO3 solution for 30, 40, 60 min to extract the silk fibroin (referred to as silk). The silk fibers were washed using deionized water (PicoPure® water purification system, Hydro Service and Supplies, Durham, NC) and air dried. The dried silk fibers (5 g) were dissolved in 20 ml 9.3 M LiBr at 60°C for 3 h followed by dialysis (Pierce 3.4 kDa MWCO dialysis cassette; Fisher Scientific, Pittsburg, PA) for 2 days with at least 6 water exchanges. The resulting aqueous silk solution was stored at 4°C for future use.
BMP7 Loaded Silk Formulations
For BMP7 loaded silk particles embedded within silk hydrogels, BMP-7 loaded silk microparticles were fabricated following a previously published poly (vinyl alcohol) ((PVA)/silk particle formulation procedures (Wang et al., 2010)). A 1% 60 min extract silk solution, 1% 40 min extract silk solution, and 1% PVA was sterile filter and handled aseptically thereafter. To prepare the particles, equal volumes of 1% 60 min extract silk solution and 1% 40 min extract silk solution were combined to a final volume of 50 ml. To this solution, 0.5 ml of 5 mg/ml sterile bovine serum albumin (BSA) was added. To 30 ml of this silk/BSA solution, 0.5 ml of 1 mg/ml BMP-7 was added; this solution was combined with 120 ml 1% PVA solution and allowed to mix for 2 h at room temperature. The solution was transferred to Petri dishes to allow for particle formation and solvent evaporation. After complete solvent evaporation, the resulting film was removed from the Petri dish using sterile forceps and transferred to a 50 ml conical tube to which 45 ml sterile deionized water was added to isolate the particles. The particle suspension was centrifuged for 10 min, the aqueous phase removed, and the particles washed two more times with ultrapure water. The resulting particles were allowed to air dry. For the pilot animal study, the particles were resuspended in sterile PBS at 15 mg/ml and centrifuged for 3 min. The particles were resuspended at 150 mg/ml. Separately, 6% 60 min extracted silk was probe sonicated, as described below, and placed on ice to form a pre-gelled silk solution. The pre-gelled silk solution was mixed 2:1 with the silk particles and maintained on ice. Ten microliters (0.5 mg silk particles) of the particle-loaded pre-gelled silk solution was injected.
To generate BMP7-loaded silk hydrogels, 2 ml of 3% or 6% silk solution was probe sonicated (Branson 450 Probe Sonifier, Branson Ultrasonics, Danbury, CT) at 30% amplitude for 30 min for two cycles to form a pre-gelled solution maintaining on ice between cycles and after sonification. BMP7 was added to the pre-gelled silk solutions at a final concentration of 120 μg/ml and maintained on ice for in vivo studies.
In vitro BMP7 Release Studies
For silk particles loaded with BMP7 and suspended in silk hydrogel, 10 μL was transferred to low-protein bind Eppendorf tubes and allowed to gel at room temperature.
For silk hydrogels loaded with BMP7, 20 µL of the BMP7-loaded pre-gelled solution (2.4 µg BMP7) was transferred to low-protein bind Eppendorf tubes and allowed to gel at room temperature for 4 h and stored at 4°C overnight. In vitro, BMP7 release studies were performed by adding 1 ml PBS to each Eppendorf tube containing the BMP7-loaded hydrogels. At periodic time points, 0.950 ml PBS was removed and replaced with fresh PBS to continue the release study. BMP7 release was determined using a BMP7 ELISA kit (R&D Systems Inc., Minneapolis, MN, United States) following the manufacturers protocol.
For in vivo studies, 10 µL of the 3% silk formulation (1.2 µg BMP7 or empty silk control) was prepared aseptically after sterile filtration of the silk solution. The pre-gelled solutions were loaded into insulin syringes. Syringes were maintained at room temperature for 2 h (time required to observe gelation of test tube sample via inversion testing) to allow for gelation and stored at 4°C.
For in vivo imaging, soluble silk was labeled with a DyLight 800 antibody labeling kit (ThermoFisher, Waltham, MA, United States) following the manufacturer’s protocol. The labeled silk was combined 1:100 with unlabeled silk and subsequently used for fabricating silk hydrogels.
Adipose Histology and Immunostaining
Tissues were fixed in 10% normal buffered formalin followed by paraffin-embedding and slicing at 7uM in a microtome. Tissue sections were mounted on slides for immunostaining, including hematoxylin to assess tissue histology, UCP1 (as described in (Townsend et al., 2012; Townsend et al., 2017)) and the nuclear fluorophore DAPI.
Statistics
Statistics were conducted as described in (Townsend et al., 2012; Townsend et al., 2017), with ANOVA (continuous data in line graphs) or student’s t-test with Fisher post-hoc (bar graphs) as appropriate.
RESULTS
Engineered BMP7 Silk Hydrogel Delivered Directly to scWAT in Mice
In order to avoid undesirable effects of BMP7, including bone formation, we sought a method to deliver BMP7 directly to scWAT depots in order to promote brown adipogenesis. To start, we employed silk microspheres, which were loaded with BMP7 or vehicle. In vitro BMP7 release rate from the microspheres measured by ELISA mimicked the dose we utilized to promote brown adipogenesis from progenitor cells in culture (Townsend et al., 2013). After optimization, in vivo studies were employed. Aqueous silk hydrogel solution was loaded with vehicle or BMP7 microspheres and sonicated in order to start the gelation process. While silk is kept cold, gelation is slow, but when the silk reaches body temperature gelation speeds up and allows the solution to firm itself in place at the site of delivery (Supplementary Figure S1A).
Surgical incisions above the flank/inguinal scWAT depot allowed delivery of the silk microspheres to the adipose. The right contralateral scWAT depot received BMP7 and the left contralatel depot received vehicle-loaded microspheres. Silk microsphere in vitro release kinetics are presented in Supplementary Figure S1B to the left. Skin temperature was compared between the left and right side 30 days after silk delivery, and 5 out of 6 mice had higher flank skin temperatures on the side that received BMP7 (Supplementary Figure S1B, right panel). Histological analysis of the scWAT depots at the conclusion of the study demonstrated an increase in multilocular (Supplementary Figure S1C) and UCP1-positive (Supplementary Figure S1D) cells in the depot that received BMP7.
Since the microsphere delivery method is more labor intensive and does not allow the silk to be injected inside the scWAT depot less invasively through the skin without a silk hydrogel carrier, we moved to loading BMP7 directly into a silk hydrogel solution. This approach also allows the particles to be delivered more homogeneously to the tissue, without settling of microspheres into high-concentration areas. Similar to the microsphere experiment, the hydrogel solution is sonicated to begin the gelation process, followed by the addition of BMP7 into the pre-gelled solution, and direct injection through the skin to the flank scWAT depot (Figure 1A). Three 20 µL injections were delivered to each depot (anterior, mid, posterior in the flank depot). Hydrogel release kinetics were confirmed in preliminary studies via in vitro ELISA assays, with the target of releasing at least 100 ng of recombinant human BMP7 (rhBMP7) per week for a 6-week period per 10 μL hydrogel (Figure 1B). Initial tests in IVIS also confirmed that 1:100 was an optimal concentration (Supplementary Figure S2).
[image: Figure 1]FIGURE 1 | Silk hydrogels for direct delivery of BMP7 to scWAT. (A) Overview of the approach: aqueous silk fibroin solution is mixed with either BMP7 or vehicle in advance. On the day of the injection, the solution is sonicated in order to start the gelation process. The hydrogel remains fluid when kept on ice. Injections are performed through the skin, and we deliver three 20uL volumes of hydrogel per side, distributed anterior to posterior along the flank adipose depot. When the hydrogel reaches body temperature, it gels into place. (B) In vitro release kinetics confirmed that BMP7-loaded silk hydrogel released the target of at least 100 ng rhBMP7 per week for a period of 6 weeks when using a 10 μL hydrogel sample (ELISA data for BMP7). Data reported is for a 20 μL hydrogel. The 3% silk hydrogel formulation achieves the desired release outcomes. (C) IVIS-CT imaging of a UCP1-Cre/Rosa-luciferase reporter mouse, showing the far-red fluorescence of the injected silk hydrogel in the flank scWAT depots bilaterally. Representative image from N = 3 mice. (D) IVIS-CT imaging of a UCP1-Cre/Rosa-luciferase reporter mouse, showing UCP1 induction on the BMP7 side only (highest expression in red), 2 months post-injection. Representative image from N = 3 mice.
For initial pilot experiments, UCP1-Cre/Rosa-luficerase reporter mice were utilized (N = 3) and BMP7-loaded hydrogel was injected to the flank/inguinal scWAT, with vehicle-loaded hydrogel on the contralateral side. These hydrogels were fluorescent, which allowed us to visualize the silk placement in vivo using IVIS-CT intravital whole-animal imaging (Figure 1C). In addition to confirming that injections stayed in place in the scWAT depot, we were able to observe an increase in UCP1 induction via luciferase signal on the BMP7-treated side only, that persisted to 2-months post-injection (Figure 1D).
BMP7-Loaded Silk Hydrogel Delivered to scWAT Led to Browning and Improved Metabolic Parameters in Chow-Fed Mice
In chow-fed mice, BMP7 silk hydrogel treatment to scWAT led to increased multilocularity and UCP1 expression, including an increase in density of UCP1-positive cells, and increased cellularity as indicated by DAPI nuclear stain, per frame of view (Figure 2A). This indicated increased browning in the white fat with BMP7 treatment versus empty silk. Importantly, no bone formation was observed in any of the adipose depots receiving BMP7-loaded silk, and at day 20 after silk hydrogel injections circulating levels of hBMP7 measured by ELISA were undetectable (below the limit of detection for this assay’s standard curve). In separate animals during initial proof of concept studies, a subset of injections went into the leg outside of the adipose tissue, and in these animals bone formation was observed, demonstrating BMP7 bioactivity and underscoring the importance of injections directly to scWAT to avoid off-target osteogenesis. In subsequent studies with adipose delivery of BMP7, no bone formation was ever observed visually or in histological sections.
[image: Figure 2]FIGURE 2 | BMP7 delivery to scWAT increases UCP1+ browning and improved metabolic parameters. (A) Mice treated with BMP7 hydrogel to the flank scWAT depot displayed adipose histology indiciative of ‘browning’, including increased presence of multilocular cells (hematoxylin, left panels) and UCP1 positive cells (green immunostaining, middle panels). DAPI (blue, far right panels) is used to show cell nuclei. For these studies, N = 6-8 mice per group (BMP7 or empty silk hydrogel) were used. (B) CLAMS metabolic cages were used to measure whole body energy utilization in mice treated with vehicle or BMP7-loaded silk hydrogel to scWAT. A significant increase in VO2 was observed in BMP7-treated mice in the fasted state only, but heat was higher for BMP7-treated mice in both the fed and fasted state. (C) ELISA assays were used to measure circulating glucose and insulin in random-fed animals, and glucose was significantly lower in BMP7-treated animals (left panel), while insulin showed a trend to be reduced (right panel). (D) Across the study, chow-fed animals showed no difference in body weight with BMP7 treatment (left panel), but a trend for reduced total adiposity (body fat measured in a DEXA scan; right panel).
In accordance with this increase in the presence of thermogenic, energy-expending cells, the BMP7-treated mice also had higher whole body energy expenditure, as measured by VO2 (fasted state only) and heat production (both fed and fasted states; Figure 2B). Random fed glucose was reduced in BMP7-treated mice (Figure 2C) without significantly affecting insulin levels, fitting with observations that increased brown fat activity improves glucose and insulin regulation and may have anti-diabetic effects. Finally, although BMP7-treated animals did not display a reduction in body weight, they did have a trend for decreased total fat mass, as measured in a DEXA scan (Figure 2D).
BMP7-Loaded Silk Hydrogel Improved Metabolic Health in Obese Mice Fed a High-Fat Diet
To examine whether BMP7-loaded silk hydrogel could counteract obesity and its sequelae, we fed mice with a high fat diet containing 45 kcal% fat for 3 months. BMP7 silk hydrogel delivery to scWAT at this obese timepoint led to reduced weight gain between days 28–45 of the treatment (Figure 3A, left panel, which resulted in an approximately 5% reduction in body weight across the study (Figure 3A, right panel). Early weight loss in both groups is attributed to the stress of handling and drug delivery and was not significantly different between BMP7 or vehicle treated mice. The overall weight loss due to BMP7 treatment was not due to changes in food intake (Figure 3B, left panel). Circulating glucose levels in the fasted state were significantly reduced in the BMP7-treated mice (Figure 3B, middle panel), but there was no difference in circulating insulin (Figure 3B, right panel). Energy expenditure as measured in CLAMS metabolic cages indicated increased VO2 in BMP7-treated animals in the fed state, and a reduction in respiratory exchange ration, or RER (Figure 3C). A reduction in RER from 1 to closer to 0.7 indicates a greater utilization of lipids as fuel, which would be expected with higher BAT activity.
[image: Figure 3]FIGURE 3 | Improved metabolism in obese mice treated with BMP7 hydrogels. (A) BMP7-treated mice fed a 45% high-fat diet for 3 months prior to hydrogel delivery lost more weight starting at 28–45 days post-injections. For these studies, N = 6-8 mice per group were used. (B) BMP7-treated mice did not change food intake across the study (left panel), and showed a significant reduction in fasted blood glucose levels (middle panel) with no changes in blood insulin (far right panel). (C) CLAMS data indicated an increase in VO2 and a decrease in RER in mice treated with BMP7 hydrogel. A reduction in RER from 1 to closer to 0.7 indicates a greater utilization of lipids as fuel, which would be expected with higher BAT activity.
DISCUSSION
Obesity and diabetes are currently global pandemics, and treatment options have thus far proven to be largely unsuccessful. Most pharmacological approaches or lifestyle modifications are met with limited success, as either side effects are high or adherence is low, respectively. Novel treatment strategies that could bypass the brain are also appealing, since many therapies targeting central appetite pathways lead to risky psychological effects. Since the rediscovery of metabolically active brown adipose tissue in adult humans, increasing the amount or activity of this thermogenic and energy-expending tissue offers an attractive way to offset the metabolic consequences of obesity and diabetes. Given its great capacity in utilizing glucose and lipids, enhanced BAT activity may be appealing for its anti-diabetic actions and improvements in metabolic phenotype, regardless of impacts on body weight and adiposity.
Given the success of silk hydrogels in delivering drugs, they also have numerous appealing characteristics for use in humans, including: eliciting minimal inflammatory response, being biocompatible and biodegradable (Li et al., 2003; Panilaitis et al., 2003; Meinel et al., 2005; Wang et al., 2008; Brown et al., 2015), representing a readily available natural resource, and existing as an FDA-approved biomaterial. Previously, silk microspheres have been used for encapsulation of BMP2 (Li et al., 2006), which remained bioactive after release and was able to induce osteogenesis of precursor cells. (BMP2 does not promote browning, but is a similar protein to BMP7.) In this study, we demonstrated that BMP7 delivery to scWAT of mice using a silk hydrogel provided an efficient means to promote browning and an improved metabolic phenotype. BMP7 has been FDA approved under the Humanitarian Device Exemption for spinal fusion surgeries, and given its numerous beneficial effects on metabolism, BMP7 is a promising candidate for human browning induction. In fact, in all of our studies, including pilot studies leading up to these published data, we did not observe any bone formation in WAT after BMP7-delivery, and we consistenly observed browning and improvement in metabolic parameters.
The duration of BMP7s effects is currently unclear, but in UCP1-reporter mice we observed UCP1 induction on the BMP7-treated side 2 months later, and high-fat fed mice displayed weight loss at 1.5 months post-treatment. Clinical studies are required to determine the optimal dosage and duration in order to sustain weight loss effects and continued improvements in metabolism. Nevertheless, the proof-of-concept studies reported here pave the way to develop effective approaches for the treatment of obesity-related metabolic diseases. It may be that humans need to receive numerous injections over time in order to sustain weight loss effects and continue to promote browning. Or, localized delivery of BMP7 may promote enough remodeling (browning and other effects) of the WAT, that systemic results are achieved through tissue cross-talk or release of BATokines to the circulation. Overall, the gradual weight loss we observed in these studies may be preferential to a more significant initial decline in adiposity, which could prevent the hypothalamus from establishing a new set point and drive up appetite counter-regulatory pathways; the more gradual weight loss we observe here could be more advantageous for longer-term sustainability. Future experiments can determine the duration of the effect and optimize treatment re-delivery strategies.
Finally, given that the research literature clearly demonstrates the importance of adipose innervation and nerve activation (in particular, norepinephrine release from adipose sympathetic nerve endings) for maintenance of UCP1-mediated thermogenesis, as well as research literature support for a neural plasticity role for BMPs (Jensen et al., 2021), we can not rule out the possibility that BMP7 is promoting innervation and neural activation of brown adipocytes after driving brown adipogenesis in scWAT. This would explain the sustained increase in energy expenditure that led to weight loss, without affecting appetite, and this would represent another benefit of BMP7 treatment, but it warrants further future exploration. In addition, further studies are needed to determine if silk-mediated BMP7 delivery is sufficient to prevent, as well as reverse, diet-induced obesity and to determine whether or not there are any potential long-term side effects. Silk hydrogel injections to scWAT through the skin may also be an avenue to deliver other treatments directly to adipose tissues, potentially as combinatorial therapies that help sustain tissue energy expenditure over longer periods.
CONCLUSION
In conclusion, we provide a translational approach to deliver bioactive BMP7 protein directly through the skin to scWAT as a means of promoting browning and increased thermogenic energy expenditure, with resulting improvements to metabolic health.
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Supplementary Figure S1 | (A) Approach: Pilot data using silk microspheres pre-loaded with either vehicle or BMP7. Hydrogels were surgically implanted onto the flank scWAT depot, unilaterally. (B) In vitro release kinetics (measured by hBMP7 ELISA) for the silk microspheres is presented on the left panel. To the right, the skin surface temperature was measured using a flat Sable systems thermocouple probe, and 5 out of 6 mice displayed higher skin temperatures on the BMP7-treated side than the vehicletreated side. (C) On the side receiving BMP7-loaded silk microspheres, an increase in multilocular cells was observed in the scWAT (hematoxylin) versus the vehicle-treated side. (D) The multilocular cells observed in the BMP7-treated side were UCP1-positive (green immunostaining), indicating they are brown adipocytes.
Supplementary Figure S2 | (A) Transillumination biofluorescent imaging of DyLight800 in silk hydrogels injected through the skin to inguinal scWAT (unilateral on mouse right side), at 3 different concentrations ranging from 1 :10,000 to 1 :1000 and 1 :100. (B) Fluorescent tomography imaging of DyLight800 in silk hydrogels injected in the same mice as A, overlaid onto x-ray computed tomography to localize the signal in 3 dimensions in the adipose depot, confirming appropriate placement of the injection.
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Rotator cuff tears (RCTs) are common in shoulder disease and disability. Despite significant advances in surgical repair techniques, 20–70% of patients still have postoperative rotator cuff dysfunction. These functional defects may be related to retear or rotator cuff quality deterioration due to tendon retraction and scar tissue at the repair site. As an effective delivery system, hydrogel scaffolds may improve the healing of RCTs and be a useful treatment for irreparable rotator cuff injuries. Although many studies have tested this hypothesis, most are limited to laboratory animal experiments. This review summarizes differences in hydrogel scaffold construction, active ingredients, and application methods in recent research. Efforts to determine the indications of hydrogel scaffolds (with different constructions and cargos) for various types of RCTs, as well as the effectiveness and reliability of application methods and devices, are also discussed.
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1 INTRODUCTION
The rotator cuff is a complex of the supraspinatus, teres minor, infraspinatus, and subscapularis muscles and their tendons. They form a cuff-like structure around the humerus head and coordinate to complete complex shoulder movements (Craig et al., 2017). Rotator cuff injury and especially tear tends to occur with extrinsic factors such as age, trauma and strain, as well as intrinsic factors such as tendon degeneration, insufficient blood supply, and subacromial impingement (Nho et al., 2008; Yadav et al., 2009). This can lead to shoulder pain, reduced strength, and motion range restriction (Chakravarty and Webley, 1993; Colvin et al., 2012).
Rotator cuff tears (RCTs) require surgical repair, and outcomes have continuously improved with the development of medical techniques (Gurnani et al., 2015; Deprés-tremblay et al., 2016). Most patients have pain relief and improved shoulder function following surgery, but 20–70% complain about postoperative function (Tashjian et al., 2010; Koh et al., 2011; Toussaint et al., 2011). Some patients’ disability may be related to rotator cuff retear that appears as discontinuity on magnetic resonance imaging; however, patients with intact structures can still present dysfunction and weakness that may be related to tendon unit retraction, scar insertion, and adipose infiltration (Goutallier et al., 1994; Liem et al., 2007; Sugaya et al., 2007; Kuzel et al., 2013). Therefore, the “healing” concept of rotator cuff repair should be defined more prudently and include structural integrity and functionality.
Most RCTs occur at the tendon-bone interface where the surgery reconstruction takes place (Thorsness and Romeo, 2016; Oh et al., 2018), and this site is the key for rotator cuff healing (Li et al., 2019; Chae et al., 2020; Huang et al., 2020). For better understanding of the rotator cuff healing process, we need more knowledge about the histological structure. The tendon-bone interface is a gradient region that includes the tendon, uncalcified fibrocartilage, calcified fibrocartilage, and bone with different cells, structures, and mechanical aspects (Bonnevie and Mauck, 1545). The tendinocytes are distributed in the tendon tissue and contain type I collagen, while fibrochondrocytes are arranged along the long axis of collagen fibers and distributed in the non-mineralized fibrocartilage containing types I, II, and III collagen. Hypertrophic chondrocytes arranged in a columnar pattern exist in the mineralized fibrocartilage and contain type I, II, and X collagen. Finally, osteocytes, osteoblasts, and osteoclasts can be seen in bone and contain type I collagen (Figure 1). In addition, mineral contents and proteoglycan species vary among the different regions, and this natural heterogeneity results in varied mechanical and biological properties of the interface tissue, effectively reducing stress and allowing loads to be transferred from the tendon to the bone (Spalazzi et al., 1932; Rossetti et al., 1476).
[image: Figure 1]FIGURE 1 | Diagram of the four zones at the bone-tendon interface.
Increasing attention has been paid to the application of interfacial tissue engineering for rotator cuff injury repair. Engineered interfacial tissue is mainly composed of seed cells, growth factors, and biomaterials. Seed cells provide the source of regeneration of the defect tissue through migration, adhesion, proliferation, and differentiation (Park et al., 2016; Liu et al., 2019). Growth factors regulate specific signaling pathways to affect a variety of cell behaviors (Prabhath et al., 2018; Han et al., 2020). Biomaterials serve as bridges that can provide a suitable growth environment for seed cells and growth factors to interact (Zhao et al., 2017; Chae et al., 2020; Veronesi et al., 2020).
Hydrogel is a 3D network structure of hydrophilic polymer chains (Oliva et al., 2017; Dimatteo et al., 2018). The polymer system of hydrogel scaffolds provides a good substrate with potential for cell transplantation and differentiation, endogenous regeneration, biological repair, and continuous delivery of growth factors and active substances (Ma et al., 2018; Tang et al., 2018; Marycz et al., 2019). In order to promote tendon-bone interface healing for rotator cuff repair, these hydrogel scaffolds should meet several requirements. First, they must reproduce the multi-regional structure of tissue interface as much as possible, including matrix composition, microstructure, and mechanical characteristics. Second, scaffolds can support the adhesion, proliferation, and differentiation of specific phenotypes of different stem cells or progenitor cells. Thirdly, scaffolds should be degradable at a rate is similar to the tissue regeneration rate to continue releasing physiological load. Finally, the scaffold design should also consider clinical use and match with the corresponding reconstructive surgery.
2 CLASSIFICATIONS AND CHARACTERIZATION OF HYDROGELS APPLIED IN ROTATOR CUFF REPAIR
2.1 Classification of Hydrogels
Hydrogels is a big class of biomaterials and can be classified according to different bases. The first one is whether their source is natural or synthetic. Natural hydrogels are obtained from plants or animals consisting of proteins and polysaccharides. They usually have good biocompatibility and biodegradability but poor mechanical strength. In recent years, synthetic hydrogels have gradually replaced natural hydrogels as they have better water absorption capacity, greater strength, and longer service life. However, synthetic hydrogels are inferior to natural ones in biological recognition, intercellular response, and cell-induced remodeling. Nichol et al. invented a hydrogel called gelatin methacryloyl (GelMA) that is a hybrid consisting of gelatin and methacryloyl (Nichol et al., 2010). Its biocompatibility is much better than gelatin and is similar to collagen, but with better formability. In the repair of rotator cuff injury, it is often used as a therapeutic substance carrier in rotator cuff injury repair (Cao et al., 2020; Huang et al., 2021). Another hydrogel classification is based on polymer constituents. Homopolymer hydrogels are derived from a single species of hydrophilic polymer or copolymer. Multipolymers hydrogels consist of two independent polymers or interpenetrating polymer networks. Besides, hydrogels can be classified based on whether they could responsive to environmental stimuli such as temperature, pH values, light, ionic strength, and magnetic fields. For example, ultraviolet light can stimulate the curing reaction of GelMA and form a three-dimensional structure suitable for cell growth and differentiation with good strength that provides a suitable extracellular microenvironment for stem cells used in rotator cuff repair (Cao et al., 2020). The classification types are shown in Table 1.
TABLE 1 | Hydrogel classification.
[image: Table 1]2.2 Characterization of Hydrogels Applied in Rotator Cuff Repair
The main characterizations of hydrogels include swelling, self-healing, degradation and biocompatibility abilities. The physicochemical properties of hydrogels must be considered for appropriate application in rotator cuff repair. Stem cell differentiation, the loading of active substances and cytokines, and mimicking the multilayer structure of tendon-bone interface are all critical issues. The characterization and properties of hydrogels applied for rotator cuff repair are summarized in Table 2.
TABLE 2 | Overview of hydrogels applied for rotator cuff repair.
[image: Table 2]2.2.1 Physicochemical Properties
Physicochemical properties such as swelling and stiffness are basic characteristics of hydrogels. Swelling property comes from hydrophilic groups such as hydroxyl and carboxyl groups in the polymer networks (Cui et al., 2019). The hydrogel is hydrated in water, allowing soluble molecules to enter the gel and remain stable, eventually reaching a state of equilibrium. Hydrogen bonds formed between hydrophilic groups and water molecules in the polymer chains can stabilize the hydrogel structure and effectively encapsulate active substances. In the case of rotator cuff injury, the hydrogel can be used to load cytokines, active substances, or even stem cells to promote rotator cuff healing. Hydrogel stiffness is also crucial for cell function and differentiation. Pelham and Wang first claimed that the stiffness of biomimetic extracellular matrix (ECM) molecules could be a key factor in regulating cell shape, motility, and spreading (Pelham and Wang, 1998). Self-healing hydrogel could fuse together after being broken into fragments due to new bonds spontaneously formed. Since rotator cuff repair surgery is mostly performed arthroscopically, the hydrogel must have good rheological and mechanical properties. Some hydrogels can be injected through a tube or syringe with no performance change (Patil et al., 2018).
2.2.2 Biodegradation and Biocompatibility
The degradation process of hydrogel must meet biological requirements. In vivo degradation should be considered during hydrogel preparation. The ideal preparation method must meet basic requirements for in vivo use, including no introduction of small molecule cross-linking agents and mild cross-linking without toxic by-products, (Huebsch et al., 2010; Toh et al., 2012; Toda et al., 2016). In addition to the physicochemical properties and functions of existing hydrogels, residual functional groups (not involved in network crosslinking) can be used to imbue different hydrogel functions. These groups can be added directly to the hydrogel to avoid adding these substances to the cell culture medium. Despite these advantages, covalent bonding is complex and more likely to produce toxic small molecules. This is due to purification techniques and insufficient degradation of cross-linked groups, which must be taken into account when designing hydrogel precursors. In general, materials using physically linked thermo-gelling and cryo-gelling showed low cytotoxicity compared to traditional photopolymerized hydrogels (Park et al., 2016).
The biomechanical stability of hydrogels is critical for therapy cargo reasonable release. Natural hydrogel’s biomechanical stability is poorer than the synthetic biomaterial hydrogel for which is always damaged by cellular enzyme. However, there are also some studies to improve the biomechanical stability of hydrogels by modifying the hydrogels from natural sources. Shi et al. add bisphosphonates (BPs) into hyaluronan (HA) and they find it`s enzymatic degradation rate is lower than the control HA hydrogel in vitro. The mechanism may be that the covalent incorporation between BPs and HA increases the hydrogel`s stiffness compared to the unmodified HA hydrogel. (Shi et al., 2018). Lee et al. find that the hyaluronidase inhibition activity can be inhibited by TA (tannic acid) and the HA-TA hydrogels’ enzymatic stability is significantly increased when compared with the control group (Lee et al., 2018).
Natural polymers (chitosan, collagen, alginate) and synthetic polymers (polylactic acid [PLA], polylactic hydroxyacetic acid [PLGA]) have been widely used in drug delivery for their biocompatibility, mechanical properties, and ease of handling. Synthetic hydrogels are robust and provide stability, repeatability and acceptability of cells for microenvironments. Material modification can promote cell adhesion and differentiation and maintain multiple potentials. For example, amino acids and bromo groups can promote the transformation of adipose-derived stem/stromal cells (ADSCs) into bone cells and adipose cells, respectively (Benoit et al., 2008; Liu et al., 2013). Phenyl and sulfhydryl groups have the potential to promote ADSC differentiation into chondrocytes (Ingber, 2003). Excipients can be added by manipulating the functional groups of hydrogel precursors to guide cell behavior and differentiation.
2.2.3 Mechanical Properties
As the delivery system for the therapy cells, hydrogels mechanical properties are the critical parameters which regulate mechanotransduction signal-mediated cellular behaviors (Sieminski et al., 2007; Huebsch and Mooney, 2009). For example, the cell behaviors were widely regulated by the substrate stiffness (Wen et al., 2014). Most type of cells benefit from stiffer substrates for more organized cytoskeletons. Mechanical stimulation can induce MSCs to differentiate into tendon-bone cell lineage which is critical for rotator cuff repair (Visser et al., 2015).
Hydrogel scaffold used for rotator cuff repair and augmentation should meet the native biomechanical properties. Kristen et al. report that their PLGA scaffold has the similar mechanical properties with the tendon. The tensile modulus of the unaligned and aligned scaffolds averaged 107 and 341 MPa, respectively, while the mean ultimate tensile strength ranging from 3.7 to 12.0 MPa (Moffat et al., 2009).
For mild rotator cuff lesion, patients prefer conservative treatment. Therefore, these injectable hydrogels as the carrier of therapy cargos and cells have a good prospect for clinical application. Natural injectable hydrogels including collagen, fibrin, gelatin, chitosan. They usually have good biocompatibility while limited in the mechanical prosperity and immune response (Table 2). Synthetic biomaterial hydrogels such as PEGDA have better tunability, almost no immune response and stronger mechanical properties.
3 THE FUNCTIONS OF HYDROGEL USED IN ROTATOR CUFF REPAIR
Hydrogels can serve as delivery systems to carry multiple therapeutic components including Anti-inflammatory cargos, cytokines, stem cells and mental ions. These cargos benefit rotator cuff healing by different pattern such as anti-inflammation, cell proliferation, and chondrogenesis. (Figure 2).
[image: Figure 2]FIGURE 2 | Hydrogels load therapeutic cargos such as Anti-inflammatory cargos, cytokines, stem cells and mental ions to facilitate rotator cuff healing.
3.1 Anti-Inflammatory Effects via its Therapeutic Cargo
Acute inflammation is the natural response in the early state of rotator cuff injury, while chronic inflammation is a major cause of rotator cuff quality deterioration, non-healing, or re-tearing after repair. Inhibiting chronic inflammation is an effective means to improve rotator cuff quality, promote healing, and prevent retear after surgical repair (Childress et al., 2013; Kuo et al., 1932). The hydrogel itself, such as HA or methacrylated collagen hydrogel or its therapeutic cargo, such as farnesol and curcumin, can be used to inhibit chronic inflammation after rotator cuff repair.
Matrix metalloproteinases (MMPs) are calcium and zinc dependent proteinases that break down ECM proteins. Elevated levels of metalloproteinases have been correlated with several inflammatory states including delayed healing wounds, malignant tumors and rotator cuff tears. In patients with massive rotator cuff tears, high levels of MMPs are found in the synovial fluid samples from glenohumeral joints (Jacob et al., 2012; Shih et al., 2018). With the goal of achieving inherent and long-term MMP regulation, Liang et al. developed an methacrylated collagen-HA hydrogel with controlled enzymatic degradability for MMP regulation. This novel strategy provides new insight into the hydrogel design for rotator cuff repair (Liang et al., 2018).
Farnesol is a sesquiterpene compound from fruits that exerts anti-inflammatory and antioxidative effects and promotes the synthesis of collagen. Lin et al. designed farnesol containing hydrogel membranes based on gellan gum and HA. The membranes could swell rapidly and adhere to the tear site, acting as a barrier and farnesol source during the repair period. Results indicated that farnesol enhanced collagen production and the hydrogel membranes was promising in the repair of rotator cuff injuries (Lin et al., 2021).
Curcumin is a natural compound with favorable anti-inflammatory properties. Chen et al. developed a novel hydrogel termed Cur&Mg-QCS/that could release curcumin in a controlled and highly efficient manner (Chen et al., 2021). The synthesis pathways is demonstrated in Figure 3A. Curcumin released at the repair site provided appropriate extracellular environment for stem cells by exerting antioxidative and anti-inflammatory effects to regulate levels of reactive oxygen species, IL-1β, TNF-α, and MMPs (Figure 3B).
[image: Figure 3]FIGURE 3 | (A) Synthesis of Cur&Mg-QCS/PF hydrogels. (B) In vivo application and evaluation of Cur&Mg-QCS/PF hydrogels. (Reprinted from (Lin et al., 2021) with permission from Theranostics).
3.2 Cytokine Delivery System
Cytokines are small peptides or glycoproteins produced by a variety of tissue cells. Cytokines include vascular endothelial growth factor (VEGF), transforming growth factor (TGF)-β, platelet-derived growth factor (PDGF), epidermal growth factor (EGF), and insulin-like growth factor (IGF). Cytokines can mediate cellular interactions and promote cell growth, collagen deposition, and angiogenesis to facilitate rotator cuff injury repair (Wu et al., 2017). Effectively transporting cytokines to the injury rotator cuff has become a research focus. The ideal delivery system should be easy to use, non-toxic, and biocompatible.
Arimura et al. confirmed that loading TGF-β1 with gelatin hydrogel inhibited MMP-9 and MMP-13 expression, thus increasing collagen accumulation and enhancing the formation of tough fibrous tissue at the healing site (Arimura et al., 2017). Fibroblast growth factor 2 (FGF-2) can improve rotator cuff healing after surgical repair. Tokunaga et al. found that the application of an FGF-2 impregnated gelatin hydrogel sheet (GHS) into the bone groove of the greater tubercles is conducive to the healing of rotator cuff in a rabbit model (Tokunaga et al., 2015b; Tokunaga et al., 2017). Previously, our group fabricated a dual-factor releasing sulfhydrylated chitosan hydrogel to deliver FGF-2 and Kartogenin (KGN) for the fast healing of the tendon-bone interface. KGN is a kind of small molecules which is believed to promote the chondrogenic differentiation of bone marrow-derived mesenchymal stem cells (BMSCs) (Johnson et al., 2012). KGN upgrades the expression of TGFβ1 while TGFβ1 stimulated cartilage nodule formation. Besides, KGN significantly increased the levels of phosphor-Smads that mediate TGFβ and BMP signaling (Decker et al., 2014). We found the FGF-2/KGN-loaded hydrogel could be a promising biomaterial to promote healing rotator cuff (Teng et al., 2021).
Bone morphogenetic protein (BMP)-7 promotes osteogenesis of chondrocytes and tendinocytes, as well as matrix formation. However, retaining local concentrations of BMP-7 is difficult due to its short half-life. Kabuto et al. studied continuous BMP-7 release using a GHS to stimulate the repair of rotator cuff at the tendon-bone insertion site (Kabuto et al., 2015). Tokunaga and colleagues used acidic GHS as a long-term delivery system for PDGF-BB. The PDGF-BB containing hydrogel attached supraspinatus tendon and induced superior collagen fiber orientation than the PDGF-BB free hydrogel (Tokunaga et al., 2015a).
Platelet-rich plasma (PRP) contains high concentrations of platelets obtained from the whole blood of animals or human after centrifugation. PRP also contains a variety of cytokines. Some groups have claimed that PRP has limited repair effect for rotator cuff injury, possibly because its release process is too rapid (Barber, 2018; Cavendish et al., 2020). Kim and colleagues designed a hydrogel loaded with PRP and self-assembled peptide (SAP) for RCT healing in a rat model.
SAP is an injectable hydrogel that can be injected into the body without surgery. The low toxicity and biodegradability make SAP become popular. Compared with traditional PRP injection, SAP has a nanofiber structure that can delay the release of factors contained in physiological environment which promote collagen production. They found that PRP can promote RCT healing by improving the collagen arrangement and inhibiting apoptosis and inflammatory changes (Kim et al., 2017).
3.3 Cellular Delivery System
As the seed of the tissue regeneration, stem cells have been clinically applied for over 20 years. The most common used stem cells for rotator cuff repair and regeneration are BMSCs, ADSCs, and tendon stem cells (Liu et al., 2013).
Hydrogels commonly used to deliver stem cells include tendon-derived collagen hydrogel (tHG), GelMa, and collagen. The mechanisms by which hydrogel with stem cells promotes rotator cuff healing include: 1) providing ECM materials to the damaged tendon, 2) hydrogel monomer functional groups can be modified to promote stem cell differentiation, 3) and hydrogel delivery systems can also deliver cytokines to promote stem cell differentiation (Toh et al., 2012; Park et al., 2016).
Cao et al. added osteoblasts, fibroblasts, and BMSCs separately in GelMA and sequentially loaded them on a 3D-printed multilayered scaffold to mimic the structure of tendon-bone interface. Chondrogenic differentiation was observed after in vivo implantation, suggesting that cells in a GelMA-multiphasic scaffold may be a new strategy to promote the healing of tendon-bone interface.
Kaizawa et al. invented a type I collagen-rich hydrogel based on human tendons, combining with ADSCs to improved mechanical strength of the tendon-bone interface (Kaizawa et al., 2019a; Kaizawa et al., 2019b). However, another group using the same model concluded that no biomechanical advantage was gained (Kaizawa et al., 2019a). Rothrauff et al. studied the effect of TGF-β3 and ADSCs delivered in fibrin and GelMA hydrogel on the healing after repairing acute or chronic massive RCTs in rats. They found the bone mineral density was improved with the application of fibrin, GelMA and ADSCs (Rothrauff et al., 2019).
Chen and colleagues developed an injectable hydrogel prepared by periosteal progenitor cells (PPCs) and polyethylene glycol diacrylate (PEGDA) with BMP-2 (Chen et al., 2011). They showed that BMP-2-loaded hydrogels could promote the differentiation of PPCs into osteoblasts and thus improve the success rate of tendon and bone healing. As a widely used biomaterial, PEGDA can provide a suitable microenvironment for mesenchymal stem cells (MSCs). In addition, bioactive cargos can be physically encapsulated in PEGDA hydrogels with MSCs as well.
3.4 Metal Ion Delivery System
Increasing attention has been paid to the role of metal ions in tendon-bone interface repair, including their anti-inflammatory, antibacterial, and cell differentiation-promoting abilities (Wang et al., 2021). Transporting metal ions and then slowly releasing them at the site of rotator cuff repair remain challenges.
Yang et al. constructed a gradient bimetal ion-based hydrogel for the first time by crosslinking sulfhydryl groups with zinc and copper ions for microstructural tendon-bone insertion reconstruction (Figure 4) (Yang et al., 2021). In this bimetallic hydrogel system, zinc and copper ions act as crosslinkers for the hydrogel and provide antibacterial effects and induce regeneration in the same time. The zinc and copper ions gradient layer were demonstrated to induce the arrangement of collagen and fibrocartilage at the tendon-bone interface. The gradient bimetallic ion-based hydrogels provide new insights into the regeneration of rotator cuff.
[image: Figure 4]FIGURE 4 | (A) The fabrication of gradient bimetallic hydrogels. (B) The application of the gradient bimetallic hydrogel for RCT. (C) The mechanism of gradient bimetallic hydrogel for the regeneration of tendon-bone interface. (Reprinted from (Yang et al., 2021) with permission from Science Advances).
Magnesium ions promote cell adhesion, proliferation and fibrocartilage (Zhang et al., 2019; da Silva Lima et al., 2018; Hagandora et al., 2012). Besides, it can also regulate immune response which is essential for tendon-bone healing (Cheng et al., 2016). However, how to achieve the sustained release of magnesium ions is the key challenge. Chen et, al. reported a quaternized chitosan/Pluronic (QCS/PF) hydrogel delivering magnesium ions through metal coordination for RCT (Figure 5) (Chen et al., 2020). The self-healing property of this hydrogel ensured the safety of application in the RCT repair under external mechanical force, and the adhesive property increased the stability of material at the tendon-bone interface.
[image: Figure 5]FIGURE 5 | (A) Scheme of the fabrication of QCS/PF hydrogels and the interaction between Mg2+ and QCS; (B) Application of QCS/PF hydrogels delivering Mg2+ in situ to promote tendon-bone interface regeneration in the rabbit RCT model; (Reprinted from (Chen et al., 2020)with permission from Science Advances).
4 MULTILAYER COMPOSITE HYDROGEL SCAFFOLD FOR ROTATOR CUFF REPAIR
Jiang et al. developed a new method for RCT repair through combining a cell-laden collagen-fibrin hydrogel with a 3D printed PLGA scaffold (Jiang et al., 2020). This approach effectively supported human ADSCs’ proliferation and tenogenic differentiation. The innovation of this work lies in the good biocompatibility of PLGA scaffolds fabricated by 3D printing technology for rotator cuff tendon defect repair.
Cao et al. used 3D printing technology to fabricate a multiphasic porous scaffold based on poly (ε-caprolactone) (PCL), PCL/tricalcium phosphate, and PCL/tricalcium phosphate. The three phases were designed to mimic the microstructure of tendon-bone interface. Osteoblasts, fibroblasts, and BMSCs and were separately encapsulated in GelMA hydrogel and sequentially loaded on the relevant scaffold phases (Figure 6). They found that 3D printing is an efficient method to develop multiphasic scaffold for tendon-bone interface engineering (Cao et al., 2020).
