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Editorial on the Research Topic
Nano-Biomaterials for the Delivery of Therapeutic and Biological Cues for Regenerative Medicine
Tissue damage can be the result of injury, disease or aging. Regenerative medicine aims at developing technologies to restore, maintain or augment tissue damage (Dimmeler et al., 2014). The ideal biomaterials for tissue regeneration should be both biocompatible and bioactive and able to harness the self-healing capabilities of the target tissue by providing crucial structural, compositional, and biochemical cues for repair.
Recently, the advantages of applying nanotechnology to regenerative medicine has become obvious, especially when examining nature. In fact, cells recognize chemical, physical, topographical and biological cues at the nanoscale, and nanotechnology allowed to engineer and fine tune biomaterials to mimic the nano-architecture and composition of target tissue (Liu et al., 2021). Consequently, this type of biomaterials has demonstrated superior ability to interface the host cells compared to conventional materials, resulting in overall improved regenerative outcomes (Abdollahiyan et al., 2021; Mohammadi et al., 2018). Numerous nano-structured biomaterials have been proposed as implantable devices for a variety of tissue engineering applications. For instance, bone is a natural nano-structured composite material (Minardi et al., 2015). 3D nanostructured biomaterials mimicking bone nano-structure and composition have been developed and tested in a variety of settings with success. Avitabile et al. showed how a biomimetic nanostructured composite was able to achieve enhanced osteogenic differentiation of progenitor cells, even in extreme physiological conditions such as microgravity. Additionally, the composite was also able to co-deliver not only bone-like chemical—physical cues, but also regenerative biological cues, resulting in enhanced bone augmentation in a posterolateral lumbar spinal fusion model, as described by Van Eps et al. In the review article by Lyons et al., nano-biomaterials for bone regeneration were comprehensively reviewed.
Nano-biomaterials have also been extensively explored as drug delivery carriers for their superior tunability. In fact, they can not only be fabricated in a variety of chemical compositions but also of shapes and sizes, as described by Melchor-Martínez et al. in their review article. An example of this regenerative strategy for bone is reported in the research article by Montagna et al., where the authors developed and tested novel strontium nanoparticles for the delivery of osteoinductive cues; nano-biomaterials for the delivery of therapeutics in the context of cardiovascular regeneration were reviewed by Zhu etal.
While initially nano-biomaterials were designed to interact mostly with progenitor cells, more recently, they have been engineered to interact specifically with the host immune cells, which was proven to enhance functional tissue regeneration (Rowley et al., 2019; Whitaker et al., 2021). Among these strategies, Sushnitha et al.review biomimetic nanoliposomes, with a focus on the potential of cell membrane-based nano-carriers, for their ability to favorably interact with the host (both systemically and locally) and even recognize and selectively target damaged tissue. Aguilar-Pérez et al. comprehensively reviewed the overall state-of-the-art of nanoliposomes as drug delivery carriers for regenerative medicine.
Despite all these advancements, a remaining challenge common to most fields of regenerative medicine is bacterial infections, which are frequent in cases of trauma or burns and can impair tissue regeneration (Bigham-Sadegh and Oryan, 2015; Naskar and Pharmaceutics, 2020). The clinical challenges posed by infections and the promise held by nano-biomaterials to address them were reviewed and discussed by Anastasio et al. The authors particularly highlighted nanoplatforms for the delivery of nitric oxide as both an antibacterial and pro-regenerative stimulus. An example of another nano-biomaterial targeting bacterial infections is reported in the research article by El-Deeb et al. The authors developed biologically synthesized silver nanoparticles able to reduce the number of infiltrating pro-inflammatory cells in a wound infection model. In summary, this research topic includes a collection of six review and four original research articles covering recent progress in nano-biomaterials design and their applications, particularly nanostructured materials able to deliver chemical, physical and biological cues to enhance tissue regeneration in a multiplicity of settings (e.g., bone, heart, wound healing).
AUTHOR CONTRIBUTIONS
SM conceived and wrote this article.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abdollahiyan, P., Oroojalian, F., and Mokhtarzadeh, A. (2021). The Triad of Nanotechnology, Cell Signalling, and Scaffold Implantation for the Successful Repair of Damaged Organs: An Overview on Soft-Tissue Engineering. J. Control. Release 332, 460. doi:10.1016/j.jconrel.2021.02.036
 Bigham-Sadegh, A., and Oryan, A. (2015). Basic Concepts Regarding Fracture Healing and the Current Options and Future Directions in Managing Bone Fractures. Int. Wound J. 12 (3), 238–247. doi:10.1111/iwj.12231
 Dimmeler, S., Ding, S., Rando, T. A., and Trounson, A. (2014). Translational Strategies and Challenges in Regenerative Medicine. Nat. Com 20, 814. doi:10.1038/nm.3627
 Liu, Y., Lou, W. P., and Fei, J. F. (2021). The Engine Initiating Tissue Regeneration: Does a Common Mechanism Exist during Evolution?Cell Regen 10 (1), 12. doi:10.1186/s13619-020-00073-1
 Minardi, S., Corradetti, B., Taraballi, F., and Biomaterials, M. S. (2015). Evaluation of the Osteoinductive Potential of a Bio-Inspired Scaffold Mimicking the Osteogenic Niche for Bone Augmentation. Biomaterials 62, 128. doi:10.1016/j.biomaterials.2015.05.011
 Mohammadi, M., Shaegh, S. A. M., Alibolandi, M., Ebrahimzadeh, M. H., Tamayol, A., Jaafari, M. R., et al. (2018). Micro and Nanotechnologies for Bone Regeneration: Recent Advances and Emerging Designs. J. Control. Release 274, 35. doi:10.1016/j.jconrel.2018.01.032
 Naskar, A., and Pharmaceutics, K. K. (2020). Recent Advances in Nanomaterial-Based Wound-Healing Therapeutics. Pharmaceutics 12, 499. doi:10.3390/pharmaceutics12060499
 Rowley, A. T., Nagalla, R. R., Wang, S. W., and Liu, W. F. (2019). Extracellular Matrix-Based Strategies for Immunomodulatory Biomaterials Engineering. Adv. Healthc. Mater. 8 (8), e1801578. doi:10.1002/adhm.201801578
 Whitaker, R., Hernaez-Estrada, B., Hernandez, R. M., Santos-Vizcaino, E., and Spiller, K. L. (2021). Immunomodulatory Biomaterials for Tissue Repair. Chem. Rev. 121 (18), 11305–11335. doi:10.1021/acs.chemrev.0c00895
Conflict of Interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Minardi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.









	
	ORIGINAL RESEARCH
published: 16 June 2020
doi: 10.3389/fbioe.2020.00499






[image: image2]

An in vivo Comparison Study Between Strontium Nanoparticles and rhBMP2

Giulia Montagna1,2†, Francesco Cristofaro1†, Lorenzo Fassina2, Giovanna Bruni3, Lucia Cucca4, Alejandro Kochen5, Paola Divieti Pajevic5, Beth Bragdon6*, Livia Visai1,7* and Louis Gerstenfeld6


1Department of Molecular Medicine (DMM), Center for Health Technologies (CHT), UdR INSTM, University of Pavia, Pavia, Italy

2Department of Electrical, Computer and Biomedical Engineering, University of Pavia, Pavia, Italy

3C.S.G.I. Department of Chemistry, Physical-Chemistry Section, University of Pavia, Pavia, Italy

4Department of Chemistry, University of Pavia, Pavia, Italy

5Department of Translational Dental Medicine, Goldman School of Dental Medicine, Boston University, Boston, MA, United States

6Department of Orthopaedic Surgery, Boston University School of Medicine, Boston, MA, United States

7Department of Occupational Medicine, Toxicology and Environmental Risks, Istituti Clinici Scientifici Maugeri, IRCCS, Pavia, Italy

Edited by:
Silvia Minardi, Northwestern University, United States

Reviewed by:
Hakan Ceylan, Max Planck Institute for Intelligent Systems, Germany
 Gloria Belen Ramirez, University of Granada, Spain

*Correspondence: Beth Bragdon, bragdon@bu.edu
 Livia Visai, livia.visai@unipv.it

†These authors have contributed equally to this work

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

Received: 15 February 2020
 Accepted: 29 April 2020
 Published: 16 June 2020

Citation: Montagna G, Cristofaro F, Fassina L, Bruni G, Cucca L, Kochen A, Divieti Pajevic P, Bragdon B, Visai L and Gerstenfeld L (2020) An in vivo Comparison Study Between Strontium Nanoparticles and rhBMP2. Front. Bioeng. Biotechnol. 8:499. doi: 10.3389/fbioe.2020.00499



The osteoinductive property of strontium was repeatedly proven in the last decades. Compelling in vitro data demonstrated that strontium hydroxyapatite nanoparticles exert a dual action, by promoting osteoblasts-driven matrix secretion and inhibiting osteoclasts-driven matrix resorption. Recombinant human bone morphogenetic protein 2 (rhBMP2) is a powerful osteoinductive biologic, used for the treatment of vertebral fractures and critically-sized bone defects. Although effective, the use of rhBMP2 has limitations due its recombinant morphogen nature. In this study, we examined the comparison between two osteoinductive agents: rhBMP2 and the innovative strontium-substituted hydroxyapatite nanoparticles. To test their effectiveness, we independently loaded Gelfoam sponges with the two osteoinductive agents and used the sponges as agent-carriers. Gelfoam are FDA-approved biodegradable medical devices used as delivery system for musculoskeletal defects. Their porous structure and spongy morphology make them attractive in orthopedic field. The abiotic characterization of the loaded sponges, involving ion release pattern and structure investigation, was followed by in vivo implantation onto the periosteum of healthy mice and comparison of the effects induced by each implant was performed. Abiotic analysis demonstrated that strontium was continuously released from the sponges over 28 days with a pattern similar to rhBMP2. Histological observations and gene expression analysis showed stronger endochondral ossification elicited by strontium compared to rhBMP2. Osteoclast activity was more inhibited by strontium than by rhBMP2. These results demonstrated the use of sponges loaded with strontium nanoparticles as potential bone grafts might provide better outcomes for complex fractures. Strontium nanoparticles are a novel and effective non-biologic treatment for bone injuries and can be used as novel powerful therapeutics for bone regeneration.

Keywords: strontium hydroxyapatite nanoparticles, BMP2, osteoporosis, scaffold, endochondral ossification, bone regeneration


INTRODUCTION

Bone tissue constitutes the rigid scaffold that is the skeleton, which provides structural support for vertebrates and confers protection to the most delicate vital organs. The extraordinary regenerative capability of bone tissue to repair and heal without the formation of a fibrotic scar was recognized by Imhotep (2630–2611 BC) and Hippocrates (460–370 BC) (Lanza and Vegetti, 1974). However, in pathological conditions such as osteoporosis, sever bone trauma or critically-sized bone defects this process can be hindered, leading to delayed healing and/or non-union fractures (Holroyd et al., 2008; Sozen et al., 2017). These unsolicited outcomes constitute an often underestimated burden for our society, in term of quality of life, recovery time and costs for the healthcare system (Gentleman et al., 2010; Marcus, 2007).

Bone tissue engineering focuses on the creation of devices capable of providing physical support, activating bone forming cells (concepts, respectively, defined as osteoconductivity and osteoinductivity) with the aim of assisting and accelerating osteogenesis (Dennis et al., 2015; Kowalczewski and Saul, 2018). During the last two decades in vitro and in vivo studies were designed to identify novel scaffolding systems for a topical and controlled delivery of osteoinductive agents (Landi et al., 2007; Visai et al., 2017; Chandran et al., 2018). Many of them focused on the employment of recombinant human bone morphogenic protein 2 (rhBMP2) as a powerful osteoinductive agent (Wang et al., 1990; Buza and Einhorn, 2016). A great amount of effort has been placed in investigating rhBMP2 suitability as treatment for conditions such as spinal fractures and critically-sized bone defects (Noshi et al., 2001; Boix et al., 2005). Several studies highlighted the benefits of using this recombinant morphogen, but also its side effects (Wang et al., 1990; Noshi et al., 2001). Local side effects (such as insufficient or excessive bone formation, heterotopic bone formation, infections and inflammatory responses) as well as systemic ones (cancer in a relatively low percentage of cases) were identified in several independent studies (Boraiah et al., 2009; Latzman et al., 2010; Hoffmann et al., 2013; Woo, 2013; Poon et al., 2016). Compelling experimental results showed the efficacy of strontium cations, as osteoinductive and anti-osteoporotic agents (Rohnke et al., 2016; Carmo et al., 2018; Li et al., 2018). Strontium modulates bone remodeling by enhancing bone formation and suppressing bone resorption (Chattopadhyay et al., 2006; Takaoka et al., 2010; Yang et al., 2011; Saidak and Marie, 2012; Tian et al., 2014) although, to date, the molecular and cellular mechanisms of strontium activity remain partially elusive. Physical-chemical properties of strontium-substituted hydroxyapatite nanoparticles in combination with calcium hydroxyapatite nanoparticles and their in vitro osteoinductivity were assessed in our previous works (Frasnelli et al., 2016; Visai et al., 2017; Cristofaro et al., 2019).

In this work we utilized new nanotechnology to design a novel nanomaterial that is absent of recombinant morphogen yet still possess bone healing properties exerted by strontium to be used as an application for orthopedic surgery. This nanomaterial is a combination of strontium-substituted and calcium hydroxyapatite nanoparticles which was delivered in vivo by Gelfoam sponges, an FDA-approved collagen-based sponge commonly used as hemostatic application on bleeding surfaces (Pharmacia and Upjohn Company and Pfizer, 2017). The combination between the porous structure and molecular composition made it attractive in the orthopedic field and suitable either for morphogens or for ceramics delivery (Rohanizadeh et al., 2008; Giorgi et al., 2017).

The aim of this work is to compare the in vivo osteogenesis of strontium hydroxyapatite nanoparticles (SrHAn) to calcium hydroxyapatite nanoparticles and rhBMP2 (HAn-BMP2) using Gelfoam sponges as carriers with both treatments. An extensive characterization was performed including an abiotic study on the implant structure, as well as analysis of ions and rhBMP2 release patterns. The in vivo study was performed, on a healthy, bone damage-free mouse model to analyze the effectiveness of the described implants in targeting bone tissue. The sponges were implanted adjacent to the periosteum and gene expression of markers of osteocytes and OCs maintenance, MSCs recruitment, osteogenic and chondrogenic differentiation were evaluated, in order to analyze the responses at the periosteal bone. The experimental scheme is shown in Figure 1, with the comparison between SrHAn and HAn-BMP2. Sponges loaded with only calcium hydroxyapatite nanoparticles (HAn) were used as the negative control. In the study we included also the stability assessment of lyophilized samples, as this lyophilization could be suitable for the packaging and distribution of the implants.


[image: Figure 1]
FIGURE 1. Schematic representation of abiotic and in vivo sponge characterization. The collagen sponges were loaded with calcium hydroxyapatite nanoparticles (HAn), with calcium hydroxyapatite nanoparticles + BMP2 (HAn-BMP2), and a mixture of calcium hydroxyapatite nanoparticles and strontium hydroxyapatite nanoparticles (SrHAn). Sponge characterization was achieved by several physical-chemical techniques. X-ray observations and Fast green/Safranin-O histological staining were performed on tissue samples collected from the in vivo experiments. Expression of genes for osteogenesis, osteocytes and osteoclasts activity, chondrogenesis, and stem cell recruitment was also investigated. Figure created with BioRender.com.




MATERIALS AND METHODS


Standard Sponges Loading Protocol

Gelfoam sponges (Gelfoam; Pfizer®, NY, USA) were cut into 1 cm2. The sponge absorbance capacity of 200 μL was defined as the volume of water completely absorbed by each sponge. The sponges were loaded with a HCl-acidified MilliQ water solution (pH 5) containing 30% (w/v) of calcium hydroxyapatite nanoparticles (HAn) or with a MilliQ water solution containing 27% (w/v) of HAn and 3% (w/v) of strontium hydroxyapatite nanoparticles (SrHAn). For abiotic characterization unloaded sponges were hydrated with acidified MilliQ and defined as the control (CTRL). For rhBMP2 loaded-sponges, 3 μg of human recombinant BMP2 (R&D Systems) were added to the HAn suspension before the sponge absorption phase (HAn-BMP2). Acidified MilliQ was used to increase nanoparticles solubility, buffer pH suspension (otherwise alkaline) and to prevent rhBMP2 precipitation (Friess et al., 1999; Luca et al., 2010). The CTRL, HAn, HAn-BMP2 and SrHAn samples were incubated at room temperature (RT) in a 24-well plate for 15 min after loading to allow the volume to be adsorbed. Following 30 min of incubation at 37°C, in a humidified and controlled atmosphere, with 5% CO2, the wells were filled with 800 μL of acidified MilliQ.

A second set of sponges was prepared exactly as the first set of samples but with an additional step of lyophilization in order to check the system stability. Exception made for HAn-BMP2, which was not prepared in the second set. This second set was labeled with an “s” for “stability” (sCTRL, sHAn, sSrHAn) and collectively defined as “treated” sponges. Following the second incubation period carried out in 800 μL of acidified water, all samples were frozen O/N at −20°C and lyophilized for 4 h (−50°C, 0.3 mbar). Following lyophilization samples were re-hydrated with 200 μL of acidified MilliQ. For both sets of sponges, water solutions were poured off and fresh non-acidified MilliQ water was added on day 1, 2, 3, 7, 14, 21, and 28.


Sponge Calcium, Strontium, and BMP-2 Release

Water solution samples were collected at 1, 2, 3, 7, 14, 21, and 28 days from untreated sponges (CTRL, HAn, SrHAn), treated sponges (sCTRL, sHAn, sSrHAn) and from sponges loaded simultaneously with HAn and rhBMP2 (HAn-BMP2). For the analysis, each sample replicate (1mL) was diluted 1:10 and acidified with suprapur nitric acid (Merck - Sigma Aldrich, Merck KGaA, Darmstadt, Germany) at the final concentration of 0.5% (v/v), centrifuged and filtered with 0.45 μm membranes. Acidified water was used as blank (Moonesi Rad et al., 2019). Measurements were performed using an ICP-OES (inductively coupled plasma optical emission spectroscopy) iCAP 7000 Series (Thermo Scientific) following the standard procedures suggested by the manufacturer and an instrumental method already validated. Calcium and strontium were quantified by external calibration with four standard solutions (0, 5, 1, 5, 10, and 20 mg/L) of the alkaline earth standard metal mix TraceCERT® (100 mg/L). The following wavelengths were selected for the investigated elements: 422,673 nm for Ca2+ and 407,771 nm for Sr2+. Time zero corresponds to the acidified water before the introduction of the sponges. Statistical evaluation was performed with one-way ANOVA. 95% confidence intervals showing the differences between averaged values were plotted in separated charts, reported as (Figure S2). rhBMP2 release rate was evaluated by ELISA. rhBMP2 release in the water solutions was measured after addition of 20 mM monosodium phosphate, in order to displace rhBMP2 from its binding with HAn (Urist et al., 1984; Boix et al., 2005). Samples were then centrifugated to remove excess calcium and 100 μL of each solution was used for immobilization on ELISA wells. Anti-rhBMP2 polyclonal rabbit IgG (ReliaTech GmgH) was used on dilution factor of 1:3,000. Goat anti-rabbit/HRP (Agilent Tech) secondary antibody was used at 1:5,000 dilution. Reaction was developed with TMB (Sigma T0440−100 mL) for 30 min at RT, stopped with sulfuric acid 0.5 M and ELISA microplate was read with Clariostar ELISA reader at 450 nm. (HAn, SrHAn, sHAn and sSrHAn).