[image: Figure 6]FIGURE 6 | Illustration of 3D printing multiphasic scaffold for tendon-bone interface engineering. (Reprinted from (Cao et al., 2020) with permission from Elsevier).
5 CONCLUSION AND OUTLOOK
RCTs are a common injury, and this repair is the most common shoulder operation. Tendon-bone healing following repair is influenced by the surgical technique, repair method, rotator cuff quality, and the biological healing process. This review covered hydrogels loaded with therapeutic cargoes such as cytokines, stem cells and bioactive materials that encourage rotator cuff healing. We recognize that this is a complex process dependent on numerous cellular signaling pathways involving different cytokines such as FGF-2, KGN, BMP-2, BMP-7, and PDGF-BB. Two recent studies have applied exosomes to rotator cuff injury; they can release a variety of cytokines that prevent inflammation and promote cell differentiation and fibrosis through a series of signaling pathways (Connor et al., 2019; Fu et al., 2021). Hydrogels loaded with exosomes for wound healing, bone regeneration, and cartilage repair have been studied (Hu et al., 2020; Wang et al., 2020; Zhao et al., 2020), but it is not clear whether they can promote rotator cuff healing, which may be worthy of investigation.
Besides tendon-bone healing, irreparable RCT management is another hot research topic. Surgeons encounter many challenges such as fatty infiltration, muscle atrophy, and tendon retraction in patients with irreparable RCT (Proctor, 2014; Lenart et al., 2015). Despite a substantial amount of research into rotator cuff patches, they have not applied been widely applied in the clinic. Patching the tendon-bone interface to promote rotator cuff-patch healing is difficult due to the complex gradual interface from bone tissue to tendon fiber tissue. Gradient layers of a composite hydrogel scaffold may be useful in this setting. These patches can experience stress in the early stage, but as cells migrate and the tendon fiber tissue grows, there is bionic healing between the bone and tendon.
The commercial application of hydrogel in wound dressing, drug delivery, and tissue engineering is quite successful. However, its application in shoulder is relatively rare. The possible factors are considered as follows: on the one hand, shoulder administration needs to be administered by injection or arthroscopy, which has high requirements on the physical and chemical properties of hydrogel or surgical techniques. Therefore, injectable hydrogels have great development potential. On the other hand, rotator cuff is consisted of tenacious tendons and construct the basic shoulder function. The hydrogel patch for rotator cuff tear need to achieve the similar toughness and strength. At present, the commercial application of some hydrogel materials to promote bone and cartilage repair provides ideas for the potential application in rotator cuff injury.
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Bone morphogenetic protein (BMP) pathway is essential for M2 macrophage polarization and hair-follicle neogenesis. Icariin, a flavonoid derived from Epimedium, is a mediator of the BMP pathway. Here, we develop a hydrogel formulation functionalized with icariin for regulation of macrophage polarization to accelerate wound healing and hair-follicle neogenesis. Compared to skin defects without icariin treatment, those treated with icariin+PEG hydrogel healed faster and had new hair follicles. Results in vivo showed that icariin+PEG hydrogel induced a higher level of M2 phenotypic transformation of macrophages. Moreover, icariin+PEG hydrogel significantly accelerated wound-repair process by reducing the invasion of inflammation, excessive deposition of collagen, immoderate activation of myofibroblasts, and increasing the regeneration of hair follicles. Furthermore, studies in vitro demonstrated that the icariin+PEG hydrogel induced macrophages to polarize to the M2 phenotype and dermal papilla cell to hair follicles. Finally, molecular analysis demonstrated that the icariin+PEG hydrogel increased the expression of BMP4 and Smad1/5 phosphorylation in skin wounds. These results demonstrate the therapeutic potential of icariin-containing thermosensitive hydrogels for inducing M2 macrophage polarization to accelerate wound healing and promote hair-follicle neogenesis by regulating the BMP pathway.
Keywords: icariin, wound repair, bone morphogenetic protein 4, macrophage polarization, hair-follicle regeneration
INTRODUCTION
Skin, the largest organ of the human body, plays a vital role in protecting the body from environmental and microbial invasion (Zhao et al., 2017). However, skin injuries, especially chronic wounds, burns, and infected wounds, when not cared for appropriately, can make the healing process difficult or promote the formation of pathological scars, causing dysfunction of the protective role of the skin and burdening an already overloaded health care system (Zhu et al., 2017; Zhong et al., 2019). Scar tissue comprises cells (mainly fibroblasts) and unorganized collagen and elastic fibers. They lack functional skin accessories (sweat glands, sebaceous glands, and hair follicles). Hypertrophic scar is often symptomatic and causes itching, burning, pain, sensation, and thermoregulation disability (Stoddard et al., 2014). Although most of the drugs and bio-activators, wound dressing, and autologous skin grafting can promote wound healing well, regenerating the skin with complete appendages remains challenging. Therefore, a new treatment method should be developed for faster wound healing with hair-follicle regeneration.
Wound healing is a complex process. It has three major overlapping phases: inflammation, formation of new tissues, and remodeling (Takeo et al., 2015). The immune response in the early stage of wound healing plays a crucial role in tissue regeneration. Although inflammation at the site of tissue injury is necessary for initiating the healing response, the elimination of inflammation is also essential for promoting the healing process and restoring tissue integrity (Forbes and Rosenthal 2014). Macrophages are one of the most important inflammatory cell types involved in wound healing (Funes et al., 2018). Polarized macrophages can be activated according to their functions (Jiménez-García et al., 2018). M1 macrophages have a proinflammatory role and mainly secrete proinflammatory factors, while M2 macrophages can reduce inflammation and perform tissue-repair functions. Timely transformation of M1 macrophages to M2 macrophages (the anti-inflammatory phenotype) has great applicability in regenerative medicine (Sindrilaru et al., 2011; Miao et al., 2016; Li et al., 2021). If the skin appendages (hair follicles, sweat glands, and sebaceous glands) are completely destroyed, they cannot be fully regenerated, resulting in a scar (Murawala et al., 2012). Many studies have shown that hair follicles possibly regenerate mesenchymal cells during wound healing (Rippa et al., 2019; de Groot et al., 2021). Application of drugs and different drug-delivery systems in the healing process has been investigated. For example, prostaglandin E2 is used to regulate the phenotype of macrophages to reduce inflammation and promote wound healing (Zhang et al., 2018). Parker et al. have produced large-scale fibronectin nanofibers to repair the dermal papilla and recruit basal epithelial cells to promote the regeneration of hair follicles (Chantre et al., 2018). However, none of these strategies restore the skin tissue to its original form with a dual synergistic function, i.e., suppression of inflammation and promotion of hair-follicle regeneration during the wound healing process.
Recent studies have revealed that bone morphogenetic protein 4 (BMP4) is a promising option for wound healing because it can regulate cell proliferation and differentiation, macrophage polarization, stem-cell self-renewal, and embryonic development (Tong et al., 2015). Interestingly, a recent study has confirmed that the enhanced BMP signaling in myofibroblasts is related to hair-follicle regeneration and might promote wound healing (Plikus et al., 2017). Moreover, the participation of BMP4 can promote the proliferation and migration of dermal papilla cells and induce hair-shaft differentiation (Daszczuk et al., 2020). Interestingly, in acute lymphoblastic leukemia, BMP4 can upregulate the expression of interleukin (IL)-10 and promote the polarization of M1-like macrophages to the M2 phenotype (Zylbersztejn et al., 2018). Therefore, a material that is easy to source and able to modulate skin wound healing processes may be a potential solution to accelerate this process and reduce scar tissue formation by regulating BMP4 signaling.
Icariin, an extract from the traditional Chinese medicine Herba Epimedii, can increase the expression of BMP4 pathway components, enhance BMP4 signal transduction, and accelerate wound healing (Liu et al., 2018; Mi et al., 2018; Singh et al., 2019; Owen et al., 2020; Xie et al., 2020). Its remarkable pharmacological and biological effects, such as anti-inflammatory, antitumor, and neuroprotective effects, have already been confirmed (Shen and Wang 2018; He et al., 2020). Although Mi Bobin el. studied the effect of icariin on wound healing, they only focused on the role of keratinocytes (Mi et al., 2018), ignored the potential roles of macrophages and hair follicles and their possible mechanisms in skin wounds. Medical biomaterials can control the release of cytokines and drugs in time and space to simulate the dynamic changes of signals during normal tissue regeneration (Sun et al., 2018; Xu et al., 2018). However, the efficacy of icariin with hydrogels for accelerating wound healing and hair-follicle neogenesis by activating the BMP4 signaling pathway has not yet been elucidated. We hypothesized that treatment concepts based on mediation strategies of the BMP4 pathway in wounds could have a therapeutic potential. Herein, we develop a novel thermosensitive hydrogel drug-delivery system by encapsulating icariin with a poly (lactic acid-co-glycolic acid)–poly (ethylene glycol)–poly (lactic acid-co-glycolic acid) (PLGA–PEG–PLGA) triblock copolymer-based hydrogel. We also investigate its effects on macrophage polarization both in vitro and in vivo as well as on the regeneration of hair follicles. The findings of this study may help improve the wound healing process.
MATERIALS AND METHODS
Hydrogel Preparation
DL-lactide, glycolide, and polyethylene glycol (molar ratio: 2:2:1, Guidechem Chemical, China) were added to a three-necked flask, followed by the addition of 0.5% stannous octoate as a catalyst (Guidechem Chemical, China). The mixture was then repeatedly ventilated with nitrogen and vacuumed to remove trace amounts of moisture and oxygen. Next, under normal pressure, the tube was filled with nitrogen and then heated to 160°C under magnetic stirring for 8 h to obtain the PLGA–PEG–PLGA copolymer. The polymer was dissolved in dichloromethane and precipitated using petroleum ether to obtain a purified product. The polymer was then vacuum-dried to a constant weight. Finally, a 20 wt% solution of the polymer in deionized water was made and used as a temperature-sensitive hydrogel. The thermosensitive hydrogel was placed in a 1.5 ml EP tube, and a specific amount of icariin (489-32-7, Sigma-Aldrich) was dispersed in the thermosensitive hydrogel, which was completely dissolved by shaking in a 4°C refrigerator.
Hydrogel Morphology
The morphology of the hydrogel was observed using a cryo-scanning electron microscope (Cryo-SEM, Quorum, United Kingdom). The samples were frozen by liquid nitrogen and put onto the cold table of an electron microscope (the temperature of which can reach −185°C) through the freezing transmission system for observation.
Rheological Analysis
Rheological analysis of the hydrogels was performed on a rheometer (Mars 40, Thermo Fisher Scientific, Germany) equipped with a 40 mm diameter parallel plate geometry. The hydrogel precursor solutions were pipetted between the parallel plates with a gap of 0.5 mm. Then the Oscillatory rheological measurements were carried on as the temperature of the plate was heated up from 4 to 37°C at a heating rate of 1°C min-1 and balanced at 37°C for 600 s to measure the storage modulus (G′) and loss modulus (G″). In addition, cycling three times between 1 and 1,000% was conducted to test its self-healing property.
Release of Icariin
After coagulation in a 15-ml centrifuge tube, 1 ml of the icariin+PEG hydrogel was shaken (37 °C, 60 rpm) with phosphate-buffered saline (PBS) (10 ml). Subsequently, 5.0 ml of the released medium was removed after certain time intervals (0.5, 1.5, 3, 5, 8, 12, 16, 20, 24, 32, 40, and 48 h) and replaced with 5.0 ml of fresh buffer. An ultraviolet-visible spectrophotometer (LAMBDA 35, PerkinElmer) set at a wavelength of 283 nm was used to determine the concentration of icariin in the released medium, and quantitative analysis was performed with the standard curve of previously prepared buffer solutions.
Cell Lines and Cell Cultures
The human monocytic cell line THP-1 was used to detect the polarization of macrophages in vitro. 5.0 × 104 cells per well were seeded in 6-well plates and treated by 100 ng/ml PMA for 24 h at 37°C. This cultivation method used herein was designed based on previous studies (Borchert et al., 2021). After the cells adhered, the culture medium was replaced with fresh medium, and the effect of the hydrogel on macrophages was observed by adding different treatments (PBS, PEG hydrogel, icariin only, icariin+PEG hydrogel) above the transwell chamber. The morphology of the cells was photographed with a microscope (Olympus Corporation, Tokyo, Japan).
Human hair dermal papilla cells (HDDPCs) (ZQY002, Zhongqiaoxinzhou Biotech, Shanghai, China) were cultured in Mesenchymal stem cell medium with 5% fetal bovine serum (FBS), 1% mesenchymal stem cell growth factor, 100 U/mL penicillin, and 100 μg/ml streptomycin. The cells were cultured at 37°C and 5% CO2 and were serially passaged at 85–95% confluence.
Cytotoxicity Assay
The biocompatibility and cytotoxicity of the hydrogel were tested by both a cell counting kit-8 (CCK-8) assay and live/dead cell staining (Beyotime, China).
Immunofluorescence Staining
The influence of the hydrogel on the macrophage phenotype and inflammatory response was detected by immunofluorescence staining, according to methods described previously (Feng et al., 2020). The fluorescence images were taken by an inverted fluorescence microscope. Primary antibodies against CD206, tumor necrosis factor-alpha (TNF-α), cytokeratin, CD68, CD31, and Ki67 as well as secondary antibodies for fluorescence staining were purchased from Abcam (Cambridge, United Kingdom). Goat anti-rabbit (H + L) horseradish peroxidase secondary antibody was purchased from Bioworld Technology (St. Louis, MO, United States).
Western Blotting
Western blotting was performed to explore M2 polarization of macrophages and the level of skin fibrosis. The following antibodies were used in the western blotting assays: alpha-smooth muscle actin (α-SMA, 1:100, ab8211, Abcam); IL-10 (1:100, ab34843, Abcam); type I collagen (Col Ⅰ, 1:200, ab260043, Abcam); IL-6 (1:500, ab6672, Abcam); cytokeratin 17 (1:500, ab109725, Abcam); TNF-α (1:1000, ab6671, Abcam); arginase-1 (1:500/1:50, #93668, Cell Signaling Technology); CD206 (1:1000, #PA5-114310, Invitrogen); Smad1/5 (1:500, bs-2973R, Bioss Antibodies); phospho-Smad1/5 (1:1000, bs-3418R, Bioss Antibodies); BMP4 (1:500, bs-1374R, Bioss Antibodies); and GAPDH (1:10000, ab181602, Abcam).
Reverse Transcription–Polymerase Chain Reaction (RT-PCR)
A real-time quantitative RT-PCR system (QuantStudio 3, Thermo, United States) was used to detect changes at the gene level. The sequences of the primers are listed in Supplementary Table S1.
Flow Cytometric Analysis
After the treatment, 1 × 106 cells belonging to the control group, icariin group, and IL-4 group were incubated with 2 μL of FTTC anti-human CD206 antibody (321104, Biolegend) and 2 μL of APC anti-human CD68 antibody (333809, Biolegend) diluted in a staining buffer for 30 min on ice in the dark. Next, the cells were washed twice with the staining buffer to remove excess antibodies, followed by their resuspension in 500 μL of the staining buffer. The stained cells were analyzed by flow cytometry (BD FACSCalibur, San Jose, CA, United States). The flow cytometry data was analyzed by FlowGo.
Animal Model for Dermal Wound Healing
Sterile ophthalmic scissors were used to create skin full-thickness wounds of 1-cm diameter in the back of male C57BL/6 mice (8–12 weeks) deep to the fascia. The mice were randomly divided into three groups: those treated with 0.9% saline, those treated with PEG hydrogels, and the rest treated with icariin-loaded PEG hydrogels. The hydrogels were directly injected onto the surface of each wound, which was then covered with a 3M TegadermTM film and secured with a medical bandage. A digital camera was used to take photos of the wound at 0, 3, 7, 10, and 14 days after the treatment. ImageJ was used to analyze the wound-healing rate. All procedures were approved by the Experimental Animal Committee of Jiangnan University, China.
Histological Analysis
Hematoxylin and eosin staining, Masson’s staining, and immunofluorescence staining (Beyotime, China) were performed on the skin tissue slices to analyze the wound condition, including the healing speed, fibrosis, and regeneration of the skin appendages. The images were analyzed by ImageJ software.
Cell Migration Assay
Cells were plated at a density of 1×105/well in 6-well plates. When the transfected cells reached 100% confluence, a sterile micropipette tip was used to create a scratch. The cells were washed with PBS, and minimal medium was added. Cell migration was observed and imaged at 0 h and after incubation for 6 and 12 h at 37°C. Cell migration was analyzed using ImageJ software.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism 8.0.1 software (GraphPad Software Inc., San Diego, CA, United States). Data were expressed as the mean ± standard error of the mean. Statistically significant differences between the groups were assessed by analysis of variance or the two-tailed Student’s t-test. For all tests, *p < 0.05, **p < 0.01, and ***p < 0.001 were considered statistically significant.
RESULTS
Characteristics of icariin+PEG Hydrogel
The hydrogel was fabricated using DL-lactide, glycolide, and polyethylene glycol (Figure 1A). The hydrogel was thermosensitive and could be transformed from a liquid state to a hydrogel at 30°C (Figure 1B). The microstructure of the hydrogel was observed by cryo-scanning electron microscopy. As shown in Figure 1C, both the PEG and icariin+PEG hydrogels presented interconnected three-dimensional networks with a uniform pore size distribution, indicating that icariin was evenly distributed inside the PLGA–PEG–PLGA network, without forming agglomerates. To further verify the performance of the PEG hydrogel upon a temperature change, an oscillating rheological test was conducted. At 15–45°C, the storage modulus (G′) of the hydrogel gradually exceeded the loss modulus (G″), indicating that the sol–gel changes at the critical temperature of 30°C (Figures 1D,E). Therefore, the refrigerated icariin+PEG hydrogel can be injected into the wound and cover wounds of any shape and quickly become a colloid when heated to 30°C, which is close to the surface temperature of the human body. The self-healing ability of the hydrogel dressings was also confirmed (Figure 1F). After conducting three steps of strain cycles during the rheological analysis, the quick drop in the values of G′ and G″ at high strain (1,000%) and their rapid recovery under low shear strain (1%) indicated that the hydrogel has a good shear-thinning ability and self-healing properties. The hydrogels merged without any visible interface when solutions of two different colors were incubated for 30 min, indicating that the hydrogel has a good self-healing ability (Supplementary Figure S1B). The drug-release efficiency of the hydrogel was evaluated by monitoring the concentration of icariin in the supernatant. Figure 1G shows that the release curve was relatively stable and gradually increased, reaching a peak at 24 h. The CCK-8 results showed that the drug-loaded gel extract at the optimal concentration of 40 μg/ml could promote the proliferation of macrophages and did not exert any significant effect on the growth of fibroblasts (Figure 1H). To further study the biocompatibility of the hydrogel, transwells were used to co-culture the hydrogel and cells. A representative live/dead cell staining experiment is shown in Figure 1I. The cells incubated with PBS, icariin, PEG hydrogel, and icariin+PEG hydrogel showed shining green fluorescence; red fluorescence could scarcely be seen in the images, implying that there was little cell death and a good biocompatibility.
[image: Figure 1]FIGURE 1 | Characterization and biocompatibility of the PEG hydrogel. (A) Chemical structure of the PEG hydrogel. (B) PEG hydrogel solution gelled at 30°C. (C) Cryo-scanning electron microscopy images of PEG and icariin+PEG hydrogels. Scale bar, 30 μm. (D) Temperature dependence of the storage modulus (G′) and loss modulus (G″) of the PEG hydrogel. (E) Gelation time of the PEG hydrogel at 35°C. (F) G′ and G″ of the PEG hydrogel when circulated three times between strain of 1 and 1,000%. (G) Release profile of icariin from the icariin+PEG hydrogel by UV spectrophotometry. (H) Cell viability on human fibroblast cells and THP-1 macrophages with hydrogel extracts of different compositions for 48 h. ICA20: 20 μg/ml icariin, ICA40: 40 μg/ml icariin, ICA60: 60 μg/ml icariin, ICA80: 80 μg/ml icariin, **p < 0.01 vs. the control. (I) Fluorescence microscopy of fibroblasts and macrophages was performed with live/dead cell staining. Live cells emit green fluorescence, while dead cells emit red fluorescence.
Icariin+PEG Hydrogel Accelerates in vivo Wound Repair Process
We used a mouse skin-wound-healing model to evaluate the therapeutic effect of the icariin+PEG hydrogel in vivo. The icariin+PEG hydrogel, PEG hydrogel, and PBS were used to treat the injured area, and the wounds at different time points were photographed to investigate the effects of the icariin+PEG hydrogel on the healing rate (Figures 2A,B). A comparison of these images showed that the icariin+PEG group speeded up the wound-healing process compared to that achieved with the other groups (PEG and control groups) (Figure 2B). The wound areas in all groups were clearly reduced after 7 days of treatment; the icariin+PEG group showed the fastest healing compared to others. The changes in the healing process are shown in a composite figure for clarity (Figure 2C). The percentage of the wound area also confirmed the gross observation results (Figure 2D). Subsequently, HE staining was performed to observe wound regeneration (Figure 2E). The control group and the PEG group had a slower closing rate than that achieved with the icariin+PEG group, which is consistent with the results of visual healing. Thick abundant granulation tissue can be clearly seen in icariin+PEG-treated wounds. In contrast, wounds in the control and PEG groups showed a very small amount of newly formed tissue at day 7. Especially on the last day of observation, the regeneration of the wound in the Icariin+PEG group was almost complete, the edges of the wound were not obvious, the thickness of the epidermis was moderate, and the hair follicles in the center of the wound grew well. Hence, it is clear that the icariin+PEG hydrogel enhanced the healing efficacy of wounds and showed a fairly high level of wound recovery.
[image: Figure 2]FIGURE 2 | Icariin+PEG hydrogel speeded up skin repair. (A) Schematic diagram of the mouse skin full-thickness injury model and experiments in vivo. A circular wound of 1-cm diameter was made by using ophthalmic scissors on the back of the mouse. The wounds were observed after application of the hydrogel. On days 7 and 14, the skin tissues were taken for follow-up experiments. (B) Representative images and schematic diagrams of wounds with different treatments: PBS, PEG hydrogel, and icariin+PEG hydrogel dressings. (C) Schematic diagram of the healing process on day 0, 3, 7, 10, 14 after wounding was measured by ImageJ. (D) Wound-recovery rates of different treatment groups (control, PEG, and icariin+PEG) over 14 days. n ≥ 4. **p < 0.005, ***p < 0.0005, ****p < 0.0001 vs. PBS; ##p < 0.005, ####p < 0.0001 vs. PEG. (E) HE staining showing the morphological appearance of skin treated with hydrogels on days 7 and 14. The black arrows and broken lines indicate the edge of the wound visible under a microscope. Scale bar: 200 μm.
Icariin+PEG Hydrogel Suppresses Skin Fibrosis After Wound
Wound healing can lead to skin fibrosis, resulting in scar formation and ultimately in the loss of skin functions. Col Ⅰ is the primary material involved in the formation of scar tissue. Thick Col Ⅰ forms large-diameter collagen fibers with horizontal stripes at the wound site, making the scar structure hard and inelastic, which is completely different from the normal skin tissue (Feng et al., 2020; Zhao et al., 2021). On day 14 after treatment, RT-PCR analysis showed that the Col I gene expression of the icariin+PEG group was markedly lower than that of the other two groups (Figure 3A). In addition, western blot analysis showed that the icariin+PEG dressing dramatically decreased the protein level of Col I (Figure 3B).
[image: Figure 3]FIGURE 3 | Icariin+PEG hydrogel alleviated skin fibrosis. (A) RT-PCR analysis of ColⅠ expression in three groups. (B) Protein expression level of Col Ⅰ and α-SMA as detected by western blotting on day 14 at the injured sites. Quantification of the western blotting bands compared to that of the control group. (C) RT-PCR analysis of α-SMA expression in three groups.
Myofibroblasts proliferate and differentiate into myofibroblasts expressing α-SMA. Subsequently, myofibroblasts continuously migrate and synthesize a large amount of collagen, resulting in excessive fibrosis. Therefore, we used the α-SMA to calculate the number of myofibroblasts in the injured tissue (Limandjaja et al., 2021). Clearly, RT-PCR analysis showed that the α-SMA gene expression of the icariin+PEG group was markedly lower than that of the other two groups (Figure 3C). The western blotting results were consistent with the gene levels measured by PCR (Figure 3B). Taken together, the icariin released from the icariin+PEG hydrogel exerted additional effects by reducing excessive collagen deposition and excess myofibroblast differentiation during skin wound healing, which together promote wound healing.
Icariin+PEG Hydrogel Promotes M2 Polarization of Macrophages and Enhances Anti-Inflammation at Injured Sites
As macrophages are the main inflammatory cell type during the early stage of the healing process, their role in both M1 and M2 phenotypic polarization has been extensively studied. M2 phenotype of macrophages has been proved to promote cutaneous wound healing (Zhang et al., 2010). Therefore, we next analyzed the M2 macrophage markers ARG1 and CD206 to explore the distribution of macrophages at the site of the icariin+PEG hydrogel treatment (Kim et al., 2019). As shown in Figures 4A,B, the PEG hydrogel group had fewer ARG1-positive cells; in contrast, their distribution in the icariin+PEG hydrogel group was more widespread under the skin of the wound. This observation indicates that the icariin released by the icariin+PEG hydrogel produced higher levels of M2 macrophages at the wound site (Figures 4C,D). Then, CD206 was chosen as another surface marker of M2 macrophages, and CD68 for macrophages of all the subsets. As shown in the representative fluorescent pictures in Figure S, in the subcutaneous layer on the wounds, the icariin+PEG group exhibited a more widely distribution of CD206 positive cells. ARG1-and CD206-specific antibodies were used to further identify the presence of M2 macrophages during the initial state of the injury. RT-PCR analysis showed that the icariin+PEG hydrogel greatly improved the expression of IL-10 and ARG1 genes, which are related to M2 macrophages (Figures 4E,F). Hence, the icariin+PEG hydrogel promoted the polarization of M2 macrophages at the injury site.
[image: Figure 4]FIGURE 4 | Icariin+PEG hydrogel promoted macrophage M2 polarization and reduced inflammation in the early stage of wound healing in vivo. (A) Representative immunofluorescence pictures of ARG1 expression on day 7 at the injured sites. Scale bar: 100 μm. (B) Quantification of ARG1-positive cells in different groups. (C,D) Protein expression level of CD206 and ARG1 as detected by western blotting on day 7 at injured sites. Quantification of the western blotting bands compared to that of the control group. (E) Expression levels of M2-related genes ARG1 and IL-10 of the three groups by RT-PCR. (F) Protein expression level of TNF-α as detected by western blotting on day 7 at the injured sites. Quantification of the western blotting bands compared to that of the control group. (G) Expression level of inflammation-related genes IL-6, IL-8, and TNF-α in different groups by RT-PCR. (H) Representative immunofluorescence pictures of iNOS expression on day 7 at injured sites. Scale bar: 100 μm. Quantification of iNOS-positive cells in different groups.
Inflammatory cell infiltration initiates the wound-healing process. It removes necrotic material to prepare the wound bed for the subsequent tissue regeneration (Pratsinis et al., 2019). Thus, we explored various anti-inflammatory effects of the different treatment methods using TNF-α as an indicator of the inflammatory response (Arabpour et al., 2021). The early stage of the inflammatory response is characterized by numerous M1 macrophages, which produce large amounts of proinflammatory cytokines. The western blot and PCR results of TNF-α expression showed that the concentration of proinflammatory cytokines in the wound bed was significantly reduced after treatment with the icariin+PEG hydrogel (Figures 4G,H). In addition, the icariin+PEG hydrogel greatly reduced the levels of the local proinflammatory cytokines IL-6 and IL-8 on day 7 after injury (Figure 4G). Furthermore, the inflammatory cell infiltration of the mouse skin injury model was monitored by immunofluorescence to evaluate the role of the icariin+PEG hydrogel on inflammation. The icariin+PEG hydrogel treatment slightly reduced the aggregation of inducible nitric oxide synthase (iNOS)-positive cells (Figure 4I). Hence, the icariin+PEG hydrogel could prevent inflammation at the center of the injury by managing M1 macrophages, thereby reducing the infiltration of inflammatory cells. Therefore, the icariin+PEG hydrogel greatly increased the number of repairing M2 macrophages and improved the quality of wound healing, thus showing important anti-inflammatory effects and repair during the healing process.
Icariin+PEG Hydrogel Promotes the Regeneration of Hair Follicles at Injured Sites
In addition to the excessive deposition of collagen fibers, another major feature of scarring is the loss of skin accessory organs, especially the aplasia of hair follicles at the late stage of wound healing (Zhang et al., 2016). To further investigate this phenomenon, we investigated hair-follicle regeneration in the skin wound of mice. Apart from severe fibrosis and hyperplasia observed at the wound center, the number of hair follicles was also reduced in the groups treated with PBS or the drug-free hydrogel (Figure 5A). Next, we investigated whether any epidermal cell type promotes epidermal homeostasis and repair in icariin-treated wounds (Ito et al., 2007; Blanpain and Fuchs 2009). Keratin 17 (K17) marks the outer root sheath of specific hair follicles in epidermal cells (Figure 5B). By day 14 after treatment, the tissues treated with the icariin+PEG hydrogel showed an extensive presence of K17 around the epidermis and hair follicles. Although wound contraction may make it difficult to image the complete structure of hair follicles, the presence of epidermal cells in drug-treated tissues is attractive and may increase the possibility of repairing functional hair follicles.
[image: Figure 5]FIGURE 5 | Hair follicles are regenerated with icariin+PEG hydrogel treatment. (A) Masson staining of different groups on day 14. Red arrows indicate new hair follicles. Scale bar: 200 μm. (B) Representative immunofluorescence images of K17 expression on day 14 at the injured sites. Scale bar: 100 μm.
Icariin+PEG Hydrogel Promotes the Polarization of Macrophages to the M2 Phenotype in vitro
Insufficient M2 polarization is related to many pathological processes such as the hard healing surface of chronic wounds, as can be seen in diabetic ulcers, which can inhibit the inflammatory response and hinder tissue regeneration (Ferrante and Leibovich 2012). Therefore, we first tested the biological effects of icariin on the polarization of THP-1 macrophages in vitro on the M2 phenotype. After 24 h of treatment with the polymethacrylate (PMA) copolymer, the THP-1 macrophages that adhered to the wall from a suspended state successfully differentiated into M0 macrophages (Supplementary Figure S3A). Flow cytometry experiments revealed an increase in the expression of CD68 induced by PMA, further proving the formation of M0 macrophages (Supplementary Figure S3B).
Next, we cultured the newly formed M0 macrophages with PBS, icariin, PEG hydrogel, icariin+PEG hydrogel in the upper chamber of the transwell insert. The macrophages were treated with different dressings for 48 h. Figure 6A shows that the macrophages in an environment without icariin are round and aggregated. In contrast, longer spindle-shaped macrophages formed in the presence of icariin. Likewise, the icariin+PEG hydrogel-treated macrophages showed a significantly higher average fluorescence intensity of CD206 staining, indicating that the M2 polarization state of macrophages had increased considerably (Figure 6B). In addition, western blotting showed a higher level of CD206 protein, further confirming the effect of icariin+PEG hydrogel on the polarization of macrophages (Figure 6C). These results are consistent with the expression of M2 macrophage-related genes (IL-10, CD206, and ARG1) after treatment with the icariin+PEG hydrogel for 48 h (Figure 6D). We further verified the polarization of M2 macrophages after icariin treatment by flow cytometry (Supplementary Figure S4). Specifically, compared with the mean fluorescence intensity (MFI) for CD206 staining of the control (0.27), the MFI of the icariin group was significantly increased to 32.4, while that of the positive control group was 41.8. Hence, icariin induced the differentiation of macrophages to the M2 anti-inflammatory type. Additionally, the icariin+PEG hydrogel inhibited the expression of M1 macrophage-related genes (IL-6, TNF-α, and IL-8) after 48 h of treatment (Figure 6E). Therefore, the icariin+PEG hydrogel increased the number of M2 anti-inflammatory macrophages even in the inflammatory microenvironment in vitro. Furthermore, icariin regulated the polarization of M2 macrophages involved in wound healing.
[image: Figure 6]FIGURE 6 | Icariin+PEG hydrogel promoted M2 polarization of macrophages and enhanced anti-inflammatory effects in vitro. (A) Morphological changes of THP-1 macrophages after icariin treatment for 48 h were observed under an optical microscope. Red arrows indicate elongated macrophages. (B) Representative pictures of THP-1 immunofluorescence staining with CD206 antibody after being co-cultured with the hydrogel for 48 h. Scale bar: 100 μm; scale bar of magnified pictures: 25 μm. (C) Western blot analysis of the CD206 protein expression level in macrophages treated with different dressings for 48 h. Quantification of the western blotting bands compared to that of the control group. (D) RT-PCR analysis of M2-related gene (ARG1, CD206, and IL-10) expression in macrophages. (E) RT-PCR analysis of M1-related gene (IL-6, IL-8, and TNF-α) expression in macrophages.
Icariin+PEG Hydrogel Facilitates the Migration, Viability, and Gene Expression of Hair Follicle Dermal Papilla Cells
Hair dermal papilla is located at the base of the hair follicle and produces hair fibers by inducing epidermal hair-follicle development (Kwack et al., 2018). It plays a crucial role in the hair growth cycle, which is regulated by various molecular pathways, including BMP4 signaling (Liu et al., 2021). To further investigate the effect of icariin+PEG hydrogel, HHDPCs were used to co-culture with separate PEG, separate icariin, and icariin+PEG hydrogel. Icariin alone as well as the icariin+PEG hydrogel effectively promoted HHDPC migration (Figures 7A,B). Furthermore, we compared the cell numbers with the results of CCK8 analysis after 48 h (Figure 7C). No significant difference was observed between different groups, which proved that our novel material did not harm the vitality and proliferation of HHDPCs. In addition, an obvious effect of the icariin+PEG hydrogel combination in stimulating the expression of some cytokines that can promote hair-follicle regeneration was observed (Figure 7D). Significantly, the icariin+PEG hydrogel could stimulate the expression of PDGF-α, PDGF-β, and c-Myc (genes of hair-follicle anagen markers), indicating the stimulation of hair-follicle growth (Kamp et al., 2003; Dong et al., 2017).
[image: Figure 7]FIGURE 7 | Effect of icariin+PEG hydrogel on the migration, viability, and gene expression of hair follicle dermal papilla cells (HHDPCs). (A) Effect of icariin+PEG hydrogel on the migration of HHDPC cells. (B) Migration rate of HHDPCs. (C) Biocompatibility of different groups. (D) RT-PCR analysis of genes that can promote hair-follicle regeneration (PDGF-α, PDGF-β, c-Myc, ALP, and Versican).
BMP4 Signaling Is Required for the Effects of icariin+PEG Hydrogel on Macrophages and HHDPCs
BMP4 plays an important role in embryonic development and tissue homeostasis (Botchkarev and Sharov 2004; Tong et al., 2015; Zylbersztejn et al., 2018). Previous work has shown that icariin is associated with the activation of BMP signaling (Sen et al., 2009; Singh et al., 2019). To determine whether icariin+PEG hydrogel-induced BMP signaling was required for macrophage M2 polarization during the wound healing process, we analyzed western blotting results and noted that BMP4 and the downstream phosphorylated Smad1/5 expression were observably increased after the addition of the icariin+PEG hydrogel (Figures 8A,B). Meanwhile, the BMP4 and p-Smad1/5 protein expression of HHDPCs treated with icariin+PEG hydrogel was significantly increased compared to that achieved with the control group (Figures 8C,D). Moreover, our immunofluorescence staining of the skin wound revealed that most hair follicles exhibited the activation of Smad1/5 phosphorylation at the dermal papilla, in contrast to the controls (Supplementary Figure S5). These results suggest that the icariin+PEG hydrogel can activate BMP4 signaling, which promotes macrophage M2 polarization and hair-follicle regeneration, thus increasing the possibility of wond repair.
[image: Figure 8]FIGURE 8 | Participation of BMP4 in M2 macrophage polarization and hair-follicle regeneration. (A) Protein expression levels of BMP4, p-Smad1/5, and Smad1/5 as detected by western blotting in the macrophages treated with the different dressings for 48 h. (B) Quantification of western blotting bands. (C) Protein expression levels of BMP4, p-Smad1/5, and Smad1/5 as detected by western blotting in the HHDPCs treated with the different dressings for 48 h. (D) Quantification of western blotting bands.
DISCUSSION
This study demonstrates for the first time that a thermosensitive hydrogel can adapt to wounds of different shapes and gradually release icariin to further promote wound healing. The study also shows that icariin+PEG hydrogels can polarize macrophages towards an M2 anti-inflammatory phenotype during the wound healing process. In addition, this study shows that the icariin+PEG hydrogel was involved in regulating the formation of new hair follicles and speeding up the process of wound healing. At the molecular level, the icariin+PEG hydrogel promoted wound healing by inducing BMP4 and downstream phosphorylated Smad1/5 activation. A schematic representation of this study is depicted in Scheme 1.
[image: Scheme 1]SCHEME 1 | Formation of icariin+PEG hydrogels and mechanism of wound healing.
The typical treatment for full-thickness skin trauma involves skin transplantation, including autologous transplantation, allogeneic transplantation, xenotransplantation, and skin substitutes (Tavis et al., 1978). Skin substitutes include synthetic scaffolds that can be made with three-dimensional bioprinting using cells (Hosseini and Shafiee 2021). Many bioactive dressings have been developed. In many of these dressings, substances conducive to wound healing can be added, such as drugs, cytokines, and growth factors (Kaushik et al., 2015). A hydrogel is a three-dimensional hydrophilic polymer network, whose structure and function are similar to those of natural extracellular matrix (Sun et al., 2018). In addition, the hydrogel can protect these substances without changing their properties, which can then be smoothly delivered to related cells (Xu et al., 2018). PEG-based polymers have a superior biocompatibility; hence, they have been studied as wound-healing scaffolds (Shi et al., 2021). Our team developed a PEG-based temperature-sensitive hydrogel that can be formed in situ. The hydrogel had good injection ability and could be injected with a needle to adapt to any irregular shape (Supplementary Figure S1A). The time required for turning the liquid hydrogel into a gel could be managed by temperature, which makes the treatment and care of irregular wound more convenient. Rheological tests showed that the hydrogels could fill any irregular wounds before the sol–gel transition process and had excellent self-healing properties. Notably, realization of repair of the complete skin structure mainly depends on the optimum combination of cells, signaling molecules, and scaffolds.
During wound care, any imbalance or defect in the coordinated interaction between multiple cell types, cytokines, and the extracellular matrix can disrupt the balance of related cells and make it difficult to achieve optimum tissue repair, leading to hypertrophic scars that further impair normal tissue function and eventually lead to organ failure and death (Wu et al., 2019). Interestingly, scarless healing can be seen in human fetuses; those with a cleft lip and palate have no obvious scars after undergoing laparoscopic repairs (Mast et al., 1992; Longaker et al., 1994; Bartkowska and Komisarek 2020). Comparison of the wound-healing process in adults and fetuses shows that fetal wounds are characterized by milder inflammation (Lin et al., 1994; Liechty et al., 2000; Walmsley et al., 2015). While the inflammatory response is essential to protect the body from infection and necrosis, preparing the body for the subsequent regeneration is also a major pathogenic factor in scar formation (Childs and Murthy 2017). Fibroblasts, the most important cells involved in repairing damaged tissues, are closely related to inflammation (Landén et al., 2016; McGinty and Siddiqui 2021). When there are excessive inflammatory cells in the early stage of wound healing, fibroblasts are more likely to differentiate into myofibroblasts under the influence of proinflammatory factors like TNF-α and IL-6 (Thulabandu et al., 2018).
Macrophages are widely distributed and one of the most important immune cells in wound healing (Arabpour et al., 2021; Wolf et al., 2021). They are the main phagocytes that perform clearance and secretion functions during the inflammatory phase of wound healing. The phenotype of macrophages and the types of cytokines released can change at different times after trauma and are closely related to the inflammation and remodeling stage of the wound (Zhang and Mosser 2008; Martinez et al., 2009). They can be stimulated into different types with contrasting functions. Several studies have shown that macrophages undergo morphological changes under the stimulation of different molecular signals (Luu et al., 2015; Jia et al., 2019). In contrast to the M1 type, anti-inflammatory macrophages tend to be elongated (Porcheray et al., 2005; Gao et al., 2019). The morphological changes of macrophages are related to their functional polarization (McWhorter et al., 2015). Elongated macrophages tend to polarize into M2 macrophages and inhibit M1 polarization. We verified that macrophages were induced to polarize to the elongated anti-inflammatory M2 phenotype by icariin released from the hydrogel both in vivo and in vitro. Furthermore, we showed that the icariin+PEG hydrogel accelerated wound healing and reduced tissue fibrosis. However, it should also be investigated whether persistently inhibiting M1 macrophages will make wounds susceptible to infection and thus difficult to heal, forming chronic wounds. Considering the dual role of macrophages in the wound-healing process, it is necessary to carefully explore the balance between proinflammatory and anti-inflammatory cells.
If the hair follicles are completely destroyed, they cannot be fully regenerated and scar repair occurs (Boyce and Lalley 2018). Several different progenitor cell populations in hair follicles, including bulge, upper bulge, tight junction barrier in hair follicles, and the infundibulum next to sebaceous glands, play an important role in skin regeneration (Hu et al., 2014; Mokos and Mosler 2014; Garcin and Ansell 2017). Genetic tracing of epithelial stem cells expressing K17 in the germ area of the secondary hair of the hair follicle showed that these cells migrated to the epidermis from the full-thickness outer wound surface. This observation showed that after trauma disrupts the epidermal homeostasis, the epithelial stem cells in hair follicles proliferate, supplement epidermal cells, and promote re-epithelialization. Fortunately, our research showed that additional new hair follicles would appear on the skin with this new medicated hydrogel. Hence, it can be speculated that the use of the icariin+PEG hydrogel could exert the expected therapeutic influence. Furthermore, immunofluorescence experiments indicated that most of the hair follicles showed Smad1/5 phosphorylation activation at the dermal papilla, strongly suggesting that the icariin+PEG hydrogel stimulated the formation of hair follicles by activating the BMP4 pathway.