FT-IR Spectroscopy Investigation of Sponge-Nanoparticles Interactions

FT-IR (Fourier Transform-Infra Red) spectra were obtained using a Nicolet FT-IR iS10 Spectrometer (Nicolet, Madison, WI) equipped with attenuated total reflectance sampling accessory (Smart iTR with diamond plate) by coadding 32 scans in the 4,000–650 cm−1 range with a resolution at 4 cm−1. FT-IR spectra were recorded on the unloaded sponges, on the unloaded sponges blended together with the nanoparticles (referred to as physical mixture, PM) and on the nanoparticles loaded-sponges.



Sponge SEM Observations and Mineral Phase Distribution

Untreated (CTRL, HAn, SrHAn) and treated (sCTRL, sHAn, sSrHAn) sponges collected at time 0 days (T0) and time 28 days (T28) were frozen O/N at −20°C and lyophilized for 3 h (−50°C, 0.3 mbar). Microscopic structure was investigated using a scanning electron microscope (SEM) Zeiss EVO-MA10 (Carl Zeiss, Oberkochen, Germany). Images were acquired at different magnifications (150x and 350x) and at an accelerating voltage of 20 kV. CTRL, HAn and SrHAn sponges were also investigated with SEM Zeiss EVO-MA10 (Carl Zeiss, Oberkochen, Germany) coupled to an electron dispersive spectroscopy (EDS) (X-max 50 mm2, Oxford Instruments, Oxford, UK). Images were acquired at a lower magnification and energy dispersive microanalysis was performed in order to map phosphorus (P), calcium (Ca) and strontium (Sr) and quantify carbon (C), oxygen (O), P, ca and Sr.



Sponge Degradation Rate Measurement

To evaluate the sponge degradation rate, untreated unloaded and loaded sponge masses were measured at the following time points: 1, 2, 3, 7, 14, 21, and 28 days. Sponges were prepared as described above. Day 0 corresponded to the untreated and unloaded dried sponge, while day 1 corresponded to loaded sponges. Weights at day 1 were assumed as the initial weights (Wi) and percentage weight loss was calculated for each point. The calculation performed is the following: [(Wi-Wt)/Wi]*100, were Wt is the weight at each time point. Average and standard deviation of the percentage weight loss were plotted.




In vivo Animal Study

All animal studies were approved by the Institutional Animal Care and Use Committee at Boston University (BU). Animals enrolled for these studies were crosses of the B6.Cg-Gt(ROSA)26sortm14(CAG-tdTomato)Hze/J (Ai14; stock number 007914) mouse strain with either B6.CG-Pax7tm1(cre/ER2)Gaka/J (Pax7; stock number 017763) or Prx1CreER-GFP (Kawanami et al., 2009). The Ai14 and Pax7 stains were obtained from The Jackson Laboratory (Bar Harbor ME) and housed at the BU animal facilities under standard conditions. All enrolled for this study were healthy, bone damage-free, male mice aged 9–11 weeks. Strains were randomly assigned to treatment and time point.


Sponge Implant Surgical Procedure and in vivo Analysis

The previously prepared untreated samples (HAn, SrHAn, and HAn-BMP2) were used for in vivo animal studies. Mice were bilaterally implanted as described before with the exception that the sponges were implanted instead of demineralized bone matrix to induce ectopic bone formation adjacent to the periosteal surface of femurs (Bragdon et al., 2017). Three mice were enrolled per condition per time point (post-operative day 16 and 33) for RNA extraction and histology analysis. Figure 1 shows a scheme of the performed experiment. No complications and/or collateral effects arose in that period. At post-operative day 16 and 33 mice were euthanized by carbon dioxide inhalation followed by cervical dislocation. Immediately following euthanasia, mice were X-rayed using Faxitron MX-20 Specimen Radiography System at 30 kV for 40 s using Kodak BioMax XAR Scientific Film. The implanted sponge and femur from the left limb were collected separately for RNA extraction and gene analysis. Samples harvested for RNA analysis were stored at −80°C. The right limb was recovered for histology analysis.



Histological Analysis of Mouse Limb

After fixation in paraformaldehyde (4%), the right limbs were decalcified in 14% w/v EDTA (pH 7.2) for 1 week at 4°C. Limbs were dehydrated and embedded in paraffin for histology and 5 μm-thick sections were cut across the samples. Fast green and Safranin-O (American Mastertek Inc.) staining was performed on the 5 μm-thick sections for the investigation of ectopic bone formation (Provot and Schipani, 2005).



RNA Extraction and Quantitative Reverse Transcriptase PCR

RNA extraction was performed by tissue dissociation and chemical extraction as previously described (Bragdon et al., 2017). Briefly, samples were snap frozen in QIAzol® Lysis Reagent and lysed with the Qiagen® Tissue Lyser II. Chloroform (Sigma-Aldrich) and isopropanol (Sigma-Aldrich) was used to extract and precipitate RNA followed by 70% ethanol washes. The RNA was re-suspended in 30–50 μL of RNase free water and stored at −80°C. In order to ensure the quality and quantity of the extracted RNA, both spectroscopy and gel electrophoresis were used. For the spectroscopy, a Beckman CoulterTM DU®530 Life Science UV/Vis Spectrophotometer was used and a 260 nm/280 nm ratio value in the range of 1.7–1.9 indicated an acceptable quality of RNA. The 260 nm absorbance value was used to determine the concentration of RNA in the samples. RNA samples were loaded into a 1% agarose gel, GelStarTM Nucleic Acid Gel Stain from Lonza Group was used to detect the presence of the nucleic acid. The presence of two bands under UV light indicates the RNA is intact and not degraded (data not shown). cDNA was synthesized and qRT-PCR was performed as previously described (Bragdon et al., 2017). Briefly, 1 μg of extracted RNA was reverse transcribed using the TaqMan® Reverse Transcription Reagents kit from Applied Biosystems®. Primers used to probe specific expression of genes are listed in Table 1. The 18S gene was used as a reference gene and in addition to our samples non-operative femurs were used as naïve controls. Target gene expression was normalized using the ΔΔCt method of Schmittgen and Livak (2008).


Table 1. qRT-PCR gene primers.
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Statistical Analysis

Statistical analyses were performed with Prism 7 (GraphPad Software Inc). Means are plotted and standard deviations (SD) of means, or standard error means (SEM) are represented by error bars. One-way ANOVA corrected by Tukey's honestly significant difference (THSD) test was used to analyze data, if not otherwise specified. A significance level of 0.05 was used for all statistical analyses, unless noted differently.




RESULTS


Physical-Chemical Characterization of the Loaded, Untreated, and Treated Sponges

Untreated sponges (CTRL, HAn, and SrHAn) were prepared and physical-chemically characterized for degradation rate, ion release properties by ICP-OES, sponge-nanoparticles interactions by FT-IR and morphology by SEM. Furthermore, a stability assessment was performed on the treated (lyophilized) sponge samples (sCTRL, sHAn, sSrHAn).

The absolute amounts of calcium and strontium loaded onto each sponge was then calculated. 60 mg of HAn contains 23.89 mg of calcium whereas 54 mg + 6 mg of SrHAn contains 21.5 mg of calcium and 3.55 mg of strontium. Calcium mass for HAn-BMP2 sponge was calculated as for the HAn sample and corresponds to 23.89 mg. ICP-OES data of the water solutions collected at different time points from untreated samples (Figure 2 and Table 2) was used to evaluate the progressive release of calcium and strontium ions in solution. For HAn-BMP2 samples, calcium ions and rhBMP2 release were measured via ICP-OES and indirect ELISA assay, respectively (Figures 2C,D and Table 2). An initial burst of Ca2+ release was reported for samples HAn and SrHAn (Figures 2A,B), and this was followed by a significant decrement at day 3, after which it stabilized at about 10 mg/L—Table 2. A similar pattern is presented also for strontium ions (Figure 2B), although the concentration values was higher at day 3, ranging between 40 and 50 mg/L—Table 2. In Han-BMP2 samples, calcium ion release trend was flattened and strongly decreased (Figure 2C) compared to the Han and SrHAn samples. This is probably due to the presence of rhBMP2 in the same solution. Although, the release of rhBMP2 showed a trend very similar to SrHAn samples, with a concentration spike in the first 2 days followed by a decrease at day 3 and constant release until day 28 (Figure 2D).
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FIGURE 2. Calcium, strontium and rhBMP2 release from loaded untreated sponges. ICP-OES data representation of calcium and strontium ions release from HAn, HAn-BMP2, and SrHAn loaded sponges. Indirect ELISA was performed to quantify solubilized rhBMP2. Data were collected during the 28 days in aqueous solution. Ca2+ released from HAn sponges (A); Ca2+ and Sr2+ released from SrHAn sponges (B); Ca2+ and rhBMP2 release from HAn-BMP2 sponges (C,D) N = 3 samples were measure per each time point.



Table 2. Tabular representation of the data shown in Figure 2.

[image: Table 2]

The ICP-OES analyses performed on samples treated for stability assessments showed similar ion release patterns after the lyophilization treatment (Figure S1 and Table S1). In particular, for the sHAn sponges (Figure S1A), calcium ion release was higher at day 3 reaching 30 and 40 mg/L. Interestingly, sSrHAn sponges showed a less intense burst at day 3 and increasing values from day 7 to day 28 (Figure 2D). Although increments in the days 7–28 were not significant (Figure S2). The 95% confidence intervals of the ICP-OES average values are reported in (Figure S2).

To evaluate sponge-nanoparticle interactions, FT-IR spectroscopy was employed (Figure 3). Unloaded and untreated sponge spectrum (Figures 3A,B) showed characteristic protein peaks (Morris and Finney, 2004; Barth, 2007): NH stretching band at 3271 cm−1; C=O stretching band (amide I) at 1,624 cm−1; N-H bending band (amide II) at 1,528 cm−1; C-N stretching (amide III) at 1,232 cm−1. FT-IR spectra (Figures 3C–J), showed the comparative analysis between unloaded sponge blended along with nanoparticles (physical mixture = PM; Figures 3C,D,G,H) and untreated sponges loaded with nanoparticles (Figures 3E,F,I,J). All FT-IR spectra of nanoparticles containing-specimens showed good agreement with the characteristic PO43- (1,023 cm−1) and OH– (3,570 cm−1) vibrations of hydroxyapatite lattice as reported before (Kim et al., 2002). Due to the low concentration of strontium in the samples, no significant variations were recorded between HAn_PM and SrHAn_PM, in accordance with previous results (Frasnelli et al., 2016). However, protein bands showed a much lower intensity in nanoparticles loaded sponges (Figures 3E,F,I,J) and completely disappeared in PM spectra (Figures 3C,D,G,H). While NH stretching band at 3,271 cm−1 was recorded only in the CTRL, C=O stretching and N-H bending slightly moved from initial values (1,624 and 1,528 cm−1) to 1,650–1,631 cm−1, and 1,531–1,535 cm−1, respectively. After lyophilization treatment (Figure S3), all protein bands completely disappeared (Figures S3C–F).
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FIGURE 3. IR evaluation of sponge-nanoparticles interactions. FT-IR spectra of sponges and nanoparticles physical mixtures (Han_PM and SrHAn_PM) (C,D,G,H) were compared with spectra corresponding to the untreated and loaded sponges HAn and SrHAn at 28 days (E,F,I,J). In the panels a and b, FT-IR spectrum of untreated and unloaded sponge was reported (CTRL). Spectra were divided in two sections: wavenumber range 4,000–3,000 cm−1 was reported in (A,C,E,G,I); while wavenumber range 2,000–650 cm−1 was shown in (B,D,F,H,J).


SEM images were collected to analyze the morphology of unloaded and loaded sponges (Figure 4). Unloaded sponges at T0 (Figure 4A) were characterized by a spongy structure, with interconnected pores and smooth wall surfaces. Loaded sponge surfaces were rougher and more irregular (Figures 4B–D). A reduction of wall surfaces occurred in the unloaded samples after 28 days (Figure 4E), but it was not observed in loaded samples (Figures 4F–H). A morphological change was appreciated comparing the T0 and T28 (Figures 4B,C,E–H). At T0 hydroxyapatite aggregates were detected on the sponge walls, while at T28 sponge walls looked smoother and the whole structure became more compact. Energy dispersive microanalysis conducted on HAn and SrHAn samples (Figures 4I–L) showed a homogenization of the phosphorus and calcium distribution on the sponge surfaces after 28 days in aqueous solution (Figure 4, P and Ca distribution maps). The same microanalysis performed on CTRL sample did not show an appreciable level of P, Ca and Sr (data not shown). Moreover, on HAn and SrHAn samples a decrement in the weight percentage of calcium and strontium was recorded at day 28 compared to day 0 (Figures 4M–P).
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FIGURE 4. The microscopic structure (150× and 350×) of the untreated CTRL (unloaded sponges), HAn, HAn-BMP2 and SrHAn (loaded sponges) samples is shown in (A-H). Pictures represented samples at T0 (A–D) and after 28 days (E–H) of permanence in aqueous solutions, in a controlled and humidified atmosphere (37°C, with 5% of CO2). Untreated samples surfaces were also analyzed with SEM-EDS (Energy Dispersive X-Ray Spectroscopy) at 0 (I,J) and 28 days (K,L). Images at low magnifications of the sponges were taken with SEM (I–L). The elements phosphorus (P), calcium (Ca) and strontium (Sr) were mapped on the same pictures using different colors (P = green; Ca = red; Sr = white) and a black background. Quantification of the elements carbon (C), oxygen (O), phosphorus (P), calcium (Ca) and strontium (Sr) present of the samples surface was performed and data were reported as weight percentage in the bar charts (M,N,O,P) histograms.


Regarding the treated samples (Figure S4), unloaded sponges at T0 (Figure S4A) showed a morphology very similar to untreated samples at T0 (Figure S4A). Even though, it is possible to appreciate the formation of minor ripples, probably due to the additional lyophilization phase. At T0, the treated and untreated sponges reported similar structures. At T28, treated and loaded sponges acquired a cement-like morphology (Figures S4F–H).

The degradation rate was determined by measuring the sponge weight throughout 28 days in aqueous solution (Figure 5). A slow degradation pattern was observed with no significant variations recorded, except for the SrHAn loaded sponges (Figure 5C). SrHAn samples registered a significant difference in percentage weight loss between day 1 and day 28 (p < 0.0001).
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FIGURE 5. Graphical representation of sponge weights variations. Untreated sample weights were measured with an analytical balance. Weights were recorded at different time points throughout the 28 days in aqueous solution. Day 0 is referred to the unloaded sponge, whereas Day 1 corresponds to the loaded sponges and it was considered the initial weight (Wi). N = 3 different sponges were weighted per each condition. From the recorded weights, we calculated the percentage weight loss. Error bars indicate the standard deviation. Statistically significant differences were assessed with one way ANOVA. Significant differences were reported only against day 1 (*p < 0, 05;**p < 0, 01;****p < 0, 0001).


A reduction in the quantities of calcium and strontium on the sponge surfaces was recorded at day 28, in accordance with ICP-OES data. Taken together these results indicated the SrHAn loaded sponges are a stable system for a constant and prolonged release of Ca2+ and Sr2+. They are biodegradable and their morphology fits the golden standard parameters for osteoconductive scaffolds. Although lyophilization partially changed the morphology of the sponges at T28, there was no significant change in calcium and strontium release.



In vivo Sponge's Implantation and Characterization of Their Effects

Next, sponges prepared following the standard protocol (HAn, HAn-BMP2, and SrHAn) were utilized for in vivo implantation to determine the osteogenic ability of the nanoparticles. Radiography, macroscopic observations and histological staining of bone tissues and implanted sponges were carried out to analyze the sponge integration and surrounding tissue adaptation at post-operative day 16 and 33. Gene expression analysis from the implants and femurs were also performed at corresponding times to determine the molecular responses.

The radiographic images support the macroscopic observation that strong integration underwent between the femur, sponge, and surrounding tissue (Figure 6). Within the implanted sponges there were few visible blood vessels, as shown in Figure 7. Implants and ectopic bones showed various degrees of calcification, as shown by the radiographic images. The sponges loaded with HAn-BMP2 and SrHAn appeared to show increased calcified material than in the sponges with HAn alone. The radiographic and macroscopic images also suggested that there was a reduction in implant dimensions at day 33 compared to day 16 (Figures 6A–C,J–L). Since the implants consisted of sponge and hydroxyapatite (black arrowheads in Figure 6), it was difficult to distinguish between the implanted material and the formation of ectopic bone. However, the histological analysis using Fast Green and Safranin-O stain demonstrated the formation of both cartilage and bone tissue at the sponge implant site (Figure 7).
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FIGURE 6. X-ray images and macroscopic observation of mice implanted with loaded sponges. Images at 16 and 33 days of mice implanted with HAn loaded-sponges (A,D,G,J,M,P, respectively), HAn-BMP2 loaded-sponges (B,E,H,K,N,Q) and SrHAn (C,F,I, L,O,R, respectively). The implanted sponges are shown by black arrowheads. Isolated femurs are shown in panels (D–F) and (M–O). Isolated legs including implants are shown in panels (G–I) and (P–R).



[image: Figure 7]
FIGURE 7. Representative histological images of post-implants tissues of mouse limb. Fast green/Safranin-O staining was used on post-implant tissue sections of limbs implanted with loaded sponges with HAn (A,D,G,J), HAn-BMP2 (B,E,H,K), or SrHAn (C,F,I,L), for 16 and 33 days, respectively. In the images, red spots of cartilaginous tissue are indicated with red arrowheads and gray blurs of ectopic bone are highlighted with *. Black arrows and black arrowheads indicate femur bone and sponges, respectively. The circle highlights a blood vessel.


More extended Safranin-O positive regions (indicated with red arrowheads in Figure 7) were observed in the HAn and SrHAn samples at 16 days. Whereas, at 33 days, no Safranin-O positive tissue could be detected. This indicates that the ectopic bone formed through the endochondral ossification process, with cartilaginous tissue turning to calcified areas. The forming bone tissue at the implant sites also appears to support hematopoiesis, as shown by the recruitment of marrow cells between the femur cortical bone and the sponge (Figure 7E). The newly formed tissues (bone and bone marrow) were present in all implants but in the SrHAn loaded sponges were more represented. At 33 days, (Figures 7G–L) ectopic bone tissue is shown with respect to control, accompanied by the presence of an area enriched in bone marrow cellular components.

To investigate the changes in gene expression in both the femur and implants after 16 and 33 days, tissues were harvested separately from HAn, HAn-BMP2, and SrHAn implanted mice. Figure 8 represents chondrogenesis (Acan, Col10A1, and Sox9) and stem cell recruitment (Nanog) markers. While Figure 9 shows gene expression of markers for osteogenesis (Runx2, Sp7, Ibsp, BGlap, and Dmp1), osteocytes (Sost) and OCs activity (Acp5, Rankl, and Ctsk). Acan (Aggrecan core protein), Col10A1 (Type 10 collagen) and Sox9 expression was analyzed as chondrogenesis and endochondral ossification markers (Mackie et al., 2008; Dennis et al., 2015). There was a consistent difference between the expression of chondrogenic markers in bone and sponge samples as noted by the sectioned Y axis. Indeed, at 16 days, in the former these three genes were downregulated by both rhBMP2 and strontium, with respect to HAn condition (Figure 8A). While in the latter, both osteoinductive factors brought to significantly higher expression of Col10A1 and Sox9 (Figure 8C), with an enhanced effect in SrHAn loaded sponges. At 33 days, the difference between the tissue samples is equalized and only significant up-regulation of Sox9 in the bone and Acan in the sponge were shown as strontium-driven effects (Figures 8E,G). Expression of the stem cells recruitment marker, Nanog, showed no significant difference at 16 days and only a mild up-regulation with respect to control at 33 days in the sponge sample. After 16 days, a significant up-regulation of BGlap (Osteocalcin), Ibsp (bone sialoprotein), and Sp7 (Osterix) was observed in the femur of mice that received the SrHAn implant compared to HAn-BMP2 and to HAn samples alone (Figure 9A). Similar results were observed with BGlap, Ibsp, and Sp7 expression being evaluated in the sponge samples at 16 days (Figure 9D). In both the femur and the sponge tissues Dmp1 (Dentin matrix protein 1) was upregulated by strontium with respect to the control HAn. A similar trend of expression was also detected at 33 days, where Ibsp in the bone (Figure 9G) and Ibsp, BGlap, and Sp7 in the sponge (Figure 9J) were upregulated by strontium. Runx2 didn't show significant differences in expression at given time points. Sost (Sclerostin) expression was analyzed as marker for osteocyte differentiation. After 16 days, Sost was upregulated in the strontium samples only with respect to the control HAn, both in the bone and sponge samples (Figures 9B,E). At 33 days, an up-regulation of Sost was observed only in the bone samples loaded with strontium compared to HAn-BMP2 and HAn (Figures 9H,K). Acp5 (Tartrate-resistant acid phosphatase type 5), Rankl (Tumor necrosis factor ligand superfamily member 11) and Ctsk (Cathepsin K) expression were analyzed as markers for OCs differentiation and activity. At 16 days, Acp5 and Rankl (Figures 9C,F) were downregulated in SrHAn femurs and sponges Ctsk at 16 days was upregulated in femur and sponge by both types of osteoinductive factors (Figures 9C,F). At 33 days, strontium presence led to an up-regulation of Acp5 and down-regulation of Rankl only in the bone samples (Figure 9I). Ctsk was down-regulated in SrHAn implanted mice with respect to control, both in bone and sponge samples (Figures 9I,L).
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FIGURE 8. Gene expression of stem cell recruitment and chondrogenesis markers in bone and sponge post-implants. Gene expression was analyzed in femur bone (A,B,E,F) and sponge post-implant (C,D,G,H) samples at 16 (A–D) and 33 days (E–H), respectively. Expression of chondrogenesis markers Acan, Col10A1 and Sox9 (A,C,E,G) as well as stem cell recruitment marker Nanog (B,D,F,H) has been evaluated. The graphs show the inverse of the ΔΔCt at the power of 2. Bars indicate mean values ± SEM of results from 4 experiments. Statistical significance values were calculated with one way-ANOVA, followed by Tukey's honestly significant difference test. *, significant difference against the HAn condition (p < 0.05). #, significant difference between HAn-BMP2 and Sr conditions (p < 0.05).
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FIGURE 9. Gene expression of osteocytes, osteoclasts homeostasis, and osteogenic markers in bone and sponge post-implants. Gene expression was evaluated in femur bone (A,B,C,G,H,I) and sponge post-implant (D,E,F,J,K,L) samples at 16 (A–F) and 33 (G–L) days, respectively. Expression of osteogenic markers Dmp1, Bglap, Ibsp, Sp7 and Runx2 (A,D,G,J), osteocytes marker Sost (B,E,H,K) and osteoclasts relevant markers Acp5, Rankl and Ctsk (C,F,I,L) has been evaluated. The graphs show the inverse of the ΔΔCt at the power of 2. Bars indicate mean values ± SEM of results from four experiments. Statistical significance values were calculated with one way-ANOVA, followed by Tukey's honestly significant difference test. *, significant difference against the HAn condition (p < 0.05). #, significant difference between HAn-BMP2 and SrHAn conditions (p < 0.05).


SrHAn loaded-sponge structure were suitable for the promotion of cell invasion, bone marrow cell recruitment and ossification. Following a lyophilization treatment (which could be useful for sponge long-term storage and packaging), the loaded sponges did not show significant variation from the untreated samples and all physical-chemical properties were conserved. The biodegradability and biocompatibility of the system was proven in vivo, together with the induction of endochondral ossification stages in adult bone. Evidence of endochondral ossification were given in the histological investigation, where proliferating and hypertrophic chondrocytes were more represented in the strontium-containing samples than in the BMP2 ones. Gene expression corroborated histological evidences, showing increased expression of osteogenic and chondrogenesis markers. Moreover, these data were consistent with an enhancement of endochondral ossification in the SrHAn samples if compared to the HAn-BMP2 samples. Antiresorptive properties of strontium were also demonstrated by investigating markers of osteoclasts differentiation and activity. Histological and gene expression data further supported the osteoinductive and osteoconductive potential of this system.




DISCUSSION

Bone tissue engineering application in the orthopeadic surgical field is becoming increasingly relevant. In the last decades, rhBMP2 was extensively studied for its osteoinductive potential. Although several successful applications have been achieved, this recombinant morphogen was proven to be not always suitable and safe (Poon et al., 2016; Lykissas and Gkiatas, 2017). Another powerful osteoinductive agent, strontium, was widely studied in the previous years and compelling results were obtained in term of biocompatibility and osteoconductivity (Boanini et al., 2011; Yang et al., 2011). Strontium hydroxyapatite nanoparticles were recently developed, carrying an inorganic osteoinductive agent (Frasnelli et al., 2016). They have been characterized in the last years and in this work, they are presented as a substitute for rhBMP2.

In this study, the medical grade collagen-based Gelfoam sponges were loaded with a combination of either calcium and strontium hydroxyapatite nanoparticles suspensions (SrHAn) or calcium hydroxyapatite nanoparticles and rhBMP2 (HAn-BMP2) in order to compare their physical-chemical properties. The HAn sponges were loaded only with calcium hydroxyapatite nanoparticles and used as control. A second set of samples were treated with an additional lyophilization step and characterized.

The hydroxyapatite nanoparticles amount on each sponge was 30% (w/v) of the volume absorbed by the sponge and 3 μg of rhBMP2 per sponge were used for HAn-BMP2. For the SrHAn loaded-sponges, the calcium/strontium hydroxyapatite nanoparticles ratio was 9:1 w/w (Chandran et al., 2016) while the spontaneously occurring Sr:Ca ratio is between 1:1,000 and 1:2,000 in human bone tissue as well as in blood serum (Cabrera et al., 1999).

The cumulative amount of calcium and strontium ions after 28 days in aqueous solutions were measured as 0.0118 and 0.0358 mg, respectively. Interestingly, several in vitro and in vivo studies reported that strontium elicits rhBMP2-like effects when administered at concentrations up to 1 mM, as reported by Schumacher et al. (2013) and others (Qiu et al., 2006; Li et al., 2010; Schumacher et al., 2013; Wei et al., 2019). Despite the lower water solubility of Sr2+ compared to Ca2+, we detected enhanced strontium solubilization from the SrHAn sponges, compared to the calcium release from the HAn sponges. These data are in agreement with Kaufman and Kleinberg (1979) and Pan et al. (2009) studies. They demonstrated how, due to a larger atomic radius, strontium atoms slightly reduce hydroxyapatite lattice thermodynamic stability, favoring the release of Sr2+ from the lattice itself. Furthermore, ICP-OES results were comparable to the ones presented by Landi et al. in term of ion release pattern (Landi et al., 2007) and were not significatively influenced by the lyophilization treatment. We investigated the sponge-nanoparticle system through FT-IR analysis of the untreated and treated systems (HAn, SrHAn, sHAn, and sSrHAn). Significant interactions were not found between the sponge and either HAn or SrHAn. FT-IR spectra of loaded sponges showed no chemical interactions were undergoing between the sponges and the nanoparticles. The minor shifting of the amide I and II bands was attributed to hydrogen bonds breaking in the sponge proteins and consequent modification of the hydrogen bonds network in the sponge structure. We can therefore assume that the ion release patterns studied with ICP-OES were not influenced by chemical interactions between the nanoparticles and the sponge support, either before or after the lyophilization treatment. To illustrate the patterns of ion release in function of time we considered the porous structure of the sponges. We could speculate a bulk of nanoparticles flowed inside the sponge pores, during the loading procedure. Nanoparticles remaining on the sponge surfaces released a high percentage of Ca2+ and Sr2+ ions during the first 3 days, while embedded nanoparticles were responsible for the constant release recorded after day 3. The same speculation can also fit the data on rhBMP2 release. This hypothesis was corroborated by SEM images, that showed smoother surfaces and solubilization of hydroxyapatite aggregates at day 28. Surprisingly, even after 28 days in aqueous solution, calcium and traces of strontium were still detected on the sponge surfaces, as demonstrated by SEM-EDS data.

Interestingly, the calcium release pattern of HAn-BMP2 loaded-sponges was different from the other samples. This can be due to the non-covalent interaction between HAn and rhBMP2 (Urist et al., 1984; Boix et al., 2005). We were not able to investigate HAn-BMP2 loaded-sponges with FT-IR, since this technique is not able to discern between different proteins. We can speculate that calcium ions remained bound to solubilized rhBMP2, therefore decreasing the amount of free Ca2+ released in solution.

Pore sizes ranging between 100 and 300 μm are considered the most suitable for osteoinduction improvement as well as for angiogenesis promotion (Karageorgiou and Kaplan, 2005; Scheinpflug et al., 2018). Furthermore, geometry of the investigated sponges reflected the “gold standard” in bone tissue engineering, according to Kuboki et al. (2007) and due to the given pores size and geometry the surface area exposed to the surrounding microenvironment is increased, allowing for a wider interaction between the nanoparticles coating and the surrounding microenvironment.

The degradability and recyclability of the graft is a crucial point, although often disregarded, in tissue engineering applications (Gentleman et al., 2010; Rohnke et al., 2016). In this work, the time-dependent biodegradability of the sponges and the hydroxyapatite nanoparticles both in the abiotic and in vivo conditions, were analyzed. Degradation pattern based on the sponge weights appeared mild but significant for SrHAn sponges, throughout the 28 days in solution. While, in vivo radiographic images and histology suggested an accelerated degradation of SrHAn sponges. Radiographic images also revealed an induction of bone formation and osseointegration by all three types of implants at both time points. Although, a more extensive mineralized tissue in mice implanted with HAn-BMP2 and SrHAn sponges were shown with respect to the controls. Histological analysis revealed new tissue formation between the sponge and the femoral cortex, suggesting a center of active osteogenesis was present in the sponge site. Given the similarities between Ca2+ and Sr2+, it has been shown that this element can substitute calcium in the lattice of the hydroxyapatite crystals present in bones (Ni et al., 2011; Querido et al., 2016). Sr2+ is processed like Ca2+ throughout metabolism, being preferentially introduced in active osteogenesis sites (Bauman et al., 2005).

RhBMP2 and Sr2+ release was quantified using different techniques, therefore it is not possible to compare their quantities/concentrations in solution head-to-head. Despite the similarities in the pattern release between HAn-BMP2 and SrHAn, strontium containing nanoparticles induced significant increase of endochondral ossification markers. It is well-known how the process of endochondral ossification can be recapitulated in adults by bone fracture and bone tissue damage (Gerstenfeld et al., 2003; Dennis et al., 2015), although in this work evidences of endochondral ossification were induced in healthy implanted mice, with no bone damage. Furthermore, no record of strontium related-endochondral ossification induction is present up to date, but here at 16 days the onset of typical multicellular clusters constitutes by enlarged chondrocyte was demonstrated (Mackie et al., 2008). Hypertrophic chondrocytes can be detected in the sponge surroundings at 16 days, together with smaller proliferating chondrocytes. These were particularly represented in the HAn and SrHAn samples and red stained-cartilage proteoglycans were present all around the cells. Hypertrophic chondrocytes were almost absent in the HAn-BMP2 samples, suggesting a possible delay or acceleration in chondrogenic differentiation. Different phases of endochondral ossification process were shown also by gene expression data: Sox9 upregulation was an indicator of chondrocytes proliferation (Akiyama et al., 2002; Lefebvre and Dvir-Ginzberg, 2017) and after its downregulation, markers of hypertrophic chondrocytes, such as aggrecan core protein (Acan) and type X collagen (Col10A1) were upregulated (Akiyama and Lefebvre, 2011). We can speculate that the different temporal upregulation of Sox9, among bone and sponges, can be attributed to the time dependent Sr2+ diffusion, which resulted in its earlier expression in the sponge area and delayed expression in the bone one.

The interaction of Sr2+ with the calcium-sensing receptor (CaSR) was shown both in OBs and osteoclasts (OCs), resulting in improved anabolic processes and reduced catabolic pathways, respectively (Chattopadhyay et al., 2006). Our gene expression data showed SrHAn double activity on OBs and OCs. Several studies reported that strontium modulates alkaline phosphatase (ALP) activity and Runx-2 expression (Tian et al., 2014) in OBs and OBs progenitors while promoting Wnt/β-catenin pathway in human bone marrow derived mesenchymal stem cells (MSCs), thereby enhancing ECM secretion and osteogenic differentiation (Yang et al., 2011). Interestingly, in our study no significant variation was detected in Runx2 levels. However, our results measured an upregulation of Sp7 (Osterix), indicating OBs differentiation at early and late stage (Santo et al., 2013; Kawane et al., 2018). Sp7 is a transcriptional factor expressed in developing bones regulating the commitment of MSCs toward osteoblastic lineage (Rutkovskiy et al., 2016). Its regulation affects expression of protein-coding genes typically related to osteoblastic differentiation, such as osteocalcin, type I collagen and bone sialoprotein (BGlap, Ibsp, and Dmp1). Increased expression of the ECM proteins BGlap, Ibsp, and Dmp1 was attributed to mature osteoblasts activity (Wrobel et al., 2016) in SrHAn samples. Sp7, BGlap, and Ibsp expression also indicated a stronger osteogenic induction for strontium ions compared to rhBMP2. Interestingly Runx2, the master regulator of osteoblastic differentiation acting above Sp7, was not significantly influenced neither by strontium nor by rhBMP2 (Nakashima et al., 2002). Soluble cytokine promoting OCs differentiation, Rankl, (expressed by OBs) is a key modulator of the resorption cycle, controlling OCs differentiation and activation, and therefore bone resorption. This molecule has already been linked to strontium-mediated modulation by Atkins et al. (2009) and Brennan et al. (2009). Our results showed strontium significantly downregulated Rankl when compared to control and HAn-BMP2 samples. It has been shown that strontium effects are mediated by CaSR and by others, yet unclarified receptors (Chattopadhyay et al., 2006; Takaoka et al., 2010; Saidak and Marie, 2012). Furthermore, being CaSR present also on OCs outer membrane it was demonstrated the action of strontium on OCs activity. Indeed, OCs-secreted endoprotease responsible for ECM degradation (Sage et al., 2012), Ctsk (Cathepsin K) was reduced by strontium presence at 33 days, with respect to the control. Of note, in some of the SrHAn sponges we observed vascularization, suggesting a potential effect of Sr2+ on neo-vascularization, although further studies are needed to confirm these findings.



CONCLUSIONS

Many studies have been conducted to investigate rhBMP2 suitability as treatment for spinal fractures and critically-sized bone defects. Although its indisputable osteoinductive potential, rhBMP2 also showed adverse effects. On the other hand, strontium has already been tested as a treatment for osteoporosis and its activity was demonstrated in a patient population. The biggest advantage of strontium over rhBMP2 however, is that the former is a chemical and not a biologic. Herein, following the abiotic characterization, we presented the results of a comparative in vivo study, where Gelfoam sponges loaded either with strontium hydroxyapatite nanoparticles or with rhBMP2 were implanted in healthy, bone damage-free mouse model. In vivo studies, showed that SrHAn and HAn-BMP2 have comparable effects, driving the onset of endochondral ossification and promoting the bone remodeling process. These results demonstrated that SrHAn loaded-sponges have marked osteogenic potential when applied on the periosteum of long bones, comparable to HAn-BMP2 loaded-sponges, but eliciting a more controlled ossification response. We propose to use Gelfoam sponges enriched in Sr2+ as an effective therapeutic intervention to treat severe bone defects or open, complicated fractures. The short-term benefit of this nanotechnological system is the availability of novel therapeutic option to treat bone fracture (or bone defect). The use of sponges loaded with strontium hydroxyapatite nanoparticles might also provide better outcomes for complex fractures. Results from these studies can provide novel therapeutic options for active duty personnel and can be beneficial to anyone suffering from trauma, bone defects or severe bone injuries. Future studies shall also evaluate the efficacy of SrHAn loaded sponges for the treatment of spinal fusion.
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Nanoparticle-based drug delivery systems have been synthesized from a wide array of materials. The therapeutic success of these platforms hinges upon their ability to favorably interact with the biological environment (both systemically and locally) and recognize the diseased target tissue. The immune system, composed of a highly coordinated organization of cells trained to recognize foreign bodies, represents a key mediator of these interactions. Although components of this system may act as a barrier to nanoparticle (NP) delivery, the immune system can also be exploited to target and trigger signaling cues that facilitate the therapeutic response stemming from systemic administration of NPs. The nano-bio interface represents the key facilitator of this communication exchange, where the surface properties of NPs govern their in vivo fate. Cell membrane-based biomimetic nanoparticles have emerged as one approach to achieve targeted drug delivery by actively engaging and communicating with the biological milieu. In this review, we will highlight the relationship between these biomimetic nanoparticles and the immune system, emphasizing the role of tuning the nano-bio interface in the immunomodulation of diseases. We will also discuss the therapeutic applications of this approach with biomimetic nanoparticles, focusing on specific diseases ranging from cancer to infectious diseases. Lastly, we will provide a critical evaluation on the current state of this field of cell membrane-based biomimetic nanoparticles and its future directions in immune-based therapy.
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INTRODUCTION

The ultimate goal of nanoparticle-based drug delivery is to achieve the therapeutic accumulation of a given treatment to the site of disease while minimizing off-target effects. This requires the use of materials that act as drug delivery vehicles to carry small molecules or biologics to the target site. A host of materials, including both organic and inorganic, have been tested to date. Given the extensive variety of biomaterials that can be used as the building blocks for the synthesis of these nanoparticles (NPs), it raises the question of which criteria and design principles are critical when selecting the ideal material (Yu et al., 2016). The success and limitations of tested materials have revealed three essential tasks that NPs must accomplish to achieve their drug delivery objective. First, NPs must have an appropriate circulation time that enables them to reach the target site (Yoo et al., 2010). Next, these NPs must be capable of only acting upon disease tissue while leaving healthy tissues intact (Moghimi et al., 2001; Friedman et al., 2013). Lastly, NPs must be composed of a biodegradable material that can be cleared from the body without negative effects (Naahidi et al., 2013). At the heart of these criteria is the underlying need for the chosen NPs to engage with the complex biological environment of the human body. In particular, the immune system plays a crucial role in mediating the biological interactions that directly affect the success of the chosen NP to achieve the previously listed tasks.

In fact, the human body possesses a highly specialized system for sustaining homeostasis: the immune system. The immune system is vital for not only protecting the body from harmful pathogens and foreign materials, but also in the identification of abnormalities within cells and tissues (Chaplin, 2010). The role of the immune system can be viewed as a two-sided coin. On one side, introduction of a biomaterial in vivo through systemic administration instigates an immune response to clear the foreign material from the body (Zolnik et al., 2010). This clearance impedes the therapeutic efficacy of NPs, either due to their inability to reach the target site or the neutralizing effects of immune cells that prevent them from acting upon the diseased tissue. On the other hand, the immune system is fundamental to the pathophysiology of disease manifestation. In fact, many of the diseases that NPs target present inflammation, an immune response that aids in the recruitment of immune cells to the disease site (Chen et al., 2018). The presence of this inflammation results in the overexpression of receptors or release of cytokines, molecular features that can serve as targeting mechanisms that bring the NPs to the disease site.