Although BMP signaling has not been directly linked to any stage of wound healing, BMPs are a promising option for skin regeneration because they are related to hair-follicle regeneration and might promote wound healing (Plikus et al., 2017). Interestingly, BMP4 resulting from acute lymphoblastic leukemia can upregulate the expression of interleukin (IL)-10 and promote the polarization of M1-like macrophages to the M2 phenotype (Zylbersztejn et al., 2018). Our results also confirmed that BMP4 signaling is required for the effects of icariin+PEG hydrogel on macrophages and HHDPCs. However, BMP signaling of other cell types in response to injury has not been studied. Previous studies have proved a BMP5 gene regulates the injury element in zebrafish wound models; however, the mechanisms that lead to the reactivation of BMPs following injury are still unknown (Heller et al., 2022). Therefore, further studies on the therapeutic effects of BMP signaling should be performed to investigate whether it can be targeted therapeutically in skin fibrotic diseases.
CONCLUSION
Our group developed a new thermosensitive in situ injectable hydrogel. The precursor hydrogel could be injected into wounds of any shape. It could quickly become a colloid when heated to the temperature of the skin surface, with good mechanical properties and biocompatibility. In vitro, the icariin in the hydrogel enhanced the BMP4 signaling pathway and promoted the conversion of macrophages from the M1 phenotype to the M2 phenotype. In vivo, the hydrogel reduced inflammation in the early stage of wound healing and significantly increased the number of new hair follicles in the late stage. Overall, the icariin released from the icariin+PEG hydrogel reduced excessive collagen deposition and excess myofibroblast differentiation during skin-wound healing, thereby promoting healing and hair-follicle regeneration. Therefore, it has great potential for practical applications. However, any future successful clinical application of icariin+PEG hydrogels depend on optimizing the release of icariin and precisely regulating the spatiotemporal molecular signals at the injured site during wound healing.
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Ginsenoside Rg3 has shown beneficial effects in various skin diseases. The current interest in designing and developing hydrogels for biomedical applications continues to grow, inspiring the further development of drug-loaded hydrogels for tissue repair and localized drug delivery. The aim of the present study was to develop an effective and safe hydrogel (Rg3-Gel), using ginsenoside Rg3, and we evaluated the wound-healing potential and therapeutic mechanism of Rg3-Gel. The results indicated that the optimized Rg3-Gel underwent discontinuous phase transition at low and high temperatures. Rg3-Gel also exhibited good network structures, swelling water retention capacity, sustainable release performance, and excellent biocompatibility. Subsequently, the good antibacterial and antioxidant properties of Rg3-Gel were confirmed by in vitro tests. In full-thickness skin defect wounded models, Rg3-Gel significantly accelerated the wound contraction, promoted epithelial and tissue regeneration, and promoted collagen deposition and angiogenesis. In addition, Rg3-Gel increased the expression of autophagy proteins by inhibiting the MAPK and NF-KB pathways in vivo. It simultaneously regulated host immunity by increasing the abundance of beneficial bacteria and the diversity of the wound surface flora. From these preliminary evaluations, it is possible to conclude that Rg3-Gel has excellent application potential in wound-healing drug delivery systems.
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1 INTRODUCTION
The skin is the largest and most extensive organ in the human body. The skin acts as a wall between the organism and the exterior milieu to protect the underlying organs, perform physiological functions necessary for survival, and resist external pathogens given its constant exposure to potential injury in daily life (Proksch et al., 2008; Takeo et al., 2015). Wounds are among the most common skin conditions, representing a discontinuity and loss function of the epithelial integrity. High morbidity of cutaneous injuries imposes a significant burden on both the individual patient’s physical and healthcare economy, even requiring long-term painstaking treatment with the potential for cosmetic damage or death.
Wound healing, a complex coordinated process subjected to many intrinsic and exogenous imbalances, is an evolved dynamic biological process essential for species’ survival. Wound healing involves tightly controlled biochemical and cellular events, such as inflammation, proliferation, and remodeling, which occur sequentially in a continuous and sometimes overlapping fashion (Wang P.-H. et al., 2018; Oryan et al., 2019; Singer, 2022). The main goal of tissue regeneration in wound healing is the speed and quality of healing to effectively regenerate new healthy epidermis and lead to better cosmetic results. Wound management preparations should actively modulate the three phases of wound healing. A key concomitant activity in the proliferative phase of many healing wounds is the induced presence of vessel growth, a process known as angiogenesis (Veith et al., 2019). Epithelialization is another essential component of wound healing. Re-epithelialization begins with the migration of keratinocytes and participates in the cellular and molecular processes that initiate, maintain, and complete epithelialization, which in turn control wound closure and repair events (Pastar et al., 2014). During the proliferation and remodeling phases, various types of cells are extensively activated to induce the production of growth factors, following which, the wound surface recovers through re-epithelialization, collagen synthesis, matrix deposition, and vessel reconstruction (Reinke and Sorg, 2012; Pastar et al., 2014).
Emerging evidence has linked autophagy to skin wound healing. Recently, numerous studies have shown that autophagy is a process of cell catabolism to degrade and recover cytoplasmic components in eukaryotes (Sil et al., 2018; Ren et al., 2022). In addition to promoting the activation of inflammatory cells and enhancing their anti-inflammatory and anti-infective activities, autophagy is also beneficial to cell survival, migration, and proliferation associated with healing, thereby playing an important role in maintaining cell homeostasis under physiological and pathophysiological conditions. The impact of skin microbiome host interactions on wound-healing outcomes is another field of exciting research. The exact role of the microbiome in wound healing remains unclear, let alone the mechanisms of healing using therapeutics. Human skin harbors one billion microorganisms/cm2, collectively termed the microbiota, which can promote innate and adaptive immune responses to promote normal skin homeostasis and provide pathogen defense when the skin is intact (Pistone et al., 2021). Current studies suggest that many of these dimensions change, especially when wounds are formed, including microbial diversity, microbial load, and abundance of potential pathogens (Xu and Hsia, 2018). If the wound is not rapidly healed, the accumulation of inflammatory exudates can cause damage to the wound microenvironment and cell damage, following which, the skin microbes can multiply into sterile tissues, leading to bacterial overgrowth and infection, which thereby delay and complicate wound healing.
With an increased understanding of previously unknown cellular and molecular pathways involved in wound-healing processes, a broad range of further development is also underway based on new biomaterials and material fabrication techniques. So far, researchers are not only committed to rapidly expanding the range of research on wound dressings, such as sponges, foams, electrospun nanofibers, membranes, and hydrogels but also pay close attention to excavating their functions to exert advantage of their use in treatment (Dong and Guo, 2021). Hydrogels are generally synthesized from natural or synthetic crosslinked polymers and defined as highly hydrated three-dimensional (3D) linked network structures that have excellent ability to swell and bind several-fold more water or biological fluids, which enable them to be used as vehicles for the delivery of small and large drug molecules, providing them with versatile applications in biomedical areas (Tavakoli and Klar, 2020). Hydrogel networks can be cast into various sizes and shapes that are ideal to meet the demands of effective target drug delivery and rapid wound closure due to their unique properties. In particular, thermosensitive hydrogels are considered promising candidates for partial application of local therapy, which rapidly and reversibly undergo sol–gel transition behavior depending on ambient temperature changes, endowing the drug delivery capacity with controllable local spatial and temporal effects, as well as with moldability, biocompatibility, biodegradability, and tissue similarity to improve the bioavailability of drugs.
Ginsenoside Rg3 (Rg3) is one of the most important components from the traditional Chinese medicine Panax ginseng and has emerged as an effective anti-oxidative, anti-inflammatory, anticancer, antifatiguing, and cardioprotective medicine with evident effects (Kao et al., 2020). Recently, the use of Rg3 in the skin has started gaining considerable research attention, and Rg3 is considered to have therapeutic benefits in malignant melanoma, atopic dermatitis, skin senescence, and skin healing (Shan et al., 2014; Lee et al., 2018, 2019). Moreover, several studies have suggested that Rg3 serves as an early intervention for treating patients with hypertrophic scars (HS) by promoting wound healing in the early stage and inhibiting scar hyperplasia in the late stage (Cheng et al., 2013; Sun et al., 2014; Xu et al., 2019). Previous studies on the pharmacological effects of Rg3 can provide a theoretical basis for its application in skin treatment. However, Rg3 is a crystalline drug that is almost insoluble in water and dissolves only slightly in the mixed solvent of chloroform and methanol and dimethyl sulfoxide (DMSO) and other organic solvents; this greatly limits the bioavailability and formulation development of Rg3 (Yu et al., 2015). Therefore, the preparation of an effective drug delivery for Rg3 is critical to increase Rg3 solubility and improve absorption. In recent years, Rg3 has been tested in various formulations, including electrospun membranes, microparticles, microspheres, liposomes, and nanoparticles (Wang X. et al., 2018; Cheng et al., 2020). Some of the previous studies proposed the use of a nano-in-micro electrospun fiber membrane to fully exploit the potential of Rg3 as a skin repair drug delivery system (Cheng et al., 2020). However, to the best of our knowledge, no previous study has reported on the use of ginsenoside Rg3-loaded hydrogel wound dressings.
2 MATERIALS AND METHODS
2.1 Materials
2.1.1 Chemicals
Ginsenoside Rg3 was produced in the laboratory (the purified Rg3, having two configurations >95% total composition); P407 was supplied by BASF (Ludwigshafen, Germany); low-molecular-weight chitosan obtained from shrimp shells (Pandalus borealis) was purchased from Sigma-Aldrich (Shanghai) Trading Co., Ltd (the deacetylation degree of chitosan was 95.8%); sodium hyaluronate (15–25 MDa) was purchased from Shanghai Yuanye Bio-Technology Co., Ltd; SDS was purchased from Beijing Solarbio Science Technology Co., Ltd.; HPLC-grade acetonitrile (LiChrosolv®, CAS-No: 67-56-1) was purchased from Merck (Darmstadt, Germany); RIPA lysis buffer and BCA protein assay kit (BCA) were purchased from Beyotime Institute of Biotechnology (Jiangsu, China); the antibodies against p-ERK, p-JNK, and p-p38 were obtained from Cell Signaling Technology (Beverly, United States); antibodies against β-actin, GAPDH, and the goat antirabbit secondary antibody, NF-κB p65, Akt, ERK, JNK, p38, LC3, and Beclin-1 were obtained from the Proteintech (Santa Cruz, CA, United States); and antibodies against p-Akt and p62 were obtained from Arigo Biolaboratories Corp.
2.1.2 Animal and Cell Lineages
Male ICR mice weighing 20–30 g were obtained from YiSi Experimental Animal Co., Ltd. (Chang Chun, China). The human immortalized keratinocytes (HaCat) cell line was purchased from Guangzhou Cellcook Biotech Co., Ltd.
DMEM medium, penicillin–streptomycin antibiotics (PS), fetal bovine serum albumin (FBS), and phosphate buffer saline (PBS) were purchased from Thermo Fisher Biochemical Products Co., Ltd. Moreover, 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) was obtained from Aladdin Industrial Corporation (Shanghai, China).
2.2 Preparation of Rg3-Gel
The preparation of our hydrogel is partly based on the method explained by Soriano-Ruiza and colleagues (Soriano-Ruiz et al., 2020). In accordance with their published work, the required amounts of chitosan (CS) were prepared by adding the weight quantity in acetic acid solution (0.5% w/v) with continuous stirring until completely dissolved, and the required amounts of P407 were subsequently used for inclusion of Cs solutions using the cold method. HA 5% (w/v) solutions were prepared by adding hyaluronic acid (HA) to distilled water under continuous stirring for 1 h at room temperature and then utilized for inclusion of before adding Poloxamer 407(P407) and CS using the cold method. The precipitates of these polymer contents were then removed to get completely clear solutions obtained in situ forming hydrogels. Next, 10 mg Rg3 were pre-dissolved in 1 ml of SDS aqueous solution (0.4%, w/v) and then mixed with 9 ml of P407/Cs/HA in drug-loaded hydrogels using an AB mixing tube.
2.3 Characterization of Rg3-Gel
Fourier transform infrared spectroscopy (FT-IR) of the hydrogel was performed to confirm the chemical compositions of the prepared Rg3:P407:Cs:HA (Rg3-Gel) hydrogels. Both freeze-dried Rg3-Gel and Blank-Gel were mixed with KBr and compressed into a flake, the samples were scanned and recorded by FT-IR, and the spectroscopy was performed on a Thermo (United States) Nicolet iS50 in the wavelength range of 500–4,000 cm−1.
The X-ray diffraction (XRD) curves of the freeze-dried hydrogels and raw Rg3, P407, Cs, and HA were recorded using an X-ray diffractometer (JDX-3532 JEOL Japan), with the angle of diffraction (2θ) and the counts. The diffraction angle ranged from 10° to 80° at 45 kV and 40 mA.
The surface morphological structure of the prepared Rg3-Gel was examined by using a scanning electron micro-scope (SEM, BX-51; Olympus; Tokyo, Japan), and photographs were taken using a lens at ×800 and ×4000 magnification power. Before the observation, all the samples were freeze-dried and sputter-coated with gold.
2.4 Properties of Rg3-Gel
2.4.1 Swelling Behavior
The swelling ratio of the Blank-Gel and Rg3-Gel were studied by the gravimetric method. The oven-dried samples of the hydrogels were weighed (Wd) and recorded before being immersed in phosphate-buffered saline (PBS) at 37°C. At regular intervals, the swollen samples were removed and the weight (Ww) was measured after carefully wiping off the surface moisture. The measurements were continued until the equilibrium swelling state was achieved.
The swelling ratio was calculated according to the following equation:
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where Ww and Wd represent the weight of the hydrogel after swelling and the weight of the hydrogel after freeze-drying, respectively.
2.4.2 In Vitro Drug Release
The in vitro drug release experiment of Rg3-Gel was performed with slight modification according to a previously described method (Song et al., 2019). Briefly, hydrogel samples with PBS buffer solution (pH 7.4, 0.01 M) were placed into a 10-ml centrifuge tube at 37°C. Equal amounts of samples were collected at predetermined time intervals and added to the volume of fresh PBS buffer solution medium in order to maintain a simulated release condition. Then, the concentration of Rg3 was determined by using high performance liquid chromatography (HPLC) analysis (Waters 2,695). The mobile phase consisted of acetonitrile (solvent A), water (solvent B), and acetonitrile at a flow rate of 1.0 ml/min. The column used was an Ultimate SHISEIDO PAK C18 ACR (4.6 mm × 250 mm, 5 μm), and the detector wavelength was set to 203 nm. The samples were performed in triplicate for each experiment. The cumulative release mass and percentage at the intervals of each time point was calculated.
Additional information and details regarding the in vitro activity studies are available in the Materials and Methods section in the Supporting Information.
2.5 In Vivo Wound Healing Studies
2.5.1 Animal Experimental Protocol
All animal experiments were conducted in accordance with the relevant laws and institutional guidelines, and were approved by the Animal Ethics Committee of Jilin Agricultural University. Thirty-six healthy male ICR mice weighing 20–30 g were used in this study. The animals were divided into clean cages under a temperature-controlled condition of 23 ± 2°C. After being reared adaptively for 1 week, the mice were anesthetized via intraperitoneal injection of chloral hydrate (0.3 mg/kg body weight). Subsequently, the dorsal hair on their backs was shaved using an electric razor, before being depilated up to the depth of loose subcutaneous tissue and disinfected with 70% alcohol. Next, 10 mm diameter circular full-thickness wounds were created on the back of each mouse under aseptic conditions. These wound mice were randomly distributed to three groups (n = 12 mice per group): mice in group I did not receive any treatment (naked injury–Control), group II mice were treated with Blank-Gel, while mice in group III were once daily treated with Rg3-Gel, the total amount of each administration was 200 ml. The wound area of the lesions was photographed and measured (ImageJ software) at days 0, 4, 8, 12, and 16.
The degree of wound healing was expressed as the wound contraction ratio (WCR) to assess the wound-healing property. The WCR was calculated by the following equation:
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where A0 and At represent the initial wound area and the wound area at certain times, respectively.
2.5.2 Histopathological Evaluation
Histology was performed to evaluate the degree of healthy skin dermal organization, keratin staining, collagen staining, extracellular matrix composition and organization, and the structural integrity of cellularized constructs. Briefly, each mouse was euthanized at the experimental endpoint of 16 days. Wound lesion tissues were harvested and immediately cleaned with PBS, before fixing in 4% paraformaldehyde buffer for 48 h. The fixed samples were dehydrated in graded ethanol, cleaned with xylene, and embedded in paraffin blocks. Both the center and edge portions of the tissue were subsequently sliced into 5 μm sections and stained using hematoxylin–eosin (H&E) and Masson’s trichrome staining kits, respectively, according to the manufacturer’s guidelines. The slides were then imaged by light microscopy.
2.5.3 Immunofluorescence Analysis
Using the same method described in the H&E staining section, the immunofluorescence of the wound section on the 16th day after surgery was conducted on sections with a thickness of 5 μm. After that, the tissue samples were deparaffinized with xylene, dehydrated with ethanol solutions (100, 95, and 80%), and blocked with PBS solution with 10% goat serum. The sections were further incubated with the primary antibody pan-keratin and then with specific secondary antibodies and DAPI. The stained sections were observed using a fluorescence microscope (Olympus IX71 Corporation, Tokyo, Japan), and the structures positive stained with pan-keratin (green) and DAPI nuclear staining (blue) were identified and photographed.
2.6 Western Blotting
Western blotting was conducted as described previously (Kim et al., 2018). The cell extracts were prepared using RIPA protein lysate (Beyotime, P0013) and measured by a Bio-Rad protein assay. The proteins were separated on 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), blotted onto PVDF membranes, and the membranes were immediately blocked with 5% skim milk/bovine serum albumin (BSA) in tris-buffered saline and Tween 20 (TBST) for 1 h at room temperature, followed by incubation with primary antibodies at 4°C overnight. Following incubation, the blots were incubated with the corresponding horseradish peroxidase secondary antibody. The target proteins were visualized with an enhanced chemiluminescence system using ECL Advance Western Blotting Detection Reagents (GE Healthcare, Buckinghamshire, United Kingdom). Densitometric analysis for the quantification of the band intensities was performed using ImageJ software.
2.7 Analysis of Bacterial Inactivation in Wounds by DNA Sequencing
On day 16, bacterial samples from the wounds were collected by gently wiping the wounds of mice in the Control and Rg3-Gel groups back-and-forth with wet cotton swabs. Then, the swab tip was broken off and loaded into a provided sterile sample collection tube. The bacterial samples were shipped to Shanghai Personal Biotechnology Co., Ltd (Shanghai, China) for high-throughput sequencing. The paired-end raw sequencing data of the skin microbiota were de-multiplexed, joined, filtered, analyzed, and visualized using the Quantitative Insights into Microbial Ecology (QIIME2) pipeline. The obtained sequence information was used for flora composition analysis to systematically explore whether and how Rg3-Gel treatment affects the type and relative abundance of bacteria in the wound and to allow assessment of bacterial involvement in the wound after Rg3 treatment.
2.8 Statistical Analysis
Data are presented as the mean value ±standard deviation (SD). Graphs and statistical analyzes were performed by using GraphPad Prism 8 (GraphPad, United States) and SPSS 17.0 (IBM Corporation, United States). The differences among groups were measured by one-way ANOVA with Tukey’s HSD test post hoc comparisons. Statistical significance was defined as p-values < 0.05.
3 RESULTS AND DISCUSSION
3.1 Synthesis and Characterization of Rg3-Gel
At present, together with the functional hydrogel, the utility of other active pharmaceutical ingredients (such as cells, antibacterial agents, growth factors, drugs, or proteins) produce extremely effective hydrogel dressings for use in wound healing (Cheng et al., 2020). Notably, a recent study exhibited a microsphere/hydrogel composite constructed from ciprofloxacin (Cip)-loaded poly (lactic-co-glycolic acid) (PLGA) microspheres and ginsenoside Rh2 showed excellent potential applications in topical treatment of skin infection (Sun et al., 2020). Furthermore, to prevail the limitations related to ginsenosides delivery, a therapeutic delivery system based on microemulsion composite hydrogel has been designed to improve the low water solubility of ginsenosides (Kim et al., 2018). Inspired by this, we presented polymeric materials and anionic surfactants based composite thermo-sensitive hydrogel system for delivery of Rg3 as a drug release vehicle (Rg3-Gel) in this work.
The characteristic chemical bonding peak of Rg3-Gel is observed in Figure 1A. The hydrogel samples in the freeze-dried form showed (C–H stretching) and (C=O stretching) at 2,875 and 1,645 cm−1, respectively, and these peaks also included 1,282 cm−1 (C–O–C stretching), 1,110 cm−1 (C–C–O symmetric stretching), and 964 cm−1 (C–C–O asymmetric stretching). It was found that the chemical structure of Rg3 hydrogel was not only nearly consistent with that of the in situ hydrogel but also matched that of P407. All samples showed the disappearance of broad characteristic peaks at 3,200–3,600 cm−1 of the hydroxyl group (O-H or N-H stretching) vibration of the loaded drug compound. There is almost no chemical change in the combined spectrum of the Rg3 hydrogel compared to the blank hydrogel and P407, which is consistent with that reported previously for P407 as the main matrix (Soriano-Ruiz et al., 2020).
[image: Figure 1]FIGURE 1 | Structural characteristics of the Rg3-Gel. (A) Fourier transform infrared spectra of Rg3, neat P407, Cs, HA, Blank-Gel, SDS-Gel, and Rg3-Gel. (B) XRD pattern of Rg3, neat P407, Cs, HA, Blank-Gel, and Rg3-Gel. (C) SEM images of freeze-dried Blank-Gel, SDS-Gel, and Rg3-Gel samples (X800 & X4000).
This result also appeared in the XRD pattern (Figure 1B), in which characteristic P407 diffraction peaks were clearly observed at 19.05° and 23.25°. The diffractogram of the drug encapsulated hydrogel and blank hydrogel also showed large diffraction peak patterns corresponding to their crystalline regions, as well as higher intensities. The diffraction sharp narrow peaks of the hydrogel encapsulated with Rg3 at 15.2° and 77.4° was due to the highly crystalline Rg3 structure. However, no change in the crystal phase due to chitosan doping was observed in the XRD spectra. This may be because the added chitosan is so small that it was below the XRD detection limit. The diffraction pattern may also indicate that Rg3 existed in the intrinsic crystal form in Rg3-Gel.
Simultaneously, the SEM of our hydrogel illustrated a significant difference structure in different hydrogel formulations (Figure 1C). The hydrogel formed after the addition of SDS showed a typical 3D porous morphology and appears looser and more porous in nature than the blank hydrogel. In addition, the Rg3 content did not significantly affect the pore structure. These SEM images indicated that the 3D structures of the hydrogel may contribute to the encapsulated and controlled release of drugs, as well as maintain a physiologically moist microenvironment and provide channels for gas exchange at the wound site to promote healing.
3.2 Properties of Rg3-Gel
The relationship between the classical anionic surfactant sodium lauryl sulfate (SDS) with stable hydrogels was studied many years ago (Wu et al., 2012, 2017). Similarly, another report recommends that fibroin aggregation and gelation can be accelerated by SDS in a matter of minutes, based on hydrophobic interactions and electrostatic effects. The SDS-treated hydrogels are further reported to possess excellent cytocompatibility in vitro (Kao et al., 2020). The Rg3-Gel outlined in this study is transparent in appearance, and the diagram is shown in Figure 2A. Interestingly, we used the tube inversion method to record the gelation of the hydrogel, and found that the gelation formulation of the Rg3-Gel not only exhibited a phase transition at physiological temperature with the addition of SDS, but the hydrogel also solidified into semisolids (gels) at low temperature, which attests to it has bidirectional temperature sensitivity. Although the cause of its gelation process remains unknown, early studies reported that in addition to chemical reactions, physical interactions, such as hydrogen bonds, hydrophobic bonds, and electrostatic interactions, may occur during the gelation process (Wang X. et al., 2018).
[image: Figure 2]FIGURE 2 | Excellent properties of Rg3-Gel. (A) Schematic and tube inversion images of Rg3-Gel with temperature (sol–gel transition). (B) Swelling characteristics of Blank-Gel and Rg3-Gel dry samples; data represent average of triplicate experiments ±SD (n = 3). (C) Cumulative release profile of Rg3 from the hydrogel sample at 37°C in 0.1 (M) PBS buffer by HPLC; data represent average of triplicate release experiments ±SD (n = 3). Antioxidant, antibacterial ability, and cytotoxicity of Rg3-Gel.
Figure 2B shows the swelling properties of poloxamer-based Blank-Gel and Rg3-Gel to analyze the water uptake capacity of the hydrogels. Both hydrogels swelled rapidly within the first 25 min of immersion in PBS, and within 50 min of immersion, the swelling equilibrium was reached. However, Blank-Gel was equilibrated slower compared to the Rg3-Gel, probably due to the three-dimensional (3D) structure of the Rg3-Gel, which is looser and more porous. All of the results suggest that all hydrogels have abundant pores to take up large amounts of water; therefore, it can prevent the accumulation of exudates at the wound bed, making them suitable for wound dressing.
A good drug carrier can also enhance drug stability. HPLC chromatography was used to obtain the controlled Rg3 release process from the Rg3 hydrogel. The bioactive Rg3 was effectively encapsulated in the hydrogel and exhibited a representative long-term temperature-sensitive sustained release behavior. The Rg3 release profile is shown in Figure 2C. The Rg3 released from the Rg3 hydrogel showed a rapid burst release of approximately 9% over 6 h, and approximately 28.7% over 54 h. The sustained and controlled release of Rg3 could be observed, while the formation of a burst of Rg3 from the loose part of the hydrogel surface can promote early liberation. The drug cumulative release profile was consistent with its cumulative release percentage, and we detected a cumulative release of 1.18 mg of Rg3 over 120 h from 3 ml hydrogel. These Rg3 release behaviors of the hydrogels demonstrated their potential use as drug release carriers.
3.3 Antioxidant, Antibacterial Ability, and Cytotoxicity of Rg3-Gel
Free radicals are present at high levels in the wound site, and this results in oxidative stress and chronic inflammation, degeneration, and cell death, all of which compromise the wound-healing process. Rg3 has been reported to have excellent antioxidant properties and can scavenge free radicals (Kang et al., 2006). Here, the antioxidant activities of Rg3-Gel and pure Rg3 solution were evaluated by testing the removal efficiency of hydroxyl, DPPH, and ABTS oxide radicals. The results revealed a more obvious radical scavenging efficiency of the blank hydrogel combination (Figure 3A). The blank hydrogel combination showed 81.0, 10.3, and 26.27% scavenging of hydroxyl, DPPH, and ABTS, respectively, which were higher than single Rg3. The pure Rg3 solution showed no obvious scavenging efficiency at the same concentrations, while the hydrogel showed increased antioxidant capacity with the addition of Rg3 (except for the ABTS free radical scavenging efficiency). Taking the hydroxyl radical scavenging efficiency as an example, after adding Rg3 hydrogel, the hydroxyl absorption peak intensity was significantly reduced, indicating that these hydrogels have good antioxidant ability. These results indicate that the strong hydroxyl radical scavenging property blank hydrogel of the biopolymer combination could effectively combine with Rg3 to improve the antioxidant activity. Overall, Rg3-Gel has good antioxidant capacity and shows great potential as a wound-dressing material.
[image: Figure 3]FIGURE 3 | Antioxidant, antibacterial ability, and cytotoxicity of Rg3-Gel. (A) Each radical scavenging property of the Rg3, Blank-Gel, and Rg3-Gel (#p < 0.05, ##p < 0.01, and n = 3). (B) Antibacterial inhibition zones of the Rg3, Blank-Gel, and Rg3-Gel for S. aureus and E. coli, respectively (n = 3). (C) Cell viability of human HaCaT keratinocytes (MTT assay) treated with Rg3-loaded Rg3-Gel and Rg3-unloaded Blank-Gel samples; data represent average of five experiments ±SD (#p < 0.05, ##p < 0.01, and n = 5).
Bacterial infection is not only one of the main causes of wound infection but also one of the main factors inhibiting the wound-healing process. Thus, the desired wound dressing should have a good antibacterial activity to inhibit the propagation of microorganisms at the wound site and prevent the wound from being invaded by external bacteria (Chen et al., 2018; Song et al., 2019). In this regard, Figure 3B illustrates the antimicrobial activity of the hydrogel-loaded Rg3 compared to the hydrogel alone as the control sample. As has been observed, the prepared hydrogel, irrespective of whether or not it contained Rg3-loaded hydrogel, showed the effectiveness of inhibiting the growth of both bacterial species of S. aureus and E. coli. Furthermore, the mean diameters of the zone of inhibition recorded for Rg3-loaded hydrogel against E. coli and S. aureus were 20.3 ± 1.2 and 25.0 ± 1.1 mm, respectively, which were higher than those of Rg3 (p < 0.01) and the blank hydrogel (p < 0.01), revealing that Rg3-loaded hydrogels have greater antimicrobial potential. Similarly, the antibacterial activity of pure Rg3 was investigated against S. aureus and E. coli, the result of which is shown in Table 1. Statistical analyses revealed that pure Rg3 could combat those common pathogens associated with acute wounds. In addition, according to previous studies, chitosan exhibits good antibacterial toward bacteria (Gram-positive and Gram-negative), suggesting that the strong antibacterial activity of Rg3-Gel may be due to the synergistic effect of Rg3 and chitosan. Therefore, based on the aforementioned results, Rg3-Gel showed sufficient inhibition of bacterial growth to protect wounds.
TABLE 1 | Bacterial inhibition zone of the different samples.
[image: Table 1]Excellent cytocompatibility is one of the most important properties of materials in biomedical applications. The cytotoxicity level of materials is generally divided into four level grades, where relative survival rates >70% (Grade 1) can be considered non-toxic (Zhang et al., 2021). Figure 3C shows the results of cell viability, following treatment with Blank-Gel and Rg3-Gel. The cell viability of two treatment groups was statistically significant (p < 0.05) compared to the controls. The relative cell survival rates of the two hydrogels at different concentrations were >70% after 24 h. The results prove that Rg3-Gel had no toxicity toward the treated samples, indicating that Rg3-Gel can provide an ideal environment for cell culture and may facilitate the rapid repair of skin cells.
3.4 Evaluation of Wound Healing
The faster the wound closes, the more effective the treatment. A full-thickness skin wound on the back of the mice was created and treated with Blank-Gel and Rg3-Gel. Representative images of the change in size of the wound areas from four groups on post-surgery days 0, 4, 8, 12, and 16 are exhibited (Figure 4A). On day 4 post treatment, reduction in wound size was observed in the animals to some extent, while Rg3-Gel exhibited the smallest wound area on days 8, 12, and 16 (p < 0.05 and p < 0.01). Moreover, the mice in the Rg3-Gel group showed a much higher reduction in the wound area as compared to the Blank-Gel (p < 0.05 and p < 0.01) (Figure 4B). Consistent with the gross observation, the Rg3-Gel group exhibited faster healing rates than those observed in the other groups during the whole healing process, with 90.68 ± 1.3% closure rates on day 16, while the wound-healing rates of the in situ hydrogel and the Control group were 87.63 and 83.67%, respectively (Figure 4C). This finding indicates that the hydrogel supports Rg3 sustained release and biological activity.
[image: Figure 4]FIGURE 4 | In vivo wound healing effect of Rg3-loaded Rg3-Gel on full-thickness excision wound model. (A) Wounds photographs at 0, 4, 8, 12, and 16 days post-injury in Control, Blank-Gel, and Rg3-Gel group. The scale bar indicates 10 mm. (B) Quantification analysis of wound areas at 0, 4, 8, 12, and 16 days post-injury in each group (#p < 0.05, ##p < 0.01, and n = 12). (C) Wound closure represented as the percentage of reduction of the initial area in each group during post-injury 14 days. Control, Blank-Gel, and Rg3-Gel represent the Control group, the blank hydrogel group, and the Rg3 hydrogel group, respectively (#p < 0.05, ##p < 0.01, and n = 12).
3.5 Histological and Angiogenesis Analyses
Collagen participates in the healing process through its role in cell migration and new tissue development. By Masson staining, collagens are stained blue and keratins are stained red. Masson trichrome staining revealed that all groups showed more collagen deposition compared to the Control group (Figure 5A). ImageJ software was used to calculate the collagen content of the wound dermis, represented by the average optical density (Figure 5B). As a result, the highest collagen deposition and a better collagen array were found in the Blank-Gel group, which increased in the mean area (%) of collagen deposition compared to other groups. These findings indicate that Blank-Gel accelerated the healing process by promoting ECM deposition at the wound site. Although the increased collagen content was weaker in the Rg3-Gel group than that in the Blank-Gel group, the collagen-based protein quantification results indicated that collagen I and III expressions under the wound increased significantly in the Rg3-Gel group compared to the Blank-Gel group (Figure 6A, p < 0.01 and p < 0.05). Collagen has been reported to stimulate the adhesion, proliferation, migration, and epidermal differentiation of human keratinocytes, as well as to promote skin regeneration and wound healing in rats (Kim et al., 2014; Chen et al., 2019). The altered collagen content in the Rg3-Gel–treated wounds could be attributed to the introduction of Rg3 into the hydrogel system to a large extent, which may promote collagen deposition and accelerate wound healing.
[image: Figure 5]FIGURE 5 | Histological and vascularization assessment after different treatments. (A) Masson trichrome staining and H&E histological staining of wounded skin tissue sections in different groups at 16 days post-wounding (×400 magnification and scale bar 200,100 μm). The right arrow represents capillary vessels, while the left arrows represent inflammatory cells. The triangle, star, and circle represent epidermis, hair follicles and glands, respectively. (B) Proportion of collagen fibers in the regenerative tissues (n = 3). (C,D) VEGF immunofluorescence staining images and quantitative analysis in wound areas of different groups. (E,F) CD31 immunofluorescence staining images and quantitative analysis in wound areas of different groups (n = 3).
[image: Figure 6]FIGURE 6 | Effects of Rg3-Gel on collagen and angiogenesis at wound-healing sites. (A) Representative western blots and their quantitative analysis of Collagen I and Collagen III proteins in skin tissue of three groups. (B) Representative western blots and their quantitative analysis of VEGF and HIF-1α proteins in skin tissue of three groups (#p < 0.05, ##p < 0.01, and n = 3)
H&E staining confirmed the superiority of the Rg3-Gel group in terms of histopathological repair. The normal skin of mice is mainly composed of three layers: the epidermis, dermis, and hypodermis. According to the H&E staining results, the dermal layer was still collapsed in the Control group, while the Blank-Gel–treated wound showed the basic structure of the epithelial layer and an intact dermis layer, with no obvious edema, and a few hair follicles and glands (Figure 5C). However, the skin epithelium and appendage arrangement were not as regular as those in the wounds treated by Rg3-Gel. Our data showed that slightly fewer inflammatory cells and many skin appendages were observed in the Rg3-Gel group. The infiltration of inflammatory cells into the wound site occurs when the wound is infected by bacteria. Relative hypoxia is another characteristic feature of tissue growth or following tissue injury and impaired blood flow, and stimulating angiogenesis and restoring the vascular network can provide the required nutrients and oxygen for the wound repair process (Ahluwalia and Tarnawski, 2012; Feng et al., 2021). Indeed, it has long been known that angiogenesis plays an important role in multiple stages of the wound-healing process. In the current staining plot, the effect of Rg3-Gel on angiogenesis at the wound site is unclear.
The lack of nutrients and oxygen is the principal factor that stimulates angiogenesis. Angiogenesis is also the result of endothelial cell proliferation and the production of various growth factors and cytokines, which provide the necessary cellular and molecular signals for a normal healing process. Among them, vascular endothelial growth factor (VEGF) is the most important mediator in promoting angiogenesis (Ferrara et al., 2003; Li et al., 2003). To further explore the potential regulatory effect of Rg3-Gel on angiogenesis, we verified the formation of blood vessels by immunofluorescence staining with the angiogenesis markers platelet endothelial cell adhesion molecule-1 (CD31) and VEGF (Figures 5C–F). The results showed that Rg3-Gel significantly enhanced the expression of VEGF and CD31 in mouse skin wounds compared with the Control group, thereby promoting angiogenesis (p < 0.01 and p < 0.05). In addition, the VEGF protein detected by western blotting was highly expressed in the wounds of the Rg3-Gel group (Figure 6B, p < 0.01). We also noted that the hypoxia-inducible factor (HIF)-1α (HIF-1α) protein level were significantly increased in the Rg3-Gel group compared to the Control group (Figure 6B, p < 0.05). HIF-1α is a major transcription factor, which participates in VEGF-mediated angiogenesis under hypoxic conditions, as well as induces the expression of multiple critical molecules for wound healing (Rey and Semenza, 2010). The quality and quantity of neovascularization determine the quality of wound healing. Previous studies have reported the use of 20(S)-protopanaxadiol (PPD) in wound-healing therapy by stimulating angiogenesis through HIF-1α-mediated VEGF expression. Micromolar concentrations of Rg3 have been shown to increase nitric oxide (NO) production in the vascular endothelium, promote human endothelial cell proliferation, migration, and tube formation in vitro, and promote as ex vivo endothelial sprouting (Chen et al., 2010; Hien et al., 2010; Kwok et al., 2012). Taken together, these findings provide solid evidence that Rg3-Gel promotes angiogenesis. These results are consistent with our previous collagen expression results, suggesting that Rg3-Gel may enhance wound healing by promoting angiogenesis.
3.6 Immunofluorescence Analysis of Pan-Keratin
Keratins (KRT) are the largest subfamily of intermediate filaments (IFs) and the most abundant cellular proteins in simple epithelial cells. KRTs represent the main component of the epithelial cytoskeleton, which not only provides structural support to epithelial cells but also contributes to cell-type-specific functions, such as regulating cell proliferation, migration, adhesion, metabolism, and inflammatory features of keratinocytes (Zhang et al., 2019). Pan-keratin is a marker of re-epithelialization of the extracellular matrix. Previous studies on these Rg3 compounds have focused on their anticancer effects, with few reporting their effects on keratin (Sun et al., 2017). More recently, keratin has been reported in the use of novel biocompatible materials, such as membranes and hydrogels, in tissue engineering scaffolds, wound dressings, and surgical interventions, among others (Volkov and Cavaco-Paulo, 2016). Normal expression of keratin proteins is responsible for maintaining the structural stability and integrity of keratinocytes, and its mutation or abnormal expression is related to various skin diseases. In this study, immunofluorescence imaging of pan-keratin was conducted to assess the formation of a new KRT network. As demonstrated in Figures 7A,B, the expression of pan-keratin in the Rg3-gel group was significantly higher than that in the other groups, especially the Control group (p < 0.01). This result concluded that the enhancement of hydrogel system-mediated wound healing by Rg3 may occur through stimulation of pan-keratin.
[image: Figure 7]FIGURE 7 | Effect of Rg3-Gel on the expression of various proteins in wound tissues. (A) Representative images of pan-keratin immunofluorescence staining on day 16 post surgery. (B) Expression of pan-keratin protein affected through the Rg3-Gel treatment in skin tissue in mouse (#p < 0.05, ##p < 0.01, and n = 3). (C) Representative western blotting of Akt, JNK, ERK, p38, and their phosphorylated proteins in skin tissue of three groups. (D) Effects of different treatment on the protein expressions of NF-κB, (E) p62, (F) Beclin-1, and LC3 (#p < 0.05, ##p < 0.01, and n = 3). Analysis of the MAPK/NF-κB signaling pathway and expression of autophagy-related proteins.
3.7 Analysis of the MAPK/NF-κB Signaling Pathway and Expression of Autophagy-related 496 Proteins
The canonical transcription factor NF-κB is an accepted upstream trigger of the pro-inflammatory signal, which is activated by reactive oxygen species (ROS) and drives the expression of numerous genes, including those of pro-inflammatory cytokines, chemokines, adhesion molecules, and enzymes (Best et al., 2019). P65 is one of the important heterodimer members of the NF-κB family, the expression of which has been shown to be inhibited by Rg3 (Ma et al., 2020). Following activation by ROS, NF-κB can activate signaling pathways, including MAPKs and PI3K/Akt, which are crucial to regulating inflammation and producing inflammatory factors. The MAPKs regulate cell growth and differentiation as well as in the control of the cellular responses to cytokines and various stresses (Kwon et al., 2018; Best et al., 2019). To confirm the anti-inflammatory in vivo results, the effects of Rg3-Gel on the activation of MAPK family members, including p38 MAPK, JNK, ERK, and AKT (all of which are involved in the early stage of autophagy), were determined by western blotting. ROS are necessary participants in mitogen-activated protein kinase (MAPK) pathways, activated p38 and ERK signaling proteins are involved in the main signaling pathways for migration and proliferation of endothelial cells, and the MAPK signaling pathway is also responsible for the activation of nuclear factor-kB (NF-κB). Moreover, JNK is principally activated by ROS, but can also be activated by many other stimuli, including cytokines, hormones, cell stress, toxins, drugs, and metabolic changes (Shen et al., 2015; Niu et al., 2020). Inflammation occurs following wound formation as an adaptive response ubiquitous to both acute and chronic wounds. This inflammation induces and stimulates NF-κB and its upstream major translocation regulator, mitogen-activated protein kinases (MAPKs), including p38, ERK1/2, and JNK (Figure 7C). Of note, a substantial decrease in the ratio of phospho-Akt/Akt was detected following the treatment with Blank-Gel and Rg3-Gel (p < 0.01). Similar alterations in the ratio of phospho-JNK/JNK were also detected (p < 0.01), while treatment with specific inhibitors of ERK decreased the phosphorylation (p < 0.01). We detected low levels of p38 MAPK phosphorylation, an inhibitor of NF-kB, in the skin tissue of hydrogel-treated wounds (p < 0.01), while NF-κB was decreased to a similar level (p < 0.01, Figure 7D). Taken together, these findings show that the hydrogel loaded with Rg3 is apparently involved in inhibition of the inflammatory response in wound healing. This indicates that the use of hydrogel treatment in the wound can inhibit the activation of NF-κB and reduce inflammation, at least partially, by inhibiting the MAPK and NF-κB signaling pathways.
Autophagy is an essential homeostatic cellular process, which degrades damaged and dysfunctional organelles and proteins under highly conservative conditions (Sil et al., 2018). Several studies have proved that the NF-κB-p62 mitophagy pathway specifically inhibits pro-inflammatory processes to help restore homeostasis. The activation of autophagy significantly reduced the accumulation of p62, the expression of cathelicidin/LL-37, and the production of inflammatory cytokines. In short, NF-κB exerts an anti-inflammatory effect by delaying accumulation of the autophagy receptor p62/SQSTM1 (Lee et al., 2011). Further research indicates that autophagy is also related to the AMPK pathway, in which phosphorylated AMPK deactivates mTOR, which in turn activates the expression of LC3 and induces autophagy (Lu et al., 2021).
P62, one of several primary regulators of skin inflammation, was previously shown to have roles in the control of epidermal processes (Sukseree et al., 2021). P62 can modulate the degradation of ubiquitinated proteins during autophagy and acts independently as an adapter protein in autophagy. P62 not only induces cellular proliferation by activating the NF-κB pathway but also plays an important role in cell signaling crossroads, such as cellular apoptosis, inflammation, and autophagy (Usategui-Martín et al., 2020). To further elucidate the role of Rg3-Gel associated with the induction of autophagy in vivo under wound-healing conditions, the protein levels of downstream autophagy-related markers in the healed skin wounds were evaluated. We found an inverse correlation between p62 and Beclin-1 levels in skin tissue at wound healing sites of mice, whereas the highest p62 expression was present in the Control group (p < 0.01, Figure 7E). Several studies have proved that the JNK/Beclin-1 pathway plays a crucial role in mediating autophagic cell death. The downstream targets of JNK include the transcription factor c-Jun, which translocates to the nucleus after JNK-mediated phosphorylation. Other reports showed that the association between JNK and c-Jun not only activates c-Jun but also stabilizes c-Jun. When activated, the JNK-mediated phosphorylation of both Ser63 and Ser73 at the c-Jun N-terminal activates c-Jun and potentiates its transcriptional activity, thereby enhancing the transcriptional activity of Beclin-1. This process is important for the formation of autophagosomes and mediates the localization of other autophagy proteins on the autophagy precursor membrane (Sheng et al., 2021). The literature suggests that autophagy is impaired in the diabetic skin model due to the decreased expression of beclin-1 and LC3-II (Chowdhury et al., 2019). In line with this observation, as shown in Figure 7F, expression levels of Beclin-1 protein were lowest in Control group mice and highest in Rg3 hydrogel mice (p < 0.05). Similarly, low levels of Beclin-1 expression were found to be inversely correlated with p62 and positively correlated with LC3 in this study. Compared to the Control group, Rg3-Gel intervention significantly upregulated the expression of LC3 proteins (p < 0.01). The protein levels of these markers were upregulated by hydrogel treatment, and this effect was more pronounced with Rg3-Gel than Blank-Gel treatment, although no statistical differences existed between the Control and treated groups. From these findings, we concluded that Rg3-Gel stimulates autophagy via Beclin-1 and LC3 to significantly accelerate wound healing.
3.8 Analysis of Wound Bacterial Effect by DNA Sequencing
Microbiota induces a form of adaptive immunity that couples antimicrobial function with tissue repair. The purpose of microbiota manipulation in skin wound healing is to prevent pathogen infection and increase the proportion of beneficial microbiota. Numerous studies have investigated the microbial differences between healthy skin and diseased skin to find a cure to restore health. It is unclear what alterations in the microbiome are caused by the Rg3 hydrogel or whether it will improve the imbalance of the microbiota and contribute to skin wound healing. Generally, there exist four prevailing skin-associated taxonomic units on the skin: Actinobacteria, Proteobacteria, Firmicutes, and Bacteroidetes, all of which are actively involved in the infection and repair of skin wounds. It has been reported that certain skin bacteria can convert aromatic amino acids (AAA) into trace amines (TA), which accelerate wound healing, further confirming the significance of the epidermal microorganisms for wound healing (Luqman et al., 2020). Metagenomics is a novel method to detect species, population structure, diversity, and evolutionary relationships of microbiomes by high-throughput sequencing technology. In this study, metagenomics technology was used to detect the wounds of mice treated with hydrogel and to explore the microbial changes in the wounds after the introduction of Rg3. These models are displayed in Figure 8.
[image: Figure 8]FIGURE 8 | Effects of different treatments on wound flora. (A) Box plots of four different alpha diversity measures. (B) Multivariate analysis of beta-diversity: PCoA results based on weighted UniFrac (consider sequencing amounts when analyzing) across the three different sample groups. Blue, red, and green colors represent samples from Blank-Gel, Control, and Rg3-Gel individuals, respectively. (C) Correlation heatmap between three groups important differential wound microbes and the top 20 genera in abundance. (D) Venn diagram of shared and unique bacterial genera in the skin wound microbiome. (E) One way ANOSIM analysis (test statistic R > 0). (F) (G) Histogram of species distribution was used to compare the differences of relative abundance in phylum and genus levels between different groups. (H) LDA chart. The score was obtained by LDA analysis (linear regression analysis) (n = 6).
We analyzed the microbial communities on the wound surface of each group of mice using 16S rRNA Illumina high-throughput sequencing. The Wayne diagram in Figure 8D shows that the Blank-Gel, Control, and Rg3-Gel groups contained 3,766, 3,606, and 3,951 bacterial operational taxonomic units (OTU), respectively. The Rg3-Gel group had the most abundant microbes and the control the least, which indicates that the microbial diversity of untreated in wound is reduced compared to that of the Rg3 hydrogel treatment. Moreover, there was a trend toward increased species abundance and diversity of the two hydrogels compared to those observed in the Control group, as calculated by the alpha diversity metrics (Figure 8A). The differences within the sample groups were statistically significant (p < 0.05) for all diversity indices, including the Shannon, Simpson, and Pieloue indices. The Shannon diversity index is a measure of both species richness and the evenness of each species. A low index indicates low diversity, which is usually present in infections because a single microorganism dominates the balance and leads to disease, while a high index indicates greater diversity and is usually observed in normal, stable, and healthy communities (Kim et al., 2019). Evidence suggests that the imbalance of the microbial flora without any invading pathogens is an underlying cause of skin diseases. Therefore, simply eliminating all microorganisms is not a reasonable method to promote healing (Pang et al., 2020). The maintenance of skin health not only requires the inhibition of pathogenic bacteria but also to promote the growth of symbiotic bacteria (Grice et al., 2009). The bacterial diversity in the Rg3 hydrogel treatment group was significantly higher than that of the Control and blank hydrogel treatment groups; that is, mice that appeared to be more beneficial to assist wound healing by using Rg3-Gel to control microbial diversity. One-way ANOSIM analysis (test statistic R > 0) revealed significant differences between the three groups (Blank-Gel, Control, and Rg3-Gel) in terms of wound healing (Figure 8E), and the microbiota similarity of the samples can be observed by the clustering in the principal coordinate analysis plots (PCoA) (Figure 8B). Beta diversity analysis using the Jaccard similarity index and PCoA generation revealed a clear distinction in wound microbiota composition among the three groups, and the differences between the three groups of our study have statistical significance. According to reports, a continuous change of microbial diversity and community may indicate a tendency for wound tends to heal, while stabilizing in low diversity suggests that the wound may be chronic or not conducive to healing (Pang et al., 2020). Rg3-Gel treatments are consistent with the previously reported samples of normal skin, indicating a stable microbiota that returns to a “normal” state, following Rg3-Gel treatment during the wound-healing process.
In addition, phylum- and genus-level taxonomic classifications of the wound microbiome revealed a variation in representative organism abundances between the two hydrogel treatment groups versus the Control group mice. In the current study, Proteobacteria, Bacteroidetes, Firmicutes, and Actinobacteria were observed as the four dominant microorganisms in the wound samples (Figure 8F). The relative frequency of Proteobacteria in the Rg3-Gel treatment group was reduced compared to that in the Control group, whereas Bacteroidetes and Firmicutes were increased. At the genus level, the six predominant groups identified were Sphingomonas, Bacteroides, Blautia, Escherichia-Shigella, Parabacteroides, and Lactobacillus (Figure 8G). The relative frequency of Sphingomonas was reduced in the two hydrogel treatment groups, while the other genera were increased. Moreover, the microbial community composition of these genera of the Rg3-Gel-treated mice varied more than that of the blank hydrogel. The heatmaps simultaneously illustrated Sphingomonas, Methylobacterium, Staphylococcus, Atopostipes, Acinetobacter, Halomonas, Pelagibacterium, and Aeromonas were the most prominent genera (Figure 8C). Moreover, Bacteroides normally function as friendly commensal bacteria in the host, and in rats with atopic dermatitis (AD) induction, the same treatments significantly decreased the relative abundance of the phylum Bacteroidetes and the genus Bacteroides. The intestinal microbiota seems to affect the health of the skin. Indeed, Escherichia/Shigella or Veillonella are found to be more prominent in the stools of patients with AD (Łoś-Rycharska et al., 2021). We observed a recovery in the level of Lactobacillus of skin microbiomes compared to the Control group mice skin, which showed that Rg3 hydrogel could regulate the skin microbiota at the genus level, similar to the findings of a previous study of diabetic skin (Jiao et al., 2020). Sphingomonas, a member of the phylum Proteobacteria, is an abundant genus that is identified on allergic skin. Many authors have indicated that the wound microbiome species, such as Streptotrophomonas, Brachyrhizobium, Sphingomonas, and Phyllobacterium, have a negative impact on wound healing, while Leuconostoc, Enterococcus, and Bacillus are beneficial to wounds (Mei et al., 2020). LEfSe (Linear discriminant analysis Effect Size) analysis showed the evolutionary relationship of different flora among groups (Figure 9). The dominant bacteria of the Control group were from Proteobacteria, while the representative bacteria of the Rg3-Gel groups expanded to Bacteroidetes and Firmicutes. Based on the results of linear discriminant analysis (LDA) (Figure 8H), Blank-Gel mice were characterized by a higher relative abundance of Bacteroides, Mucispirillum, Desulfuromonas, Allobaculum, Turicibacter, Melittangium, Helicobacter, Bifidobacterium, and Empedobacter, but lower amounts of Sphingomonas, A4b, Facklamia, Soehngenia, Dorea, Tumebacillus, and Thiobacillus than the Control group. In the Rg3-Gel treatment group, the main taxa with high LDA scores included Blautia, Escherichia–Shigella, Parabacteroides, Lactobacillus, Clotridium_sensu_stricto, and Alistipes. Culture-based studies of skin microbiota suggest that skin microbes can affect skin properties, immune responses, pathogen growth, and wound healing. Studies in recent decades have found that skin damage results in colonization by microorganisms, thereby increasing the risk of inflammation, which is reported to make damaged skin more susceptible to infection and ultimately affect wound healing. Overall, a shift in the microbiota composition by Rg3-Gel had a positive effect on wound healing. However, more studies must address the causal relationship between natural active ingredients and their influence on the composition of skin wound microbiota.
[image: Figure 9]FIGURE 9 | LEfSe cladograms analysis of wound surface taxa at genus levels among the different groups.
4 CONCLUSION
In this work, a new method for producing a temperature-sensitive injectable hydrogel containing Rg3 was developed using SDS as the gelling agent. Considering both safety and system simplicity, the hydrogels based on the chemical structure and temperature-sensitive properties of poloxamer were selected to use hyaluronic acid and chitosan along with Rg3 to accelerate the wound-healing process. The hydrogels, which show a unique porous morphology, promising biocompatibility, controlled Rg3 release, and good antioxidant and antibacterial activities, are ideal for use in wound healing. The experimental in vivo wound closure data show that the temperature-sensitive hydrogels with Rg3 could enhance wound contraction, re-epithelialization, collagen deposition, and angiogenesis, all of which accelerated the wound-healing process. The increase in autophagy protein expression suggests that hydrogels with Rg3 could enhance autophagy in wounds to promote healing. High-throughput data analysis showed that the biomimetic hydrogel with Rg3 increased the microbial diversity on the skin wound surface and reduced the abundance of harmful bacteria. Overall, the temperature-sensitive injectable hydrogels with Rg3 hold great promise for use in wound-healing applications.
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Employing scaffolds containing cell–derived extracellular matrix (ECM) as an alternative strategy for the regeneration of bone defects has shown prominent advantages. Here, gelatin (Gel), sodium alginate (SA) and 58s bioactive glass (58sBG) were incorporated into deionized water to form ink, which was further fabricated into composite scaffolds by the 3D printing technique. Then, rat aortic endothelial cells (RAOECs) or rat bone mesenchymal stem cells (RBMSCs) were seeded on the scaffolds. After decellularization, two kinds of ECM–loaded scaffolds (RAOECs–ECM scaffold and RBMSCs–ECM scaffold) were obtained. The morphological characteristics of the scaffolds were assessed meticulously by scanning electron microscopy (SEM). In addition, the effects of scaffolds on the proliferation, adhesion, and osteogenic and angiogenic differentiation of RBMSCs were evaluated by Calcein AM staining and reverse transcription polymerase chain reaction (RT–PCR). In vivo, full–thickness bone defects with a diameter of 5 mm were made in the mandibles of Sprague–Dawley (SD) rats to assess the bone regeneration ability and biosafety of the scaffolds at 4, 8 and 16 weeks. The osteogenic and angiogenic potential of the scaffolds were investigated by microcomputed tomography (Micro–CT) and histological analysis. The biosafety of the scaffolds was evaluated by blood biochemical indices and histological staining of the liver, kidney and cerebrum. The results showed that the ECM–loaded scaffolds were successfully prepared, exhibiting interconnected pores and a gel–like ECM distributed on their surfaces. Consistently, in vitro experiments demonstrated that the scaffolds displayed favourable cytocompatibility. In vitro osteogenic differentiation studies showed that scaffolds coated with ECM could significantly increase the expression of osteogenic and angiogenic genes. In addition, the results from mandibular defect repair in vivo revealed that the ECM–loaded scaffolds effectively promoted the healing of bone defects when compared to the pure scaffold. Overall, these findings demonstrate that both RAOECs–ECM scaffold and RBMSCs–ECM scaffold can greatly enhance bone formation with good biocompatibility and thus have potential for clinical application in bone regeneration.
Keywords: 3D printing, ECM, scaffolds, bone defects, biosafety, bone regeneration
1 INTRODUCTION
Bone defects of the oral and maxillofacial areas derived from congenital defects, trauma, infection or surgical removal usually need surgical external intervention to enhance regeneration. Autografts are considered the gold standard in bone repair but can cause donor site morbidity, and the sources are limited (Agarwal and García Andrés, 2015). Allografts and xenografts can also have osteoconductive and osteoinductive properties but suffer from the risks of immune rejection and pathogen transmission (Lee et al., 2019; Zhu et al., 2020). As a result, synthetic bone substitutes have been the focus of attention and not only can be produced on a large scale but also possess osteogenic properties. In our previous study, gelatin (Gel), sodium alginate (SA) and bioactive glass (BG) were deemed to have promising prospects for fabricating composite scaffolds by 3D printing technology, which showed that the prepared scaffolds have good osteogenic induction performance (Wu J. et al., 2019).
To improve the osteogenic potential of engineering scaffolds, bioactive factors with osteoinductive activity are integrated into the scaffolds to provide guidance for cell differentiation or tissue regeneration. The extracellular matrix (ECM), a complex network with a noncellular component, is composed of various structural and functional molecules secreted by cells, such as collagen, fibronectin, laminin, glycosaminoglycans, and proteoglycans (Carvalho Marta et al., 2019). The functional molecules of the ECM can produce a native microenvironment to improve cell proliferation, adhesion and differentiation. Several studies have attempted to imitate the ECM microenvironment by integrating supporting molecules into synthetic biomaterials, but they provide limited components that present specific functional receptors for cell attachment or proliferation and cannot satisfy the entire function of native ECM (Wu Y.-H. A. et al., 2019b). Natural ECM, with its complex structure and composition, is difficult to synthesize artificially. Moreover, it is hard to realize application by using a single ECM as the mechanical properties of ECM are poor; therefore, the combined application of scaffolds and ECM is currently a popular approach. Studies are aimed at incorporating natural ECM from specific tissue or cultured cells into scaffolds, which produces cell–or tissue–specific cues to enhance osteogenesis and has been receiving growing research attention. In particularly, cell–derived ECM can be easily obtained through cell culture, proliferation and differentiation, followed by decellularization, which can be combined with scaffolds to enhance the osteogenic ability and has been reported by numerous studies (Pati et al., 2015; Kim et al., 2018).
Inspired by this, we attempted to ornament the Gel/SA/58sBG scaffolds with cell–derived ECM to induce angiogenesis and accelerate bone repair. Adequate blood supply is also crucial for bone regeneration of scaffolds after implantation, which involves the interaction of a series of precursor cells, growth factors and angiogenic factors. The lack of vasculature in tissue engineered scaffolds could result in inadequate oxygen and nutrition supply and waste removal, eventually leading to hypoxia and cell death. To our knowledge, one of the most effective strategies to improve the angiogenic and osteogenic potential of scaffolds is to combine endothelial progenitor cells (EPCs)–derived ECM (Peng et al., 2019; Lin et al., 2021). EPCs are the precursor of endothelial cells, and transplanted EPCs reportedly stimulate angiogenesis by differentiating into mature endothelial cells or triggering angiogenic events by secreting various trophic factors (Ishikawa and Asahara, 2004; Critser and Yoder, 2010; Kim et al., 2010; Ackermann et al., 2014). Rat aortic endothelial cells (RAOECs) are types of endothelial cells that are commonly used for research on cardiovascular diseases. Recently, RAOECs have also been used to study fracture healing and bone tissue engineering (Pekozer Gorke et al., 2016). Considering that the extracellular matrix plays a vital role in angiogenesis, we hypothesize that RAOECs–derived ECM combined with scaffolds may produce an effective way to induce angiogenesis. Bone marrow mesenchymal stem cells (BMSCs) with superior osteoconductive potential are a primary choice in bone tissue engineering applications, as they promote vascularization through paracrine action and differentiate into osteoblasts and are thus beneficial for bone regeneration and angiogenesis (Chen et al., 2018; Ying et al., 2020). Several studies have investigated the abilities of BMSCs–derived ECM to induce bone tissue regeneration (Wei et al., 2015; Gao et al., 2018; Sun et al., 2018; Chi et al., 2020). For our research, 3D–printed Gel/SA/58sBG scaffolds exhibit several advantages, including porous structure and good mechanical characteristics, which also contribute to oxygenation up-take, waste excretion and effective support. With the appropriate pore size and porosity, the cell–derived ECM can enter and adhere to the scaffolds to promote angiogenesis and osteogenesis. An appealing option is to combine RBMSCs–or RAOECs–derived ECM with scaffolds to simulate the natural osteogenic bone microenvironment for bone repairing. Therefore, we seeded RBMSCs or RAOECs on Gel/SA/58sBG scaffolds to obtain two kinds of cell–derived ECM scaffolds by decellularized treatment, which meet all the characteristics of functional scaffolds, including simulating the complex composition of the cell–derived ECM and the interactions among various macromolecules in vitro and vivo. The aim of this study was to investigate the osteogenic potential and biosafety of the two kinds of cell–derived ECM scaffolds.
In this research, Gel, SA and 58sBG were mixed according to a certain proportion to form ink, and scaffolds were fabricated by 3D printing. The scaffolds were cultured with RAOECs or RBMSCs and loaded with ECM after decellularization. In vitro, we assessed the surface morphology, cytocompatibility and osteogenic differentiation of the scaffolds. The bone regeneration capability and biosafety of the scaffolds in vivo were evaluated after implantation into mandibular bone defects of rats. Ultimately, both kinds of ECM–loaded scaffolds were proven to be more suitable for bone regeneration with favourable cytocompatibility, osteogenic activity and biosafety.
2 MATERIALS AND METHODS
2.1 Fabrication of 3D–printed Gel/SA/58s BG scaffolds
58sBG with a composition of TEOS (6.6 ml), TEP (0.86 ml) and Ca(NO3)2 4H2O (4.25 g) was prepared by an evaporation–induced self–assembly (EISA) method as previously reported (Tsigkou et al., 2014). The ink was first prepared before printing. A total of 1.05 g 58sBG, 1.5 g Gel and 0.6 g of SA were added to 10 ml of deionized water at 55°C in a constant temperature system. Then, magnetic and mechanical stirring were used to mix the materials. The obtained ink was transferred to the barrel of a 3D bioprinter (Regenovo, Hangzhou, China). The experimental parameters of the printing process were set as follows: the needle diameter was 0.4 mm, the extrusion pressure was 0.38 MPa, the printing speed was 15 mm/s, the adjacent filaments were 1.2 mm, and the extrusion temperature was 28°C. According to the needs, two different shapes of scaffolds were printed (10 mm × 10 mm × 1.5 mm cubic scaffold for in vitro study, 5 mm diameter and 1.5 mm high cylindrical scaffold for in vivo study). Next, the obtained scaffolds were soaked in 10% CaCl2 solution and cross–linked for 10 min. Further cross–linking in 0.25% glutaraldehyde solution for 30 min was carried out. After that, scaffolds were washed with distilled water 5 times and soaked in distilled water for 8 h. Finally, scaffolds were frozen at 80°C and dried for 24 h in a freeze dryer (CHRIST, Germany) for further use.
2.2 Cell culture
RAOECs, RBMSCs (Procell, Wuhan, China), and L929 (iCell Bioscience Inc., Shanghai, China) cells were cultured with Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% foetal bovine serum (Gibco, Thermo Fisher Scientific, Inc., United States). The cells were maintained at 37°C in a humidified atmosphere with 5% CO2. These cells were then subcultured and frozen for storage for later use.
2.3 Preparation of ECM loaded–3D–printed Gel/SA/58s BG scaffolds
Before seeding, all cells were expanded in standard culture medium in a monolayer until they reached 80%–90% confluence. RAOECs or RBMSCs were seeded on scaffolds, which were placed in 6–well plates at passages 3–5 with a density of 2 × 105 cells per scaffold. The medium was changed every 2 days. After 14 days of cultivation and proliferation, the scaffolds were transferred to new well plates to remove nonadherent cells. Based on previously reported methods (Kang et al., 2012; Gong et al., 2017), the cell–scaffold composites were immersed in 0.1% ammonium hydroxide (NH4OH) + 0.5% Triton X–100 (Sigma–Aldrich, St. Louis, MO) solution for 30 min and then washed with PBS 3 times. All vital cells were removed for decellularization, and RAOECs–ECM scaffold and RBMSCs–ECM scaffold were obtained. Finally, the ECM–loaded scaffolds were frozen for further use.
2.4 Cell attachment and morphology
To detect the cell viability and attachment of the RBMSCs seeded on the pure scaffold, RAOECs–ECM scaffold or RBMSCs–ECM scaffold. RBMSCs (4 ×105 cells/scaffold) were seeded onto the scaffolds and incubated at 37°C. After 1, 3 and 7 days, the medium was removed, and the scaffolds were washed with PBS three times and then treated with Calcein AM (Bestbio, Shanghai, China). The live cells on the scaffolds were observed under a fluorescence microscope. To observe the attachment and morphology of cells grown on the scaffolds, the cell–scaffold composites were collected at Day 3, washed twice with PBS and chemically fixed using 2.5% glutaraldehyde solution. The specimens were subsequently dehydrated twice with a series of graded ethanol (30%, 50%, 70%, 80%, 90%, and 100%). After dehydration, the scaffolds were immersed in hexamethyl–disilazane for 2 min and vacuum–dried overnight. Finally, the scaffolds were sputter–coated for 60 s at 10 mA with gold, and the gold–coated scaffolds were observed via SEM.
2.5 Gene expression by real–time polymerase chain reaction
After RBMSCs were seeded on the scaffolds for 7 and 14 days, the scaffolds were removed from the medium and washed twice with PBS. Total RNA from each group was extracted using an RNA extraction kit (AG21017, Accurate Biology, China) and quantified by a spectrophotometer (NanoDrop 2000; Thermo Fisher Scientific, Waltham, MA, United States). The obtained RNA was used to synthesize complementary DNA (cDNA) via an RT–PCR Kit (AG11706, Accurate Biology, China). Finally, RT–PCR was performed using SYBR® Premix Ex TaqTM II (RR820A, Takara, Japan) in a CFX96 Real–time PCR machine (Bio–Rad, Hercules, CA, United States). The relative gene expression was calculated using 2−∆∆Ct. GAPDH was used as the housekeeping gene, and the genes examined were RUNX2, BMP2, CD31 and VEGF. The primer sequences are detailed in Table 1.
TABLE 1 | RT–PCR primers.
[image: Table 1]2.6 Preparation of mandibular bone defect
A total of 108 male SD rats weighing 280–320 g were purchased from the experimental animal centre of Guangzhou University of Chinese Medicine (licence number: SCXK (Guangdong) 2018–0034) and divided into four groups (n = 9 each group at each time point): 1) control group; 2) scaffold group; 3) RAOECs–ECM scaffold group; and 4) RBMSCs–ECM scaffold group. Briefly, general anaesthesia was achieved by intraperitoneally injecting pentobarbital (40 mg/kg), and a 15 mm longitudinal incision was made 2 mm above the lower edge of the mandible body to expose the bone surface when adequacy of the anaesthesia had been confirmed. Then, 5 mm full–thickness critical defects were created on the right side of the mandibular ramus of the rats by using a 5 mm trephine bur. Physiological saline irrigation was maintained throughout the drilling procedure to prevent heat damage. The fillings of the defects were randomly assigned. Defects were filled with pure scaffold, RAOECs–ECM scaffold or RBMSCs–ECM scaffold, respectively. The control group was not filled with any material. The wounds were closed with sutures in layers, and penicillin sodium (160,000 IU/ml) was intramuscularly injected in the first 3 days after surgery. Rats were euthanized via carbon dioxide asphyxiation at 4, 8 and 16 weeks postsurgery. The mandibles were harvested and soaked in 4% paraformaldehyde for further analysis.
2.7 Microcomputed tomography (Micro–CT) test
To analyse the newly formed bone tissue in the defect area, five mandibles of each group were scanned by a Micro–CT scanner (SkyScan 1,174 Compact Micro CT, Kontich, Belgium) with a resolution of 10 μm at each time point. Mandibles were dried with a paper towel to remove the residual paraformaldehyde solution and perpendicularly stabilized in the exact centre of the 4 cm diameter cylindrical moulds. After that, Micro–CT scans were performed, and transverse sections were acquired from the raw data processed by NRecon software. The obtained sections were transferred to CTan software for quantitative analysis, which included the parameters of total volume (TV, mm3), bone volume (BV, mm3), percent of bone volume (BV/TV, %) and bone mineral density (BMD, mg/cm3).
2.8 Microfil perfusion
After full anaesthesia, four rats from each group at each time point were supine on the operating table and cut from the sternal notch to the midline of the abdomen. Then, the thorax and pericardium were cut open with scissors to expose the heart. The left ventricle was inserted with a blunt 18–size needle, and 300 ml of heparin normal saline and 4% paraformaldehyde were injected successively. Then, 18 ml of Microfil (Microfil MV–120, Flow Tech) was perfused. When the blood vessel was infused with the contrast agent, staining of the tongue and the coronary artery was visible. The mandibular bones of the carcasses were removed and stored overnight in a refrigerator at 4°C, kept in 4% paraformaldehyde for 24 h, and fully decalcified in 10% ethylene diamine tetraacetic acid (EDTA) solution for approximately 2 months. Micro–CT was used to scan the mandibular defects after decalcification, and neovascularization was detected by 3D reconstruction imaging. The area of local blood vessels in bone defects was evaluated by CTvox software.
2.9 Histological and immunohistological analyses
After incubation in 4% paraformaldehyde for 24 h and decalcification in 10% EDTA for 2 months, the obtained samples were dehydrated with alcohol gradients and embedded in paraffin. Then, the samples were cut longitudinally along the axial plane to make 4–μm–thick sections. The sections from each sample were subjected to haematoxylin–eosin (H&E) and Masson’s trichrome (MT) staining. Histologic observations and images were acquired by light microscopy under ×10 and ×200 magnification. To evaluate the osteogenesis and angiogenesis of the defects, immunohistochemical (IHC) staining of RUNX2, OCN, CD31 and VEGF was performed. Rabbit anti–RUNX2 (1:50, Abcam, United Kingdom), rabbit anti–OCN antibody (1:200, Bioss, United States), rabbit anti–CD31 antibody (1:1,000, Abcam, United Kingdom) and rabbit anti–VEGF antibody (1:200, Bioss, United States) were used as the primary antibodies. After dewaxing and rehydration, antigen retrieval was performed in a pressure cooker for 10 min. Subsequently, 3% hydrogen peroxide (Boster, China) and 10% bovine serum albumin (Solarbio, China) were used to eliminate endogenous peroxidase activity and block nonspecific antibody binding sites, respectively. The sections were then incubated with the primary antibodies overnight at 4°C. Next, the sections were incubated with the secondary antibodies (Beyotime Biotechnology, China) against rabbit IgG, and diaminobenzidine (DAB) (Cell Signaling Technology, United States) was used to show the positive staining. Finally, the sections were counterstained with haematoxylin, and images were captured with a light microscope (Leica, Germany). For quantitative analysis, the percentage of the new bone area in H&E staining was calculated with the new bone area/tissue area × 100%. For IHC analysis, the average optical density (AOD) was quantitatively measured by ImageJ.
2.10 Histopathological and biochemical analyses
At each time point after surgery, 5 rats from each group were fixed in a metabolism cage for blood collection. In brief, a 2 ml blood sample from each rat was drawn at each time point via the caudal vein, which was used to analyse the levels of albumin (ALB), total protein (TP), aspartate aminotransferase (AST), alanine transaminase (ALT), creatinine (Cr) and blood urea nitrogen (BUN) in the Guangzhou Key Laboratory of Basic and Applied Research of Oral Regenerative Medicine. After that, animals were sacrificed via carbon dioxide asphyxiation. The liver, kidney and cerebrum were collected from rats, which were fixed with 4% paraformaldehyde for 24 h, embedded in paraffin, and stained with haematoxylin–eosin (H&E) at a 4 μm thickness to reveal if pathological changes had occurred.
2.11 Statistical analysis
All data are presented as the mean ± standard deviation for n ≥ 3. SPSS (IBM SPSS Inc., United States) demonstrated that all data were in accordance with a normal distribution. Statistical significance between groups was tested using one–way analysis of variance (ANOVA) followed by Tukey’s post–hoc test. p < 0.05 was considered statistically significant.
3 RESULTS
3.1 Morphology and characterization of scaffolds
The general morphology and surface characterization of the scaffolds are shown in Figure 1 (A) The general morphology of the scaffolds was observed. (B) The surface morphologies and internal structures of the freeze–dried scaffolds were evaluated by SEM. According to different needs, we prepared scaffolds with cylindrical shapes (diameter: 5 mm, height: 5 mm), which were applied for the experiments in vivo. All the scaffolds showed a complete macrostructure with multiple pores, rough walls and connected apertures, which is conducive to cell recruitment, adhesion and differentiation. The addition of ECM indicated that the scaffold surface was covered with a biological layer, generating a more homogenous porous structure, which further increased cellular infiltration.
[image: Figure 1]FIGURE 1 | Morphological characteristics of the pure scaffold, RAOECs–ECM scaffold and RBMSCs–ECM scaffold. (A) Optical images of fabricated scaffolds with cylindrical shapes were observed from the top view and side view. (B) SEM images at various magnifications showed the surface morphology and microstructure of the scaffolds.
3.2 Cell adhesion, proliferation and RT–PCR assay
As shown in Figure 2A, Calcein AM staining confirmed the occurrence of viable cells on the porous structures of scaffolds, and the homogeneous distribution of viable cells was more evident at ECM–loaded scaffolds, which demonstrated that ECM provides an appropriate microenvironment and a biocompatible surface for RBMSCs adhesion. (Figure 2B) SEM showed that RBMSCs adhered to the surface of porous scaffolds. After 7 days of incubation, the cells showed an irregular shape in the pure scaffold group, while in the ECM–loaded scaffold group, cells on the scaffold surface became long and spindle–shaped with extended filopodia. (Figure 2C) The expression levels of osteogenic (RUNX2, BMP2) and vascularized genes (CD31, VEGF) were detected by RT–PCR at Day 0, 7 and 14. The results showed that the mRNA expression levels of a series of genes in RBMSCs were upregulated in the ECM–loaded scaffold groups. In particular, the gene expression levels in the RAOEC–ECM scaffold group were significantly increased compared to those in the other groups (p < 0.05).
[image: Figure 2]FIGURE 2 | Cell adhesion, proliferation and RT–PCR assessment. (A) Fluorescence microscopy images of RBMSCs–seeded scaffolds after Calcein AM staining. (B) Scanning electron micrographs of RBMSCs (arrows) adhering to the surfaces of scaffolds at various magnifications. (C) The expression levels of osteogenic and vascularization–related genes after 0, 7 and 14 d of induction. (Significant effect compared to pure scaffold: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001. Significant effect compared to the RAOECs–ECM scaffold: #p < 0.05, ##p < 0.01, ####p < 0.0001, n = 3.)
3.3 Images of the surgical procedure and results
As shown in Figure 3, during the surgical process, the prepared scaffolds fit the defects well and were easy to handle. After 4, 8 and 16 weeks, mandibular samples were harvested to characterize the status of defect closure. In the blank control group, a large amount of fibrous connective tissue was observed in the defect area, while in the scaffold–implanted groups, the scaffold materials were stably combined with the defects, and the material surface was covered by new fibrous connective tissue. The scaffold materials in the scaffold–implanted groups were partially degraded but still existed at 16 weeks after surgery. All defects healed uneventfully, with no evidence of wound dehiscence during healing, and no infection or necrosis was observed at the buccal and lingual sites.
[image: Figure 3]FIGURE 3 | Photographs of the surgical procedure and postoperative healing. The structural integrity of all the scaffolds was maintained during surgery. At 4, 8 and 16 weeks after surgery, the defect sites of each group were observed from buccal (B) and lingual (L) angles.
3.4 Micro–CT analyses
Micro–CT analyses were used to verify postoperative new bone formation and residual bone defect areas at different weeks (Figure 4). Representative 3D reconstruction images are shown in Figure 4A. New bone and scaffold materials are presented in white and red, respectively. At 4 weeks, new bone was identified around the defect margins in all groups. Scaffolds treated with ECM showed more newly formed bone tissues than the control and pure scaffold group. At 8 weeks, more new bone tissues grew into defects in all groups. Newly formed bone tissues surrounded the residual materials and narrowed the defect areas in the scaffold–implanted groups. In the control group, new bone tissues mainly appeared at the borderline of the bone defect, which was significantly lower than that in the scaffold–implanted groups. At 16 weeks, new bone tissues filling the defect areas were more significant in the ECM–loaded scaffold groups than in the other groups. Moreover, the materials of the scaffold groups loaded with ECM were partially degraded but still remained. Accordingly, quantitative analysis of the newly regenerated bone in the defects was detected by calculating BV/TV and BMD (Figure 4B). The pure scaffolds showed higher values than the control group. Moreover, the two kinds of ECM–loaded scaffolds had significantly higher values than the pure scaffold at all different time points (p < 0.05). In particular, there was no significant difference in either ECM–loaded scaffolds (p > 0.05). All of these results suggested that Gel/SA/58sBG scaffolds had a positive effect on promoting new bone regeneration during the defect repair period, and this effect could be strengthened when they were loaded with ECM from RAOECs or RBMSCs.
[image: Figure 4]FIGURE 4 | Micro–CT analysis of the control, pure scaffold, RAOECs–ECM scaffold and RBMSCs–ECM scaffold groups at 4, 8 and 16 weeks. (A) Three–dimensional images (top) and reconstruction images (bottom) are shown; white indicates new bone, and red represents residual scaffold materials. (B) Bone regeneration analysis of the ratio of the bone volume/tissue volume (BV/TV%) and bone mineral density (BMD, mg/cm3). (Significant effect compared to the control group: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001. Significant effect compared to pure scaffold: #p < 0.05, ##p < 0.01, n = 5.)
3.5 Analyses of neovascular formation
The blood vessel formation effect of each group was studied by Microfil perfusion and Micro–CT imaging after implantation (Figure 5). Images of microangiography revealed newly formed blood vessels distributed in the defect areas. Compared with the control group, the scaffold–implanted groups had more neovascularization, and the vascular network was denser. This phenomenon was more obvious with increasing time. Moreover, the vascular networks in both ECM–loaded scaffolds were abundant, and the newly formed blood vessels extended along the defect areas at 16 weeks. Both ECM–loaded scaffolds displayed more new blood vessels than the pure scaffold at each time point. Quantitative analyses of neovascular formation corresponded to the above results, which showed that both ECM–loaded scaffold groups had significantly higher new vessel volumes than the other groups (p < 0.05). These results indicated that ECM–loaded scaffolds could effectively promote neovascularization in the process of repairing defective bones.
[image: Figure 5]FIGURE 5 | The vascular volume at different mandible defects was examined by Micro–CT at 4, 8, and 16 weeks after the operation. (A) 3D–reconstructed blood vessel images. (B) Quantitative analysis of vascular volume in the bone defect areas. (Significant effect compared to control group: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001. Significant effect compared to pure scaffold: #p < 0.05, ##p < 0.05, ###p < 0.001, n = 4.)
3.6 Histological assessment
Histologic analysis performed with H&E and MT staining further revealed the condition of the bone defect at different time points. As shown in Figure 6, in the H&E staining, the newly formed bone sprouted from the margin of the defects in all groups at different weeks, as confirmed by the typical structure of sparse osteocytes embedded in lacunas and osteoblasts lining the outer edge of the bone tissue. In the control group, large amounts of loose fibrous tissues (black arrows) in the defect areas were observed at each time point, indicating poor bone regeneration capacity. In contrast, the groups implanted with scaffolds exhibited relatively reduced infiltrative growth of fibrous tissues and increased formation of dense bone tissue at the defect sites. Additionally, a significantly larger amount of new bone (green arrows) was observed in the ECM–loaded groups than in the pure scaffold group. Moreover, residual materials (yellow arrows) were also observed in the scaffold–implanted groups at 16 weeks, which were infiltrated by vast collagen tissues. Following MT staining, collagenous tissue and new bone were stained blue, while muscular tissues and mature lamellar bone were stained red. In the control group, limited new collagen and new bone formation were observed in the defect area at each time point, which was predominantly filled with loose fibrous tissue. However, the newly formed collagenous and bone tissue were more obvious in the scaffold–implanted groups. Especially at 16 weeks, mature lamellar bone and bridging trabeculae were generally most evident in ECM–loaded scaffolds, which was similar to the H&E staining results. Immunohistochemical staining of decalcified mandibles was performed to test the osteogenic markers RUNX2 and OCN and the angiogenic markers CD31 and VEGF. Positive staining in tissue slicing was dyed brown. The staining results showed a smaller positive area in the control group. The scaffold–implanted groups showed obvious positive areas for RUNX2 and OCN. Positive staining of RUNX2 and OCN accumulated in the tip of the newly formed collagen and bone tissue. Notably, both ECM–loaded scaffolds had significantly higher expression levels of RUNX2 and OCN than the pure scaffold group. Additionally, the most pronounced positive staining of CD31 and VEGF was also observed in the ECM–loaded scaffold groups (Figure 7A). The percentage of positive staining area of osteogenic and angiogenic markers suggested that the ECM–loaded scaffold groups were more significant than the other groups (Figure 7B). These results showed that ECM–loaded scaffolds can effectively promote the expression of osteogenic and angiogenic markers in the bone defect area, and the effect was better than those of the pure scaffold group and control group.
[image: Figure 6]FIGURE 6 | (A) H&E and MT staining of the cross–sections showed the histological morphology in the mandibular bone defects at 4, 8 and 16 weeks (black arrows: fibrous tissues, green arrows: new bone, yellow arrows: residual materials). (B) Quantitative histomorphometric analyses of new bone area. (Significant effect compared to control group: ∗∗p < 0.01, ∗∗∗∗p < 0.0001. Significant effect compared to pure scaffold: ##p < 0.01, ###p < 0.001, n = 5.)
[image: Figure 7]FIGURE 7 | (Continued). (A) Images of immunohistochemical staining of RUNX2, OCN, CD31 and VEGF in bone defects. Bone regeneration activity was defined aspositive staining for RUNX2 and OCN. Blood vessel formation was indicated by positive staining for CD31 and VEGF. Positive staining for RUNX2, OCN, CD31 and VEGF was obvious in RAOECs and RBMSCs–ECM–loaded scaffolds, which had significant hyperchromatism compared with theother groups. (B) Quantitative analyses of the positive staining area. (Significant effect compared to control group: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Significant effect compared to pure scaffold: #p < 0.05, ##p < 0.01, ###p < 0.001, n = 4).
3.7 Biosafety assessment
Blood biochemical analysis data are shown in Table 2. Compared to the control group, no statistically significant changes were revealed in any parameters in the scaffold–implanted groups. Histopathologic examinations of the liver, kidney and cerebrum revealed normal architecture and indicated a lack of morphologic disturbances in all experimental animals (Figure 8).
TABLE 2 | Differences in some biochemical indices among groups of rats implanted with ECM–loaded scaffolds, pure scaffold and control at different times after implantation.
[image: Table 2][image: Figure 8]FIGURE 8 | H&E staining of the liver (A), kidney (B) and cerebrum (C) of rats in the control, pure scaffold, RAOECs–ECM scaffold and RBMSCs–ECM scaffold at 4, 8 and 16 weeks. No abnormalities were detected in any group.
4 DISCUSSION
To date, one of the essential challenges in bone defect repair is the development of safe bone substitutes with good biological properties for the treatment of larger defects with complex shapes. For the application of bone tissue engineering, scaffolds display unique advantages, with pore structure providing transport channels for nutrients and metabolites for cell growth, facilitating cell proliferation and thus promoting bone regeneration. Recently, the development of 3D printing techniques has shown bright prospects, as this technology can be used to fabricate scaffolds with customized shapes and pore sizes as required (Lai et al., 2021). Hence, we prepared porous Gel/SA/58sBG scaffolds by 3D printing technology. Meanwhile, to modify the scaffolds, ECM was added to them to achieve rapid and sufficient angiogenesis and osteogenesis. ECM is an ideal alternative for regenerative medicine because most cells are strongly associated with the neighbouring ECM environment that supplies biophysical and biochemical signals for cell adhesion, migration, and differentiation (Lu et al., 2011; Choi et al., 2014). In bone tissue engineering research, synthetic scaffolds ornamented with native ECM may offer a cell microenvironment to improve the biological properties of scaffolds (Kim et al., 2018). In fact, decellularization of cells or tissue to generate ECM has been widely reported in tissue engineering. Among that, cell–derived ECM obtained by in vitro culturing has been identified as a feasible method for bone tissue engineering scaffold settings. Several approaches have been proposed to combine cells or other growth factors with scaffolds to achieve sufficient angiogenesis (Kanczler and Oreffo, 2008; Grellier et al., 2009; Kirkpatrick et al., 2011). Thus, in this study, prevascularization of Gel/SA/58sBG scaffolds was prepared by coating RAOECs–or RBMSCs–derived ECM, and RAOECs–ECM scaffold and RBMSCs–ECM scaffold were obtained. The prepared scaffolds with precisely controlled shapes are shown in Figure 1. All the scaffolds exhibited a rough surface with a microporous structure. The interconnected pores of scaffolds were potentially suitable for cell growth and nutrient delivery. ECM was homogeneously distributed in ECM–loaded scaffolds and showed fully loose granules. Many micropores could be seen on the surfaces of all scaffolds by SEM, with irregular filaments on the surfaces of ECM–loaded scaffolds.