Given the key role that immune cells play in regulating their therapeutic efficacy, NPs must be capable of engaging directly with the biological components of the immune microenvironment. On the cellular level, NPs are capable of communicating with the immune system through their surface features. This communication between NPs and immune cells is mediated by the interactions at the nano-bio interface, which refers to the region where the nanoparticle surface comes in direct contact with its surrounding biological environment (Nel et al., 2009). This process is particularly critical during circulation as the NP surface is the first component an immune cell interacts with. The subsequent series of interactions that occur at this nano-bio interface involves both direct and indirect signaling cues that determine how the immune cell will respond to their presence in the bloodstream. Therefore, the composition and physicochemical features of the NP surface greatly determine how they are perceived by the immune system and, thereby, can regulate their ability to overcome the biological barriers posed by the immune system (Wang and Wang, 2014; Liu and Tang, 2017).

While previous approaches in nanomedicine aimed to minimize the immune interactions with NPs (i.e., “biologically inert systems”), recent years have seen a burgeoning interest in the field of biomimetic NPs, particularly cell membrane-based NPs. This emerging class of drug delivery vehicles capitalizes on the natural interactions between NPs and the biological components of the human body while mimicking the features and functions of native cells (Parodi et al., 2017). Thus far, a host of novel biomimetic technologies have been developed. These NP formulations have used a combination of whole cells (Evangelopoulos et al., 2020), cell ghosts (Toledano Furman et al., 2013), and the incorporation of cell-derived membrane proteins to mimic the biological characteristics and functions of native cells, enabling them to evade immune clearance and increase therapeutic efficacy (Liu et al., 2019). These platforms have demonstrated the potential of using biomimicry as a means to overcome the biological barriers posed by the immune system, with a specific emphasis on minimizing their clearance from the body prior to reaching their intended target (Perera and Coppens, 2019). Furthermore, this biomimetic approach enables NPs to communicate directly with immune cells by presenting transplanted cellular components and signaling cues to favorably modulate the immune response inherent within the disease site (Dacoba et al., 2017).

This review will provide critical insights and key perspectives on the current state of the field of immunomodulatory cell membrane-based NPs. We will begin by describing the relationship between NPs and the immune system, highlighting how the latter can serve as both a barrier and a target for these drug delivery systems. We will then highlight the role of the nano-bio interface in the ability of NPs to communicate with the biological environment in the body. Next, we will describe the recent emergence of biomimetic nanoparticles and explore methods used to mediate immunomodulation in diseases ranging from cancer, to cardiovascular disease to infectious diseases, emphasizing novel technologies that capitalize on the interactions occurring at the nano-bio interface. Finally, we will provide an analysis on the future directions of this growing research field and ways to address the current challenges faced in the clinical translation of biomimetic NPs.



ROLE OF THE IMMUNE SYSTEM: A TWO-SIDED COIN

In order to dissect and analyze the relationship between NPs and the immune system, the topics discussed in this review will focus on two aspects of this relationship. On one hand, immune-mediated clearance mechanisms will be presented as the primary barrier to NPs targeted delivery. On the other hand, the prevalence of inflammation across many disease conditions and NPs interactions with immune cells at the diseased site will be highlighted as potential targets for immunomodulatory behavior of these NPs.


The Immune System as a Barrier

Given its key function of recognizing and eliminating foreign bodies, the immune system hinders the localization of NPs to the site of disease. Upon injection into the bloodstream, NPs are quickly removed from circulation through two main routes: mononuclear phagocyte system (MPS), and natural clearance by filtering organs (Blanco et al., 2015). While the latter mechanism is directed by the size of the particles, the former involves direct communication between NPs and immune cells. Phagocytosis of foreign bodies, a process mediated by components of the immune system, is one of the mechanisms by which NPs are cleared from the body (Gustafson et al., 2015). Mediators of this process include opsonin proteins and monocytes. Circulating opsonin proteins bind to the surface of NPs, marking them for macrophage uptake (OwensIII, and Peppas, 2006). Once marked, NPs trafficked to the primary MPS organs are eliminated by the macrophages present in these organs. These include red pulp macrophages found in the spleen, Kupffer cells found in the liver and alveolar macrophages found in the lungs (Hume et al., 2019). As a result, this uptake of NPs from the bloodstream results in non-specific distribution, with greater accumulation in the liver and spleen (Song et al., 2014; Blanco et al., 2015). In fact, biodistribution studies on commonly used NPs have corroborated that these organs do indeed show higher concentrations present within them (Alexis et al., 2008; Cataldi et al., 2017; Feng et al., 2018). These immune-regulated clearance mechanisms thwart NP delivery to the diseased tissue and, thereby, limit their potential therapeutic impact. It should be noted that there are circumstances in which the natural NPs targeting of phagocytic cells and accumulation in MPS organs has been exploited. In fact, multiple studies have shown how this strategy can be been leveraged for therapeutic applications (Bartneck et al., 2014; Cui et al., 2019; Evangelopoulos et al., 2020). However, the focus of the discussion in this review paper will remain on how the immune system can prevent preferential accumulation in other target organs.

Therefore, recent efforts in nanomedicine have aimed to improve the ability of NPs to overcome this barrier posed by the immune system. In particular, researchers have focused on the design of materials that enable NPs to evade immune recognition by presenting surface properties that prevent them from being marked as foreign. This strategy has come in the form of non-fouling coatings that prevent the attachment of opsonin proteins or integration of self-marker proteins found on native cells (Schlenoff, 2014; Sosale et al., 2015). By displaying these features to MPS-specific circulating immune cells, NPs can circumvent the issue of immune-mediated clearance by strategically communicating messages at the nano-bio interface. As a result, these NPs possess a greater ability to reach the target disease site and, thereby, have a greater therapeutic efficacy in vivo.



The Immune System as a Target

Although the immune system can be viewed as a key biological barrier NPs must overcome on their journey from the injection site to the disease site, it can also be an opportunistic target for these drug delivery vehicles. Given that the therapeutic efficacy of these NPs hinges on their ability to selectively target the disease tissue, researchers have relied heavily on active targeting mechanisms to achieve this goal. Components of the immune system, especially in the disease context, represent targets that NPs can exploit in order to increase their accumulation in a specific site. This targeting strategy takes on two forms: (i) design of NPs to target the inflammation present across various diseases or (ii) enable NPs to directly communicate with the immune cells present in the local microenvironment.

Inflammation, the coordinated biological response to pathogens or damaged cells, is a characteristic feature across many diseases, ranging from cancer to infections (Rock and Kono, 2008). This immune response can be characterized as either short-term or long-term. Although short-term inflammation results in healing, chronic inflammation is a dysregulated and maladaptive response that involves active inflammation, cellular breakdown, and unsuccessful attempts at repair (Chen et al., 2018). The latter is the form seen in most diseases such as cancer, atherosclerosis, and autoimmune diseases (Coussens and Werb, 2002; Lopez-Candales et al., 2017; Duan et al., 2019). A host of cellular and molecular pathways are involved in the inflammatory response, with variations in the proteins involved stemming from the underlying disease. Generally, inflammation is marked by high levels of chemokines and cytokines which serve as attractants for cytotoxic molecule-producing leukocytes (Feghali and Wright, 1997). The prevalence of this inflammatory state across many disease conditions allows for it to serve as a target for NPs can exploit for preferential accumulation. This can be achieved by NPs binding to overexpressed receptors on inflamed tissue or through detection of the cytokines present in the local environment (Jin et al., 2018). Therefore, the molecular features of inflammation are means by which NPs can home to the target site.

In addition to targeting the molecular features of inflammation, NPs can also communicate directly with the immune cells present in the local microenvironment. As previously discussed, the primary function of the immune system is the maintenance of homeostasis. When this state of balance is altered during the progression of a disease, the immune system quickly responds by recruiting specific populations of immune cells to respond and restore the local environment to equilibrium (Kotas and Medzhitov, 2015). The balance of when and which immune cells arrive to the disease site is crucial in coordinating a proper response. In order to achieve this communication and modulation of immune cells, NPs can serve as artificial antigen presenting cells (APCs). These engineered NPs mimic the natural interactions between dendritic cells (DCs) and T cells. In particular, these artificial APCs possess the peptide MHC complexes needed for T cell receptor specificity and co-stimulatory molecules that initiate activation of T cells (Wang et al., 2017). Lastly, the NPs can also be loaded with cytokines to supplement T cell expansion induced by their activation (Eggermont et al., 2014). Therefore, these NPs act as the DCs that would normally interact and engage with T cells in the disease context. The utility of this strategy has been demonstrated by several NP platforms including iron oxide NPs and liposomes conjugated with the previously discussed ligands, validating the ability of these NPs to alter the immune cell population (Prakken et al., 2000; Hickey et al., 2017). Overactivation of the immune system can also prove to be detrimental and may induce further damage to the disease site. This is especially the case in autoimmune disorders where the body’s immune system attacks its own cells and warrants the modulation toward a reduced response. In fact, this inflammatory state is orchestrated by the interactions between APCs and T cells (Mackern-Oberti et al., 2015). Once again, NPs can serve as artificial APCs as previously described. However, these NPs target specific antigen receptors on T cells via self-peptide-MHC complexes to induce tolerance (Probst et al., 2014). As a result, these NPs now behave much like the tolerogenic DCs that can stimulate regulatory T cells while suppressing cytotoxic T cells in order to modulate the overactive immune response (Steinman et al., 2003; Serra and Santamaria, 2015). Examples of these immunomodulatory NPs include carbon nanotubes to promote lung immunosuppression and polymeric NPs to induce regulatory DCs (Tkach et al., 2011; Maldonado et al., 2015). Taken together, NPs can mediate and modulate the immune response by communicating with specific immune cells vital for mounting the appropriate response for a given disease.



ROLE OF THE NANO-BIO INTERFACE

The nano-bio interface is comprised of a complex and dynamic environment in which the NP surface actively engages with the biological components of the surrounding system. The interactions that occur at this surface are crucial in determining the in vivo fate of NPs. A NP’s physicochemical properties, which include size, surface charge, and functionalization, actively contribute to the exchanges that occur here (Nel et al., 2009). In fact, one can view these characteristics as the language that NPs use to communicate with the cells they come in contact with. This communication is determined by both what the nanoparticle sees and what components of the biological environment see on the NP’s surface. The nano-bio interface interactions with the immune system consists of two arms – the exchanges that occur while the particles are in systemic circulation and those that occur in relation to the target tissue.

Upon entry into the bloodstream, NPs face a complex and dynamic environment of cells and proteins that immediately begin interacting at the surface interface. Physicochemical properties such as size, geometry and surface charge play significant roles on the stability of the NPs while in circulation. For example, NPs that are roughly in 100 nm in size have demonstrated longer half-lives in the blood, while discoidal-shaped particles exhibit improved margination to the vessel walls when compared to their spherical counterpart (Alexis et al., 2008; Gentile et al., 2008). Taken together, both of these NP features improve the NP’s ability to avoid phagocytosis/clearance and interact with the endothelium. By enhancing this ability, we can increase the probability of the NP to extravasate out of circulation and reach the target tissue. Furthermore, neutral and negatively charged particles reduce adsorption of serum proteins (i.e., albumin, opsonins) onto the surface (Yamamoto et al., 2001; Aramesh et al., 2015). As previously discussed, the MPS plays a significant role in determining the behavior and outcome of NPs following systemic injection. As opsonin proteins coat their exterior, NPs undergo significant changes in their surface composition, which in turn affects their interactions with other cells (Xiao and Gao, 2018). The formation of this protein corona has been shown to mediate the interactions occurring at the nano-bio interface. From the perspective of a circulating macrophage, the presence of the opsonin protein on the NP surface communicates a message of the presence of a foreign body that must be immediately cleared. In contrast, a NP with a polymer coating or negative surface charge can minimize the binding of opsonin proteins, enabling the NP to continue its journey to the target site with reduced uptake by circulating cells that will hasten its clearance from the body. In fact, researchers have relied heavily on the former as a means to minimize cell-to-particle interactions in the bloodstream. Commonly used surface functionalization techniques to address this issue have included coatings with poly(ethylene glycol; PEG), chitons, dextrans, and other polymers (Gref et al., 1994; Mitra et al., 2001; Jokerst et al., 2011). In contrast to traditional chemical coatings, others have also utilized the integration of “self-marker” proteins, such as CD47 and CD45, as a means for NPs to communicate a message of “don’t eat me” to circulating monocytes (Rodriguez et al., 2013).

Scavenger receptors represent another key class of molecules that determine the interactions between NPs and the cells that they encounter in vivo. These receptors (e.g., SR-B1, CD36, and MARCO) are known to be expressed on many cell types, including the macrophages and endothelial cells that NPs interact with while in the bloodstream and at the target tissue (Shannahan et al., 2015). Binding to these receptors results in cellular uptake, which has been shown to be both beneficial and detrimental to NP interactions at the nano-bio interface. For example, high levels of SR-B1 on tumor cells has been exploited to improve targeting of NPs to ovarian and colorectal cancer (Shahzad et al., 2011). On the other hand, macrophage uptake of silver NPs was found to be mediated by SR-B1 while inducing increased expression of proinflammatory cytokines (Aldossari et al., 2015). Although the expression of ligands on the NP surface for scavenger receptors enabled accumulation to target sites, the same receptors also resulted in unfavorable uptake by macrophages which reduced the circulation times of these NPs. These examples highlight how the nano-bio interactions can have both positive and negative outcomes for the NPs. Therefore, tuning and balancing of these interactions at the interface is vital for the successful therapeutic applications of NPs.

Beyond overcoming the barriers encountered in the bloodstream, NPs must also be designed to communicate and stimulate therapeutic responses via interactions with immune cells involved in disease progression. This communication is mediated by the messages a NP communicates through its surface features. This is due to immune cell activation being largely stimulated by the presence of antigens on cell surfaces or other molecules an immune cell senses and feels in its biological environment (Chaplin, 2010). Therefore, NPs can serve as artificial APCs that express surface features that can either activate immune cells or modulate the expression of pro- or anti-inflammatory genes that stimulate the infiltration of specific subpopulations of immune cells while thwarting the proliferation of others (Hickey et al., 2017). This ability of NPs to tune immune cells begins with the shape of the NP itself. To mimic native APCs (i.e., DCs) that are not spherical in shape, NPs with an ellipsoid and nanotube morphology have been shown to better engage with the target immune cell (Fadel et al., 2008; Sunshine et al., 2014). By increasing the surface area of contact, these NPs improve their ability to be seen by T cells and mediate key ligand-receptor interactions (Eggermont et al., 2014). As previously discussed, the integration of stimulatory and regulatory molecules on the NP surfaces facilitates communications to immune cells. For example, as T cells bind to specific NP moieties (e.g., MHC peptides, CD80, and CD86), they can be stimulated to expand cytotoxic T cells that infiltrate the tumor or increase the regulatory T cell population to downregulate the overactive immune response underlying an autoimmune disorder (Kim et al., 2004; Rhodes and Green, 2018). Therefore, by expressing the molecules found on native immune cells on their surfaces, these NPs communicate messages directly to the interacting immune cell (e.g., DC). Seeing these molecules, this immune cell goes on to trigger a subsequent cascade of events that primes the immune response to the disease in a therapeutically favorable manner. This immunomodulatory behavior can prove to be powerful for the therapeutic response of injected NPs, especially when this response is triggered simply by the interactions occurring at the nano-bio interface.



EMERGENCE OF BIOMIMETIC NANOPARTICLES

Over the course of the past several decades, the field of nanomedicine has seen the development of several generations of NPs. With each generation, researchers have made large strides in improving the therapeutic efficacy of these platforms. This progress has been reinforced by the work across many disciplines that have provided valuable insight in the biology behind the diseases and the interplay between synthesized materials and their behavior in vivo. We see this in the evolution of the generations of NPs. Initially, the emphasis was placed on the development of NPs that were “biologically inert” (Figure 1). This stemmed from the goal of reducing the interactions between a NP and the immune cells that had been proven to be detrimental to the in vivo fate of the particles, which includes macrophages and other components of the MPS (Qie et al., 2016). Over time, researchers recognized that this strategy also was not sufficient in successful delivery of a payload to a target site. In fact, NPs had to not only minimize surface interactions with some cell types, such as those with components of the MPS, but also actively engage with the cells present in the microenvironment of the disease. This led to the rise of “targeted NPs” that were surface functionalized with molecular signatures (i.e., peptides, antibodies) that enabled them to specifically reach and communicate with target tissues (Sapsford et al., 2013; Figure 1). Although this strategy did result in improvements in the specificity of NP accumulation, it also had its limitations. In particular, functionalization with one or a few markers was insufficient, particularly in engaging with the complex communication occurring at the nano-bio interface (Crist et al., 2013). In the search for a more comprehensive solution for this challenge, researchers looked to native cells as a source of inspiration. From here came the emergence of biomimetic NPs. This third generation of NPs aims to develop particles that recapitulate the features and surface characteristics of native cells using a more in toto approach (Luk and Zhang, 2015; Parodi et al., 2017; Figure 1). As these NPs act and behave much like the body’s own cells, biomimetic NPs can facilitate the interactions and communications at the nano-bio interface with greater ease.
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FIGURE 1. Generations of nanoparticles. Early generations of particles were biologically inert and used non-fouling coatings to prevent nanoparticles from interacting with the cells they encounter in vivo. From here, the next generation of nanoparticles became active targeting molecules that enabled the nanoparticles to reach the disease site and engage with the local environment. Taking inspiration from nature, the third generation of cell membrane-based biomimetic nanoparticles mimic the surface features of native cells by utilizing whole cell membrane or membrane protein functionalization onto synthetic carriers. Created with Biorender.


During the early years of the first generation of NPs, these NPs were synthesized with one primary intention – utilize the natural transport phenomena occurring in the body to passively carry NPs from the injection site to the disease site, while minimizing interactions with the biological components of the body. The synthesis of this first generation of NPs centered on testing different chemical compositions, size and non-fouling coatings (Faraji and Wipf, 2009; Albanese et al., 2012). However, it became apparent that the development of NPs that are completely agnostic to the in vivo environment was impossible. Therefore, the second generation of NPs saw a shift toward more targeted, bioactive carriers. Specifically, these drug delivery vehicles were designed to enable them to reach the target disease and reduce non-specific biodistribution (Mout et al., 2012). Commonly used methods included the attachment of affinity ligands, such as antibodies, peptides and small molecules (Friedman et al., 2013). This growing trend in surface functionalization represented early attempts at directing active communication between a particle and surrounding cells at the nano-bio interface. In contrast to the first generation of NPs, this subsequent generation comprised of particles encoded with messages on their surface that enabled them to mediate interactions with other cells. In the context of communication with immune cells, this strategy has taken on two forms that address the two-sides of the coin discussed previously. On one side, NPs were functionalized with markers that reduced their uptake and clearance by the MPS (Zhou and Dai, 2018). On the other hand, studies have also shown how the integration of affinity ligands enables NPs to selectively reach the target site and engage with the immune cells present in that microenvironment (Chen et al., 2012; Schmid et al., 2017). Although the use of these molecules has demonstrated promising results, attachment of these molecules as single moieties in their non-native form can inhibit their full function. In fact, the conjugation chemistries used to attach these molecules can result in variations in their orientation and densities on the NP surface, resulting in a change of function or a complete loss of function (Rambukwella et al., 2018; Alkilany et al., 2019).