Cell adhesion takes place in the early stage of tissue regeneration, which is essential to establish layers of cells for matrix maturation (Fragal et al., 2019). Proper cell adhesion is the premise of subsequent biological functions, such as cell migration and differentiation (Wu et al., 2020). As shown in Figure 2A, the Calcein AM staining results indicated that live RBMSCs seeded on the ECM–loaded scaffolds were more obvious than those in the control group, which may be attributed to the natural ECM coating, which provides a better niche and more binding sites for the cell interaction. Moreover, cells with long spindle shapes and extended filopodia could be seen on the surfaces of ECM–loaded scaffolds from the SEM view (Figure 2B). Most notably, RBMSCs were surrounded by some mineralized matter and spread out in ECM–loaded scaffold groups. For the pure scaffold, cells on the surface of the scaffold had a short spindle shape. This result indicated that scaffolds coated with ECM provide a rougher surface and a suitable environment for cell attachment and migration.
The osteogenic and angiogenic capacities of the ECM–loaded scaffolds were further verified in vitro. The eluates of the different scaffolds were collected after RBMSCs culture and subjected to RT–PCR (Figure 2C). The mRNA expression levels of osteogenic genes in ECM–loaded scaffolds, including RUNX2 and BMP2, were significantly upregulated compared with those in the pure scaffold and were regarded as the most representative markers for osteogenic differentiation and further contributed to bone regeneration in vivo. Moreover, bone tissue regeneration in vivo also derives directly from the differentiation of osteogenic stem or progenitor cells (Xu et al., 2021). In particular, among the three groups of scaffolds, RAOECs–ECM scaffold showed the highest expression of osteogenic genes in vitro. We inferred that the extracellular matrix of RAOECs has a significant influence on the differentiation of RBMSCs (Lozito Thomas et al., 2009; Saleh Fatima et al., 2011).
The increased expression levels of angiogenic genes in RT–PCR demonstrated that scaffolds loaded with RAOECs–derived ECM presented excellent angiogenic differentiation ability, followed by RBMSCs–ECM scaffold. Moreover, both CD31 and VEGF were evidently expressed at the center of the defects in both kinds of ECM–loaded scaffolds, which further proved that scaffolds decorated with RAOECs–or RBMSCs–derived ECM significantly facilitated angiogenesis. Moreover, 3D reconstruction images of the Microfil (contrast medium)–based angiographic technique for evaluating vascular morphology in Figure 5 also showed more vessel formation in both ECM–loaded scaffold groups. Cumulative evidence demonstrated that loading RAOECs–or RBMSCs–derived ECM in scaffolds can accelerate the formation of blood vessels, which facilitated new bone regeneration and, eventually, mature bone formation in the defect sites.
To test the osteogenic effect of implanted materials in vivo, it is usually necessary to set up a bone defect model, which must satisfy the requirement that the defect area be large enough to avoid complete self–healing without any treatment and thus prevent overestimation of spontaneous healing in a surgically created defect. The ideal state is to form new bone when only the bone repair material is present to verify the bone repair effect of the materials. A critical size defect (CSD) is the smallest bone defect that cannot completely heal itself in laboratory animals under natural conditions. At present, when the material is used to repair the mandibular defect in rats, a 5–mm–diameter perforating bone defect is usually created in the mandibular ascending ramus, which is considered the critical bone defect of the rat mandible (Zhang et al., 2016; Yu et al., 2018; Zhang et al., 2018). Therefore, the ECM–loaded scaffolds were implanted into critical–sized defects of the mandibles of rats to detect the bone repair potential in this study. After 4, 8 and 16 weeks of implantation, new bone ingrowth was detected and analysed by Micro–CT (Figure 4). The quantitative CT results illustrated that the repaired defects with ECM–loaded scaffolds had the following characteristics: higher bone volume fraction and bone density compared to both the pure scaffold and the blank control group. Histological analysis was used to provide a more detailed analysis of the bone response to the scaffolds with or without ECM, the results of which are shown in Figure 6. In the control and scaffold groups, H&E images showed that defects were filled with fibrous connective tissue with sparse new bone formation at the edge of the host bone. In contrast, in the ECM–loaded scaffold groups, residual materials surrounded by fibrous connective tissue could be observed in the defects, with a large amount of new bone formation at the edge. Moreover, RUNX2 expression was increased, and OCN staining was obviously deposited in the newly generated tissue in both ECM–loaded scaffold groups (Figure 7). RUNX2, an early osteogenic marker activating the development of stem cells into preosteoblasts, is the main regulator of osteoblast differentiation and acts as the determinant of bone remodelling and skeletal integrity (Ngo et al., 2020; Yang et al., 2021). OCN secreted by mature osteoblasts is a key marker in later–phase osteogenic differentiation (Quan et al., 2019). The obvious expression of RUNX2 and OCN also suggests that scaffolds combined with RAOECs–or RBMSCs–derived ECM can accelerate bone formation in the early and later stages of bone defect healing. In Masson’s trichrome staining, blue staining is indicative of collagen fibrous tissue and osteoid. This staining could serve as a good indication for bone tissue formation because of the enrichment of collagen in the bone matrix (Zhao et al., 2018). In the control and pure scaffold groups, limited collagen and new bone deposition were observed in the defect area compared to the other groups at each time point. Notably, a large amount of collagen and new bone components were detected in the defect sites implanted with the ECM–loaded scaffolds, indicating the improved osteogenic ability of the ECM. These results indicated that the presence of ECM–loaded scaffolds provides a bone–like environment for bone mineralization with the contribution of functional ECM molecules.
The results in vitro and vivo show that ECM–loaded scaffolds have better bone regeneration effect than the pure one. Possible reasons are as follows: 1) RAOECs–or RBMSCs–ECM contains several kinds of bioactive growth factors and various functional proteins that contribute to cell recruitment, which is the first step for cells and materials interaction, and the better cell recruitment is more beneficial to subsequent cell proliferation and tissue regeneration. 2) In addition, when RAOECs–or RBMSCs–ECM loaded on scaffolds, microporosity of the ECM provided some advantages, such as more binding sites for protein combination, which is an effective approach to improve tissue repair and regeneration. At the meantime, the surface and interior of scaffolds are coated by ECM, which imitate the biological macro and microenvironment to promote cell migration and invasion into the scaffolds to realize self-assembly of cells. 3) ECM could regulate cell differentiation by concerning mechanical and biochemical signals, which provide cellular support to modulate the biological and physical cues and further achieve bone regeneration.
The biosafety of a material should be considered when it is directly implanted into the body. Biosafety assessments generally refer to a series of evaluation standards for medical biomaterials and devices. When the scaffolds are implanted in the defects, they can wear out and separate free particles in the process of mandible movement, which may cause embolism or inflammation (Koff Matthew et al., 2019; Qiu et al., 2020). Normal physiological activities can be affected by this phenomenon. Therefore, postimplantation local reactions and systemic toxicity tests were employed in our study. The application of the local reaction test after implantation in the bone defect model is mainly achieved by means of gross observation and histological staining of the implanted area. Based on our observations, all the experimental animals could eat on their own within 3 days after surgery, the defect areas healed well in the scaffold–implanted groups after surgery, and no adverse response related to inflammation in the defect areas was aggravated. This response is regarded as the bioglass of scaffolds exhibiting chemotactic activity for inflammatory cells (Zhang et al., 2020). The biosafety performance of the scaffolds was investigated in the mandibular defects of rats over 3 months. The scaffold–implanted areas showed no infection or necrosis at either site (Figure 3). In addition to observing the biocompatibility of the material with surrounding tissues, in vivo toxicity tests are also needed to identify any toxic damage caused by the material itself or its degradation products to vital organs. Lai et al. (2019) evaluated the biosafety of materials in vivo by detecting changes in related indicators of liver and kidney function after the implantation of materials into bone defects. Jia et al. (2021) evaluated the toxicity of implant materials for bone defects in vivo by detecting pathological changes in the liver, kidney and other important organs. In this study, the blood biochemical indices of the scaffold–implanted groups showed no significant differences compared to the control group (Table 2). The H&E staining of vital organs in the scaffold groups showed no obvious abnormalities (Figure 8). All of the in vitro and in vivo results demonstrated that the 3D–printed scaffolds presented admirable biosafety, indicating that the implanted scaffolds circumvented the side effect of movement of the mandible and could still perform certain functions under specific size defects in place of the defective bone. This also indicates that the scaffolds were qualified for treating the mandibular defects caused by clinical diseases.
In summary, although these ECM–loaded scaffolds showed acceptable osteogenic effects, targeted improvements of scaffolds for repairing large animal models to reveal craniomaxillofacial bone healing more accurately could be our next work, which would include combining the different ECMs in various proportions to enhance the osteogenic effect.
5 CONCLUSION
The results of our study show that individualized scaffolds are easily fabricated using 3D printing technology and that RAOECs–or RBMSCs–derived ECM is an ideal factor for accelerating osteogenesis and angiogenesis. In situ bone defect repair with of RBMSCs–ECM scaffold or RAOECs–ECM scaffold clearly promoted bone regeneration and neovascularization. Moreover, the scaffolds showed good biosafety in vitro and in vivo. Thus, the combination of Gel/SA/58sBG scaffolds with RAOECs–or RBMSCs–derived ECM may provide an effective strategy for treating bone defects. However, due to the complexity of the RAOECs–derived ECM and RBMSCs–derived ECM components and functions, it is hard to identify the specific mechanism of the osteogenesis. In addition, is there a synergistic osteogenesis effect when RAOECs–derived ECM and RBMSCs–derived ECM are mixed in a certain proportion? These two still needed further research in the future.
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Fibrin is widely used for tissue engineering applications. The use of blood derivatives, however, carries a high risk of transmission of infectious agents, necessitating the application of pathogen reduction technology (PRT). The impact of this process on the structural and biomechanical properties of the final products is unknown. We used normal plasma (PLc) and plasma inactivated by riboflavin and ultraviolet light exposure (PLi) to manufacture nanostructured cellularized fibrin-agarose hydrogels (NFAHs), and then compared their structural and biomechanical properties. We also measured functional protein C, prothrombin time (PT), activated partial thromboplastin time (APTT), thrombin time (TT) and coagulation factors [fibrinogen, Factor (F) V, FVIII, FX, FXI, FXIII] in plasma samples before and after inactivation. The use of PLi to manufacture cellularized NFAHs increased the interfibrillar spacing and modified their biomechanical properties as compared with cellularized NFAH manufactured with PLc. PLi was also associated with a significant reduction in functional protein C, FV, FX, and FXI, and an increase in the international normalized ratio (derived from the PT), APTT, and TT. Our findings demonstrate that the use of PRT for fibrin-agarose bioartificial tissue manufacturing does not adequately preserve the structural and biomechanical properties of the product. Further investigations into PRT-induced changes are warranted to determine the applications of NFAH manufactured with inactivated plasma as a medicinal product.
Keywords: fibrin-agarose hydrogel, tissue engineering, pathogen reduction method, biomechanical properties, bioartificial skin
INTRODUCTION
Tissue engineering is an emerging technology in regenerative medicine that combines cells, biomaterials and biochemical and physicochemical factors to restore tissue and organ function (Bakhshandeh et al., 2018; Kwon et al., 2018). Several types of scaffolds and nanoparticles have been developed based on the extracellular matrix of human tissues, to improve their biological, chemical and mechanical properties (Hinderer et al., 2016; Hasan et al., 2018). Numerous synthetic and natural polymers are currently available to produce biomaterials, which are defined as substances engineered to functionally interact with biological systems. A good example of this is the biopolymer fibrin, which is widely used for tissue engineering applications as both a medical device and a biomaterial itself (García Delgado et al., 2019; de Melo et al., 2020; Arai et al., 2021). Fibrin is generated from fibrinogen and is involved in essential biological functions such as wound repair by providing a temporary matrix to support cell growth, invasion, attachment and biochemical activity (Kearney et al., 2021). The US Food and Drug Administration has approved several fibrin-based products as hemostatic sealants and adhesives (Spotnitz, 2014). Fibrin can be combined with agarose in the fabrication of bioartificial tissues, since this combination of fibrin and agarose demonstrated to provide the tissue with adequate biomechanical properties, including the Young modulus, stress at fracture and traction deformation, and permits its use as scaffolds (Ionescu et al., 2020). Several preclinical studies have successfully demonstrated the application of fibrin-agarose hydrogels in the repair of damaged human organs such as the cornea (Alaminos et al., 2006), skin (Carriel et al., 2012), nerves (Chato-Astrain et al., 2018), oral mucosa (Fernández-Valadés-Gámez et al., 2016) and cartilage (García-Martínez et al., 2017). These positive results have paved the way for the clinical translation of two bioartificial tissues, which are currently used for severe skin burns (Egea-Guerrero et al., 2019) and corneal ulcers (Rico-Sánchez et al., 2019).
Human fibrin is a component of blood plasma. While blood components have had a positive impact on the manufacture of advanced therapy medicinal products (Allain et al., 2005), the use of these raw materials carries a risk of pathogen transmission to patients (Klein et al., 2007; Lanteri et al., 2016; Motta et al., 2016). For this reason, regulatory agencies have issued guidelines to prevent and control the transmission of infectious agents [European Pharmacopoeia, 2013; European Directorate for the Quality of Medicines & HealthCare (EDQM), 2017]. In recent years, a number of pathogen reduction technology (PRT) systems have been developed to minimize pathogens in plasma and platelets (Reikvam et al., 2010; Kaiser-Guignard et al., 2014; Viau et al., 2017). The most commonly used PRT is the Mirasol™ (PRT) System (Marschner and Goodrich, 2011; Kwon et al., 2014), which is based on photochemical principles to cross-link the nucleic acids of pathogens. The method uses riboflavin (vitamin B2), which binds to nucleic acids after ultraviolet A (UVA) light exposure, causing the oxidation of proteins and irreversible damage by blocking replication of pathogen DNA (Kumar et al., 2004). Although PRT is desirable and beneficial, whether riboflavin and UVA exposure affects blood derivatives used to manufacture bioartificial tissues has not been tested. Various studies report that PRT can alter the metabolic (pH, sugars, nucleosides) and physiological parameters of platelets (Janetzko et al., 2005; Kerkhoffs et al., 2010; Stivala et al., 2017) and lead to direct modifications of fibrinogen (Hubbard et al., 2016).
Here, we used human non-inactivated plasma (PLc) or plasma inactivated with riboflavin/UVA light exposure (PLi) to fabricate bioartificial tissues based on fibrin-agarose hydrogels. To better understand the effect of PLi on the generation of the hydrogels, we analyzed their structure and biomechanical properties. In addition, we evaluated the effect of riboflavin/UVA exposure on the levels of natural anticoagulants and coagulation factors present in plasma and questioned whether this contributed to modify the essential properties of bioartificial tissues.
MATERIAL AND METHODS
Pathogen reduction method
Three plasmapheresis units obtained from AB blood-type donors were treated in the Mirasol™ (PRT) System (Terumo BCT, Zaventem, Belgium), as described (Larrea et al., 2009; Smith and Rock, 2010) (Figure 1A). Group AB plasma was used to prevent potential problems with antigens and isoagglutinins Briefly, 273 ml of plasma was transferred to an illumination bag containing 35 ± 5 ml of a sterile riboflavin solution (500 μM) (Terumo BCT). The bag was placed in the illuminator for UVA light exposure, with a linear agitation of 120 cpm at room temperature (RT). The PLi was then transferred to a storage bag and frozen simultaneously (−80°C) with its matched control (PLc) product.
[image: Figure 1]FIGURE 1 | Inactivation of human plasma and generation of the cellularized nanostructured fibrin-agarose hydrogel. (A) Schematic representation of human plasma treated with the Mirasol® Pathogen Reduction Technology System. (B) Experimental design of the generation of nanostructured fibrin-agarose hydrogel with embedded allogeneic dermal fibroblasts with PLc and PLi. PLc, non-inactivated plasma; PLi, inactivated plasma; CaCl2, calcium chloride; PBS, phosphate buffered saline; FAH, fibrin-agarose hydrogel; NFAH, nanostructured fibrin-agarose hydrogel.
Generation of cellularized nanostructured fibrin-agarose hydrogels
Nanostructured fibrin-agarose hydrogels (NFAHs) cellularized with human dermal fibroblasts were generated with PLc (NFAH PLc) or PLi (NFAH PLi) (Figure 1B) by described protocols (Fernández-Valadés-Gámez et al., 2016; García-Martínez et al., 2017; Ionescu et al., 2020). In brief, 25 ml of AB-type human plasma (PLi or PLc) was mixed in one tube (Tube 1) with Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum and 0.5 ml of tranexamic acid (Rottapharm, Milan, Italy) and containing dermal fibroblasts (150,000 cells/mL). The mixture was combined with 1.8 ml of 10% calcium chloride (B. Braun, Melsungen, Germany) and 1.5 ml of liquid 2.2% type VII agarose diluted in phosphate buffered saline (PBS; Sigma-Aldrich, St. Louis, MO, United States), previously prepared in a second tube (Tube 2). The mixture was rapidly aliquoted into a T6 multi-well plate (Corning Gosselin S.A.S. Life Sciences, Hazebrouk Cedex France) and allowed to solidify at 37°C. Six samples of each type (NFAH PLc and NFAH PLi) were generated. The hydrogels were then covered with DMEM containing 1% non-essential amino acids (100×) (Sigma-Aldrich), 20 μg/ml gentamycin (Normon, Madrid, Spain), 1% GlutaMax™ (Life Technologies, Madrid, Spain), 5% human platelet lysate solution (Fernández Muñoz et al., 2021), and stored for 12 days at 37°C/5% CO2 prior to the nanostructuring process (Campos-Cuerva et al., 2019).
Cell viability analysis in cellularized nanostructured fibrin-agarose hydrogels
Cell viability was determined with the LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian cells (Molecular Probes/Invitrogen, Thermo Fisher Scientific, Waltham, MA, United States) immediately after the nanostructuring process. NFAH samples were washed three times with PBS. The samples were then incubated with the staining solution for 30 min at RT and washed three times with PBS. The number of live and dead cells was determined by fluorescence microscopy, and the cell viability (percentage) was calculated for each study group. Three counts were made for each group of manufactured NFAH.
Structural analysis in cellularized nanostructured fibrin-agarose hydrogels
NFAH samples were fixed in 3.7% buffered formaldehyde at RT, then dehydrated and embedded in paraffin following a standard tissue-processing protocol. NFAH sections were stained with hematoxylin and eosin and examined using a Nikon Eclipse 90i light microscope (Serrato et al., 2009). The porosity of each type of NFAH was determined by quantifying the interfibrillar spaces in the fibrin-agarose fibrillary mesh using ImageJ software (Schneider et al., 2012). Six analyses were made for each group of manufactured NFAH.
Biomechanical analysis of cellularized nanostructured fibrin-agarose hydrogels
The biomechanical properties of the samples (cellularized NFAH PLc and NFAH PLi) were evaluated immediately after nanostructuring (Ionescu et al., 2020). All samples were subjected to tensile testing using an electromechanical material testing instrument (Instron, Model 3345-K3327). Samples were first sectioned to a regular rectangular shape, oriented with their major length along the direction of tension, and clamped at each end. A constant distance of 1 cm between the clamps and the sample was maintained. Analyses were run at a constant strain rate of 5 mm per min at RT to assess the following parameters: Young’s modulus (calculated as the tangent modulus of the initial, linear portion of the stress–strain curve of each experimental run), stress at fracture break, and traction deformation. A 50-N Instron load cell was used to obtain the data for the stress–strain curves.
Protein C, prothrombin time, activated partial thromboplastin time and thrombin time assays
Functional protein C, prothrombin time (PT), activated partial thromboplastin time (APTT) and thrombin time (TT) were measured by clotting assays (STA NeoPTimal, STA Cephascreen and STA Thrombin kits, respectively; Diagnostica Stago S.A.S., Asnières sur Seine, France). The international normalized ratio (INR) was derived from the PT and was calculated as the ratio of the PT of the PLi sample to a control PLc PT using the following formula: INR = PLi PT/PLc PT (Shikdar et al., 2021). Samples were analyzed at Echevarne Laboratories, Seville, Spain.
Factor V, VIII, X, XI, XIII and fibrinogen analysis
Factor (F) V, FVIII, FX, FXI, FXIII and fibrinogen were measured by clotting assays (STA Deficient V, STA InmunoDef VIII, STA C.K.Prest, STA InmunoDef XI, K-Assay Factor XIII and STA Liquid Fib Kits Diagnostica Stago S.A.S., respectively). Measurements detect factor activity, excepting factor XIII and fibrinogen assays, which detect factor levels. Samples were analyzed at Echevarne Laboratories, Seville, Spain.
Statistical analysis
Results are presented as mean ± standard error of the mean (SEM). The Shapiro–Wilk test was used to assess normal distribution of data. A two-tailed unpaired Student’s t-test was used to compare the structural and biomechanical properties. To identify statistical differences between samples corresponding to NFAH PLc and NFAH PLi, we performed a paired Student’s t-test. Correlation analysis was performed using the Pearson correlation coefficient (value ranges from -1 to +1). p-values lower than or equal to 0.05 were considered as statistically significant. All statistical analyses were performed with GraphPad Prism, version 8.0. (GraphPad Software Inc., San Diego, CA).
RESULTS
Structural and biomechanical properties of bioartificial tissues manufactured with PLi or PLc
We first questioned whether NFAHs manufactured with PLi exhibited alterations in cell viability, porosity degree and biomechanical properties. No significant differences were observed between NFAH PLi and NFAH PLc in cell viability (p > 0.05; Figures 2A,B). By contrast, PLi negatively affected the structure of NFAH, as shown by a significantly higher interfibrillar spacing (porosity) in NFAH PLi than in NFAH PLc (t10 = 5.087, p < 0.001; Figures 2C,D), suggesting that the application of PRT resulted in a loss of some essential properties of the resulting bioartificial tissues.
[image: Figure 2]FIGURE 2 | Structural and biomechanical characterization of nanostructured fibrin-agarose hydrogels. Bar graph representation of (A) percentage of cell viability and (B) LIVE/DEAD® Assay staining of cellular NFAH (scale bar: 100 μm). (C) Interfibrillar spacing immediately after the nanostructuring process. (D) Representative hematoxylin/eosin staining of tissue sections of cellular NFAHs (scale bar: 100 μm). Biomechanical analysis: Bar graph representation of (E) Young’s modulus, (F) stress at fracture-break, and (G) traction deformation. Data are shown as mean ± SEM. Arrows indicate interfibrillar spacing. Six independent samples per group were analyzed. Two-tailed unpaired Student’s t-test: *p < 0.05; ***p < 0.0001.
Analysis of the biomechanical properties of both hydrogels revealed other significant differences. Specifically, we found significantly lower values for Young’s modulus and stress at fracture break in NFAH PLi as compared with NFAH PLc (t10 = 3.599, p < 0.05; t10 = 2.418, p < 0.05, respectively, Figures 2E,F). No significant differences were found between NFAH PLi and NFAH PLc for the traction deformation tests (p > 0.05; Figure 2G).
Implications of pathogen reduction technology for human plasma quality
We next comparatively analyzed several factors present in human plasma to determine the putative effects of PRT on hydrogels based on human plasma. We focused on measuring factors VIII, XI and fibrinogen because they are the most affected by plasma inactivation (Larrea et al., 2009). Besides, we chose factors V, VIII, X and fibrinogen that form part of the common pathway together with factor II, prothrombin (Chaudhry and Babiker, 2018). For the later, we measured prothrombin time, PT. This test measures, as a whole, the activity of factors II, V, VII, X and fibrinogen. Similarly, we measured thromboplastin time, APTT, which explores coagulation factors XII, XI, X, VIII, X, II and fibrinogen. Additionally, we measured factor XIII, considering it as crucial for our product since it promotes fibrin crosslinking (Beckman et al., 2018).
As shown in Figure 3, we found a significant decrease in the percentage of functional protein C (t2 = 6.651, p < 0.05; Figure 3A), and an increase in INR (t2 = 18.38, p < 0.05; Figure 3B), APTT (t2 = 18.38, p < 0.05; Figure 3C) and TT (t2 = 6.08, p < 0.001; Figure 3D) in PLi as compared with PLc. In addition, the percentage of the coagulation factors FV (t2 = 7.666, p < 0.05), FX (t2 = 6.656, p < 0.05), and FXI (t2 = 5.812, p < 0.05) was significantly lower in PLi than in PLc (Figures 3E–G, respectively). PLi samples also showed a slight decrease in the levels of FVIII, FXIII and fibrinogen compared with PLc samples, but the differences were not significant (p > 0.05, Figures 3H–J, respectively).
[image: Figure 3]FIGURE 3 | Coagulation profile of human plasma after pathogen reduction. The following measurement were performed: (A) functional protein C, (B) international normalized ratio (INR), (C) activated partial thromboplastin time (APTT), (D) thrombin time (TT), coagulation factor (E) V, (F) X, (G) XI, (H) VIII, and (I) XIII and (J) fibrinogen. Data are shown as mean ± SEM. Three independent samples per group were analyzed. Student’s paired t-test: *p < 0.05; **p < 0.01; ***p < 0.001.
Correlation between the structural and biomechanical properties of bioartificial tissues and coagulation factor levels
To determine whether there was a relationship between the main changes found in the structural and biomechanical properties and changes in coagulation factors after the application of PRT, we performed correlation analyses (Table 1). Results of these analyses showed that the interfibrillar spacing (porosity) of the NFAH negatively correlated with FV (r = −0.87, p < 0.05), FX (r = −0.87, p < 0.05) and FXI (r = −0.85, p < 0.05). Regarding the biomechanical properties, we found that Young’s modulus positively correlated with FV (r = 0.84, p < 0.05) and FX (r = 0.79, p < 0.05), whereas the stress at fracture break positively correlated with FV (r = 0.83, p < 0.05), FVIII (r = 0.83, p < 0.05), FX (r = 0.82, p < 0.05) and FXI (r = 0.82, p < 0.05). No correlation was found with fibrinogen level.
TABLE 1 | Correlation matrix between structural and biomechanical properties and coagulation factors.
[image: Table 1]DISCUSSION
Fibrin-agarose hydrogels are scaffold-based tissue engineering products that are gaining widespread interest in regenerative medicine for the treatment of tissue (Campos et al., 2020). This biomaterial must comply with the basic properties of organs and tissues to which it is applied, and provide structural support for cells and mimic the mechanical properties of native tissue. Our results show that PRT modifies the porosity degree of the final product by increasing the interfibrillar spacing of the fibrin-agarose scaffold. The three-dimensional structure of NFAH PLi was compatible with a loss of integrity when compared with NFAH PLc. The pore size of biomaterials is a critical factor affecting cell attachment and cell physiology (Vu et al., 2015), and maintaining this parameter is very important for bioartificial tissues to be functional. Interestingly, the pore size modification in NFAH PLi was not associated with a decrease in cell viability. While it has been suggested that increased interfibrillar spacing may reduce the strength and flexibility of bioartificial tissues and impair their clinical use (Shahmirzadi et al., 2013), our finding that cell viability was preserved might suggest that the pore size found in both NFAH PLi and NFAH PLc could be within a physiological range.
The biomechanical properties of the manufactured NFAH PLc were similar to those previously determined for fibrin-agarose hydrogels, whereas the properties of NFAH PLi were inferior (Campos et al., 2020; Ionescu et al., 2020). Generally, maintaining the biomechanical properties of an artificial tissue is a prerequisite for tissue-engineered products for clinical use. Whether or not this difference in NFAH PLi has a clinical effect should be determined in future studies in laboratory models. However, we hypothesize that the biomechanical modifications generated by the PRT System compromises the biological function of these artificial tissues. That being said, the structural and biochemical properties are not the only key criteria to be considered for the application of artificial tissues (Linares-Gonzalez et al., 2021). Whether the positive effects of the PRT treatment––in terms of biosafety––outweigh the negative effects of the treatment should be determined on a case-by-case basis, as some applications may not require a bioartificial tissue with strong biomechanical properties.
Because fibrin is mainly obtained from donors’ human plasma, PRT is required to lessen the risk of transmission of infectious agents [Klein et al., 2007; European Pharmacopoeia, 2013; Lanteri et al., 2016; Motta et al., 2016; European Directorate for the Quality of Medicines & HealthCare (EDQM), 2017]. Nonetheless, PRT may have adverse effects on the coagulation system, which could change the functionality of the treated plasma and impair clinical applications. In this regard, several authors have analyzed the effects of PRT on plasma components, specifically on coagulation factor levels, finding a decrease in coagulation factor activity after riboflavin/UVA exposure when compared with fresh frozen plasma (Hornsey et al., 2009; Larrea et al., 2009; Smith and Rock, 2010; Marschner and Goodrich, 2011). Nevertheless, these reports concluded that it is unlikely that this decrease has any clinical impact. By contrast, Klompas and colleagues recently demonstrated that the loss of coagulation factor activity in pathogen-reduced COVID-19 convalescent plasma had a clinical impact associated with the pathogen reduction process (Klompas et al., 2022). Moreover, in agreement with our results, they demonstrated an increase in APTT and TT, suggesting that a slight prolongation of coagulation times may occur due to the combined loss of activity of several coagulation factors (Hornsey et al., 2009; Klompas et al., 2022). In line with these studies, we also found a significant reduction of functional protein C and FV, FX, and FXI levels, and a slight decrease in FVIII, FXIII and fibrinogen after inactivation. These results might partly explain the structural and biomechanical changes evident in samples generated with PRT-treated human plasma.
Considering that riboflavin/UVA treatment can act as a cross-linking system able to improve the biomechanical rigidity of decellularized scaffolds (Xiang et al., 2017) and corneas (Aslanides et al., 2016), it might also have a positive effect on fibrin-agarose scaffolds. However, the correlation analysis revealed the opposite behavior, showing that riboflavin/UVA exposure on plasma did not preserve coagulation factor levels.
Factor V is a component of the prothrombin complex, which interacts with other coagulation proteins, including activated FX and prothrombin to increase the production of thrombin. Thrombin mediates the cleavage of fibrinogen to fibrin monomers that, upon polymerization, form a fibrin clot (Kalafatis and Mann, 1997; Göbel et al., 2018). In addition, FXI also contributes to the generation of thrombin and thus, is involved in the formation of fibrin (Meijers et al., 2000). Undoubtedly, these coagulation proteins are needed to stabilize the fibrin-agarose scaffold and to maintain the fibrillar pattern of hydrogels. The observed relatedness between coagulation factors and the structure of the NFAH also suggests that the loss of their activity could affect biomechanical properties. In this regard, Young’s modulus is associated with FV and FX, whereas the stress at fracture break is related to FVIII. Overall, these findings suggest that the loss of key coagulation factors in NFAH produced with PLi is associated with the generation of a less compact fibrillary mesh, which could impact its clinical usefulness. A balance should be reached between PRT and its applicability on artificial tissues to achieve safer and more effective tissue engineered products. Given that the PRT protocol cannot be modified, the balance would rely on the supplementation with coagulation factors that aided fibrin formation prior to NFAH jellification, for example, FV or FX, which resulted significantly affected by inactivation. FX, together with FV (cofactor) convert prothrombin into thrombin, which would further activate fibrin formation and at the same time enhance the intrinsic pathway of the coagulation cascade. Other possibilities could contemplate the addition of biomaterials that reinforced the structure of the hydrogel by reducing interfibrillar spaces. Our group has explored the addition of biomaterials like genipin, which used in concentrations of 0.1%–0.5%, improved structural and biomechanical properties of NFAH (Campos et al., 2018). A different approach could be the addition of 0.7 mg/ml chitosan-silica which has been shown to improve the mechanical stability of fibrin hydrogels with low risks of cytotoxicity (Becerra et al., 2021). Nevertheless, “in vivo” studies are still needed to check efficacy and security of either option.
LIMITATIONS
Our data indicate that the application of inactivation methods based on riboflavin and UV light alters the coagulation system in plasma. This disruption leads to a loss of coagulation factor activity that may affect the structure of NFAH and consequently, its biomechanical properties. Although our data are robust, we detect some limitations that should be taken into account in future studies.
It is unknown whether the application of other pathogen inactivation methods in plasma samples can mitigate the decrease in coagulation factors activity and consequently, reduce the adverse impact on the structure and biomechanical properties of these hydrogels. Therefore, others PRTs should be tested.
Another consideration could be the incubation period of cellularized fibrin-agarose hydrogels. Fibrin scaffolds accelerate fibroblast growth and remodeling of extracellular matrix (San Matin et al., 2011) thus, if a suitable structure has not formed due to reduced coagulation factors, inter-fibrillar spaces may increase with culture time. In this regard, decreasing the culture time could better preserve the structure and biomechanical properties of cellularized NFAH. In addition, it might be appropriate to explore other alternatives to reinforce the structure and functionality of cellularized NFAH such as the application of genipin (Campos et al., 2018) or the fibrin combination with polymer materials such as polycaprolactone (PCL), that promote smaller aperture and larger fiber diameter in fibrin scaffolds (Lei et al., 2020).
Regarding the effects caused by PRT, these could be compensated by coagulation factors supplementation during hydrogels manufacture, although this step may increase manufacturing costs.
CONCLUSION
No studies had analyzed the impact of PLi use on bioartificial tissue manufacturing. Considering that blood derivatives must be treated with a pathogen reduction method to prevent the transmission of infectious agents, our results show that the use of riboflavin/UVA-based PLi for the fabrication of NFAH significantly affects the structural, biochemical and biological properties of the fibrin-agarose matrix, possibly due to changes in the level/activity of several coagulation factors. Future studies should evaluate the advantages and disadvantages of PLi used in the manufacturing process of this type of bioartificial tissues and the specific applications in which these changes could be acceptable for clinical use.
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Curcumin has been widely used for the treatment of age-associated diseases, and showed chondroprotective potential for post-traumatic osteoarthritis (OA). However, due to the irregular-shaped and large-sized defects on joint cartilage in degenerated OA, the in vivo delivery and therapeutic effect of curcumin for effective repair remain challenging. In this study, we first present a PEG-GelMA [Poly(Ethylene Glycol) Dimethacrylate-Gelatin Methacrylate, PGMs] hydrogel microgel-based curcumin delivery system for both improved anti-inflammatory and pro-regenerative effects in treatment for cartilage defects. The curcumin-loaded PGMs were produced by a microfluidic system based on light-induced gelation of gelatin methacrylate (GelMA). This PGMs embedding curcumin at a relative low dosage were demonstrated to promote the proliferation and chondrogenic differentiation of mesenchymal stem cells in vitro. More importantly, the PGMs were shown to attenuate the inflammatory response of chondrocytes under IL-1β stimulation. Lastly, the in vivo application of the injectable PGMs significantly promoted the repair of large-sized cartilage injury. These results confirmed that curcumin-loaded PGMs can not only enhance the chondroprotective efficacy under inflammatory conditions but also induce efficient cartilage regeneration. This study provides an advanced strategy with anti-inflammatory and pro-regenerative dual-role therapeutic for treatment of extensive cartilage injuries.
Keywords: Osteoarthritis, PEG-GelMA hydrogel microgel (PGMs), Chondrogenic differentiation, Inflammatory response, Cartilage regeneration
INTRODUCTION
Osteoarthritis (OA), which is defined by articular cartilage injuries with varying degrees, is one of the most common joint diseases worldwide (Gross et al., 2011; Chubinskaya et al., 2015). Currently, there is a lack of effective treatments for OA in clinic, and the regeneration of articular cartilage is still challenging. For patients with mild degeneration in the early stage, conservative treatments with non-steroid anti-inflammatory drugs, hyaluronic acid, and platelet-rich plasma are commonly used (Belk et al., 2021). These approaches alleviated local pathological symptoms, but cannot prevent the persistent degeneration of articular cartilage. For those irreversible degeneration and extensive destruction of articular cartilage, total joint replacement is mainly used to achieve joint structure and function restoration. However, the commonly used artificial joints based on metals and ceramics are not only with limited biological functions, but also can easily lead to infection and foreign body rejection (Veiseh and Vegas, 2019). Risks such as long-term wear and tear, and prosthesis loosening often end up with secondary surgery (Munuera Martinez, 2010).
The structural and functional reconstruction of articular cartilage based on tissue engineering technologies have shown promising future for the treatment of osteoarthritic cartilage injury. Stem cell transplantation, autologous chondrocyte transplantation, microfracture and mosaic surgery provide options for the repair of cartilage defects (Makris et al., 2015). Microfracture surgery mainly relies on bone marrow mesenchymal stem cells derived from subchondral bone to regenerate fibrocartilage-like tissue, but it is limited to small cartilage defects, and the long-term effect is not satisfactory. Autologous chondrocyte transplantation or mosaic surgery could cause additional trauma to the donor area. With a limited tissue source, the tissue integration of the transplanted cartilage and the surrounding normal tissue is poor (Kwon et al., 2019). For the patients with large cartilage defects in the moderate or late stages, there are still obvious gaps and difficulties between effective interventions and severe cartilage injuries. More importantly, in late stage OA, the chronic inflammation caused by inflammatory factors and mediators increases the extracellular matrix (ECM) degradation and impedes the further cartilage repair (Shu et al., 2020).
Curcumin, which is a natural polyphenolic compound that extracted from the turmeric, shows multiple of pharmacological activities (Alok et al., 2015). Curcumin is known for the anti-inflammation efficacy, and recently was extensively studied for the treatment of rheumatoid arthritis (Zheng et al., 2015), post-traumatic osteoarthritis (Zhang et al., 2016a), and other chronic inflammation (He et al., 2015). Therefore, these studies together suggest a promising anti-inflammatory drug for the treatment of osteoarthritic cartilage injuries. However, owing to its poor systemic bioavailability as a result of low solubility in aqueous solution, the therapeutic efficacy and translational applications of curcumin are largely impeded (Lopresti, 2018). Although nano-emulsions or nanoparticles for curcumin delivery have been developed to increase oral bioavailability, metabolic preservation (Young et al., 2014a; Dende et al., 2017), and sustained local-release (Zhang et al., 2016a), the in vivo pharmacokinetic and toxicology are still needed to be investigated.
Due to the irregular-shaped and large-sized defects on joint cartilage surface in late-stage of OA (Zhang et al., 2016b; Shi et al., 2017), the injury-site targeted delivery of curcumin for effective repair is still challenging. Besides, the severe degenerative microenvironments are along with a sharp decrease in endogenous reserves of stem cell numbers (Ambrosi et al., 2021) and bioactive factors (Zhang et al., 2022) for efficient cartilage repair and subchondral bone formation. While several studies suggest the implantation of scaffold materials to guide matrix synthesis or combined with growth factors to promote cartilage regeneration (Makris et al., 2015; Liu et al., 2021), high risks of infection and poor tissue integration remained to be elucidated. Novel strategies using growth factor- or cell-loaded microgel (Li et al., 2017; Lei et al., 2021) were shown as effective treatments for osteoarthritic cartilage damage through enhanced recruitment of endogenous stem cells, as well as increased nutrient, metabolite exchange, and more dynamic cell-cell and cell-material interactions (Nguyen et al., 2021). Thus, the above studies suggest that hydrogel microsphere or microgel served as a bioactive drug delivery system shows promising therapeutic approach for cartilage tissue engineering (Castro et al., 2020). Nevertheless, the treatment for OA is still challenge by the co-existence of chronic inflammation and cartilage degeneration.
In this study, we aim to determine the dual role of injectable curcumin-embedded PEG-GelMA hydrogel microgels (PGMs) on the chondroprotective efficacy under inflammatory conditions in OA progression and efficient cartilage regeneration for late-stage degeneration. Our findings showed that the curcumin-loaded PGMs at a relative low dosage was demonstrated to promote chondrogenic differentiation of mesenchymal stem cells, as well as the attenuation for inflammatory response of chondrocytes under IL-1β stimulation. In addition, the in vivo application of the injectable PGMs significantly enhanced the repair of large-sized cartilage injury.
RESULTS
Microfluidic polymerization produces the curcumin-embedded PEG-GelMA microgels
The curcumin-loaded PEG-GelMA microgels (PGMs) were fabricated by microfluidic technology and exhibited a mean diameter of 218 ± 5.25 µm (Figure 1A). From the microscopic images, we can find that the spheroids-like PGMs are highly uniform in size (Figure 1B). Previous studies have shown that the addition of GelMA to PEG increased the compressive modulus of composite hydrogels as compared to PEG alone (Hutson et al., 2011; Gao et al., 2015). In this study, the encapsulation of curcumin did not significantly affect the compressive modulus of the hydrogel microgels, as the modulus of PGMs and curcumin-loaded PGMs is about 33.396 ± 2.468 kPa and 35.513 ± 2.033 kPa, respectively (Figure 1C). These data confirmed that the compressive modulus of pure PEG hydrogels were elevated after the addition of GelMA. In addition, the PEG-GelMA microgel itself provides a comparable elastic modulus as the native articular cartilage (Beck et al., 2016).