Given the shortcomings of the second generation of active targeting NPs, researchers looked to nature as a source of inspiration in developing NP formulations for specific applications. Herein, we have seen the emergence of biomimetic NPs, the third generation of NPs who mimic the features of nature to enhance their therapeutic effects in vivo. The biomimicry achieved by these NPs can be through chemical, physical, or biological means. For example, calcium phosphate NPs mimic the structural and compositional similarity of native bones and teeth (Kalidoss et al., 2019). As a result of this physical and chemical mimicry, they have been widely explored as bone substitutes while their bioresorbable properties have even been exploited for therapeutic delivery in cardiac repair (Miragoli et al., 2018; Levingstone et al., 2019). Another example of physical mimicry are mesoporous silicon nanovectors mimicking platelet geometry to bestow NPs with increased circulation properties (van de Ven et al., 2012; Wolfram et al., 2015). Additionally, mesoporous silicon’s highly tailorable degradation parameters allow for the controlled release of a number of loaded payloads, making them favorable for various biomedical applications (Scavo et al., 2015; Yazdi et al., 2015; Fernandez-Moure et al., 2017). Recognizing the superior delivery capabilities of viruses, researchers developed virus-like particles that mimic the capsid structure and virosomes that incorporate the surface glycoproteins into liposome-like NPs (Grgacic and Anderson, 2006; de Jonge et al., 2007). As a result, these NPs have been shown to deliver a wide range of payloads, ranging from antibodies to siRNA to chemotherapeutics (Ashley et al., 2011; Agadjanian et al., 2012; Abraham et al., 2016). Furthermore, the composition of these NPs has included organic materials (e.g., lipids, polymer), metals (e.g., gold), and others (e.g., silica, calcium; Dehaini et al., 2016). Using this combination of physical, chemical and biological biomimicry, researchers were able to demonstrate the promising potential of this strategy to improve upon the previous generations of NPs. While the many variations of this biomimetic approach have been discussed elsewhere (Xia and Jiang, 2008; Yoo et al., 2011; Kwon et al., 2015), this review will focus on a subclass of biomimetic NPs – cell membrane-derived NPs.

In order to improve the ability of these biomimetic NPs to actively engage and communicate with the biological milieu, a subclass of biomimetic NPs centered on the ability to mimic the function and behavior of natural cells has emerged. In particular, these NPs achieve biomimicry by transferring the biological features of native cells, such as red blood cells (RBCs), platelets and leukocytes, onto synthetic NP formulations (Hu et al., 2011; Parodi et al., 2013; Anselmo et al., 2014). In order to synthesize these cell membrane-based NPs, researchers have utilized “top-down” and “bottom-up” approaches. Early work in this field focused on the incorporation of cell-derived ligands, which includes proteins, lipids and carbohydrates (Yurkin and Wang, 2017). As these molecules are key mediators of a cell’s behavior, it was hypothesized that integration of these features onto NPs would endow them with the same behavior. Owing to the development of novel extraction processes, biomimetic NPs now largely use cell membranes derived from native cells. This can be seen in technologies that incorporate the membrane proteins found on leukocytes into a liposomal formulation or the transfer of RBCs in toto onto poly(lactic-co-glycolic acid; PLGA) cores (Hu et al., 2011; Molinaro et al., 2016). As a result, these biomimetic technologies express the surface features of native cells and, thereby, mediate the interactions at the nano-bio interface much like a native cell communicates with other cells (Evangelopoulos et al., 2016). With this technology in hand, researchers have explored how these biomimetic NPs can be applied to various diseases.



DISEASE APPLICATIONS

The use of cell membrane-based biomimetic NPs has found therapeutic applications across many diseases, ranging from cancer to cardiovascular disease to infectious diseases. Here we will discuss examples of use of these cell membrane-based biomimetic NPs in these specific disease contexts, placing an emphasis on how these particles communicate with the immune system at the nano-bio interface. In particular, we will demonstrate how these emerging technologies address both sides of the coin of the immune system – a barrier and a target.


Cancer

Given that a large portion of the work with earlier generations of NPs was done within the context of cancer, this trend continues to remain so with the current generation of biomimetic NPs. Over the years, researchers have explored the use of many cell-membrane coatings (e.g., RBCs, leukocytes, and cancer cells) to achieve targeted delivery to the tumor site (Vijayan et al., 2018; Pasto et al., 2019). As previously described, these membrane-camouflaged NPs face the same challenges posed by the immune system while in circulation. However, the use of native cell membranes has facilitated the interactions at the nano-bio interface such that these NPs remain in circulation and eventually reach the tumor. From the perspective of selective targeting of the tumor, cell membrane-based biomimetic NPs offer the ability to target molecular features of the local inflammation present within the tumor. In addition, the burgeoning interest in the field of cancer immunotherapy has also spurred the search for how these biomimetic NPs can be utilized to modulate the local immune microenvironment in order to induce an anti-tumor response.

Tumor targeting cell membrane-based biomimetic NPs have used strategies that mimic many native cell types. RBC-based NPs take advantage of the expression of “don’t eat me’ markers” (i.e., CD47) to improve circulation times and bypass the effects of MPS in order to reach the target tumor (Sun et al., 2019). Along a similar vein, leukocyte membranes have also been utilized to endow NPs with these same properties. Because these biomimetic NPs look much like native immune cells, circulating monocytes do not engage with these NPs and mark them for clearance by the MPS (Parodi et al., 2013; Corbo et al., 2017b; Figures 2A,B). As a result, mimicking the circulation behavior of these cells enables these NPs to have a greater probability of reaching the tumor. In addition to utilizing these natural coatings for evading the immune system while in circulation, researchers have also used these membrane-based NPs to improve the targeting capabilities of NPs to the tumor. For example, liposomes integrated with the membrane proteins of leukocytes showed a 14-fold increase in affinity to inflamed vasculature associated with triple-negative breast cancer tumors when compared to bare liposomes (Martinez et al., 2018; Figure 2C). This improved targeting was found to be attributed to the presence of leukocyte proteins, such as LFA-1 and Mac-1. In fact, blocking these proteins on the NPs significantly reduced their ability to preferentially accumulate within the tumor, highlighting how the presence of these key markers endows these NPs with the ability to behave like leukocytes that inherently target sites of inflammation (Martinez et al., 2018). This leukocyte-based NP was also shown to improve doxorubicin delivery in two models of cancer, melanoma and breast cancer, resulting in a 64 and 142% (respectively) increase in median survival over untreated mice (Molinaro et al., 2020; Figure 2D). Therefore, by mimicking the targeting properties of leukocytes, these NPs were able to more effectively target the tumor and deliver the encapsulated payload. Others have taken advantage of the interactions between platelets and tumor cells to use silica NPs coated with activated platelet membranes to specifically target the circulating tumor cells (CTCs) attributed to metastatic development (Li et al., 2016). In particular, activated platelets and fibrin were found to be physically associated with blood-borne cancer cells. As CTCs travel within the blood and plant the seeds for the development of metastases, the authors hypothesized that use of platelet-mimicking will harness these physical interactions to inhibit metastases. Indeed, this study demonstrated that treatment using these biomimetic NPs resulted in a 40-fold reduction of lung metastases in a triple-negative breast cancer model. In another study, platelet-coated nanovesicles loaded with doxorubicin and functionalized with tumor necrosis factor-related apoptosis inducing ligand (TRAIL) showed greater accumulation to primary breast cancer tumors (Hu Q. et al., 2015). Lastly, studies have also shown the efficacy of using cancer cell membrane-coated NPs (Harris et al., 2019; Wang et al., 2020). For example, 4T1 breast cancer cell membrane coated polymeric NPs displayed longer circulation time and stronger homotypic targeting of primary tumors and metastases (Sun et al., 2016). In this example, the match between protein profile on the NPs and those found on cancer cells enabled the cancer cell to recognize and internalize the NP. These examples highlight how these biomimetic NPs improve upon previous generations by utilizing natural cellular surface features to avoid clearance by immune cells that hinder tumor accumulation and engage directly with the cancer cells upon reaching the site.
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FIGURE 2. Biomimetic nanoparticles for tumor targeting. (A,B) Leukocyte mimicking nanoparticles show reduced uptake by the mononuclear phagocyte system and improved targeting to the tumor. (A) SEM image of porous silica nanoparticle cloaked with leukocyte membrane (LLV). Scale bar = 1 μm. (B) LLV demonstrated reduced uptake by Kupffer cells (left) and improved targeting to melanoma tumors (right) when compared to bare nanoparticles. (C) Leukocyte-based liposomes (Leukosomes) demonstrate greater affinity for inflamed tumor vasculature. Scale bar = 50 μm. (D) Improved survival of tumor-bearing mice after loading with treatment with leukosomes loaded with doxorubicin. (E–G) Melanoma cell coated nanoparticles encapsulated with CpG (CpG-CCNP) for immunotherapy. (E) Uptake of CpG-CCNPs by various immune cells in vitro (F) In vivo dendritic cell maturation following treatment with NPs and other controls (G) Overall survival of mice immunized with CpG-CCNPs and other control formulations. Images in (A,B) are reproduced with permission from Parodi et al. (2013). Images in (C) are reproduced with permission from Martinez et al. (2018). Image in (D) reproduced with permission from Molinaro et al. (2020). Images in (E–G) reproduced with permission from Kroll et al. (2017).


Beyond employing these cell membrane-based biomimetic NPs to evade MPS-mediated clearance and selectively target the tumor tissue, researchers have also employed these platforms to induce local changes in the tumor microenvironment. Of particular interest has been the use of these NPs to modulate and tune the immune cell population present both within and in the periphery of the tumor. Work by Xie et al. combined starvation therapy with cancer cell membrane coated NPs to improve the tumor response to anti-PD-1 immunotherapy. Using glucose oxidase loaded mesoporous silica NPs coated with membranes of B16F10 melanoma cancer cells, they were able to not only improve the tumor response to anti-PD-1 therapy, but also induce DC maturity, reduce the percentage of regulatory T cells (which support the immunosuppressive environment favorable for tumor growth and survival) and double the effector T cell infiltration within the tumor (Xie et al., 2019). Because these NPs utilized cancer cell membranes, the proteomic profile of the NP surface included antigens that can trigger immune cell responses. Upon exposure of these tumor antigens, immature DCs process these antigens and present these peptides to T cells (Gardner and Ruffell, 2016). Therefore, these biomimetic NPs presented key molecules that facilitated communication with local immune cells and triggered a subsequent modulation of the T cell population within the tumor. Furthermore, the homotypic targeting facilitated by this biomimetic NP enabled selective targeting of the tumor. As a result, delivery of the loaded glucose oxidase significantly reduced glucose metabolism within the tumor cells and, thereby, enhanced tumor cell death. Other studies have also demonstrated the use of cancer nanovesicles to disrupt the PD-1/PD-L1 immune inhibitory axis that serves as the target for clinically approved immune checkpoint inhibitors (Zhang X. et al., 2018). Researchers have also explored the use of biomimetic NPs as cancer vaccines, where the introduction of the NP protects from the development of a tumor when challenged with tumor cells. This was demonstrated in a study utilizing cancer cell membrane coated PLGA NPs as antigen presenting material, which when combined with an immunological adjuvant induced the secretion of pro-inflammatory cytokines by immune cells in vitro (Kroll et al., 2017). Using a murine melanoma model, this study demonstrated that these particles were not only taken up by a wide-range of immune cells, but also capable of improving DC maturity and overall survival of the mice by 60% over the course of 5 months (Figures 2E–G). Furthermore, this biomimetic NP platform had strong potency as both a cancer vaccine and treatment regimen for existing tumors.

These studies highlight the use of cell membrane-based biomimetic NPs to not only target the tumor, but also induce changes in the local immune microenvironment. By presenting surface characteristics which immune cells naturally recognize, these cell-like NPs bypass the challenges posed by the immune system, while communicating important signaling cues that facilitate cellular responses vital to mounting an anti-tumor response.



Cardiovascular Disease

The umbrella of cardiovascular diseases covers a broad spectrum of conditions related to the normal functions of the heart and blood vessels, including myocardial infarction, stroke and high blood pressure (Stewart et al., 2017). From its inception, the pathophysiology of cardiovascular disease is characterized by high levels of inflammation (Golia et al., 2014). However, the underlying cause for many of these conditions is buildup of atherosclerotic plaque (Bobryshev et al., 2016). Under normal conditions, arterial walls resist the accumulation of lipids and macrophages. However, triggers of atherosclerosis, which include hypertension, a diet high in saturated fats and obesity, initiate the expression of adhesion molecules that allow the entry of lipids into the vascular wall and the subsequent recruitment of leukocytes to the affected area (Rafieian-Kopaei et al., 2014). The use of cell membrane-based biomimetic NPs for these applications have focused on mimicking various cell membranes (e.g., as platelets and leukocytes) and protein complexes important for good cardiovascular health [i.e., high-density lipoprotein (HDL); Park et al., 2020].

High-density lipoprotein is a native lipid transporter NP used by the body to transport lipids which possess a natural affinity toward atherosclerotic plaque (Feig et al., 2014). These interactions facilitate the transport of cholesterol away from plaque-laden macrophages to the liver for processing. Therefore, this molecule serves as a model complex whose functions NPs can mimic in order to ameliorate the pathophysiology associated with plaques. In an in vivo study with advanced atherosclerotic plaques, researchers were able to inhibit the proliferation of atherosclerotic plaque macrophages through synthesized HDL-mimicking NPs (Tang et al., 2015). This in turn reduced macrophage proliferation by 45% in the aortic roots, reduced expression of inflammatory genes and alleviated atherosclerosis over the course of 8 weeks of treatment (Figures 3A,B). Similar to native HDL, these NPs shifted the movement of cholesterol to the liver and, thereby, prevented proliferation of the macrophages that fuel atherosclerotic plaque. Platelets have also been largely implicated in the progression of cardiovascular disease and demonstrated preferential binding to damaged blood vessels (Kinloughrathbone et al., 1983). Using this behavior as the basis for targeting, platelet-membrane coated NPs have been fabricated using a freeze and thaw process, after which the extracted membranes were fused onto PLGA cores (Hu C. M. J. et al., 2015). These biomimetic NPs not only exhibited increased binding to damaged arteries, but also inhibition of neointima growth (i.e., scar tissue formation) in a rat coronary stenosis model when loaded with docetaxel. Another study utilized platelet derived vesicles to facilitate targeted delivery of cardiac stem cells to sites of injury following a myocardial infarction (Tang et al., 2018). Following treatment with these platelet-modified cardiac stem cells, researchers observed increased cardiomyocyte growth and doubled vessel growth in a rat ischemia model. By combining these two cell sources onto a single NP, they demonstrated how this hybrid particle took on both the targeting features of platelets to damaged blood vessels and the self-renewal properties of stem cells to heal the damaged tissue. In addition to platelets, NPs mimicking RBCs and leukocytes have also been developed for the delivery of therapeutic molecules that aid in the treatment of cardiovascular diseases. For example, RBC-membrane coated dextran polymer NPs loaded with a neuroprotective agent prolonged circulation of this therapeutic molecule while reducing ischemic brain damage in a cerebral artery occlusion model (Lv et al., 2018). Similarly, leukocyte-based NPs loaded with rapamycin also demonstrated preferential accumulation in atherosclerotic plaques in a murine model, curbing local inflammation by reducing macrophage proliferation (Boada et al., 2020). Furthermore, the release of rapamycin from these particles also resulted in reduced plaque burden within the vessels (Figures 3C,D). In this case, the incorporation of the leukocyte proteins onto the NP not only improved targeting to the inflamed site but also induced anti-inflammatory effects that reduced local inflammation at the disease site (Boada et al., 2020).
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FIGURE 3. Therapeutic applications of biomimetic nanoparticles in cardiovascular disease. (A,B) HDL-mimicking nanoparticles reduce plaque burden and infiltration of macrophages (red) in the aortic roots of atherosclerotic mice. (C,D) Rapamycin-loaded leukocyte-based nanoparticles for the treatment of atherosclerosis (C) Oil red O staining for lipid deposition in the aortas of atherosclerotic mice treated with or without nanoparticles (D) Image quantification of the plaque area with the vessels. Images in (A,B) are reproduced with permission from Tang et al. (2015). Images in (C,D) are reproduced with permission from Boada et al. (2020).


Taken together, these studies exemplify how cell membrane-based biomimetic NPs can be synthesized to target and treat various aspects of the pathophysiology of cardiovascular diseases. By taking inspiration from the behavior of native cells in this disease context, researchers have implemented novel technologies that mimic the behavior of innate cells while mediating the inflammatory response found across all these disease conditions.



Infectious Disease

The presence of pathogens in the body due to an infection triggers a multi-faceted immune response aimed at clearing the source itself (Chaplin, 2010). The treatment of the most common infectious diseases, which primarily stem from bacteria, has traditionally relied on the heavy use of antibiotic regimens. With the rise of antibiotic resistance over the years, researchers have developed and tested a host of new technologies that aim to treat infectious diseases while minimizing antibiotic use (Aslam et al., 2018). Cell membrane-based biomimetic NPs have paved the way for a new class of treatments that resolve infections using three key approaches: target the source of infection, neutralize the mechanisms used by pathogens to deactivate natural immune defenses and modulate the immune cells involved in the anti-pathogen response.

The first strategy researchers have used to target these infections is the use of cell membrane-based biomimetic NPs that target the pathogen itself. NPs mimicking platelets, epithelial cells and even bacteria themselves have been used to achieve this specificity of targeting. For example, bacteria have been shown to infiltrate platelets and result in platelet aggregation (Fitzgerald et al., 2006). Although platelets play a fundamental role in the host’s defense system, overactivation can lead to the development of hard-to-treat thrombi, creating a niche where the bacteria are protected from the host’s immune system. Capitalizing on this feature of bacteria, researchers designed platelet-coated NPs to effectively deliver antibiotics (Hu C. M. J. et al., 2015). Significant antimicrobial activity was observed in mice that were systemically challenged with a methicillin-resistant strain of bacteria and treated with these biomimetic NPs. Other strategies have used gastric epithelial cell membrane NPs as drug delivery vehicles for antibiotics (Angsantikul et al., 2018). This strategy was particularly unique in that the NPs presented the surface antigens the bacteria would normally recognize on the host’s cells. As a result of recognizing these particular proteins on the NP surface, the bacteria inadvertently internalize these NPs carrying lethal antibiotics. Another approach is to prevent the adhesion of bacteria to the host’s cells by using biomimetic NPs as a competitive binder of target sites (Zhang et al., 2019). This strategy was proven to be effective in a study using polymeric NPs wrapped with bacterial outer membranes of H. pylori in order to inhibit the adhesion of this bacteria to the stomach lining (Figures 4A,B). These bacteria mimicking NPs occupied the binding sites normally used by the pathogen to colonize and induce infection. In fact, these biomimetic NPs decreased binding of H. pylori to intestinal cells by 6-fold in vitro while reducing bacterial colonization in murine stomach tissue by almost 50% in vivo. These examples highlight how the surface features of these biomimetic NPs cleverly mediate communication with the target pathogen or prevent its communication with the host cells which ultimately result in the killing of the bacteria itself.
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FIGURE 4. Biomimetic nanoparticles to kill, neutralize and modulate the immune response to pathogens in infectious diseases. (A,B) Bacterial membrane coated nanoparticles prevent binding to host cells. (A) Schematic representing use of bacterial NPs to prevent H. Pylori colonization of stomach tissue. (B) Confocal images (left) and quantification (right) of H. Pylori (green) adhesion to gastric epithelial cells (blue) with or without treatment with NPs. Scale bar = 25 μm. (C,D) RBC-coated nanosponges (Nanotoxoid hSP) as toxoid vaccines against bacterial infections (C) Sample images (left) and quantification of hemolysis following treatment with NPs (D) Lesion size (left) and total bacterial count (right) in mice following vaccination with NPs and controls (E,F) Treatment of sepsis with leukocyte-mimicking liposomes induced reduction of proinflammatory genes (E) while increasing expression of anti-inflammatory genes (F). Images in (A,B) are reproduced with permission from Zhang et al. (2019). Images in (C,D) are reproduced with permission from Wei et al. (2017). Images in (E,F) are reproduced with permission from Molinaro et al. (2019).