[image: Figure 1]FIGURE 1 | Curcumin-loaded PEG-GelMA microgel (PGMs) synthesis and characterization. (A) Schematic illustration of PEG-GelMA microgel fabrication by microfluidic technology. (B) The microscopic images at bright field of PGMs (i) and curcumin-loaded PGMs (ii), Scale bar = 200 μm. (C) The compressive modulus of PGMs and curcumin-loaded PGMs, respectively. N = 10 PGMs.
Curcumin-loaded PEG-GelMA hydrogel microgels enhanced the cell proliferation and chondrogenic differentiation potential of stem cells in vitro
To evaluate the cell biocompatibility of curcumin-loaded PGMs, ADSCs (Adipose-derived Mesenchymal Stem Cells) were seeded on the surface of these well-prepared PGMs for the in vitro culture (Figure 2A). After 1, 3, 5, and 7 days of cell expansion, live/dead staining was performed to analysis the live cell proportion across the varied time points. While dead cells were hardly detected during the culture time for 7 days, the live cells (green color-labelled) showed stable and gradually increased cell numbers (Figure 2B). To further investigate the differences on cell viability and proliferation between PGMs and the curcumin-loaded PGMs, CCK-8 assay was carried out to compare the two groups. Results of the OD values during the 7 days’ culture showed that there is no significant difference on cell proliferation at day 1 and day 3 after cell seeding, when a mild decrease of cell proliferation was found at later time points, including day 5 and day 7 (Figure 2C). These results indicate that the curcumin-loaded PGMs are available for the in vitro culture and normal cell proliferation, and curcumin encapsulation by PGMSs itself help maintain the cell viability.
[image: Figure 2]FIGURE 2 | Cyto-biocompatibility and cell viability of curcumin-loaded PEG-GelMA microgel (PGMs). (A) Schematic of ADSCs seeding on the curcumin-loaded PEG-GelMA microgel (PGMs) for in vitro culture. (B) The Live/dead staining of ADSCs cultured on the curcumin (5 uM)-loaded PGMs, Scale bar = 200 μm. (C) Quantification of cell viability of ADSCs cultured on the PGMs and curcumin-loaded PGMs, respectively. Biological replicates n = 5.
We next characterized the effect of curcumin-loaded PGMs on the chondrogenic potential of mesenchymal stem cells. Human adipose-derived mesenchymal stem cells (ADSCs) were cultured either on the PGMs or curcumin-loaded PGMs system for pre-expansion for 1 week, and the differentiation capability was further tested and analyzed by tri-lineage differentiation assays (Figure 3A). After another 21 days of lineage-specific induction, various staining assays were performed for the estimation of osteogenesis, chondrogenesis, and adipogenesis, respectively. Results showed that the osteo- and chondral-lineage differentiation was improved in the curcumin-loaded PGMs group compared with the PGMs only group, while the adipogenesis didn’t show any significant difference between the two groups (Figure 3B). Besides, the immunostaining of collagen II expression, a chondrogenic marker, exhibited a much higher ratio of positive expression cells in the curcumin-loaded PGMs compared with pure PGMs (Figure 3C). Consistent with the immunostaining results, the relative mRNA expression of chondrogenic marker genes (COL2A1, SOX9, Aggrecan) was also shown greatly improved by the curcumin (Figure 3D). Collectively, the curcumin-loaded PGMs showed a good biocompatibility and cell viability, and favorable effects on promoting the chondrogenic differentiation. The above results indicated that the curcumin-loaded PGMs as bioactive microcarriers for enhanced stem cell growth hold great potential for efficient in vivo cartilage injury regeneration by promoting chondrogenic differentiation of joint-resident stem cells.
[image: Figure 3]FIGURE 3 | The chondrogenic bioactivity on ADSCs of curcumin-loaded PEG-GelMA microgel (PGMs). (A) Schematic of ADSCs culture on the curcumin-loaded PEG-GelMA microgel (PGMs) and further tri-lineage differentiation. (B) The level of osteogenesis, chondrogenesis, and adipogenesis of ADSCs was assessed by ARS staining, Alcian blue staining, and Oil Red staining, respectively. Scale bar = 100 μm. (C) Immunostaining of Collagen II protein expression in ADSCs cultured on the PGMs and curcumin (5 uM) -loaded PGMs, respectively. Scale bar = 100 μm. (D) Relative expression of chondrogenic marker genes (COL2A1, SOX9, Aggrecan) after chondrogenic induction for 21 days (Mean ± SD; ∗∗p < 0.01; biological replicates n = 3 per group).
Curcumin-loaded PEG-GelMA hydrogel microgels alleviate the inflammatory effects of chondrocytes
To better explore the potential of curcumin-loaded PGMs against the chronic microenvironment during the osteoarthritis progression, we thus tested the anti-inflammatory effects of the curcumin-loaded PGMs on the in vitro cultured chondrocytes (Figure 4A). After 72 h of culture on the curcumin-loaded PGMs, the chondrocytes were subsequently treated with IL-1β for another 48 h. Interestingly, chondrocytes that cultured on the curcumin-loaded PGMs system showed apparent cell-cell contact as well as significantly fewer black spots, indicating that the loaded curcumin alleviated the cell apoptosis in respond to the IL-1β stimulation (Figure 4B).
[image: Figure 4]FIGURE 4 | The amelioration of chondrocyte inflammation with curcumin-loaded PEG-GelMA microgel (PGMs). (A) Schematic of human chondrocytes cultured on the curcumin-loaded PEG-GelMA microgel (PGMs) for in vitro culture and further IL-1β stimulation (10 ng/ml). (B) The bright-field images of cultured chondrocytes after IL-1β treatment in the PGMs and curcumin (5 µM)-loaded PGMs groups, respectively. Scale bar = 100 μm. (C) Quantification of the expression of phenotypic genes (COL2A1, SOX9, Aggrecan) for chondrocytes, and (D) Quantification of the expression of inflammatory genes (MMP13, ADAMTS5) for chondrocytes. (Mean ± SD; ∗p < 0.05, ∗∗p < 0.01; ∗∗∗p < 0.001; biological replicates n = 4 per group). (E) Immunostaining of Collagen II protein expression of the chondrocytes (sub-cultured on cover slip for 2 days) after IL-1β treatment in the PGMs and curcumin-loaded PGMs, respectively. Scale bar = 50 μm.
The gene expression levels of chondrocyte phenotypic markers and inflammatory factors of chondrocytes were then detected by qRT-PCR assays. The results showed that the relative expression level of chondrocyte marker genes COL2A1, SOX9, and Aggrecan was significantly maintained in the curcumin-loaded PGMs group (Figure 4C), while the inflammation-related genes MMP13 and ADAMTS5 were significantly decreased (Figure 4D). At protein level, the Collagen II expression of chondrocytes was also found greatly increased after IL-1β stimulation in the curcumin-loaded PGMs culture system (Figure 4E). Taken together, the injectable curcumin-loaded PGMs system could not only maintain chondrocyte phenotype, but also ameliorate the local inflammatory state and matrix degeneration of the injured cartilage.
In vivo application of Curcumin-loaded PEG-GelMA hydrogel microgels promoted the regeneration of large-sized cartilage defects
To investigate the dual role of chondroprotective efficacy under inflammatory conditions and promoting efficient cartilage regeneration when utilizing the curcumin-loaded PGMs, we performed a cartilage defect animal experiment for in vivo assessment. A circular defect with a 5 mm diameter was created at the femoro-patellar grooves in rabbits, and the cell-free curcumin-loaded PGMs were implanted into the defect area, while pure PGMs were also transplanted as vehicle control (Figure 5A).
[image: Figure 5]FIGURE 5 | The amelioration of chondrocyte inflammation with curcumin-loaded PEG-GelMA microgel (PGMs). (A) Schematic of the implantation of curcumin-loaded PGMs for the repair of cartilage defects in a rabbit femoro-patellar groove. (B) The Safranin-O staining of the repaired cartilage tissues in Blank, PGMs and curcumin-loaded PGMs groups at 8 weeks post-surgery. Scale bar = 100 μm. (C) Quantification of the histological scores of cartilages under evaluation among Blank, PGMs and curcumin-loaded PGMs groups in Safranin-O staining results. (Mean ± SD; ∗p < 0.05, ∗∗p < 0.01; n = 5 per group). (D) The immunohistochemical staining of Collagen II in the repaired cartilage between PGMs and curcumin-loaded PGMs groups at 8 weeks post-surgery. Scale bar = 100 μm.
Eight weeks after the surgery, the tissue samples from the defect regions were collected and analyzed. Safranin-O staining results of the tissue sections among different groups showed that the curcumin-loaded PGMs significantly improved the regeneration of injured cartilage compared with both the vehicle PGMs and the blank defect (Figure 5B). Further histological assessment of chondrocyte apoptosis and cartilage erosion that resulted from chronic inflammation showed a relatively lower level in response to the treatment of the curcumin-loaded PGMs, when compared to other groups (Figure 5C). Further immunohistochemical staining analysis on the expression of Collagen II, which is the hall-marker of chondrogenic differentiation, showed that the cartilage regeneration was enhanced by the curcumin-loaded PGMs (Figure 5D). The above results indicate that the injectable curcumin-loaded PGMs can effectively promote the cartilage regeneration either by the increased chondrogenic differentiation or the decreased level of local inflammation during the pathological degeneration.
DISCUSSION
Osteoarthritis (OA) is featured for co-existence of chronic inflammation and cartilage degeneration, and current treatments targeting either aspect are difficult for covering the complex conditions at the same time (Lieberthal et al., 2015). In the middle and late stages of OA progression, neither anti-inflammatory drugs nor small molecules that targeting specific molecular target alone cannot fully alleviate the pathological symptoms and prevent the progressive degeneration (An et al., 2021). This study illustrates a therapeutic strategy of the injectable curcumin-loaded PGMs with a dual role of promoting the chondroprotective efficacy under inflammatory conditions and inducing endogenous cartilage regeneration simultaneously.
The chronic inflammation during the OA development is still one of the most difficulties for the clinical treatment. Current pharmacological treatments provide symptomatic relief to joint pain and local inflammation, however, there is not a clear clinical effect on OA disease prevention or therapy. While most of the current efforts have been focused on developing novel molecular targets as well as their disease-modifying drugs, the side-effects exist regarding the non-tissue-specific and long-term use of these treatments (Yang et al., 2021). Curcumin has been shown to mitigate the inflammatory process by decreasing the synthesis of inflammatory mediators such as interleukin (IL)-1β, tumor necrosis factor (TNF)-α, IL-6, IL-8, prostaglandin E2 (PGE2), and cyclooxygenase-2 (COX-2) (Zhang et al., 2016a; Sun et al., 2017; Sundar Dhilip Kumar et al., 2018). Moreover, curcumin suppresses the gene expression of matrix metalloproteinases (MMPs) (Zhang et al., 2016a; Mogharrabi et al., 2020) and nuclear factor kappa B (NF-kB) activation (Buhrmann et al., 2021), which play critical roles in the breakdown of the cartilage ECM. Due to the extremely limited oral bioavailability of curcumin (Ma et al., 2019), local application could provide effective delivery and absorption in treatment. More specifically, the bioavailability of curcumin at the disease site for OA treatment could be greatly enhanced by using injectable drug-delivery systems (Tiwari et al., 2017).
Nano-emulsion and nanoparticles were often taken as the promising approach for controlled release of curcumin in multiple situations (Young et al., 2014b; Zheng et al., 2015; Zhang et al., 2016a; Shi et al., 2016; Dende et al., 2017). However, the therapeutic effects are often impeded by the random distribution and extensive diffusion of drugs across the knee joint tissues. Surprisingly, the long-term toxicity profile of local distribution (Saifi et al., 2018) as well as the body wide non-targeting infiltration (Mohammadpour et al., 2019; Wu et al., 2019) of nanoparticles are still one of the most important concerns when drug-loaded nano-emusions or nanoparticles were intraarticularly injected. On the contrary, hydrogels spheroids at micro-scale were proven to be more available for the direct release of cells, growth factors and drugs (Annamalai et al., 2019; Volpatti et al., 2021), and could provide as a dense barrier for inflammatory erosion and chondrocyte apoptosis (Wei et al., 2021; Han et al., 2022).
Actually, hydrophilic microgels have been used as microcarriers for in vitro cell culture and in vivo stem cell delivery system, both the long-term cell survival and microtissue formation were shown promising when applied in vivo (Luo et al., 2019). Furthermore, the delayed degradation of microgels and their enough surface for further resident adipose-derived stem cell proliferation are more important for the cartilage regeneration regarding the flexible intra-articular microenvironment. In our study, the curcumin-loaded PGMs not only filled up the irregular cartilage injury, but also enhanced the joint lubrication and provided enough surface for efficient endogenous stem cell migration and adhesion. These results together suggested that the curcumin-loaded PGMs system in this study better promotes the new cartilage formation when reduces the inflammatory effects by local delivery of curcumin at a low dosage and at the same time.
The injectability of the curcumin-loaded PGMs system in this study is another advantage for promising minimal-invasive application in OA treatment. Provided with the availability for application in response to the irregular-shaped and large-sized defects on joint cartilage surface in inflammatory OA, the in vivo delivery of anti-inflammatory drugs by PGMs is an alternative strategy for late-staged OA treatment. Even though, further investigations are still needed to clarify the main stem cell resources and subtypes, as well as their detailed contribution for the regeneration process of inflammatory cartilage injuries.
CONCLUSION
In summary, the curcumin-loaded PGMs at a relative low dosage was demonstrated to promote the proliferation and chondrogenic differentiation of mesenchymal stem cells in vitro. More importantly, the curcumin-loaded PGMs was shown to attenuate the inflammatory response of chondrocytes under IL-1β stimulation. Lastly, the in vivo application of the injectable PGMs significantly enhanced the repair of large-sized cartilage injury. These results suggest that the curcumin-loaded PGMs play a dual role in OA treatment by promoting the chondroprotective efficacy under inflammatory conditions and inducing efficient cartilage regeneration.
MATERIALS AND METHODS
Preparation of curcumin-loaded PEG-GelMA hydrogel microgels
The poly(ethylene glycol) dimethacrylate (PEGDMA, PEG)-gelatin methacrylate (GelMA) microgels were synthesized using microfluidic device as described in previous studies with minor modifications (Hutson et al., 2011; Gao et al., 2015). Briefly, curcumin powder (Sigma-Aldrich) was dissolved in 10 ml PEGDMA by stirring with a magnetic bar and heating in a boiling water bath to 100°C for 15 min until completely dissolved. After cooling, the curcumin-contained PEGDMA and GelMA were mixed together in PBS at 10% (w/v) and 5% (w/v), respectively (curcumin at a final concentration of 5 µM), in which PEGDMA did not contain curcumin was treated as vehicle control in the following experimental analysis. The aqueous phase was composed of PEG-GelMA hydrogel and 30 mg/ml photo-initiator 2-hydroxy-1 (4-(hydroxyethox)pheny)-2-methyl-1-propanone, and the continuous oil phase contained mineral oil. After starting the pumps, the aqueous and continuous phases were slowly injected into the syringes and the flow rate of the liquid in the channel is adjusted through injection pumps. Microgels were synthesized using PDMS flow-focusing devices and washed 3 times with a 1% BSA solution in PBS. The prepared hydrogel droplets were further solidified by photocrosslinking for 30 s under UV irradiation at the wavelength of 365 nm (6.9 mW/cm2) wavelength. Lastly, the oil and active agent on the surface of PEG-GelMA microgels were removed by repeated washing with acetone and 75% ethanol, and purified by washing with PBS for 24 h. Size distribution of the microgels was determined via microscopy image analysis using ImageJ.
Mechanical testing
Samples were detached from the culture dish and incubated in PBS at room temperature. The mechanical test was performed with nano-indentation (Optics) according to the manufacturer’s protocol. The compressive modulus was determined as the slope of the linear region corresponding with 0%–10% strain.
Cell culture
Human adipose-derived mesenchymal stem cells (ADSCs) were obtained after digesting adipose tissues acquired from donors (68 years old) with written informed consent. In brief, fat pad pieces (1–2 mm3) were digested with collagenase (Sigma-Aldrich) at 37°C for 2 h. The isolated cells were cultured in L-DMEM (Gibco) with 10% fetal bovine serum and 1% penicillin/streptomycin (Life Technologies) at 37°C and 5% CO2. The medium was changed every 3 days, and cells at passage 5 were used in this study.
Primary chondrocytes were obtained from patients undergoing total joint replacement surgery (aged 68–81 years) were cultured in F12 with 10% fetal bovine serum and 1% penicillin/streptomycin. F12 with 1% fetal bovine serum overnight were used for starvation prior to curcumin treatment. Chondrocytes were incubated with IL-1β (10 ng/ml, Sigma) for 48 h after incubation with curcumin-contained medium for 72 h (Zhang et al., 2016a). Cells were then lysed and RNA isolated for further analysis.
Cell live/dead staining
ADSCs that co-cultured with PEG-GelMA hydrogel microgels (PGMs) was tested by live/dead cytotoxicity kit. The ADSCs were co-cultured with PGMs at a density of 4 × 105 cells/mL. Then, the ADSC/PGMs suspension was mixed and seeded in a 24-well plate, and cultured in humidified incubator containing 5% CO2 at 37°C. After culturing for 1, 3, 5, and 7 days, cells were stained with the live/dead cytotoxicity kit and imaged with a confocal laser scanning microscope (OLYMPUS IX83-FV1000).
Cell viability
ADSCs between passages 3–5 were cultured with PGMs at a density of 1 × 104 cells/disc in a 96-well plate. 33 µl medium containing microgel was added to each well, and then added complete medium to 200 µl. The proliferation of ADSCs were evaluated by the Cell Counting Kit-8 (CCK-8) testing. At 1, 3, 5, and 7 days, the medium was replaced with 180 μl of fresh complete medium and 20 μl of CCK-8 reagent (Dojindo, Japan) each well and incubated for 2 h at 37°C with 5% CO2. Finally, the staining solution was collected and measured using a multi-plate reader at 450 nm.
QUANTITATIVE REAL-TIME PCR
Quantitative real-time PCR was carried out on 5 days to evaluate the expression of chondrogenic marker genes (SOX9, MMP13, and ADAMTS5) in cells co-cultured with PGMs and curcumin-loaded PGMs. Quantitative real-time PCR was performed with SYBR® Premix Ex Taq™ (Takara) using a ABI 7500 Sequencing Detection System (Applied Biosystems, Foster City, United States). GAPDH was used as a house-keeping. Data were analyzed using the comparison Ct (2−ΔΔCt) method and expressed as fold changes compared to the control.
The sequences of the primers used are listed in Table 1.
TABLE 1 | Primers used in the qRT-PCR assay.
[image: Table 1]Trilineage differentiation assays
For osteogenesis, the cells were cultured in osteogenic medium containing α-DMEM with 10% FBS supplemented with 0.1 μM dexamethasone, 0.2 mM L-ascorbic acid, and 10 mM glycerol 2-phosphate disodium salt hydrate. The medium was changed every 2 days. For chondrogenesis, the cells were resuspended at a concentration of 5 × 105 cells in 200 μl of growth media and plated as micro-mass. After 2 h at 37°C, the micro-mass were covered with chondrogenic medium containing DMEM with 10% FBS supplemented with 0.1 μM dexamethasone, 100 μg/ml sodium pyruvate, 40 μg/ml L-proline, 50 μg/ml L-ascorbic acid, 50 mg/ml ITS, and 10 ng/ml TGFβ1. The medium was changed every 2 days for 21 days. For adipogenesis, the confluent cells were cultured with adipogenic medium containing α-DMEM with 10% FBS supplemented with 10 μg/ml insulin, 100 μM indomethacin, 0.5 mM 3-iso- butyl-1-methylxanthine, and 0.1 μM dexamethasone. The medium was changed every 2 days.
Immunofluorescent staining
Cells cultured on PGMs system or cover slips were fixed with 4% paraformaldehyde (PFA) for 30 min and then permeabilized with 0.01% Triton X-100 for 10 min at room temperature. After washed with PBS for 3 times, cells were blocked with 1% bovine serum albumin for 1 h at room temperature. The primary antibody (Anti-Collagen II antibody, diluted 200-fold, ab34712, Abcam) was incubated at 4°C overnight. Cells were next incubated with secondary antibody (diluted 200-fold, G-Rabbit Alexa Fluor® 488, A11008; Invitrogen) for 1 h at room temperature. After incubation, the nuclei were lastly stained with 1 X DAPI. After staining, the cells were observed using a confocal microscope (OLYMPUS IX83-FV1000).
For alizarin red staining
Cells were washed with cold PBS and fixed with 4% PFA for 30 min on ice. Cells were washed with distilled water and stained with 2% alizarin red solution for 15 min. Cells were then washed thoroughly with distilled water and air dried before microscopic observation.
Alcian blue staining
After culture medium was removed, and cells were washed with PBS and fixed with 4% PFA for 30 min. Cells were stained for 30 min with 1% Alcian Blue solution 8GX (Sigma) in 3% acetic acid, pH 2.5, and washed three times with 0.1 N HCl and then washed three times with PBS.
Oil red staining
After culture medium was removed, and cells were washed with PBS and fixed with 4% PFA for 30 min at room temperature. Cells were rinsed again with PBS and stained for 30 min with Oil Red O working solution. Cells were then observed under a light microscope after three times of washes with PBS.
Animal experiments
All animals were treated according to standard guidelines approved by the Zhejiang University Ethics Committee (NO. ZJU20220320). Adult New Zealand white rabbits (3 kg, Male, 15 rabbits, 10 weeks old) were used in this study. All surgeries were performed under general anesthesia. The knee joint was opened with medial para-patellar approach. The patella was dislocated laterally and the surface of the femoro-patellar groove was exposed. Cartilage defects were created using a custom-made scalpel with a thickness of 2 mm. PGMs and curcumin-loaded PGMs were applied to the surface of the cartilage defects, separately (n = 5 rabbits in each group). The non-treated blank (n = 5 rabbits) was treated as control group. 8 weeks after surgery, animals were sacrificed and the joint cartilage samples were harvested for further analysis.
Histological analysis
Tissue samples were fixed in 4% paraformaldehyde and decalcified in 10% EDTA for 4 weeks. Paraffin sections were stained with Safranin-O staining and histological observations were performed under a light microscope. The repaired cartilage tissue was graded by an established histological scoring system, according to a modified O’Driscoll histology scoring (MODS) system (Kleemann et al., 2005).
Statistical analysis
The data of this study were averaged ±standard deviation (SD) of statistical data using SPSS software. At least three parallel samples (n = 3) were set for all experiments. Comparison between the two groups was analyzed by the independent t test, and p < 0.05 was considered statistically significant. * indicates p < 0.05, ** indicates p < 0.01, ***p < 0.001.
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Background and Purpose: Chronic wound infections and the development of antibiotic resistance are serious clinical problems that affect millions of people worldwide. Cathelicidin-DM, an antimicrobial peptide from Duttaphrynus melanostictus, has powerful antimicrobial activity and wound healing efficacy. So, it could be a potential candidate to address this problem. In this paper, we investigate the wound healing mechanism of cathelicidin-DM to establish a basis for preclinical studies of the drug.
Experimental Approach: The effects of cathelicidin-DM on cell proliferation and migration, cytokines, and mitogen-activated protein kinase (MAPK) signaling pathways were examined. Then mice whole skin wound model was constructed to evaluate the wound healing activity of cathelicidin-DM, and further histological changes in the wounds were assessed by hematoxylin-eosin staining (H&E) and immunohistochemical assays.
Key Results: Cathelicidin-DM promotes the proliferation of HaCaT, HSF, and HUVEC cells in a concentration-dependent manner and the migration of HSF, HUVEC, and RAW.264.7 cells. Moreover,cathelicidin-DM can involve in wound healing through activation of the MAPK signaling pathway by upregulating phosphorylation of ERK, JNK, and P38. However, cathelicidin-DM didn’t affect the secretion of IL-6 and TNF-α. At the animal level, cathelicidin-DM accelerated skin wound healing and early debridement in mice as well as promoted re-epithelialization and granulation tissue formation, α-SMA expression, and collagen I deposition in mice.
Conclusion and Implications: Our data suggest that cathelicidin-DM can be engaged in the healing of infected and non-infected wounds through multiple pathways, providing a new strategy for the treatment of infected chronic wounds.
Keywords: antimicrobial peptide, cathelicidin-DM, wound healing, skin, infection
1 INTRODUCTION
As the first organ of the organism, the skin consists of two parts, the epidermis and the dermis. It is the first barrier against various microbial attacks and plays an important role in protecting the organism and maintaining the homeostasis of the internal environment (Baroni et al., 2012). Trauma inevitably occurred when the skin was exposed to the environment for long periods and was subjected to multiple factors and stresses. Following the onset of skin injury, the four phases of the wound healing processes will be sequentially initiated: hemostasis, inflammation, proliferation, and remodeling, with neighboring phases, linked and overlapping with each other (Wilkinson and Hardman, 2020). To a certain extent, the structural complexity and functional diversity of the skin determine that wound healing is a complex process that involves a variety of cells, cytokines, and various extracellular matrices to complete tissue repair. In the hemostatic phase, this phase is mainly concerned with coagulation and hemostasis, both to prevent massive blood loss that could damage organs and to provide an environment for later cell growth (Wang et al., 2018); in the inflammatory phase, neutrophils and macrophages infiltrate the wound site to engulf and remove cellular debris, bacteria, etc. to prevent bacterial infection (Eming et al., 2007; Tziotzios et al., 2012; Kloc et al., 2019); during the proliferative phase, the activated of keratin forming cells, fibroblasts, and endothelial cells proliferate and migrate together to complete re-epithelialization and granulation of tissue formation (Gonzalez et al., 2016; Wilkinson and Hardman, 2020); during the remodeling phase, collagen Ⅰ is gradually replaced by collagen III and fibroblasts are converted to myofibroblasts, both of which together accomplish the contraction of the wound and scar (Almadani et al., 2021; Mathew-Steiner et al., 2021).
Chronic wounds caused by ubiquitous pathogens are a public safety problem worldwide and would also carry a huge economic burden. Damaged skin loses its barrier function and is at risk of infection (e.g., Staphylococcus aureus, Pseudomonas aeruginosa, etc.), as well as providing environmental conditions for the growth and colonisation of pathogens, thereby prolonging wound healing and threatening lives (Siddiqui and Bernstein, 2010). The theory that time can heal wounds will not be defeated (Martin, 2020). As drug resistance increases, so will the difficulty of treating such chronic wounds. Some researchers predict that by 2050, 10 million people worldwide will die from drug-resistant microbes (GradisteanuPircalabioru et al., 2021). Traditional therapeutic drugs also do not meet the real needs of society and the clinic and have major shortcomings. The use of intravenous antibiotics can be used to prevent or treat wound infections (Thapa et al., 2020), but this increases the local production of drug-resistant bacteria. In addition, topical antibiotics tend to cause discomfort and contact dermatitis. Therefore, it is necessary to develop novel drugs to manage such wounds.
Antimicrobial peptides are considered to be a new therapeutic strategy for infected non-healing wounds in need of a new treatment (de Souza et al., 2022), as well as an effective alternative to antibiotics (Magana et al., 2020). This is due to their powerful antibacterial and bactericidal activity, low drug resistance and wound healing activity. As a result, an increasing number of researchers are attracted to invest in the development and exploitation of antimicrobial peptides. In recent years, some antimicrobial peptides have also been found to enhance wound recovery (e.g., Tylotion (Mu et al., 2014), AH90 (Liu et al., 2014a), CW49(Liu et al., 2014b), Temporins A and B (Di Grazia et al., 2014), Tiger17 (Tang et al., 2014), cathelicidin-OA1 (Cao et al., 2018), cathelicidin-NV (Wu et al., 2018), DRGN-1 (Chung et al., 2017), LL-37 (Saporito et al., 2018; Yang et al., 2020),etc.), which provides better drug candidates for the treatment wounds. They are involved in certain processes of wound healing that play a role in accelerating wound repair which can be broadly summarised as: promotion of cell proliferation and migration, angiogenesis, immune regulation, collagen deposition, conversion of fibroblasts to myofibroblasts, etc (Table 1).
TABLE 1 | Natural and synthetic antimicrobial peptides in wound healing.
[image: Table 1]Cathelicidin DM is a bifunctional peptide (Shi et al., 2020). It kills a wide range of bacteria, and even inhibits clinical isolates. On the other hand, in a wound model of E. coli infection, the wound healing rate in mice treated with cathelicidin-DM was superior to that in the control and gentamicin groups. This paper aims to investigate the wound healing mechanism of cathelicidin-DM based on the wound healing process. It could provide preclinical data for its development as a drug for the prevention or treatment of wound infection and wound healing, or even for the treatment of chronic wounds with infection.
2 MATERIAL AND METHODS
2.1 Material
Dulbecco’s modified eagle medium (DMEM) and fetal bovine serum (FBS) respectively purchased from gibco in the US and Biological Industries in Israel. MAPK Family Antibodies Sampler Kit (Cat# 9926, RRID:AB_330797) and Phospho-MAPK Family Antibodies Sampler Kit (Cat# 9910, RRID:AB_330792) provided by Cell Signaling Technology. 4% paraformaldehyde, paraffin, phenylmethylsulfonyl fluoride, protein phosphatase inhibitors, etc., were purchased from China Soleibao Company.
Balb/c mice were purchased from Kunming Medical University. All cells were obtained from Kunming Institute of Zoology, Chinese Academy of Sciences. It was approved by the Experimental Animal Ethics Committee of Kunming University of Science and Technology for the work to be carried out.
2.2 Synthesis of cathelicidin-DM
Cathelicidin-DM, synthesized by Hangzhou DGpeptides, has been determined to have a molecular mass of 4,163.97 and a purity of >95% after Mass Spectrometry and High Performance Liquid Chromatography analysis.
2.3 Analysis of cell proliferation assay
The effect of cathelicidin-DM on the proliferation of human umbilical vein endothelial cells (HUVEC, RRID:CVCL_2959), human immortalized keratinocytes (HaCaT, RRID:CVCL_0038), and human skin fibroblasts (HSF, RRID:CVCL_9V78) were cultured with DMEM and used the CCK-8 assay. The concentrations of trypsin-digested resuspended cells were counted separately using hemocytometer plates and inoculated in 96-well plates (5 × 103 cells/well, 90 μl). After the cells were plastered, 10 μl of cathelicidin-DM was added at final concentrations of 0, 2, 5, 10, and 20 μg/ml and incubated in a 5% CO2 incubator at 37°C for 16 h. Add 10 μl of CCK-8 to each well to continue the incubation for 1 h, keeping in mind that this step requires protection from light. The absorbance is measured at 450 nm, which reflects the number of cells.
2.4 Cell migration assay
The influence of cathelicidin-DM on the migration of HUVEC and HSF was examined using a cell scratch assay (Mu et al., 2014). The digested and counted HUVEC and HSF cells were spread out on the plate and left to culture until the cells reached about 90% melting. The serum-free DMEM was then replaced for cell starvation. After leaving for 24 h, the plates were scored with a 200 μl gun tip. After scoring, the plates were washed 3 times with PBS to remove the scoring cells and the serum-free medium was added for culture. Cathelicidin-DM at a final concentration of 20 μg/ml was also added and the control group was added to the serum-free medium, and the migration of cells was photographed and recorded at 0, 12, 24 and 48 h respectively. ImageJ and Photoshop were used to process the change in the scratch area and mark the location of cell migration respectively. Photographs were taken at the same location to ensure the reliability of the experiment.
2.5 Effects on macrophages in vitro
To further validate the biological function of cathelicidin-DM on macrophages, We used a transwell migration assay to examine the effect of cathelicidin-DM on the migration of mouse RAW264.7 cells (RRID:CVCL_0493) (Mi et al., 2018). The cells were starved for 10 h before preparing the cell suspension to reduce the effect of serum. Next, the chambers were equilibrated for 2 h using 200 μl of serum-free DMEM to hydrate the basement membrane. The cells were digested, counted, and adjusted to a cell concentration of 1.0 × 105 cells/ml. 200 μl of the cell suspension with PBS or cathelicidin-DM was added to the upper chamber of the transwell, while the lower chamber was added to a medium containing 20% FBS and incubated in a cell culture incubator. After 24 h of incubation, the transwell chambers were removed, washed with PBS (2 times), fixed with 4% paraformaldehyde for 15 min, washed with PBS 2 times, stained with 0.5% crystal violet (10 min), and washed with PBS 3 times, and the transwell chambers were placed upside down on filter paper until they were air-dried and photographed under an inverted microscope.
2.6 Cytokine detection
RAW264.7 cells were digested at the logarithmic growth stage and grown in 96 well plates (180 μl, 1 × 105 cells/well). Then, the cells were treated with different final concentrations of cathelicidin-DM for 24 h. The supernatant was collected and the effect of cathelicidin-DM on the secretion of IL-6 and TNF-α was measured using an enzyme linked immunosorbent assay (ELISA) kit, refer to the instructions for details.
2.7 Mitogen-activated protein kinase signaling pathway assay
Cultured mouse RAW264.7 cells were digested, counted, inoculated into 6-well culture plates (2 × 106 cells/well), placed in a 5% CO2 incubator at 37°C, and allowed to grow to 80% fusion, then transferred to serum-free DMEM and starved for 16 h. The cells were treated with different final concentrations (0, 2, 5, 10, and 20 μg/ml) of cathelicidin-DM for 3 h, then washed twice with pre-cooled PBS solution, and incubated for 30 min on ice with 250 μl of High-Performance RIPA Lysis Buffer containing 1% PMSF. Phosphorylated proteins also require the addition of dephosphorylation inhibitors. The lysate is scraped off using a cell scraper and transferred to a 1.5 ml centrifuge tube at 4°C for 20 min at 12000 rpm. The supernatant is transferred to a new 1.5 ml tube and the supernatant is the total protein. The supernatant was transferred to a new 1.5 ml centrifuge tube. The concentration of protein was determined using the BCA kit, refer to the instructions. The remaining proteins were separated and stored at −20°C.
The protein samples added with 5x loading buffer were placed in a 98°C metal bath and boiled for 10 min. The denatured protein samples were separated by 12% SDS-PAGE gel electrophoresis, and the separated proteins were transferred to a polyvinylidene fluoride membrane at the same time. PVDF was blocked with 5% BCA for 2 h at room temperature. After blocking, the membrane containing the target protein was washed three times with PBST buffer for 15 min each time. Select the corresponding primary antibody according to the desired target protein, and dilute the antibody with PBST at a ratio of 1:2000. The primary antibody was added to the incubation box and incubated overnight at 4°C. The next morning, the membrane was washed five times with PBST solution for 5 min each time, and then HRP-labeled goat anti-rabbit IgG (1:1000) was added, and incubated at 37°C for 1 h. The membrane was washed 5 times with PBST solution, 5 min each time, and developed with a developing instrument.
2.8 Construction of model of whole-layer trauma in mice
When the mice were purchased, they were kept in separate cages in the laboratory for 1 week to adapt to the environment and to ensure the reliability of the experiment. We randomly divided the mice into the control group and the experimental group (n = 5). The mice were anesthetized by intraperitoneal injection of sodium pentobarbital, removed their hair, and disinfected skin with 75% medical alcohol. A full skin trauma model of approximately 6 mm in diameter was made on the back of mice (He et al., 2019).
2.8.1 Construction of a non-infected model of whole-layer trauma in mice
The control and experimental groups were respectively treated with a sterile PBS solution and 300 μg/ml cathelicidin-DM at 12-h intervals. Photographs were taken of the mice on days 0, 2, 4, 6, 8, 10, and 12 days to record wound healing. The area was calculated using ImageJ software. Photographs were taken at the same location and at the same level to ensure the accuracy of the experiment.
2.8.2 Construction of an infection model for whole-layer trauma in mice
S. aureus (ATCC 25923) was used to infect mouse trauma sites to produce a mouse whole-layer trauma infection model. Staphylococcus aureus was first resuscitated by manipulation in a biological ultra-clean table. A single clone was picked and incubated in LB medium at 37°C and 200 rpm. When the logarithmic stage of growth was reached, the concentration of the bacterial solution was measured using an Ultraviolet-visible Spectrophotometer (1OD = 1 × 109 cells/ml). The above S. aureus solution was adjusted to a concentration of 1 × 108 cells/ml to infect the wounds of mice. After S. aureus infection, the subsequent steps are the same as in 2.8.1.
2.9 Hematoxylin-eosin staining staining and immunohistochemical analysis
The method was modified slightly according to 2.8.1. Symmetrical full-thickness skin wounds of 6 mm were constructed on both sides of the back of the same mouse and treated with PBS and cathelicidin DM respectively. Wound tissue with a small amount of normal tissue was taken at the appropriate time and preserved in 4% paraformaldehyde solution for H&E staining and immunohistochemistry referring to the literature or instructions for the exact procedure. Granulation tissue and epidermis in H&E stained sections were assessed using a semi-quantitative scoring system (Galeano et al., 2003; Liu et al., 2014a). The system uses a four-point scoring method to evaluate the formation of granulation tissue. one to four points represent a thin granulation layer, moderate granulation layer, thick granulation layer, and very thick granulation layer respectively. skin dermal and epidermal regeneration was evaluated by three-point scoring (1, little regeneration; 2, moderate regeneration; and 3, complete regeneration). Importantly, dermis and epidermis regeneration, and granulation tissue are quantified using Image Pro Plus. The immunohistochemical section was analyzed by ImageJ.
2.10 Statistical analysis
All data were analyzed using Student’s t-tests or one-way ANOVA provided by GraphPad prism 8. Experimental results were expressed as mean ± standard deviation. p < 0.05 was considered statistically significant between the two groups.
3 RESULTS
3.1 Cathelicidin-DM promoted the proliferation of HaCaT, HSF, and HUVEC cells
The skin is an organ based on keratinocytes, fibroblasts, vascular endothelial cells, and other cells whose proliferative and migratory activities are particularly important for wound repair. Studies have indicated that antimicrobial peptides can induce cell proliferation and migration to accelerate tissue healing, such as Cathelicidin-NV (Wu et al., 2018), SR-0379 (Tomioka et al., 2014), DRGN-1 (Chung et al., 2017), LL-37 (Koczulla et al., 2003; Carretero et al., 2008), etc. Therefore, we investigated the effect of different concentrations of cathelicidin-DM on HUVEC, HSF, and HaCaT cell viability using the CCK-8 assay. The results showed that cathelicidin-DM accelerated the proliferation of HUVEC, HSF, and HaCaT cells in a dose-dependent manner. As shown in Figures 1A–C, compared with the control group, the growth rates of HaCaT, HSF, and HUVEC cells were 16.27% and 19.92%, 30.5% and 42.58%, 107.32% and 177.17% at cathelicidin-DM concentrations of 10 μg/ml and 20 μg/ml, respectively.
[image: Figure 1]FIGURE 1 | Effect of cathelicidin-DM on cell proliferation and migration. (A-C) The influence of different concentrations of cathelicidin-DM on the viability of HUVEC, HFF, and HaCaT cells at 0, 2, 5, 10, and 20 μg/ml, respectively. (D,F) Migration of HUVEC and HFF cells stimulated by 20 μg/ml cathelicidin-DM, Scale bar represents 200 μm. (E,G) The microscope images were quantified for analysis using ImageJ software and cell migration rates were calculated in the area of the cell scratches. All the experiments were repeated 3 times and the data are expressed as mean ± standard, *p < 0.05, **p < 0.01, ***p < 0.001.
3.2 Cathelicidin-DM facilitates the migration of HUVEC and HSF cells
Since cathelicidin-DM was more powerful in promoting the growth of HSF and HUVEC cells, we investigated the effect of cathelicidin-DM on the migration of HUVEC and HSF cells using a cell scratch assay. It was revealed that cathelicidin-DM significantly enhanced the migration of HUVEC (Figures 1D–G), while the effect on the migration of HSF cells was greater before 12 h and decreased with time. Cathelicidin-DM had 58.0% and 95.1% scratch repair rates for HUVEC cells at 24 and 48 h, whereas the control group only had 45.5% and 54.3%; the scratch repair rate for HSF cells treated with cathelicidin-DM was 90.4% and 99.6% at 12 and 24 h, while the scratch repair rate for the control group was 71.5% and 99.6%.
3.3 Cathelicidin-DM induced macrophage recruitment
Macrophages are involved in the entire process of wound healing, especially during the inflammatory phase, and also produce chemokines and growth factors such as TNF-α, IL-6 TGF-β1, and VEGF-α (Mi et al., 2018; Kloc et al., 2019), which promote cell proliferation and migration, and promote angiogenesis. Tiger17 from frogs and tylotoin from salamanders are chemotactic and recruit macrophages to the wound site to remove damaged tissue and antigens (Mu et al., 2014; Tang et al., 2014). As displayed in Figures 2A,B, cathelicidin-DM was able to promote the migration of mouse RAW264.7 cells in vitro, which improved cell migration performance by approximately 2.6-fold compared to the control group. Further, we examined the effect of cathelicidin-DM on the secretion of TNF-α and IL-6 by RAW264.7 cells using ELISA. As shown in Figure 2, 5, the results indicate that cathelicidin-DM had no significant effect on the secretion of TNF-α and IL-6 compared to the control group. (Figures 2C,D).
[image: Figure 2]FIGURE 2 | Effect of cathelicidin-DM on the migration of mouse RAW264.7 cells and secretion of TNF-α and IL-6. (A) The effect of 20 μg/ml cathelicidin-DM on the migratory activity of mouse RAW264.7 cells was assayed using Transwell chambers, Scale bar represents 100 μm. (B) Quantitative analysis of cells in (A) with ImageJ. (C,D) The effect of different concentrations of cathelicidin-DM on the secretion of TNF-α, IL-6. All the experiments were repeated 3 times and the data are expressed as mean ± standard, *p < 0.05, **p < 0.01, ***p < 0.001.
3.4 Cathelicidin-DM activates mitogen-activated protein kinase signaling pathway for injury healing
Since the MAPK signaling pathway has a role in wound healing and is closely related to cell proliferation, differentiation, and migration (Wu et al., 2018), we speculate that cathelicidin-DM activates the MAPK signaling pathway when it exerts its wound-healing function. As indicated in Figure 3A, we observed inducable extracellular regulated protein kinases (ERK), c-Jun N-terminal kinase (JNK), and P38 Mitogen-Activated Protein Kinase (P38) phosphorylation using western blot. Cathelicidin-DM regulated JNK phosphorylation in a concentration-dependent manner, and no concentration-dependent regulation was shown for ERK and P38, which were phosphorylated to the highest extent at a cathelicidin-DM concentration of 10 μg/ml (Figures 3B–D). In comparison with the control group, the phosphorylation levels of ERK, P38, and JNK were respectively up-regulated by 139.2%, 43.0%, and 348% at a cathelicidin-DM concentration of 20 μg/ml. In conclusion, cathelicidin-DM activates phosphorylation of ERK, JNK, and P38 to activate MAPK signaling pathway to contribute to skin wound healing.
[image: Figure 3]FIGURE 3 | Effect of cathelicidin-DM on MAPK signaling pathway. (A) Western blot demonstrates the effect of cathelicidin-DM on the phosphorylation of JNK, ERK, and P38. (B–D) Relative greyscale analysis by ImageJ and relative activation by cathelicidin-DM of JNK (B), ERK (C), and P38 (D) expression. Values for the cathelicidin-DM treated group were significantly different from control groups. *p < 0.05, **p < 0.01 (n = 3).
3.5 Cathelicidin-DM accelerated whole skin wound healing in mice
Previous work had demonstrated that caudal intravenous injection of cathelicidin-DM could therapeutic healing of E. coli infected wounds (Shi et al., 2020). And cathelicidin-DM could facilitate cell proliferation and migration. So we constructed a full-skin non-infected wound mice model to estimate the wound healing activity of topical cathelicidin-DM, observed the mice daily and photographed changes in wound area in mice. Figure 4A shows wound healing in mice at 0, 4, 8, and 12 days postoperatively, indicating that mice treated with topical cathelicidin-DM exhibited significant wound healing, much faster than the control group. We then analyzed the wound healing rates of the control and cathelicidin-DM treated mice and superimposed the wound tissue at different times, as shown in Figures 4B,C. It is clear that the wounds of the cathelicidin-DM treated mice were almost completely healed at 12 d. The results showed that the wound healing rate of mice treated with topical cathelicidin-DM reached 30%, 65%, and 91% at 4, 8, and 12 days post-trauma, respectively, compared to only 21%, 28%, and 66% in the control group, which indicates that the wounds of cathelicidin-DM treated mice were almost completely healed at 12 days. In another experiment, we found that topical application of cathelicidin-DM accelerated skin wound healing in S. aureus-infected mice compared with the control group (Figures 4C,D). 83.34% wound healing was achieved in the cathelicidin-DM-treated group at 12 d. In conclusion, cathelicidin-DM exerted therapeutic effects on both non-infected and S. aureus-infected wounds.
[image: Figure 4]FIGURE 4 | Cathelicidin-DM treatment accelerates wound closure in balb/c mice. (A) Graph of the healing effect of mouse trauma models treated with cathelicidin-DM, PBS on days 0, 4, 8, and 12 after trauma and superimposed maps of wound tissues from mice at 0, 4, 8, and 12 d processed by Photoshop, with red, blue, green and purple representing wound tissues from mice at 0, 4, 8 and 12 d post-trauma, correspondingly. (B,D) Quantitative analysis of wounds using ImageJ software and calculation of wound healing rates in the control and cathelicidin-DM groups. (C) Healing effects and wound overlays of a mouse S. aureus-infected wound model treated with cathelicidin-DM, PBS on days 0, 4, 8, and 12 post-wound. The value is shown as mean ± standard, *p < 0.05, **p < 0.01.
3.6 Hematoxylin-eosin staining dyeing analysis
Tissue re-epithelialization and granulation tissue formation are crucial aspects of the proliferative phase of wound healing. As shown in Figure 5, cathelicidin-DM promoted tissue re-epithelialization and granulation tissue formation in mice, while the wound length was less than that treated with PBS. On day 6 post-trauma, the cathelicidin-DM group had a thicker epidermis and more abundant granulation tissue compared to the blank group. On the 8th day after wounding, mice in the cathelicidin-DM group still had more wound granulation tissue than the group treated with PBS, and the epidermis was thinner and changed to normal tissue.
[image: Figure 5]FIGURE 5 | Histopathological examination of wounds in mice. (A) Effect of cathelicidin-DM on skin re-epithelialization and granulation tissue in mice (note: dashed line represents reepithelialization, GT represents granulation tissue, bars indicate 200 μm). (B–E) Histological scores of granulation thickness, epidermis and dermis regeneration; granulation and epidermal thickness of mice. Values represent means ± standard (n = 3). *p < 0.05, **p < 0.01.
3.7 Cathelicidin-DM facilitated the expression of α-smooth muscle actin and increased the deposition of collagen I
α-SMA is a symbol of differentiation of fibroblasts into myofibroblasts, which can traction wound contraction (Pfalzgraff et al., 2018). In previous studies, AH90 and tylotion exert wound healing effects through the conversion of fibroblasts to myofibroblasts, while Epinecidin-1 takes effect by increasing collagen formation (Liu et al., 2014a; Mu et al., 2014; Huang et al., 2017).
We extracted wound tissue from mice at 6 and 8 days post-trauma and further explored by immunohistochemistry whether cathelicidin-DM affects wound healing activity through α-SMA expression and collagen I deposition during the remodeling phase. The results showed that cathelicidin-DM promoted the expression of α-SMA and increased the deposition of collagen I (Figure 5). We found that the ratio of α-SMA positive area was 18% and 26.5% in the cathelicidin-DM treated group, respectively, compared to only 5.1% and 12.0% in the PBS group. The collagen-positive area was 3.6 and 2.2 times higher in the cathelicidin-DM group than in the control group at 6 and 8 d post-trauma respectively (Figures 5B,D).
4 DISCUSSION
Cathelicidin-DM provides a better drug candidate molecule for the treatment of chronic wound infections (Shi et al., 2020). It shows strong antibacterial ability, which the MIC of cathelicidin-DM is as low as 6 μg/ml. This involves MDR and XDR, such as Staphylococcus haemolyticus (CI 1541410970016), Enterococcus faecalis (MDR 14U0445), Staphylococcus aureus (ATCC25923), Escherichia coli (MDR 13A10022), K Pneumonia (XDR 13A13361), etc. Antibacterial mechanism of cathelicidin-DM was confirmed to be related to the membrane permeability in the SYTOX green absorption experiment.
It also has the advantage of wound healing activity in the wound model of E. coli infection… Staphylococcus aureus, one of the common pathogens of community and hospital infection, widely exists in the natural environment and can cause a variety of serious infections. In addition, cathelicidin DM can treat wounds infected by Staphylococcus aureus (Figure 4).
Chronic wounds caused by pathogenic bacteria have always been a difficult area of medical treatment. Currently, wound medication is mainly used to prevent and treat wound infections with antibiotics, whose use is limited due to the rapid development of drug resistance. Some bifunctional peptides with antimicrobial and wound healing activities have great potential for the prevention and treatment of infectious wounds (Miao et al., 2021). Therefore, the wound-healing mechanism of cathelicidin-DM was investigated.
Cutaneous wound repair is a complex, conservative physiological process comprising four successive and overlapping phases of hemostasis, inflammation, proliferation, and remodeling, which work in harmony with each other to complete the repair of tissue and restore normal function (Barrientos et al., 2008; Sorg et al., 2017). The wound healing process is a cell-based repair process in which each cell performs different roles in the wound healing process. Macrophages participate in the entire phase of wound healing, especially during the inflammatory phase (Kim and Nair, 2019). During this phase, macrophages can be recruited to the wound and engulf apoptotic or dead cells, microorganisms, etc. which can be differentiated into M1 and M2 type macrophages to exert anti-inflammatory and pro-inflammatory effects (Kloc et al., 2019). Tylotoin, cathelicidin-OA1, AH90, and Tiger1 may facilitate macrophage recruitment or the release of factors involved in the inflammatory phase of wound healing. In vitro, experiments have shown that cathelicidin-DM promotes the migration of RAW264.7 cells, but does not affect the secretion of IL-6 and TNF-α (Figure 2).
During the proliferative phase of wound healing, keratinocytes are the structural cells of the healing process, in case of skin injury, keratin-forming cells at the wound margin receive signals and promote proliferation and migration for re-epithelialization of the tissue (Sorg et al., 2017). Fibroblasts and vascular endothelial cells are a necessary part of the granulation tissue that fills the injured area. Vascular endothelial cells, which are stimulated by several factors to migrate and form capillaries, are important conduits for the transport of nutrients, oxygen, and other substances (Dulmovits and Herman, 2012; Sorg et al., 2018). Most wound healing peptides can be demonstrated, e.g., Temporins A, Tylotoin, Cathelicidin-OA1. Cathelicidin-DM facilitated the proliferation of HUVEC, HSF, and HaCaT cells and the migration of HUVEC and HSF cells (Figure 1). This in turn accelerated re-epithelialization and granulation tissue formation at the site of skin injury in mice. (Figure 5). Western blot showed that cathelicidin-DM upregulated the phosphorylation of JNK, ERK, and P38 in the MAPK signaling pathway to activate the MAPK signaling pathway in wound healing, which is involved in cell proliferation, and differentiation (Figure 3).
Two key features of the remodeling phase of wound healing are the differentiation of fibroblasts into myofibroblasts, which are responsible for wound contraction, and the conversion of collagen III into collagen I and its deposition (Broughton et al., 2006; Pazyar et al., 2014). To this end, cathelicidin-DM was examined to study if it plays a role in the remodeling phase. Immunohistochemical experiments showed that cathelicidin-DM stimulates the expression of α-SMA and the deposition of collagen I. The amount of α-SMA expression indicates the number of myofibroblasts (Figure 6). It suggests that cathelicidin-DM is capable of promoting the differentiation of fibroblasts into myofibroblasts, which may play a traction role in wound contraction.
[image: Figure 6]FIGURE 6 | Cathelicidin-DM facilitated the expression of α-SMA and increased the deposition of collagen I. (A) Immunohistochemical picture of α-SMA-labelled skin tissue sections at 6 and 8 d post-trauma, with α-SMA staining in brown and scale representing 200 μm. (B) Images of wound skin sections stained with anti-collagen I at 6 and 8 d post-trauma, and stained brown with collagen I and scale representing 200 μm. (C,D) Positive rates for α-SMA (C) and collagen I (D) labeling immunohistochemistry were analyzed by ImageJ software. All data are presented as mean ± standard deviation compared to the control group, *p < 0.05, **p < 0.01 (n = 3).
AMPs application is also challenging in terms of inherent limitations. Current research on AMPs has focused on the identification of potent and selective peptides, as well as mechanisms and modes of action. The researchers found that they showed low stability and bioavailability when facing the local wound environment. In the future we will work in the following directions: 1. Direct targets of cathelicidin-DM and the relationship between structure and function; 2. Enhancement of cathelicidin-DM activity and stability by modifying and modifying peptides.
In summary, cathelicidin-DM is an antimicrobial-wound healing peptide that treats the healing of infected and non-infected wounds through multiple mechanisms. As such, it is expected to be developed as a wound-healing drug to be developed for the prevention or treatment of wound healing in infected skin wounds, offering a new strategy for the treatment of infected chronic wounds.
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Background: Bone marrow stimulation (BMS) is the most used operative treatment in repairing cartilage defect clinically, but always results in fibrocartilage formation, which is easily worn out and needs second therapy. In this study, we prepared an Etanercept (Ept) embedded silk fibroin/pullulan hydrogel to enhance the therapeutic efficacy of BMS.
Methods: Ept was dissolved in silk fibroin (SF)—tyramine substituted carboxymethylated pullulan (PL) solution and enzyme crosslinked to obtain the Ept contained SF/PL hydrogel. The synergistical effect of SF/PL hydrogel and Ept was verified by rabbit osteochondral defect model. The mechanism of Ept in promoting articular cartilage repair was studied on human osteoarthritic chondrocytes (hOACs) and human bone marrow mesenchymal stromal cells (hBMSCs) in vitro, respectively.
Results: At 4 and 8 weeks after implanting the hydrogel into the osteochondral defect of rabbit, histological analysis revealed that the regenerated tissue in Ept + group had higher cellular density with better texture, and the newly formed hyaline cartilage tissue was seamlessly integrated with adjacent native tissue in the Ept + group. In cellular experiments, Ept treatment significantly promoted both gene and protein expression of type II collagen in hOACs, while decreased the protein levels of metalloproteinase (MMP)-13 and a disintegrin and metalloprotease with thrombospondin motifs 5 (ADAMTS5); alcian blue staining, type II collagen and aggrecan stainings showed that addition of Ept significantly reversed the chondrogenesis inhibition effect of tumor necrosis factor alpha (TNF-α) on hBMSCs.
Conclusion: BMS could be augmented by Ept embedded hydrogel, potentially by regulating the catabolic and anabolic dynamics in adjacent chondrocytes and enhancement of BMSCs chondrogenesis.
Keywords: etanercept, silk fibroin, pullulan, cartilage repair, bone marrow stimulation
INTRODUCTION
Osteoarthritis (OA), which associates with the dysfunction of adult articular cartilage, is the most common form of joint disease, and may result in arthralgia, joint deformation, and limited mobility in patients (Quicke et al., 2022). Among several risk factors (e.g. genetics, age, and obesity), articular cartilage injury caused by trauma or disease remains a high risk factor for OA. Due to the avascular and low cellularity nature of articular cartilage, intrinsic repair of defect is remarkably difficult in vivo, and surgical intervention is often required (DeFrate et al., 2019). Bone marrow stimulation (BMS) is a technique developed in the 1950s, and has been widely used in clinic to regenerate hyaline cartilage-like tissues from damaged articular cartilage (Makris et al., 2015; Kwon et al., 2019; Sahranavard et al., 2022). During the procedure, a physical conduit is created to connect vascularized subchondral bone marrow with the debrided cartilage lesion. Bone marrow substrates, including bone marrow mesenchymal stromal cells (BMSCs), growth factors, and cytokines are introduced into damaged articular cartilage, participating in the repair process. However, due to the inflammatory micro-environment of injured articular cavity, and insufficient mechanical support of bone marrow effusion, studies reported mechanically inferior collagen I/II fibrocartilage as the main outcome of BMS (Mithoefer et al., 2009).
Once injured, cartilage fragments are released into articular cavity, leading to the activation of immune cells such as macrophages and T cells, producing interleukin-1β (IL-1β) and tumor necrosis factor alpha (TNF-α) (Sharma et al., 2020). These inflammatory factors create chronic inflammatory micro-environment, and react upon chondrocytes to secrete metalloproteinases (MMPs) and a disintegrin and metalloprotease with thrombospondin motifs (ADAMTS), accelerating the degradation of type II collagen and aggrecans in cartilage matrix (Wang and He, 2018). Etanercept (Ept) is a recombinant soluble p75 TNF receptor, which has high affinity for TNF-α, preventing it from binding with its receptor (Garrison and McDonnell, 1999). Clinically, Ept is used as disease-modifying anti-rheumatic drugs (DMARDs), which could significantly alter disease progression (Smolen et al., 2017). In addition to the above descripted indication, an in vivo study demonstrated that subcutaneous injection of Ept promoted repair of osteochondral defects in the rabbit model (Kawaguchi et al., 2009). Application of the anti-TNF-α monoclonal antibody demonstrated reversal of cartilage degradation in polyarthritic TNF-α-overexpression mice (Shealy et al., 2002), indicating that Ept could serve as an inflammatory regulator to strengthen BMS in cartilage repair.
In addition to chemical environment, proper physical environments are required for migration, adhesion, and cartilaginous differentiation of BMSCs. The blood clot forms at the defect site post BMS operation is mainly composed of BMSCs, erythrocytes, leukocytes, and fibrinogen. Considering the poor mechanical property of blood colt, patients are advised to follow strict rehabilitation program to ensure gradual increase in mechanical stimulation postoperatively (Hurst et al., 2010), and stabilization of the clot by incorporating scaffold may improve the ensuing repair response. Recently, acellular bio-scaffolds have been fabricated to augment BMS (Armiento et al., 2018; Armiento et al., 2019). Bio-scaffolds with mechanical property similar to that of native articular cartilage provide suitable physical environment for the ingrowth, proliferation and chondrogenic differentiation of BMSCs. Simultaneously, the inflammatory microenvironment can be regulated by embedding immuno-modulatory elements in the bio-scaffolds (Glass et al., 2014; Tamaddon et al., 2020; Tong et al., 2020). Among different forms of acellular bio-scaffolds, hydrogels with good biocompatibility, proper degradation rates, and tissue-matched elasticity are widely used (Liu et al., 2020; Wagenbrenner et al., 2021; Huang et al., 2022). Previously, we prepared an enzymatically crosslinked silk fibroin/pullulan (SF/PL) hydrogel, and proved its feasibility for musculoskeletal tissue engineering (Li et al., 2018). Here, we assumed that clinical outcome of BMS could be enhanced by combination of SF/PL hydrogel and Ept.
In the present study, to enhance the current therapeutic effect of BMS, SF/PL hydrogel containing Ept was fabricated and performed with BMS. The synergistical effect of SF/PL hydrogel and continuously released Ept on articular cartilage repair was verified by rabbit osteochondral defect model. To investigate the mechanism of Ept in enhancing articular cartilage repair, human osteoarthritic chondrocytes (hOACs) and human bone marrow mesenchymal stromal cells (hBMSCs) were employed as in vitro model. The effects of Ept on catabolic and anabolic dynamics in hOACs, and on chondrogenetic differentiation in hBMSCs were analyzed, respectively.
MATERIALS AND METHODS
Preparation of Ept contained SF/PL hydrogel. Silk fibroin (SF) and tyramine substituted carboxymethyl pullulan (PL) were synthesized according to our previous study (Li et al., 2018). Ept contained SF/PL hydrogels were prepared by an enzyme-mediated polymerization strategy. In a typical procedure, 40mgEpt was dissolved in 2 ml of SF (30 mg/ml)—PL (6 mg/ml) solutions, the concentration of Ept used was mainly decided by converting equivalent dosage between rabbit and human according to body surface area (Nair et al., 2016; Nair et al., 2018). 10 μl of HRP solution (1000 U/mL) was added to 1 ml of SF and PL mixture solution, then 10 μl of H2O2 (1% v/v) was added and mixed by gentle pipetting. To obtain a proper size (200 ml mixture solution/hydrogel) for in vivo implantation, gel-forming procedure was carried out in a custom-made cylinder mold (3.2 mm in diameter, 4 mm in height). No flow within 1min upon inverting the vial was regarded as the gel state.
Release curve of the Ept in the hydrogel in vitro. To quantify the release rate of Ept in the SF/PL hydrogel, the Ept embedded SF/PL Hydrogel was cultured in PBS in dialysis bag (3500 KDa) at 37°C. After culturing for 0.5 days, 1 day, 2 days, 3 days, 4 days and 5 days, the dialysate was collected and equal amount of PBS was supplemented. The content of Ept in the dialysate was detected through bicinchoninic acid (BCA) assay. All release experiments were conducted in triplicates.
Implantation of hydrogel into osteochondral defect in rabbit knee joint. All procedures were in accordance with the Guide for the Care and Use of Laboratory Animals, and were approved by the Institutional Animal Care and Use Committee of Third Military Medical University (Army Medical University, AMUWEC20211199). The operations were performed according to our previous study (Wang et al., 2019). Briefly, 18 skeletally mature New Zealand White rabbits (female, 2 kg) were randomly divided into untreated group (NC, n = 6), experiment group (Ept+, n = 6) and none Ept control group (Ept-, n = 6). Under anesthesia by pentobarbital sodium (50 mg/kg), BMS was simulated by creating osteochondral defect with a sterile electric drill (3.2 mm in diameter, 4 mm in depth) in the femoral trochlear groove of the left hind limb. Visible bleeding was observed to ensure that the defects reached subchondral bone (Figure 2A). For Ept+ and Ept- groups, defects were implanted with Ept contained SF/PL hydrogel (3.2 mm in diameter, 4 mm in height, n = 6) and SF/PL hydrogel alone (n = 6) respectively. At 4 and 8 weeks post implantation, animals were sacrificed (3 rabbits each time point) for histological observation.
Gross and histologic evaluation. For histologic analysis, specimens were fixed in 10% formaldehyde, decalcified in EDTA for 3–4 weeks, dehydrated in a graded ethanol series, and embedded in paraffin. Samples were cut in the sagittal plane into 4 mm-thick sections through the center of the defect. Paraffin sections were subjected to hematoxylin and eosin staining, safranin O staining, and immunohistochemical staining of collagen types I, II, and X. Cartilage regeneration was analyzed semi-quantitatively with the modified International Cartilage Repair Society (ICRS) gross grading scale (Wayne scoring system) and ICRS visual histologic assessment scale by 3 blinded observers (X.S., X.W., T.L.) (Mainil-Varlet et al., 2003; Wayne et al., 2005; Lee et al., 2018).
Cell culture of hBMSCs and hOACs. hBMSCs were purchased from American Type Culture Collection (ATCC) and expanded with human mesenchaymal stem cell growth medium (Cyagen, HUXMX-90011). Cells at passage 7 were used in the following experiments. Human osteoarthritic chondrocytes (hOACs) were obtained from primary knee OA patients undergoing total knee replacement after informed consent and approval from the Ethics Committee of Southwest Hospital (Chongqing, China). As previously described (Huang et al., 2017), cartilage specimens were washed in PBS three times and then diced. hOACs from the diced tissues were isolated by digesting the matrix overnight in high-glucose DMEM (Invitrogen) supplemented with 0.2% type II collagenase (Sigma). The resulting cell suspension was filtered through a 40-μm cell strainer; collected cells were centrifuged (1000rpm for 5 min), and resuspended in high-glucose DMEM supplemented with 10% FBS (Ausbian). The medium was changed every 2 days hOACs at passage 0 from three patients were used.
In vitro Ept concentration screening. Ept was dissolved in high-glucose DMEM to obtain final concentration of 2.5 μg/ml, 5 μg/ml, 10 μg/ml, 20 μg/ml, and 40 μg/ml hBMSCs or hOACs were seeded on 96-well plates (5× 103 cells/well, n = 6 each dosage) 12 h before the addition of Ept. Cell viability was analyzed with Cell Counting Kit–8 (Beyotime) after 48 h coculture. Equal amount of culture medium was used as control.
Effects of Ept on hOACs phenotype. hOACs were seeded on confocal Petri dish (1× 105 cells/dish), 30 mm cell-culture dish (1× 106 cells/dish), 100 mm cell-culture dish (5× 106 cells/dish) and 6-well plates (1× 106 cells/well) for immunofluorescent staining, mRNA expression level, protein expression level, and cytokines expression level detection, respectively. The hOACs cells cultured in high glucose DMEM culture medium served as control group (n = 3) and hOACs cultured in high glucose DMEM culture medium supplemented with 20 μg/ml Ept as experimental group (n = 3). After 48 h culture, cells were collected for analysis respectively, and cell culture medium of hOACs at 1, 3 and 7 days were collected for cytokines detection by enzyme-linked immunosorbent assay (ELISA).
Cartilaginous differentiation of hBMSCs. hBMSCs were seeded on confocal Petri dish (1× 105 cells/dish), 30 mm cell-culture dish (1× 106 cells/dish), and 100 mm cell-culture dish (5× 106 cells/dish) for immunofluorescent staining, and detection of mRNA expression level (n = 3), alcian blue staining (n = 5), and protein expression level, respectively. The hBMSCs cultured in chondrogenic differentiation medium were served as control group, chondrogenic differentiation medium with 50 ng/ml TNF-α as TNF-α group, chondrogenic differentiation medium with 20 μg/ml Ept as Ept group, chondrogenic differentiation medium with 50 ng/ml TNF-α and 20 μg/ml Ept as TNF-α+ Ept group. The specific culture medium was changed every day. Cells were collected for analysis after 14-day culture.
Alcian blue staining. According to the manufacturer’s instruction, the 30 mm cell-culture dishes were washed twice with phosphate buffer saline (PBS) after removing culture medium. Then the cells were fixed with 4% paraformaldehyde (Biosharp) for 20 min followed by triple PBS wash (5 min each wash). Finally, the cells were incubated with alcian blue working solution (Cyagen, Guangzhou, China) for 30 min and washed with tap water for 5 min. Finally, staining was quantified by solubilizing the sample in 6 M guanidine hydrochloride for 8 h at room temperature (RT). The absorbance at 620 nm was measured by spectrophotometry (Varioskan Flash; Thermo Fisher Scientific) (Gong et al., 2019).
Immunofluorescent staining. Cells were washed with PBS and fixed with 4% formaldehyde for 20 min at RT. Then, the cells were washed three times with cold PBS and treated with Triton X-100 (Beyotime P0096) for 10 min at RT. The cells were washed again three times with Immunol Staining Wash Buffer (Beyotime P0106) and blocked for 1 h with Immunol Staining Blocking Buffer (Beyotime P0102) at RT. Then hOACs were incubated with Collagen II Antibody (Novus NBP1-77795), Aggrecan Antibody (Novus NB600-504) at the dilution of 1:200, 1:200, respectively, and hBMSCs were incubated with Collagen I Antibody (Novus NB600-408), Collagen II Antibody (Novus NBP1-77795), Collagen X Antibody (Abcam ab182563), Aggrecan Antibody (Novus NB600-504), SOX9 Antibody (Abcam ab185966) at the dilution of 1:200 together, both in Immunol Staining Primary Antibody Dilution Buffer (Beyotime P0103) overnight at 4°C. Next, the cells were washed three times with Immunol Staining Wash Buffer and incubated with relative secondary antibody (Abcam ab150117 and Abcam ab150079) for 1 h at RT and DAPI (Beyotime, C1005) for 10 min at 37°C, washed again and imaged by fluorescence microscopy. To quantify the fluorescence intensity, at least three staining images from each group were analyzed using ImageJ (NIH). The average fluorescence intensity was determined by dividing the corresponding cell area with the optical density (OD).
Quantitative real-time PCR. Total RNA was extracted from cells using TRIzol reagent (Invitrogen), and the RNA concentration was determined using a NanoDrop-2000 spectrophotometer (Thermo Scientific). Then, the RNA was reverse transcribed into cDNA using Transcriptor cDNA Synth. Kit 2 (Roche, Basel, Switzerland) according to the manufacturer’s instruction. Quantitative real-time PCR based on FS Essential DNA Green Master (Roche) was performed using primers specific for Col1a1, Col2a1, Col10a1, SOX9, ACAN and GAPDH (Sangon, Shanghai, China). Primer sequences were as follows: Col1a1 forward, 5′-GCG​AGA​GCA​TGA​CCG​ATG​GAT TC-3′, reverse, 5′-GCC​TTC​TTG​AGG​TTG​CCA​GTC​G-3′, Col2a1 forward, 5′-TGC​TGC​CCA​GAT​GGC​TGG​AGG​A-3′, reverse, 5′-TGC​CTT​GAA​ATC​CTT​GAG GCCC-3′, Col10a1 forward, 5′-GCC​ACC​AGG​CAT​TCC​AGG​ATT​C-3′, reverse, 5′-GGA​AGA​CCA​GGC​TCT​CCA​GAG​TG-3′, SOX9 forward, 5′-GAC​TTC​CGC​GAC​GTG​GAC-3′, reverse, 5′-GTTGGGCGGCAG GTACTG-3′ACAN forward, 5′-TCC​TGG​TGT​GGC​TGC​TGT​CC-3′, reverse, 5′-TCTGGCTCG GTGGTGAACTCTAG-3’. Each reaction contained 5 μLcDNA, 10 μLFS Essential DNA Green master mix, 3 μlwater (PCR grade), and 1 μL each of forward and reverse primers (10 μM). Reactions were performed in triplicate. Examination of the melting curve for non-specific peaks were performed to ensure specificity of PCR reactions, and mRNA levels were determined from Ct values according to a previously published method (Pfaffl, 2001). Briefly, the results were analyzed according to the 2−ΔΔ CT method and normalized to the housekeeping gene GAPDH. All data were expressed as mean ± standard deviation (SD) and analyzed by one-way ANOVA. Statistical significance was defined with p < 0.05.
Western blot. The cells were lysed in RIPA with PMSF (Beyotime, P0013B) on ice for 5 min and removed with a scraper. Then the lysate was centrifuged at 16,000 g for 15 min, and the supernatant was collected. The protein concentration was determined by BCA Protein Assay Kit (Beyotime, P0009). The samples were diluted with SDS-PAGE Sample Loading Buffer (Beyotime, P0015) and kept at 100°C for 10 min 20 μg of protein was loaded in 4–20% SurePAGE, Bis-Tris gels (GenScript, M00655) and run for 30 min at 200 V followed by transferring onto a PVDF membrane at 200 mA. The membrane was washed three times with 2% v/v TBST (tris-buffered saline with Tween-20). Then, the membrane was blocked with Western Blocking Buffer (Beyotime P0023B)for 1 h at RT, washed with TBST, and incubated with mouse monoclonal antibody anti-actin (Santa Cruz,sc-47778), Collagen I Antibody (Novus NB600-408), Collagen II Antibody (Novus NBP1-77795), Collagen X Antibody (Abcam ab182563), Aggrecan Antibody (Novus NB600-504), SOX9 Antibody (Abcam ab185966), MMP-13 Antibody (Novus NBP2-45887), ADAMTS5 Antibody (Novus NBP2-15286) diluted with Primary Antibody Dilution Buffer (Beyotime P0023A) at a dilution of 1:1000, 1:1000, 1:2000, 1:1000, 1:5000, 1:2000, and 1:5000, respectively overnight at 4°C shaker. Next, the membrane was washed four times with TBST for 10 min, incubated with the mouse anti-rabbit IgG-HRP (Santa Cruz, sc-2357, 1:10000), goat anti-mouse IgG-HRP (Santa Cruz, sc-2005,1:10000) for 1 h at RT, washed again four times, and visualized with Western ECL Substrate (Thermo Scientific) for chemiluminescence.
ELISA. The collected cell culture medium was centrifuged at 2000g for 15 min, then the supernatant was detected by ADAMTS5 ELISA kit (Cusabio, CSB-EL001312HU) and MMP-13 ELISA kit (Cusabio, CSB-E04674 h) according to the manufacture’s instruction.
Statistical analysis. Statistical analyses were performed using Graphpad prism software (GraphPad Software, CA, United States, Version 6). Graphical results were displayed as means ± SD. All data were assessed for normality using the Kolmogorov-Smirnov test and for homoscedasticity using the F-test. The statistical significance differences between Ept+ and Ept- groups were determined by Student t-test for parametric data, and by Mann-Whitney test for non-parametric data. The Welch’s correction was applied for variables with unequal variance. The statistical significance differences between multiple groups were determined by One-way ANOVA test and Fisher’s LSD post-test for parametric data, and by Kruskal Wallis test and Dunn’s multiple comparisons post-test for non-parametric data. In all cases, statistical significance was defined with p < 0.05.
RESULTS
Gross and histologic evaluation
During the 8-week experiment, all surgical incisions in the rabbits healed well without any infection or death. At 4 weeks and 8 weeks after operation, rabbits were sacrificed by carbon dioxide suffocation, and the gross appearance of the joint samples were observed followed by histologic evaluation to assess the effect of Ept in promoting osteochondral defect repair of knee joint.
At 4 weeks postoperatively, the osteochondral defects in the Ept + group were almost completely covered with newly formed tissue while partially were covered in the Ept- group and NC group. At 8 weeks postoperatively, the osteochondral defects in all groups were completely covered with new cartilage tissue. The regenerated tissue in the Ept + group was similar to the surrounding native cartilage, indicating the formation of hyaline cartilage-like tissue, whereas the regenerated tissue in the Ept- group and NC group was irregular and the surrounding tissue was degenerated (Figure 1A). The macroscopic evaluation was confirmed by the averaged ICRS score. Both at 4 weeks and 8 weeks, the ICRS scores of the Ept + group were significantly higher (n = 3, p < 0.001) than those of Ept- group (Figure 1B).
[image: Figure 1]FIGURE 1 | Comparison of osteochondral repair in the untreated group (NC), scaffold-only group (Ept–) and Ept loaded scaffold group (Ept+) at 4 and 8 weeks. (A) Macroscopic analysis, hematoxylin and eosin staining, and safranin O staining of the knee joints. Black rectangle indicates the osteochondral defects. (B) Macroscopic analysis for cartilage repair with the modified International Cartilage Repair Society (ICRS) gross grading (n = 3). (C) ICRS visual scoring based on panel D (n = 3). (D) The immunohistochemical staining against collagen (Col) types I, II and X of the regenerated tissue at 4 and 8 weeks. Mean ± SD.
Histologic analysis of osteochondral regeneration was carried out via hematoxylin and eosin staining and safranin O staining. At 4 weeks postoperatively, both staining showed distinct borders between repaired tissue and surrounding tissue, and the newly formed tissue in Ept + group was thicker than that in Ept- group. At 8 weeks, the surface of the defects became smooth in comparison with that at 4 weeks, and the tissue integration and thickness of Ept + group were superior to that in Ept- group and NC group (Figure 1A). As the ICRS visual histologic assessment showed (Figure 1C), better osteochondral defect repair was observed in Ept + group than that in the other two groups both at 4 weeks (n = 3, p < 0.001) and 8 weeks (n = 3, p < 0.001).
Qualitative analysis of type II, I, and X collagen expression was conducted upon immunohistochemical staining. No obvious difference in type I and type X collagen expression in regenerated cartilage between Ept+ and Ept- groups at 4 weeks and 8 weeks, as barely positive staining was found. Positive staining of type II collagen in the Ept + group was noticed at 4 weeks, but not in the Ept- group; at 8 weeks postoperatively, both groups showed strong staining for type II collagen with superior deposition and uniform texture in Ept + group (Figure 1D).
To further explore the mechanism of Ept in promoting osteochondral defect repair of rabbit knee joint, detailed differences in cytology and histology were analyzed by safranin O staining and immunohistochemical staining. At 4 weeks postoperatively, compared with Ept- group, intensive cell density in the newly formed cartilage tissue with strong safranin O staining was observed in Ept + group. At 8 weeks postoperatively, significant cartilage matrix deposition was found in the regenerated tissue of Ept + group, and the texture was close to that of native cartilage (Figure 2B, green rectangle). Differences were also found in the junction of regenerated tissue and native cartilage. The boundary between newly formed tissue and native cartilage was obvious in both groups at 4 weeks postoperatively. However, abnormal cellular distribution with weak staining of cartilage matrix in adjacent cartilage of Ept- group was noticed. At 8 weeks postoperatively, compared with distinct boundary in Ept- group, uniform integration was found in Ept + group (Figure 2B, red rectangle). The trend of type II collagen expression was similar to proteoglycan at both defect sites and adjacent cartilage. At both 4 and 8 weeks postoperatively, stronger type II collagen expression was observed in Ept + group than Ept- group at defect sites (Figure 2C).
[image: Figure 2]FIGURE 2 | Detailed histological analysis indicated that Ept promoted osteochondral regeneration. (A) The creation process of chondral defect in trochlear groove and implantation of SF/PL hydrogel. (B) Safranin O staining of the knee joints 4 and 8 weeks postoperatively. (C) The immunohistochemical staining against Col II. Green rectangle indicates the center of regenerated tissue, red rectangle indicates the junction between regenerated tissue and adjacent articular cartilage.
Influence of ept on anabolism and catabolism in hOACs
CCK-8 assay was used to screen the optimal dose of Ept for culturing hOACs and hBMSCs. After culturing hOACs or hBMSCs with different concentration of Ept (0 μg/ml, 5 μg/ml, 10 μg/ml, 20 μg/ml, and 40 μg/ml) for 48h, the morphological differences of the cells were observed under optical microscope (Figure 3A). For CCK-8 assay, the OD value of hOACs and hBMSCs treated with 40 μg/ml Ept was significantly lower than those in the other groups (Figure 3B and C, n = 6). These observation indicated the inhibitory effect of Ept on viability of hOACs and hBMSCs at 40 μg/ml. Immunofluorescent staining was performed on type II collagen and ACAN after 48 h treatment of Ept in hOACs. As shown in Figure 4A, stronger fluorescence was detected in Ept treated group. Cartilage matrix anabolic genes Col2a1 and ACAN, and cartilage matrix catabolic genes MMP-13 and ADAMTS5 were detected by PCR. As shown in Figure 4B (n = 3), Ept significantly promoted Col2a1 gene expression (p = 0.011), and other three genes showed a slight increase tendency of expression (p > 0.05). In protein level, Ept significantly promoted type II collagen synthesis (Figure 4C; Figure 4D, n = 3, p = 0.018), whereas decreased ACAN (p = 0.15), MMP-13 (p = 0.012) and ADAMTS5 (p = 0.005) protein synthesis (Figures 4C,D). Furthermore, based on ELISA assay, level of MMP-13 in culture medium was down-regulated at day 1 and 3, and ADAMTS5 was down-regulated at day 3 and 7 post Ept treatment (Figures 4E,F, n = 3). As the secretion of MMP-13 and ADAMTS5 after synthesis in chondrocytes was regulated by external environment (Chao et al., 2011; Nam et al., 2016), Figure 4E showed different statistic difference, but shared the same tendency that Ept treatment decreased the expression of MMP-13 and ADAMTS5 in hOACs.
[image: Figure 3]FIGURE 3 | In vitro Ept concentration screening for hOACs and hBMSCs treatment. (A) Optical microscopy observation of Ept influenced cell viability in hOACs and hBMSCs. (B and C) The quantitative analyses of Ept influenced cell viability in hOACs and hBMSCs (n = 6). Mean ± SD, p* < 0.05, p** < 0.01.
[image: Figure 4]FIGURE 4 | Regulatory effects of Ept on catabolic and anabolic dynamics in hOACs. (A) Immunofluorescent staining against Col II and aggrecan (ACAN) in Ept or vehicle treated hOACs. (B) PCR results of Col II, ACAN, MMP-13, and ADAMTS5 (n = 3). (C) Representative western blot detection of ADAMTS5, ACAN, MMP-13, Col II, and β-actin (n = 3). (D) Normalized quantitative data from western blot assay in Ept or vehicle treated hOACs. (E and F) Elisa detection of ADAMTS5 and MMP-13 levels in culture medium (n = 3). Mean ± SD, p* < 0.05, p** < 0.01.
Influence of ept on hBMSCs chondrogenesis
After chondrogenic inducing culture for 14 days, alcian blue staining was carried out to verify the cartilage matrix deposition in hBMSCs. As shown in Figure 5A, compared with control group, the TNF-α group showed the weakest staining intensity. Addition of Ept attenuated the negative effect of TNF-α on cartilage matrix deposition (Figure 5B). During 2-week chondrogeic induction, hBMSCs continuously secreted extracellular matrix, and spontaneously form pellet morphology. However, TNF-α inhibited the pellet formation in hBMSCs. The fluorescent intensity of type II collagen, ACAN and SOX9 was weaker in TNF-α group, while type I and type X collagen was stronger than the other three groups (Figure 5C). The chondrogenic markers were quantified by RT-qPCR (Figures 5D–H) and Western Blot (Figure 5I). In accordance with alcian blue and immunofluorescent stainings, the lowest gene expression of Col2a1, ACAN, and protein level of type II collagen, ACAN were observed in TNF-α group (Supplementary Figure S2). Ept attenuated the negative effect of TNF-α on chondrogenic markers. In addition, Ept alone promoted hBMSCs chondrogenic differentiation as Ept group showed the highest ACAN gene expression and type II collagen synthesis.
[image: Figure 5]FIGURE 5 | Effects of Ept on hBMSCs chondrogenesis. (A,B) Representative alcian blue staining and quantitative analysis (n = 5), (C) Representative immunofluorescence images of Col I (red color), Col II (green color), Col X (red color), ACAN (green color) and SOX9 (red color), (D–H) Relative mRNA expression of Col 1a1, Col 2a1, Col 10a1, ACAN and SOX9 (n = 3), (I) Representative western blot detection of Col I, Col II, Col X, ACAN and SOX9 in hBMSCs. Mean ± SD, p* < 0.05, p** < 0.01, p*** < 0.001.
DISCUSSION
In the present study, the Ept embedded SF/PL hydrogel was fabricated and utilized to verify the influence of inflammatory environment on the articular cartilage regeneration induced by BMS. The addition of Ept into SF/PL hydrogel during BMS was proven to promote articular cartilage regeneration in a rabbit osteochondral defect model. In vitro study showed that Ept improved the cartilaginous matrix deposition and restrain catabolism of hOACs, as well as promoted chondrogenesis of hBMSCs in the presence of TNF-α.
Due to the limited intrinsic healing capacity of articular cartilage, surgical intervention such as BMS is required for treatment of focal articular lesions, osteochondritis dissecans, and degenerative cartilage lesions (van Eekeren et al., 2012). During BMS, drilling into the debrided chondral bone induces hematoma effusion containing BMSCs, growth factors, and cytokines at surgical site. Considering the insufficient mechanical property of blood colt, scaffolds were employed to stabilize the colt during BMS in both clinical and laboratory studies (Hoemann et al., 2005). To enhance the outcome of BMS, the previously fabricated SF/PL hydrogel served as bio-scaffold for both BMSCs adhesion and gradual release of Ept in this study. SF is a natural biopolymer extracted from Bombyx mori cocoons, has been regarded as one of the most promising candidates for tissue engineering and regenerative medicine due to its good biocompatibility, excellent mechanical strength, and slow degradation (Huang et al., 2018; Zhou et al., 2018). Pullulan is a neutral, biodegradable and non-toxic polysaccharide and widely used in biomedical applications (Singh et al., 2017). In our previous study, SF and tyramine substituted carboxymethylated pullulan were enzyme crosslinked. The compressive modulus of fabricated SF/PL hydrogel was 71.4 ± 9.3 kPa, which was in the range of that of osteochondral tissue. Slow degradation of the hydrogel in protease XIV solution retained porous microstructure, which enabled BMSCs ingrowth, chondrogenic differentiation and cartilage matrix deposition (Li et al., 2018).
The main purpose of this study was to evaluate the anti-inflammatory efficacy of Ept in promoting cartilage repair based on BMS. In order to simulate the BMS procedure, osteochondral defect in trochlear groove was created. The acute osteochondral injury induced by BMS significantly increased the expression of inflammatory cytokines in synovial fluid. Clinical evidence indicated that knees with osteochondral fracture had immediate increment in concentrations of TNF-α compared with knees without osteochondral fracture (Sward et al., 2014). During BMS procedure, bone marrow effusion, along with damage associated molecular patterns (DAMPs) that arose from tissue injury were released into articular cavity. Proinflammatory cytokines involved in traumatic reaction, such as IL-1β and TNF-α produced by chondrocytes, mononuclear cells, osteoblasts and synovial tissues, induce the production of a number of inflammatory and catabolic factors (Sahu et al., 2019). In a recent study, microfracture failure was found to have a positive correlation with TNF-α revealed by correlation analyses between the osteoarthritis research society international (OARSI) total score and the cytokines measurement (Danilkowicz et al., 2021). In our study, the ICRS Gross Scoring and the ICRS Histological Scoring results confirmed that addition of Ept in SF/PL hydrogel was beneficial to cartilage regeneration. To mimic the clinical practice, the concentration of Ept in SF/PL hydrogel was decided by converting equivalent dosage between rabbit and human according to body surface area. As the recommended dosage of Ept for adult is 50 mg/week, about 4 mg of Ept was needed for rabbit in the present study. The release experiment showed that the fabricated SF/PL hydrogel could continuously release about 85% of the embedded Ept in 5 days (Figure S1), which means the scaffold design (4 mg of Ept embedded in 200 ml SF/PL hydrogel) is suitable to antagonize the chronic proinflammatory effect of TNF-α in our rabbit model. Detailed histological analysis revealed that the cellular density in the regenerated tissue was higher in Ept + group, and most cells were spatially distributed in the newly formed lacuna-like structure. Moreover, as evidenced by safranin-O and IHC against type II collagen data, the newly formed hyaline cartilage tissue was seamlessly integrated with adjacent native tissue in the Ept + group, indicating that Ept might inhibit catabolism and promote anabolism of chondrocytes in an acute injury induced inflammatory microenvironment.
The negative effects of catabolic cytokines on cartilage have been well documented. Elevated levels of IL-6 and TNF-α in the injured cartilage were implicated in the IL-6 and TNF-α-mediated cartilage degradation (Sahu et al., 2019). To further illustrate the influence of TNF-α on BMS induced cartilage regeneration, the effect of Ept on chondrocyte phenotype, and on hBMSCs chondrognesis were assessed in vitro. Our data indicated that Ept treatment significantly promoted both gene and protein expression of type II collagen in hOACs, while decreased the protein levels of MMP-13 and ADAMTS5. The regulatory effect of Ept between catabolic and anabolic dynamics in chondrocyte might explain the superior integration in Ept + group from in vivo observation. The regeneration of articular cartilage induced by BMS was attributed to BMSCs chondrogenesis. Instead of chondrocytes migrated from adjacent articular cartilage, autoradiography using 3 H-thymidine and 3 H-cytidine showed that the repair was achieved by the differentiation of mesenchymal cells from the underlying bone marrow (Shapiro et al., 1993). Hence, the addition of Ept might have a positive effect on BMSCs chondrogenesis in the inflammatory microenvironment. In accordance with previous study (Heldens et al., 2012), TNF-α was found to inhibit hBMSCs chondrogenesis in control group. Whereas, addition of Ept significantly reversed the negative impact of TNF-α, as illustrated by alcian blue staining, type II collagen and aggrecan stainings. These results were complied with histological data, in which positive and uniform deposition of type II collagen was noticed in the Ept + group alone. However, significant increase in both type I and II collagen post Ept treatment alone was noticed in our data. As evidenced by previous study (Wu et al., 2021), this contradiction between gene and protein levels indicated posttranscriptional modification of these genes during chondrogenetic differentiation. In addition, we noticed that the spatial distribution of hypertrophic marker, type X collagen was different among groups. Although the gene expression level of type X collagen was elevated after Ept treatment (Figure 5F and I), the distribution was mainly in the peripheral area of deposited ECM in untreated and Ept treated hBMSCs. This observation along with previous studies (Knuth et al., 2019; Côrtes et al., 2021) suggested that ECM remolding by type X collagen was potentially required during hyaline cartilage matrix expansion (Figure 5C, COL II & ACAN).
CONCLUSION
In the present study, SF/PL hydrogel containing Ept was fabricated, and the synergistical effect of SF/PL hydrogel and Ept was verified by BMS simulation. The addition of Ept into SF/PL hydrogel was proven to promote articular cartilage regeneration in vivo, potentially attributed to regulation of catabolic and anabolic dynamics in adjacent chondrocytes and enhancement of BMSCs chondrogenesis. Our finding might provide novel strategy for BMS augmentation, and expand the indication of current pharmaceuticals.
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Primer sequence