Toxin release is a frequently used mechanisms by which pathogens attack host cells and begin the process of infection (Sastalla et al., 2016). The detection of these deadly toxins is one of the many ways in which the immune system recognizes the presence of these pathogens (Rudkin et al., 2017). However, many of these toxins are also cytotoxic to the immune cells that arrive to clear the pathogen (do Vale et al., 2016). Therefore, cell membrane-based biomimetic NPs have been investigated as toxin neutralizing platforms that can protect immune cells from cell death and enable them to neutralize the pathogen (Fang et al., 2015). Owing to their longer circulation times and ability to interact with the pathogens in circulation, this approach has been shown using primarily RBC-coated NPs. Polymeric NPs were wrapped with the membranes of RBCs and shown to sequester multiples pore-forming toxins (e.g., α-hemolysin, streptolysin-O, and melittin) and protect cells from hemolysis (Hu et al., 2013). Furthermore, these NPs, termed “nanosponges,” did not transfer these toxins to host cell, demonstrating the relative safety of this platform. In a follow-up study, these same nanosponges were shown to act as toxoid vaccines, where the inactivated toxins integrated into the membranes of the NPs protect mice challenged with methicillin-resistant staphylococcus aureus (Wei et al., 2017; Figures 4C,D). The protective properties of these NPs were highlighted by the absence of hemolysis, 4-fold reduction in the lesion size and reduction of the total bacteria count following treatment with the NPs. By capitalizing on the native features of RBCs, such as blood circulation times and the expression of “self-marker” proteins, these biomimetic NPs not only bypass the normal barriers imposed by the immune system, but also protect the very immune cells that often mark them as foreign bodies.

Beyond targeted delivery of antibiotics or neutralization of toxins, cell membrane-based biomimetic NPs have also been shown to modulate the immune response necessary for resolving an infection (Angsantikul et al., 2015). This has been especially demonstrated in models of sepsis, which occurs when infection spreads beyond the local tissue and results in systemic organ dysfunction (Delano and Ward, 2016). Using polymeric cores wrapped in the membranes of macrophages, researchers were able to show the utility of this technology in neutralizing endotoxins that would activate the immune system and sequester proinflammatory cytokines, such as TNF-α and IL-6, in a two-step process (Thamphiwatana et al., 2017). Furthermore, these biomimetic NPs improved the survival of mice challenged with E. coli by 60%. These NPs served as decoys for LPS and cytokines by binding these inflammatory factors to the native pattern recognition receptors on the NP surface. By first neutralizing the LPS and then sequestering cytokines, these macrophage-like NPs inhibited a systemic inflammatory response and, thereby, increased survival during septic shock. Another study using macrophage-derived nanovesicles, where the membrane proteins of macrophages are embedded into a liposome formulation, showed similar abilities to reduce the effects of proinflammatory genes, such as TNF-α and IL-1ß, while increasing the expression of anti-inflammatory genes, such as IL-10 and TGF-ß (Molinaro et al., 2019; Figures 4E,F). Although it should be noted that previous studies have shown the ability of bare, synthetic NPs to treat sepsis, these studies have been limited to physicochemical features as a means to interact with the local environment (Casey et al., 2019). In contrast, these cell-derived biomimetic NPs function by mimicking the native signaling patterns of the cell source. As a result, they provide a clear distinction on the mechanism by which the particles impart therapeutic efficacy and, in turn, enable greater control of the NPs interactions with the biological milieu. By modulating key mediators (i.e., cytokines) of the immune response in sepsis, these studies show the ability of these NPs to tune and regulate this delicate balance to prevent overactivation of the immune system, which can lead to septic shock in patients.



Autoimmune Disease

Autoimmune diseases cover a wide spectrum of diseases, ranging from type 1 diabetes to rheumatoid arthritis to systemic lupus (Theofilopoulos et al., 2017). These diseases are characterized by autoimmunity where the immune system begins to attack the body’s own cells through various means, such as through the production of antibodies against its own cells (Wang et al., 2015). Furthermore, these diseases are characterized by a state of chronic inflammation where the immune system continues to attempt to repair the resulting damage. Although these diseases are currently considered incurable, studies using biomimetic cell membrane-based NPs have shown the emerging potential these technologies possess to intervene and mediate the behavior of the immune system in these disease conditions.

While the work in this field remains limited, a few studies have shown the therapeutic applications of cell membrane-based biomimetic NPs in diseases such as inflammatory bowel disease (IBD), type II immune hypersensitivity reactions and rheumatoid arthritis. Within these disease conditions, these biomimetic NPs have been shown to act as binding decoys for mechanisms that drive the chronic inflammatory state and serve as mimics of native cells capable of resolving inflammation and repairing tissue damage. Exploiting the mechanisms of T cell recruitment during the pathogenesis of IBD, engineered leukocyte membrane mimicking NPs were developed to overexpress α4β7, a key integrin protein on T-lymphocytes, to bind to inflamed mucosal tissue (Berlin et al., 1993). As a result of this overexpression, these “specialized leukosomes” exhibited tighter binding to inflamed endothelia. Furthermore, treatment of DSS-induced IBD mice with these biomimetic NPs resulted in inhibition of edema, reduction of CD45 + immune cells and improved crypt structure (Corbo et al., 2017a; Figures 5A,B). The therapeutic effects observed following treatment with these specialized NPs was speculated to be due to the binding of NPs to receptors that would otherwise be bound by the immune cells that drive this disease. This hypothesis was supported by their observation of lower inflammation levels and reduced immune cell infiltration in the colon of mice treated with the NPs. Therefore, these NPs served as competitive binders for receptors that would otherwise overstimulate the immune response in a negative manner. This approach was also demonstrated with RBC-mimicking NPs for the clearance of pathological antibodies. More specifically, these RBC-based biomimetic NPs acted as binding decoys for antibodies that would otherwise bind to native RBCs and mark them for extravascular hemolysis (Copp et al., 2014; Figure 5C,D). In an induced anemia model, mice treated with these RBC-NPs achieved normal RBC counts and hemoglobin levels. In contrast, mice that did not receive the NPs showed a 60% reduction in RBC count and a 2-fold decrease in hemoglobin levels. Lastly, neutrophil-mimicking NPs have been shown to have significant therapeutic effects in the treatment of rheumatoid arthritis. In this study, NPs were fused with the membranes of neutrophils and tested for their ability to counteract the negative immune response induced during the progression of this disease (Zhang Q. Z. et al., 2018). Similar to the previously discussed examples, these NPs also served as decoys of neutrophil-targeted biological molecules. This is especially important for the treatment of rheumatoid arthritis where reversal of this condition has been linked to reduced neutrophil recruitment to the synovial fluid (Wright et al., 2017). In fact, use of these NPs in two murine models of arthritis resulted in a reduction of joint destruction and suppression of proinflammatory cytokines. These studies demonstrate the versatility biomimetic NPs possess in targeting and tuning the underlying mechanisms that support and drive many autoimmune diseases.
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FIGURE 5. Role of biomimetic nanoparticles in treatment of autoimmune diseases. (A,B) Specialized leukocyte-mimicking nanoparticles (SLK) with overexpression of α4β7 integrins for the treatment of inflammatory bowel disease. (A) Immunofluorescent imaging for CD45 + immune cells in the colon following treatment with and without nanoparticles resulted in the decreased immune filtration in the SLK group with overall improvement in the histology of the colon (B). (C,D) Red blood cell coated nanoparticles (RBC-ANS) for the clearance of pathological antibodies (C) Representative schematic demonstrating how RBC-ANS work to neutralize antibodies that would otherwise induce hemolysis (D) Significant improvements in RBC count, hemoglobin and hematocount were observed in mice treated with RBC-ANS compared to bare nanoparticles alone. Images in (A,B) are reproduced with permission from Corbo et al. (2017a). Images in (C,D) are reproduced with permission from Copp et al. (2014).




CONCLUSION AND PERSPECTIVES

Significant progress has been made in the modulation of the immune response to NPs, with cell membrane-based biomimetic NPs paving the way for a new generation of innovative therapeutic platforms. Advances in the field of material science and engineering have led to the development of novel synthesis methods capable of transferring the complex surface composition of native cells onto NPs. As we synthesize cell membrane-based biomimetic NPs with specific features, we are directly encoding messages into the surfaces of these particles. Therefore, the messages we encode mediate the communication that occurs between these particles and the biological components they encounter at the nano-bio interface. Researchers must take advantage of these processes to create NPs endowed with fine-tuned properties that can further facilitate the immunomodulatory interactions that are crucial to determining the in vivo fate of these delivery systems. The work in this field thus far has demonstrated the wide applications of these biomimetic technologies across many diseases. Not only do these NPs possess the ability to negotiate the barriers imposed by the immune system with ease, their interactions with cells in the surrounding biological environment via the nano-bio interface enable them to directly communicate with the immune cells involved in disease progression. As growing research in immunology and cell biology shed more light on the cell-to-cell interactions that mediate the healing process, researchers can capitalize on this knowledge to develop even more intelligent and intricate cell membrane-based biomimetic NPs.

Despite the many advantages provided by cell membrane-based strategies, a variety of challenges exist that must be overcome for successful translation into the clinic. Chiefly, successful identification and isolation of cell membranes is an extensive, multi-step process and can be limited by the chosen cell source. For example, stem cells can be quite challenging to derive from a patient while other cell sources may demonstrate considerable heterogeneity. In the case of erythrocytes and platelets, while these can be commonly retrieved via transfusion, their lack of a nucleus makes it difficult for gene-based ex vivo manipulation. Therefore, in the successful translation of these strategies into the clinic, it is important to consider the source of cells in an effort to obtain relevant quantities of material.

Additionally, as these NPs are derived from native cells, maintaining batch-to-batch consistency is of utmost importance for clinical translation. Current fabrication techniques make it challenging to ensure homogeneous incorporation of integral membrane proteins. While top-down approaches have provided some insight into the development of more controlled structures, additional optimization is still needed. Specifically, as the surface expression of key molecules on these NPs is vital for their behavior in vivo, researchers must develop quick screening assays that confirm the incorporation and function of the NPs prior to administration in a patient. Additionally, cell membrane proteins possess a number of features ranging from targeting to cell-cell communication, requiring techniques to selectively isolate desired proteins. Unintended consequences can also arise from the inclusion of undesirable proteins such as the potential to activate the immune system. Furthermore, the incorporation of denatured proteins also raises the risk of immune activation, necessitating methods that allow for identification of essential proteins.

Nevertheless, the growing work in cell-based therapies has spurred the groundwork for formalized standards by which these technologies must adhere. As the standardization of processes and regulations for these technologies grow, it is expected that this can aid in the successful translation of cell membrane-based NPs into the clinic. Furthermore, as the development of novel cell membrane-based NPs continues, it is important to evaluate process development methods that can favor scale up. In all, the work showcased in this review highlights the potential for this technology to be translated from the bench to the bedside.
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Prolonged exposure to microgravity (MG) during long-duration space flights is known to induce severe dysregulation of osteoblast functions connected to a significant bone loss, similar to the condition induced by osteoporosis. Hence, we here present MG as a promising model to challenge the effectiveness of new scaffolds designed for bone regeneration in counteracting bone loss. To this end, we carried out an integrative study aimed to evaluate, in the extreme condition of Random Positioning Machine-simulated MG, the osteoinductive potential of nanocrystalline magnesium-doped hydroxyapatite/type I collagen composite scaffold (MHA/Coll), that we previously demonstrated to be an excellent tool for bone tissue engineering. Initially, to test the osteoinductive properties of our bioinspired-scaffold, MHA/Coll structure was fully characterized under MG condition and compared to its static counterpart. Human bone marrow-derived mesenchymal stem cells were used to investigate the scaffold biocompatibility and ability to promote osteogenic differentiation after long-duration exposure to MG (up to 21 days). The results demonstrate that the nanostructure of MHA/Coll scaffold can alleviate MG-induced osteoblast dysfunction, promoting cell differentiation along the osteogenic lineage, with a consequent reduction in the expression of the surface markers CD29, CD44, and CD90. Moreover, these findings were corroborated by the ability of MHA/Coll to induce the expression of genes linked to osteogenesis, including alkaline phosphatase and osteocalcin. This study confirmed MHA/Coll capabilities in promoting osteogenesis even in extreme long-term condition of MG, suggesting MG as an effective challenging model to apply in future studies to validate the ability of advanced scaffolds to counteract bone loss, facilitating their application in translational Regenerative Medicine and Tissue Engineering.
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INTRODUCTION

One of the major health problems that human face during long-duration space flights is accelerated aging and, as a consequence, a significant bone loss, quantified as total bone mineral density (BMD), that may ultimately affect the quality of life (Manzey and Lorenz, 1999; LeBlanc et al., 2000). Progressive bone loss under microgravity (MG) conditions is related to an impairment of osteoblast and an increase of bone resorption with a significant decrease in osteogenic gene expressions that are ordinarily connected to a normal bone resorption. Several experiments of Russian space station Mir, American and European missions, conducted by astronauts or simulation models, have described the variation of both pre- and post-flight bone loss (Durnova et al., 1996; Heer, 2002; Lang et al., 2017; Maude et al., 2017). During the missions on the International Space Station (ISS) it was found that such loss is usually in the range between 3 and 10% (Kozlovskaya and Grigoriev, 2004; Nagaraja and Risin, 2013). Continuous bone loss of astronauts during or after space missions can increase the risk of developing fractures in the skeletal framework. Different studies have described the negative effect of MG that acts by altering the bone structure of ex vivo models and in vivo in mice (Kaplansky et al., 1991; Vanloon et al., 1995; Maroothynaden and Hench, 2006; Zhang et al., 2018), demonstrating that simulated MG is the main contributor to bone loss when compared to other extreme physiological conditions associated with space travels, such as radiation and ultradian rhythms (Zhang et al., 2018). Indeed, it is well-known that MG can induce bone loss in terms of BMD decrease of about 2% in 30 days, an effect comparable to that induced by postmenopausal osteoporosis in women in about a year (Riggs et al., 1998). It has been demonstrated that the first adverse effects observed during short-duration space missions are loss of calcium and bone changes, occurring within 10 and 20 days after beginning the space flight, respectively (Rambaut and Johnston, 1979; McCarthy et al., 2000).

Since many of the experiments carried out so far were aimed at evaluating the effect of short-duration MG simulation on cells (Peana et al., 2004; Degan et al., 2005; Martinelli et al., 2009; Tauber et al., 2015), several studies are now exploring the impact of MG on cells and physiology under long-duration MG condition (Kornilova et al., 2006; Koryak, 2014; Chen et al., 2017; Harris et al., 2017; Blaber and Parker, 2018). Recently, Tavella et al. (2012) investigated the alterations of bone microarchitecture using animal models during 91 days on the ISS. The authors described that MG can induce bone loss due to a decrease in bone deposition and an increase of bone resorption in wild type and pleiotrophin-transgenic mice. It has been demonstrated that short- and long-duration spaceflights cause the dysregulation of stem cells functions which leads to the inability of cells to repair and regenerate lesions (Blaber E. et al., 2014, 2015). These findings indicate that MG induces several modifications in osteoblasts and osteoclasts in terms of cell morphology, proliferation, and differentiation (Dai et al., 2007, 2013; Xu et al., 2017).

Experiments carried out on osteoblastic cell cultures by using a tridimensional clinostat as Random Positioning Machine (RPM) to simulate MG, are focused on the investigation of spaceflight-related osteoblastic dysregulation (Pardo et al., 2005; Patel et al., 2007). Recently, an innovative study by Shi et al. (2017) reported that primary cilia (key sensor and functioning organelles) of rat calvaria osteoblasts vanished after MG exposure. To address the problem of the modification of osteoblasts and osteoclasts in MG, several groups have used RPM or Rotary wall vessel bioreactors (RWV) to simulate MG conditions (Nakamura et al., 2003; Ontiveros and McCabe, 2003), demonstrating the gene expression dysregulation of important osteogenic-related osteoblastic genes, such as alkaline phosphatase (ALP) and osteocalcin (BGLAP) (Pardo et al., 2005; Hu et al., 2015; Grimm et al., 2018).

Thanks to the advent of nanotechnology, new nano-structured biomaterials and scaffolds have been produced for bone regeneration (Sechi et al., 2014; Minardi et al., 2015, 2019). In this context, we have recently developed a bioinspired three-dimensional (3D) nanocrystalline magnesium-doped hydroxyapatite/type I collagen composite scaffold (MHA/Coll) (Minardi et al., 2015), demonstrating that its composition and nanostructure closely recapitulated that of human trabecular bone. In vitro, MHA/Coll triggered the osteogenic differentiation of primary human bone marrow mesenchymal stem cells (hBM-MSCs), inducing the early expression of crucial osteogenesis-associated marker genes, such as ALP and BGLAP. Moreover, due to the high degree of biomimicry of MHA/Coll, enhanced bone augmentation and regeneration was achieved in vivo, in both an ectopic (Minardi et al., 2015), and orthotopic model in large animal models (rabbit) (Minardi et al., 2019).

Previous research of our and other groups demonstrated the key role of nanotechnologies and regenerative medical approaches via the use of nanomaterials and biomaterials to compensate some of the dysregulations caused by MG conditions (Grattoni et al., 2012; Crescio et al., 2014). Therefore, we here challenged the biomimicry and bone regenerative properties of MHA/Coll in the extreme condition of MG, evaluating its ability to counteract spaceflight osteoblast dysregulation with the aim of proposing MG as a model to validate the effectiveness of new scaffolds designed for bone regeneration in promoting new bone formation, due to the negative effects induced by MG on bone functions which are similar to those elicited by medical conditions (e.g., osteoporosis). To this end, the architecture and the osteoinductive potential of our 3D bioinspired scaffold were investigated using RPM to simulate MG, evaluating its morphology and ability to induce hBM-MSCs differentiation into osteoblast under long-time exposure to MG condition. Cell morphology, viability, and differentiation of hBM-MSCs cultured on MHA/Coll were determined. Furthermore, the expression of a wide variety of osteoblastogenesis-associated genes was analyzed in comparison to uninduced controls under MG and on hearth conditions. Our goal is to set the ground for new solutions based on MG conditions to evaluate the ability of advanced scaffolds to counteract bone loss, as an extreme physiological condition inducing effects similar to those occurring in medical conditions (e.g., osteoporosis), facilitating their application in translational Regenerative Medicine and Tissue Engineering.



MATERIALS AND METHODS


Scaffold Fabrication and Characterization

MHA/Coll was fabricated as described elsewhere (Minardi et al., 2015). Briefly, an acidic solution of bovine type I collagen (Nitta Casing Inc.) was prepared at a concentration of 10 mg/ml in acetate buffer at pH 3.5. An aqueous solution of H3PO4 (40 mM) was added to 40 g of the acetic collagen gel, and dropped in a solution of Ca(OH)2 (40 mM) and MgCl2⋅6H2O (2 mM) in DI water. The material was crosslinked in an aqueous solution of 1,4-butanediol diglycidyl ether (BDDGE) (2.5 mM). The resulting slurry was molded in 48-well plates at a thickness of 3 mm. Finally, the slurry was lyophilized through an optimized protocol, to generate the desired porosity and pore size. Non-mineralized collagen scaffolds (Coll) were also synthesized and used as controls (Minardi et al., 2014, 2015). All chemicals were purchased from Sigma Aldrich. The monolithic scaffold was imaged by scanning electron microscopy (FEI Quanta 400 SEM). The scaffolds were sputter-coated with 10 nm of Pt/Pd, via a Plasma Sciences CrC-150 Sputtering System (Torr International, Inc), and imaged at a voltage of 7.5 kV. Fourier-transformed Infrared spectroscopy (FTIR) was performed through a Nicolet 4700 Spectrometer. Sixty-four runs were performed per sample (n = 3). Spectra were analyzed by the software EZ OMNIC (Nicolet). The amount and thermal properties of mineral phase nucleated on the organic template (type I collagen) was assessed by thermal gravimetric analysis – differential scanning calorimetric (TGA-DSC). The samples (n = 3) were placed in alumina pans and subjected to a heating ramp from 25 to 800°C, at 10°C/min. A Q-600 TGA was used (TA Instruments).



hBM-MSC Culture

Bone marrow aspirates were collected from healthy donors of both genders (22–49 years old) following Institutional Review Board approval (Uniklinikum, Dresden, Germany). Written informed consent was obtained from all the donors. Bone marrow aspirate was diluted 1:5 in PBS. A 20 ml aliquot was layered over a biocoll solution (1.077 g/ml, Biochrom) and centrifuged at 550 g for 30 min at room temperature to separate mononuclear cells from anuclear red blood cells (RBCs). Following centrifugation, RBCs were at bottom of the tube and mononuclear cells, including the desired hBM-MSCs, were collected at the interface above the band of biocoll. To isolate hBM-MSCs, their adherent properties were exploited by culturing the mononuclear cells in 75 cm2 flasks in Dulbecco’s modified Eagle medium (DMEM)-low glucose supplemented with 1% of penicillin/streptomycin solution and 10% fetal calf serum at 37°C under a humidified 5% CO2 atmosphere. After 24 h, cells were washed with phosphate buffered saline (PBS) to remove non-adherent cells, such as hematopoietic cells, representing a relatively large portion of the bone marrow. Subsequently, the medium was changed every 2 days, and after 2 weeks the cultures were 90% confluent. To induce osteogenic cell differentiation, hBM-MSCs were cultured in inducing medium (StemPro® Osteogenesis Differentiation Kit, Gibco) supplemented with 25 mM HEPES buffer solution [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, Gibco]. During the experiments, the medium was changed every 2 days.



Microgravity Simulation

MG was simulated by a random position machine (RPM, Fokker, Netherlands). The RPM is a 3D clinostat able to produce a multilateral gravitational simulation when the samples are set in the center of the machine. A computerized program was used to create random movements and slow rotation of the two axes of the RPM to provide MG simulation (0 × g). Static cell cultures were placed in the basement of the RPM to simulate gravity (G) condition (1 × g).



MHA/Coll Structural Characterization and Cell Morphology Under Microgravity Condition

The effects of long-duration MG exposure (21 days) on MHA/Coll structure and hBM-MSC morphology were evaluated using SEM. For cell morphology analysis, undifferentiated hBM-MSCs were harvested, and a 30 μl drop containing 35 × 104 cells was seeded in the center of MHA/Coll scaffolds and kept in the incubator for 10 min. Culture medium was then added to each well and the effects induced by long-term exposure to MG were evaluated after 21 days. For SEM morphologic investigation, the upper surface of the scaffold was analyzed after 21 days. The samples were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) and post-?xed in 1% Osmium Tetroxide (OsO4), dehydrated in a graded acetone series and dried by critical point method in an Polaron Jumbo apparatus (Polaron Equipment, Watford, United Kingdom) coated with gold in an Edwards S150A Sputter Coater unit (Edwards, Crawley, United Kingdom). The specimens were examined with a Zeiss DSM 962 SEM (Zeiss, Oberkochen, Germany).



hBM-MSCs Viability Assay

Biocompatibility was evaluated via cytotoxicity assay in hBM-MSCs on MHA/Coll scaffold by the 7-amino-actinomycin D (7-AAD) staining (BD Bioscience, San Josè, CA, United States). When excited by 488 nm laser light, 7-AAD fluorescence is detected in the far-red range of the spectrum (650 nm long-pass filter). Late apoptotic and necrotic cells with compromised membranes allow the passage of this dye into the nucleus. hBM-MSCs were seeded into scaffolds and cultured for 7, 14, and 21 days under G or MG conditions. To collect cells, the scaffold was then washed three times with PBS and digested using 2 mg/ml collagenase I (Life Technologies) diluted in cell media without FBS (1-h incubation at 37°C). Subsequently, cells were washed with PBS to eliminate collagenase and stained with 7-AAD for 20 min in the dark. Finally, cells were suspended in PBS 1× solution and analyzed by Flow cytometry (FACS Canto II, BD Biosciences, Mountain View, CA, United States). At least three samples per group were used.



hBM-MSCs Osteogenic Differentiation Under Microgravity Condition

Undifferentiated hBM-MSCs were harvested and a 30 μl drop containing 35 × 104 cells was seeded in the center of MHA/Coll scaffolds and kept in incubator for 10 min. Inducing medium was then added to each well and the osteogenic potential of MHA/Coll was evaluated after 7, 14, and 21 days. under G or MG conditions. hBM-MSCs cultured in 2D conditions, either exposed to inducing media (induced-MSC) or kept in standard media (ctrl-MSC) were used as a positive and negative control, respectively. RPM-cultures were mounted horizontally in the center of the RPM at 37°C. As a control grown under G condition (1 × g), the same number of samples was placed in the same room of the RPM at 37°C in horizontal position. The results are expressed as % of positive cells and are the mean of three independent experiments.



Gene Expression Analysis

Total RNA was isolated from cells using TriZol Reagent (TriZol, Invitrogen, Carlsbad, CA, United States). RNA purity and concentration were measured with Nanodrop Spectrometer (NanoDrop® ND1000).

cDNA synthesis was performed using Superscript IV Reverse Trascriptase kit following the manufacturer protocol (Life Technologies). Amplification was performed using TaqMan probes and TaqMan® Fast Advanced Master Mix (Applied Biosystems) to evaluate the expression of the osteogenic specific genes alkaline phosphatase (ALP, Hs01029144_m1) and osteocalcin (BGLAP; Hs01587814_g1). The gene expression analysis was performed comparing hBM-MSCs cultured on MHA/Coll and hBM-MSCs cultured in osteogenic media (induced-MSC), or uninduced (ctrl-MSC), under G and MG conditions. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Hs02758991_g1) was used to normalize gene expression data respect to ctrl-MSC. To identify the expression of 84 osteogenesis genes, RT2 Profiler Polymerase Chain Reaction (PCR) Array (PAHS-026ZD, Superarray Bioscience Corporation, Frederick, MD) was applied. Amplifications on plates were set using a CFX96 Real Time instrument (Bio-Rad). Results are the mean of three independent experiments.



Statistical Analysis

Data analyses were performed using Prism GraphPad software. Statistics for experiments were performed using a One-Way ANOVA. In all cases, ∗ was used for p < 0.05, ∗∗ for p < 0.01, ∗∗∗ for p < 0.001, and **** for p < 0.0001. Values were expressed as mean ± SD. Flow cytometry data were analyzed with FACS Diva software (BD-Bioscience Mountain View, CA, United States). Osteo-gene array data were calculated by the comparative threshold cycle method. Data analysis was performed by RT2 profiler PCR array data analysis software1. All experiments were performed at least in triplicate.



RESULTS AND DISCUSSION


Characterization of MHA/Coll

The surface architecture and structure of Coll and MHA/Coll were evaluated by SEM (Figure 1). The lower magnification images revealed the porous anisotropic nature of MHA/Coll (Figure 1A) and their full mineralization compared to a Coll scaffold (see Supplementary Figure 1). The nano-MHA phase nucleated on the collagen fibers clearly did not appear crystalline, but rather amorphous, at higher magnification, as previously accomplished through the same bioinspired synthesis process (Minardi et al., 2015; Figure 1B). The chemical interaction between the mineral phase and the type I collagen fibers of MHA/Coll was further confirmed by FTIR spectroscopy (Figure 1C), where a shift from 1340 to 1337 cm–1 in the band corresponding to the stretching of carboxylate (COO–) group of collagen was observed, as expected. The TGA-DSC analysis showed that the overall mineral phase content in MHA/Coll was approximately 56 wt%, which is comparable to that of natural trabecular bone (Minardi et al., 2015; Figure 1D).
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GRAPHICAL ABSTRACT. Schematic representation of MHA/Coll function in microgravity condition to counteract bone loss dysfunction.
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FIGURE 1. Scaffold architectures. SEM structural characterization of MHA/Coll scaffold (A). The higher magnification micrograph of MHA/Coll (B) shows the collagen fibers with a full mineralization and an amorphous apatite phase. FTIR spectra showing the chemical interaction between the mineral phase and the type I collagen fibers of MHA/Coll (C). Evaluation of the mineral phase on MHA/Coll by TGA-DSC analysis (D). SEM micrographs of MHA/Coll structure evaluated after 21 days under gravity (G, 100×) (E) or microgravity (MG, 100×) conditions (F).


Finally, MHA/Coll structure was evaluated by SEM after 21 days under G (Figure 1E) and MG conditions (Figure 1F).



Scaffold Structure and Cell Morphology Under Microgravity Condition

We previously found that MHA/Coll was able to mimic the osteogenic niche of human trabecular bone having osteogenic and osteoinductive properties (Minardi et al., 2015). MHA/Coll is synthesized through a sophisticated bioinspired nanotechnological process, which recapitulates the chemical, physical, morphological and structural control mechanisms of the natural biomineralization process (Mann, 2001). During the synthesis, a partial substitution of calcium with magnesium ions in the apatite lattice allows an amorphous nanostructured apatite, which closely mimics the early osteogenic niche (De Bruijn et al., 1992). On the basis of our previous findings, the effects induced by long-term exposure to MG (21 days) on MHA/Coll structure and hBM-MSCs morphology were evaluated by SEM (Figure 2). Under G condition MHA/Coll showed a fibrous structure (Figure 2A). On the contrary, MHA/Coll fibers under long-term MG condition were remodeled, resulting in slight compression and collapsing of the pores (Figure 2B), compared to the untreated scaffolds (Figures 1A,B). Figure 2C represents induced-hBM-MSC morphology in the center of the scaffold surface under G condition, while morphology changes induced by long exposure to simulated MG are shown in Figure 2D. Higher magnification revealed induced-hBM-MSCs attached to the mineralized nanostructured fibers of the scaffolds under G condition (Figure 2E). Under MG conditions, hBM-MSCs’ morphology appeared different compared to the untreated controls (Figure 2F). In particular, cells seemed to have partially lost their typical spindle-like shape presenting a flattened form (white arrows, Figures 2D,F). This effect is in line with previous studied carried out on stem cells in MG morphology (Zhu et al., 2014; Zhang et al., 2015; Xue et al., 2017).
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FIGURE 2. SEM micrographs of MHA/Coll structure and cells morphology. SEM micrographs of MHA/Coll architecture under G condition (A) and MHA/Coll after MG exposure (B) (1000×). Induced hBM-MSCs morphology in the center of the scaffold surface after 21 days under G condition (C) and simulated MG condition (D). Induced hBM-MSCs connected together and attached onto the fibers of the scaffold under G condition (E) and after MG exposure (F) (2000×). White arrows indicate changes in cell morphology induced by MG exposure.




Cell Viability on the Bio-Scaffold Under Microgravity

The effect of simulated MG on the MHA/Coll biocompatibility was evaluated on hBM-MSCs. To this end, cells were cultured for 7, 14, and 21 days on the scaffold under G or MG conditions and cell viability was analyzed following 7-AAD staining, a fluorescent chemical compound with strong affinity for DNA, by flow cytometry.

Overall, the obtained results showed no significant effect on cell viability neither under G nor MG conditions, between MHA/Coll in comparison to the controls after 7, 14, and 21 days; therefore, demonstrating the high biocompatibility of our MHA/Coll scaffold even in the extreme condition of MG (Figure 3).
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FIGURE 3. Viability assay of hBM-MSCs cultured on MHA/Coll scaffolds. hBM-MSCs were cultured on MHA/Coll scaffolds (red) for 7, 14, and 21 days under G or MG conditions. Cell viability was evaluated by flow cytometry after staining with 7-AAD. The results are expressed as % of positive cells (7AAD+) compared to uninduced-MSC (ctrl-MSC, black) and are reported as mean ± SD, N = 3.




Mesenchymal Stem Cell Differentiation Markers Under Microgravity Condition

The potential of hBM-MSCs to differentiate along osteogenic lineage (De Ugarte et al., 2003) and the consequent reduction in the expression of most surface markers related to MSCs differentiation is well-known (Halfon et al., 2011). Therefore, the influence of long-term MG simulation on hBM-MSCs differentiation in induced 3D and 2D cultures compared to the uninduced controls was evaluated by the expression of specific cell surface differentiation markers. To this end, hBM-MSCs seeded on MHA/Coll scaffold, induced-MSC and ctrl-MSC were cultured for 7, 14, and 21 days under G or MG conditions and the expression of hBM-MSCs surface markers CD29 (a β1 integrin associated with late antigen receptors) and CD44 (a hyaluronic acid/fibronectin receptor involved in hematopoietic stem cell adhesion, mobilization and proliferation), was evaluated by flow cytometry.

Intriguingly, a significant reduction (p < 0.0001) of CD29 and CD44 expression in hBM-MSCs cultured on MHA/Coll scaffold in comparison to ctrl-MSC was observed under both G and MG conditions, at 7, 14, and 21 days (Figure 4A). On the contrary, the reduction (p < 0.001) of CD29 and CD44 expression observed in induced-MSC under G condition was abolished in simulated MG at every time point of exposure. As expected, ctrl-MSC did not show any significant change in the expression of the selected markers under both G and MG conditions. The obtained results confirm the ability of MHA/Coll to induce hBM-MSCs differentiation even under extreme conditions of MG up to 21 days, therefore suggesting its potential to counteract bone loss induced by long-duration MG exposure.
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FIGURE 4. MHA/Coll-induced hBM-MSCs differentiation under MG condition. hBM-MSCs osteogenic differentiation was investigated in MHA/Coll scaffolds after 7, 14, and 21 days under G or MG conditions. The levels of the differentiation markers CD29 and CD44 were evaluated by flow cytometry. Uninduced-MSC (black) and induced-MSC (gray) were used as negative and positive control, respectively, for induced hBM-MSCs cultured on scaffolds (A). Differentiation plot displaying hBM-MSCs, which are negative for CD45 marker, and differentiated cells, which showed the loss of the differentiation marker CD29. Uninduced-MSC (black) and induced-MSC (gray) were used as negative and positive control, respectively, for induced hBM-MSCs cultured on scaffolds (B). Cell differentiation of hBM-MSCs cultured on MHA/Coll scaffolds was investigated after 21 days evaluating the expression of CD90 as a differentiation marker toward osteogenic lineage (C). The results are expressed as % of positive cells and are the average of three independent experiments. Significant differences: ***p < 0.001 and ****p < 0.0001, vs. ctrl-MSC under G condition; ####p < 0.0001, vs. ctrl-MSC under MG condition (Two-way ANOVA).


The observed changes in the expression of hBM-MSCs surface markers were further explored by flow cytometry. hBM-MSc are negative for CD45 and positive for CD29 cell surface markers, these criteria were used to analyze hBM-MSCs differentiation under G or MG conditions after 21 days (Figure 4B), a decreasing in CD29 is related to MSCs differentiation status. Figure 4B shows CD45-/CD29+ hBM-MSCs under both G and MG conditions. In details, cells cultured on MHA/Coll scaffold showed a higher level of differentiation status both after G and MG conditions (red; plot 5 and 6, respectively) in comparison to induced-MSC under G condition (gray, plot 3). Moreover, the plot analysis of induced-MSC under MG condition (gray; plot 4) with high expression of CD29 suggested that cells lost their differentiation potential. As expected, ctrl-MSC did not show any significant change in the differentiation status under both G and MG conditions (black; plot 1 and 2, respectively) as positive CD29 cells. Furthermore, to evaluate the osteogenic potential of MHA/Coll under MG condition, we analyzed the expression of CD90 (thymocyte differentiation antigen-1, Thy-1), a well-known cell differentiation marker that decreases during cell differentiation toward osteogenic lineage (Wiesmann et al., 2006). To this end, CD90 expression was quantified by flow cytometry in cells cultured on MHA/Coll scaffold, induced-MSC and ctrl-MSC at 7, 14, and 21 days, under G or MG conditions. As shown in Figure 4C, the expression of CD90 was significantly reduced (p < 0.0001) in hBM-MSCs cultured on MHA/Coll scaffold in comparison to ctrl-MSC under both G and MG conditions, even after 21 days of treatment. On the contrary, induced-MSCs showed a significant decrease of CD90 expression (p < 0.001) only under G condition, the decrease did not appear in simulated MG at any time of exposure, confirming the osteogenic differentiation dysregulation due to MG exposure. As expected, ctrl-MSC did not show any significant change in the expression of the selected markers under both G and MG conditions. Intriguingly, under G condition but also under MG, CD90 suppression in cells cultured on MHA/Coll scaffold was more significant (p < 0.0001) compared to induced-MSC (p < 0.001) already after 7 days of incubation, therefore giving evidence for the enhanced osteogenic potential conferred by our scaffolds.

The observed findings demonstrate that the structure of MHA/Coll scaffold, characterized by nanostructured niche, may not only improve the differentiation into osteogenic cells under G condition, but also restore the osteogenic differentiation dysregulation induced by long-term exposure to the extreme condition of MG.



Osteogenic Induction on Bio-Scaffolds Under Space Flight Conditions

To test the efficacy of the bioscaffolds under the extreme condition of long-term MG for osteogenic differentiation, hBM-MSCs seeded on MHA/Coll scaffold, induced-MSC and ctrl-MSC were cultured for 21 days, and the expression of 84 osteogenesis-associated genes was evaluated.

The osteogenic genes differentially expressed between controls and induced cells, for both 3D (MHA/Coll) and 2D (induced-MSC) cultures, were clustered and displayed as heat map. Individual elements of the plot are colored under their relative expression values, where up- and down-regulated genes are shown as red and green squares, respectively (Figure 5A). As shown in the heat map, under G condition, cells cultured on MHA/Coll scaffold and induced-MSC exhibit an evident up-regulation of osteo-differentiation genes compared to control-MSC with different potency, MHA/Coll scaffold being significantly more effective than 2D culture.
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FIGURE 5. Osteo-differentiation related gene expression array in G and MG conditions. (A) Heat map of 84 osteo-related genes under MG conditions indicating the difference between induced-MSC and 3D MHA/Coll scaffold, showing standardized expression levels of modulated genes for the control, induced-MSC under G and induced-MSC under MG samples, respectively (red: high gene expression; green: low gene expression; black: unmodulated genes). (B) Tables showing the main modulate genes in comparison to the uninduced control in induced-MSC and MHA/Coll under G and MG conditions, respectively. (C) Osteogenic differentiation on MHA/Coll after MG. The main genes involved in osteoblast differentiation were analyzed using Real-Time PCR: alkaline phosphatase (ALP) and osteocalcin (BGLAP). Statistical differences:; **p < 0.01; ***p < 0.001, for G group vs. ctrl G; ##p < 0.01, for MG group vs. ctrl MG (Two-way ANOVA). Bars indicate the compared samples under different conditions.