CAGAGGCAACCACAACAGACA
AGCTGGGAAGGCATAAGCATG
GCATTGCCTACCTGGACGAAG TCACAGTCTCGCCCCACTTAC
AAGAACAAGCCGCACGTCAA CCGTTCTTCACCGACTTCCTC
TTATCAGTGCCTCGCAACCG CTTTCGGCTCTTGCTCCAGTA
AGCCCAGATTCAGATGCGAGT GATCCTGTTTGAATCCGAAGCT
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and B

Tigerl7
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DRGN-1

LL-37

Source

Salamanders
Odorrana grahami

Odorrana grahami

Rana temporaria

Odorrana andersonii

frog Nanorana
ventripunctata

Varanus komodoensis

human

‘Wound healing features

Immunomodulatory activity, the ability to promote cell migration and proliferation, and
promote angiogenesis

Stimulation of TGF-p secretion, Keratinocyte migration, and fibroblast-to-myofibroblast
transition

Inhibits excessive inflammation and angiogenesis

Keratinocyte Proliferation and migration, promote angiogenesis

Stimulation of TGF-p and IL-6 secretion, Keratinocyte Proliferation and migration,
fibroblast-to-myofibroblast transition

macrophage recruitment, Keratinocyte proliferation and Fibroblast migration

Keratinocyte and Fibroblast Proliferation, fibroblast-to-myofibroblast transition, collagen
production in fibroblasts

granulation tissue formation, re-cpithelialization, and keratinocyte proliferation/
‘migration

Induction of cell proliferation, migration, and angiogenesis

References

Mu et al. (2014)
Liu et al. (2014a)

Liu et al. (2014b)
Di Grazia et al. (2014)

Tang et al. (2014)

Cao et al. (2018)
Wu et al. (2018)

Chung et al. (2017)

Saporito etal. (2018), Yang et al.
(2020)
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GAPDH
S0X9
COL2A1
Aggrecan
MMP13
ADAMTS5

Forward (5-3")

GGCAAGTTCAACGGCACAG
CTGACCGTGACCGTAGCAAGT
GTCTGTGACACTGGGACTGT
CTGCAGACCAGGAGGTATGTGA
ATGCAGTCTTTCTTCGGCTTAG
ATCAC-CCAATGCCAAGG

Reverse (5-3)

CGCCAGTAGACTCCACGACAT
TGGATGTGGGCTTTGGACTCA
TCTCCGAAGGGGATCTCAGG
GTTGGGGCGCCAGTTCTCAAAT
ATGCCATCGTGAAGTCTGGT
AGCAGAGTAGGAGACAAC
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Sample name Inhibition zone (mm)

E. coli S. aureus
Rg3 152+ 0.8 124 £ 0.7
Blank-Gel 142+ 08 18.2 £ 0.9
Rg3-Gel 203+1.2 250+ 1.1

Diameter of inhibition zone of different samples. Data represent average of three
experiments +SD.
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Gene/primer target

GAPDH
RUNX2
BMP2
CD31
VEGF

Forward primer (5'->3")

TCTGCTCCTCCCTGTTC
GAAATGCCTCTGCTGTTATGA
GAGAAAAGCGTCAAGCCAAAC
AGAATCCGCCCTGGAGTGTT
CCACGACAGAAGGGGAGCA

Reverse primer (5'->3")

ACACCGACCTTCACCATCT
AAGTGAAACTCTTGCCTCGTC
GTCATTCCACCCCACATCACT
ACGGCAGCAGAGCAGAAAGC
ACACCGCATTAGGGGCACA
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A

Parameter Control Pure scaffold RAOECs-ECM scaffold RBMSCs-ECM scaffold
TP (g/L) 76.24 + 542 80.52 + 647 71.80 + 531 70.64 + 8.52

ALB (g/L) 4024 £ 1.97 41.94 * 120 39.02 £ 129 40.98 + 1.89

ALT (U/L) 79.78 + 38.12 76.76 + 23.87 78.90 + 4334 70.54 + 15.83

AST (U/L) 308.74 + 76.43 297.04 £ 1853 22882 + 1491 24920 + 6647

Cr (umol/L) 47.80 £ 7.85 57.40 + 11.41 56.00 + 10.56 64.20 + 15.66

BUN (mmol/L) 676 + 0.60 878 + 1.51 8.16 + 240 690 £ 1.66

B

Parameter Control Pure scaffold RAOECs-ECM scaffold RBMSCs-ECM scaffold
TP (g/L) 70.26 + 293 73.20 + 323 7132 +2.24 7042 + 4.54

ALB (g/L) 37.08 +320 38.68 + 158 3846 + 0.68 3662 + 1.79

ALT (U/L) 59.64 + 29.16 58.88 + 20.36 59.40 + 12.05 7202 + 1371

AST (U/L) 221.02 £ 87.58 231.16 £ 56.50 166.02 + 22.98 197.36 + 55.01

Cr (umol/L) 57.80 + 1475 63.20 + 25.64 7240 + 22.82 65.80 + 9.91

BUN (mmol/L) 8.02 £ 324 7.68 + 0.89 9.80 + 3.00 692 % 0.54

o

Parameter Control Pure scaffold RAOECs-ECM scaffold RBMSCs-ECM scaffold
TP (g/L) 71.80 + 230 72.56 + 5.80 69.60 £ 3.57 67.14 £ 5.06

ALB (g/L) 37.90 + 1.80 38.66 + 253 36.98 + 3.01 36.84 + 246

ALT (U/L) 74.04 + 37.18 67.24 +29.93 68.12 * 24.10 64.98 + 2371

AST (U/L) 23512 £ 50.10 18828 + 3922 199.96 + 40.65 181.06 + 23.29

Cr (umol/L) 51.60 + 21.82 81.80 + 25.57 94.00 + 24.32 63.00 +29.72

BUN (mmol/L) 7.46 £ 0.69 862 %203 926 + 193 794 %215

Values expressed as the mean + $D,, Statistical analysis: One-way ANOVA, followed by Tukey's multiple comparison test. A, B and C represent 4, 8 and 16 weeks after surgery, respectively.
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Hydrogel Name
(Abbreviation)

Gelatin hycrogel

Collagen hydroge!

Fibrin hydrogel

Gelatin methacryloy!
hydrogel (GelMA)

Hyaluronic acid
hycrogel (HA)

Alginate hydrogel

Chitosan hydrogel

Chitosan-4-thiobutylamidine
hydrogel (CS-TBA)

Human tendon-derived
collagen hydrogel (tHG)

lon-based hydrogels
Polyethylene glycol diacrylate

(PEGDA)

Polyvinyl alcohol (PVA)

Poly-lactic-co-glycolic acid
PLGA)

Hydrogel Features/Advantages for
Rotator Cuff Repair
Engineering

Biodegradable, thermo-responsive,
elastic, injectable

Natural ECM protein, reasonable
biomechanical properties, injectable

Easy to be functionalized impressive
stiffness, injectable

Self-steriization, low cost,
Photopolymerized, high compatibilty,
injectable

Biocompatible, biodegradable,
noncytotoxic, nonimmunogenic

Quick cross-linking, mechanically strong

Therapeutic substance delivery capacity,
injectable

Biocompatible, highly absorbent,
injectable, structurally simiar to
natural ECM

Thermo-responsive, injectable, type |
collagen-rich

Anti-inflammatory

Biocompatible, degradable, Easily
manipulated, non-mmunogenic,
injectable

Mechanically strong, MSC chondrogenic
differentiation

Biocompativity, easy handing, Similar
mechanical properties with tendon

Limitations

Poor mechanical properties faster degradation
rate

Limited number of functional groups for
crosslinking

Immune response

poor tissue adhesivity

Do not support cell attachment

Non-biodegradable and eicit immunological
responses

Low solubilty and high viscosity

Low solubilty, high viscosity, difficult for
preparation

xenogeneic immune response

Rapid ion release rate

Limited microenvironment control, Poor
toughness

Biologically inert

potential toxicity from dose dumping,
inconsistent drug release and drug-polymer
interactions
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Teng et al. (2021)

Kaizawa et al. (2019a); Kaizawa et al.
(2019b)

Chen et al. (2021); Yang et al. (2021)
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Homopolymer
Multipolymer
Chemical
Physical
Biochemical

Collagen, Gelatin, Chitosan,
Hyaluronic acid, N-isopropyl
Acrylamide (PNIPAM), Polyethylene
Glycol (PEG), PoloxamerEtc.

A single species of polymer or copolymer

Two independent crossiinked components

pH response, oxidant response, glucose response
Temperature response, pressure response, light response
Enzyme response, ligand response, antigen response
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