In particular, cell cultured on MHA/Coll under G condition were able to up-regulate important oste-differentiation-related genes, such as ALP, BGLAP, BMPs family, Col1a1, Col1a2, and Smad1 (FC > 4) (Figure 5B). Consistent with our previous results, this ability was not reverted under MG condition. On the contrary, as expected, MG down-regulated some of these osteogenic genes in induced-MSC underlining the impairment of the osteogenic differentiation induced by MG (Figure 5B).

The intrinsic MHA/Coll osteogenic properties under MG was evidenced by the over-expression of bone morphogenetic proteins (BMPs), a group of growth factors associated with the development of bone mineralization (Sykaras and Opperman, 2003). Interestingly, the osteoinductive potential of MHA/Coll was supported by the found up-regulation of Smad1 (Mothers Against DPP Homolog 1), able to mediate the signals of the BMPs family (Massague et al., 2005). Moreover, also several collagens genes were up-regulated by MHA/Coll under MG condition confirming its osteo-differentiation potential. The collagen genes which coding proteins are associated with the extracellular matrix (ECM) such as Coll1a1 and Coll1a2 are the main proteins present in the ECM of the bone.

Furthermore, to deeper investigate the impact of long-term MG exposure on osteogenic differentiation, hBM-MSCs seeded on MHA/Coll scaffold, induced-MSC and ctrl-MSC were cultured for 21 days and the expression of ALP and BGLAP was evaluated under G and MG conditions (Figure 5C). ALP and BGLAP, two main osteogenesis-associated genes, are growth factors associated with the development of bone mineralization (Roach, 1994; Orimo, 2010).

The gene expression analysis on cells cultured on MHA/Coll under MG condition, showed an increase in the gene expression of ALP (p < 0.01) and BGLAP (p < 0.01) compared to ctrl-MSC. Moreover, the significant difference in the gene expression of BGLAP between cell cultured on MHA/Coll and induced-MSC under MG conditions (p < 0.01) confirmed the superior ability of MHA/Coll scaffold in inducing the osteo-differentiation of hBM-MSCs, being significantly more potent than induced-MSC (2.5-fold).

On the contrary, induced-MSC under MG condition showed the lower expression gene levels under MG condition, underlining the dysregulation effect played by MG. These findings are consistent with a large body of literature describing the dysregulation of osteoblast and osteoclasts induced by MG exposure, with a consequent decrease of bone growth and mineralization (Carmeliet et al., 1997; Bucaro et al., 2004; Blaber E.A. et al., 2014).

The osteogenic gene expression profiling played in MG suggested that MHA/Coll can influence hBM-MSCs at the molecular level also in MG. Together with our current findings, this suggests that MHA/Coll is able to transfer key cues at the nanoscale to hBM-MSCs, which overall results in an increased osteodifferentiation in MG conditions. Unlike MHA/Coll, we found that MG is able to cause a dysregulation of induced-MSCs with a downregulation of osteogenic markers and genes. The observed findings, confirm that MHA/Coll scaffolds are able to compensate the dysregulation of the osteogenesis caused by MG conditions, therefore maintaining an excellent osteogenic and osteoconductivity properties under the long-term MG extreme conditions.



CONCLUSION

In conclusion, considering that during long-term space flights astronauts experience MG conditions causing bone loss and a higher risk of bone fractures, we here applied MG as a model to challenge the effectiveness of new scaffolds designed for bone regeneration in counteracting bone loss.

To this aim, encouraged by our study on the bioinspired 3D MHA/Coll scaffold ability to promote bone mass formation, we here evaluated the osteoinductive potential of this nanostructure in the extreme physiological condition of long-term MG. To this end, we present an integrative study investigating the osteogenic differentiation of hBM-MSCs cultured on the bio-inspired 3D scaffold MHA/Coll under long-term MG simulation using a RPM. The obtained findings reveal that the peculiar scaffold nanostructured niche cannot only improve the differentiation into osteogenic cells under static condition, but also restore the osteogenic differentiation dysregulation induced by long-term exposure to MG, despite the negative remodeling effect played by the latter on the scaffold.

Overall, the presented results demonstrate the ability of MHA/Coll to counteract bone dysfunction after prolonged space flights and weightlessness, confirming its eligibility as a material of choice to promote new bone formation. Despite a wide variety of bone-nano-scaffolds have been proposed, the investigation of the effect of microgravity on their osteoinduction capacity is still in its infancy (Koç et al., 2008; He et al., 2015; Koç Demir et al., 2018). Moreover, a significant difference with our study is that the experiments were carried out using rat bone marrow mesenchymal stem cells or human dental pulp stem cells, while we used human bone marrow-derived mesenchymal stem cells. It must be also noted that such experiments were not carried out using a more sophisticated system such as RPM as in our study, but a single-axis rotary cell culture system or bioreactors. Therefore, we here propose MG as a model to apply in future studies for the development of scaffolds suitable for bone regenerative medicine and tissue engineering, opening new challenges among nano-scientists for the design of bioinspired scaffolds in bone regeneration.
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Bacterial infections are the key cause of death in patients suffering from burns and diabetic wounds while the use of traditional antibiotics has been growing steadily. Thus, in the present study, we are trying to introduce a paradigm shift strategy to improve chronic wound healing of bacterial infection. To that end, we have biologically synthesized silver nanoparticles (AgNPs) using Arthrospira sp polysaccharides, and evaluated their antibacterial efficacy with their safety pattern. Scanning electron micrographs showed spherical AgNPs coated with algal polysaccharides with an approximate size of 9.7 nm. Treatment of Pseudomonas aeruginosa with the AgNPs (0.5–1 μg/mL) resulted in a significant disruption in P. aeruginosa outer membrane, reduction in biofilm formation, and a significant decrease of production of alginate and pyocyanin along with a concentration-dependent reduction in β-lactamase activity. In addition, at the in vivo level, AgNPs displayed substantial activity to control P. aeruginosa infections in rat skin wounds with significant reduction in in COX-2 enzyme in both rat skin homogenate and serum samples. Furthermore, AgNPs facilitated wound curative in the P. aeruginosa infected model by reducing the hemorrhagic areas number and the infiltrated inflammatory cells. Taken all together, these biogenic nanoparticles showed unique properties in controlling bacterial wound infections and improving the healing process of damaged tissues via its direct and indirect effects.

Keywords: green synthesis, AgNPs, anti-inflammatory, antibacterial, antibiofilm, virulence, wound healing
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GRAPHICAL ABSTRACT. The mode of action of Bio-AgNPs in controlling Pseudomonas aeruginosa infections and pathogenicity.


INTRODUCTION

Nanomaterials have attracted considerable attention owing to their potential use as drug delivery vehicles which found applications in cancer therapy. In this context, medical usage of these materials is dictated by the interaction of these nanoparticles and various human cells and tissues (Croissant et al., 2016). They have been employed as delivery systems in cases of poor solubility of drugs, and in the case of extensive side effect (Ashe, 2011). Nanotechnology and nanomedicine started a new era in targeted and specific therapy. Use of these very small, tiny, and specific particles has increased, as new vehicles for drug delivery, and also as effective drugs, in cases where toxicity and emergence of drug-resistance pathogens limit the use of some drugs. Size of these particles ranges from 1 to 100 nm (Croissant et al., 2016).

Due to its nano-scale size, nanoparticles display new, and significantly enhanced physico-chemical, and biological characters. This nano-scale size usually provides larger surface areas to nanoparticles (NPs) over the macro-sized particles (Jain, 2000). Numerous techniques have been successfully used to prepare nanoparticles which can be classified as (i) polymers-including methods and (ii) methods involving monomers polymerization. These approaches involve, but not limited to, (a) emulsion–solvent evaporation, (b) processing of salting out, (c) using supercritical fluid in production, (d) in situ polymerization and phase separation (Hakim et al., 2005), and (e) the biological approach which includes plant or animal extracts with different types of microorganisms such as bacteria, algae, and fungi which have been used to synthesize different metallic nanoparticles (NPs). This biological method has numerous advantages over the previously mentioned chemical methods as it saves more energy and is cost effective. The biologically synthesized NPs coated with biological molecules on its surfaces makes them biocompatible in comparison with the chemically synthesized NPs (Mishra et al., 2012). In this regard, Penicillium rugulosum, the important fungus in the industrial process, was used in the synthesis of a uniform sized Au NPs, which are easier to use as compared with those synthesized by bacteria and yeast (Patel et al., 2015).

Among the various biological systems used in the synthesis of NPs, many algal species have been recently employed. Also, these are more successful in the diverse of metal and metal oxide NPs fabrications (Philip, 2009). In this regard, the spherical AuNPs with sizes ~15 nm, biologically synthesized by natural honey have been used as a reducing and stabilizing agent. The fructose sugar in the honey, a reducing agent, and the honey proteins were responsible for stabilization of the NPs (Kannan et al., 2013). Furthermore, silver nitrate reduction was achieved by flavonoids and terpenoids metabolites of seaweed Chaetomorpha linum extracts as these metabolites acted as the capping and stabilizing agents during NPs development. These recovered NPs formed with an average size of 30 nm and showed potential applications in the medical fields (El-Rafie et al., 2013). In addition, various marine algal species including Pterocladia, capillacae, Jania rubins, Ulva faciata, and Colpmenia sinusa are used to produce AgNPs (Sabbah et al., 2018). Previous report of Cepoi et al. indicated that, Spirulina Platensis is an ideal selection for NPs bio-fabrication because the cells have many bioactive reducing compounds (Cepoi et al., 2015). Arthrospira sp extracts have been reported to exhibit diverse activity as anticoagulant (Majdoub et al., 2009) and antiviral effects (Chirasuwan et al., 2007).

Resistance to antimicrobial drugs is a threat to public health and is growing at an alarming rate. In the United States, statistics revealed that the number of deaths caused by the multi-resistant species, Methicillin-resistant Staphylococcus aureus (MRSA) is more than those caused by AIDS (Sharma et al., 2009). Therefore, there is a pressing need for the development of drugs to control and combat microbial resistance, whether in the form of new antibiotics or antimicrobial agents. In this context, various studies indicated the efficacy of silver nanoparticles against different bacterial strains (Mohanty et al., 2012). Silver nanoparticles strong antimicrobial effects have been shown in many applications as antibacterial textiles, medical devices coatings, home appliances product, and many cosmetics products due to its antibiofilm activities against different pathogenic bacteria such as Salmonella, Pseudomonas, Staphylococcus, and E. coli (Singh et al., 2018). This activity against bacterial biofilm has been broadly recognized (Markowska et al., 2013), especially, these activities by plant or microbial biosynthesized nanoparticles (Thuptimdang et al., 2015; Singh et al., 2018; Ahmad et al., 2020). In spite of all published reports that proved the AgNPs antibacterial and antibiofilm actions, the silver nanoparticles antibacterial mechanisms were not fully investigated, and the fact that they act against bacteria is not fully explained (Yassin et al., 2017). Accordingly, in the present study we have synthesized and characterized new silver nanoparticles (AgNPs) using the green synthetic approach and evaluated their antibacterial activity against six different antibiotic-resistant pathogenic bacterial strains. In addition, we have examined the mechanism of action at both in vitro and in vivo levels.



MATERIALS AND METHODS


Materials

Silver nitrate (AgNO3; Sigma-Aldrich) and cell culture media (Lonza) where obtained from commercial sources, while microbial strains were clinically isolated, cultured, and tested for antibiotic resistance at the biopharmaceutical laboratory, SRTA, Alexandria, Egypt. Arthrospira sp was cultured on a modified Zarrouk medium at ~ 25 ± 2°C. All used cell lines were acquired from ATCC. E. coli K12 AG100 and E. coli HB101 were obtained from the Department of Pharmaceutical Microbiology, Faculty of Pharmacy, Tanta University.



Methods
 
Preparation and Culturing of Microorganisms

Staphylococcus aureus, Streptococcus mutans, Pseudomonas aeruginosa, Salmonella enterica, Escherishia coli, and Proteus sp. (antibiotic resistant bacterial strains) were acquired from the culture collection of Genetic Engineering and Biotechnology Research Institute, Egypt. All bacterial isolates were sub-cultured in Luria Bertani broth media overnight at 37°C. Similarly, Arthrospira fusiformis was cultured on a modified Zarrouk medium at 31 ± 1°C for 4 days at the Biopharmaceutical Product Research Department, Genetic Engineering and Biotechnology Research Institute. Approximately 30 mL of Arthrospira pre-grown culture was inoculated to about 100 mL of modified Zarrouk medium. Algal cultures were illuminated using constant cool white fluorescent light (2500 LUX) with stirring to keep them homogenous. After incubation time, the culture cell free supernatant was recovered by centrifugation at 1792 RCF for 30 min at 4°C, and the recovered filtrate was filtered by means of a Whatman filter paper to remove any suspended algal mass. Polysaccharide sample extracted by ethanol precipitation method.



Characterization of Biogenic AgNPs and Their Safety Pattern With PBMCs
 
Green synthesis of AgNPs

Approximately 200 mL of A. fusiformis polysaccharide solution (2 gm/100 mL) was mixed, with shaking (220 rpm), with silver nitrate (AgNO3) to a final concentration of 1 mM for 1 h at room temperature. Silver nanoparticles (AgNPs) were recovered by centrifugation for 20 min at 9449 RCF, washed three times using phosphate buffer saline (PBS; 25 mM, pH:7.6), re-suspended in of PBS (25 mM, pH:7.6), and kept at 4°C (Yassin et al., 2017).



Characterization of AgNPs

X-ray diffraction (XRD). Nanoparticles samples were collected by centrifugation at 8964 RCF for 30 min and the formed pellets were washed three times with distilled water. Then, the collected amounts were dried at 50°C for 16 h. Silver nanoparticles crystalline phases content was studied with the aid of X-ray diffraction (XRD- 7000, Shimadzu, Japan) with diffraction angle (2O) at a current of 30 mA, and 30 KV voltage with Cu Kα radiation (λ = 0.15418 A) in a range from 20 to 140 (20 range). The measurement was performed three times.

Transmission electron microscopy (TEM). Nanoparticles samples were collected by centrifugation at 8964 RCF for 30 min, the formed pellets were dispersed in distilled water, and then sonicated to remove any aggregations. Microstructures of the biogenic AgNPs were examined with a Joel 6360LA transmission electron microscope (JEOL Ltd., Tokyo, Japan). Using double sided adhesive tape, the recovered AgNPs were prepared by placing 5 μL of the colloid solution on a carbon coated 3-mm copper grid, making a thin film of sample on the grid and extra sample was removed by filter paper and dried at room temperature. ImageJ software was used for analysis and poly dispersity index was calculated according to the following equation (El-Aassar et al., 2020; Ibrahim et al., 2020):
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AgNPs cytotoxicity assay; In vitro. The nontoxic doses of AgNPs were determined on non-cancerous cells; (PBMC). Peripheral blood mononuclear cells (PBMCs) were isolated by gradient centrifugation according to the procedure outlined by Lohr and coworkers (Lomovskaya and Watkins, 2001). Cell suspension (6 × 104 cells/mL) in RPMI media were cultured on 96-well plates and treated with 100 μL of each of extracts concentrations (to final concentrations of 400–12.5 μg/mL). After 48 h of incubation, AgNPs cytotoxicity percentages were measured using a neutral red assay (Borenfreund and Puerner, 1985). Healthy volunteers blood samples were collected, and all volunteers completed a written informed consent in agreement with our all Declaration. The protocols of blood sample collection were approved by the Research Ethical Committee at Faculty of Pharmacy, Egypt under international and institutional guidelines (REC-FPTU).




In vitro Antibacterial Assessment of AgNPs

This section describes the antibacterial effects of AgNPs against the multidrug resistant bacteria along with evaluation of their microbial biofilm inhibitory activity. Also, the effect of AgNPs on Pseudomonas aeruginosa ultrastructure and its multi-resistance mechanisms was evaluated.


Antibacterial assay for AgNPs

In order to assess the antibacterial effects of the newly synthesized AgNPs against the resistant tested bacterial strains, a microplate reader assay was carried out with some modifications (El-Deeb et al., 2015).

Briefly, about 100 μL of overnight bacterial cultures (104 CFU/mL) were incubated with 100 μL of serially diluted AgNPs in LB broth at final concentrations of 250–0.37 μg/mL in 96 well plates; the inoculated plates were then incubated overnight at 37°C. The antibacterial % of AgNPs against the pathogenic bacteria was calculated according to the following equation:
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Where each of A, A1, and A0 are is the absorbance of treated group, the blank, and the control group, respectively.



Biofilm quantification by crystal violet assay

Biofilm formation was measured in flat bottomed 96-wells microtiter plates by means of the crystal violet assay. The microbial over-night culture of all pathogens in LB medium were incubated at 37°C. Then, about 200 μL of bacterial suspension (104 CFU/mL) was incubated with MIC concentration of AgNPs. The control group was adjusted as the untreated bacterial culture and LB media represented the blank control. After 24 h incubation, the loosely adhered culture was decanted, and the plates were gently thrice washed with sterile distilled water. The attached bacterial cells were stained for 15 min with 50 μL of crystal violet (0.1%). After rinsing twice, the cells bound dye was de-stained using 99% ethanol. The inhibition of microbial biofilm formation was quantified using a microplate reader by determining the dye intensity at 630 nm.



The effect of AgNPs on P. aeruginosa ultrastructure, virulence and multi-resistance mechanisms

Transmission electron microscopy (TEM) of the treated Pseudomonas aeruginosa. Approximately 20 mL of overnight P. aeruginosa cultures (6 × 104 CFU/mL) was treated with AgNPs with a final concentration of 3.7 μg/mL for 60 min with (MIC concentration of AgNPs). The bacterial pellets were collected and washed three times with phosphate buffer saline (PBS; pH 7). Both treated and untreated bacterial pellets were cryofixed according to the method described by Bouhdid et al. (2009). The prepared ultra-thin sections were stained with 1% uranyl acetate and sodium citrate, and the microstructures of bacterial samples were observed by means of a Philips EM 301TEM microscope with a Pixel_calibration of 622.246 um and an Accel. Voltage of 120.0 kV.

Pseudomonas aeruginosa virulence and resistance mechanisms: Effect of AgNPs on the pseudomonas pyocyanin production. The effect of AgNPs on pseudomonas pyocyanin production was evaluated using the method of Prithiviraj et al. with some modification (Prithiviraj et al., 2005). Briefly, 10 mL of Luria Bertani (LB) broth was dispensed in sterile conical flasks followed by the addition of AgNPs at 1, 0.5, 0.25, and 0.125 μg/mL final concentrations. Overnight culture of P. aeruginosa was used to inoculate LB broth to give a final bacterial count of 6 × 104 cells/mL. Following overnight incubation at 37°C in a shaking incubator at 90 rpm, cell free supernatant was separated by centrifugation at 1792 RCF for 10 min. Pyocyanin was recovered from 10 mL of culture supernatant by adding 6 mL of chloroform followed by vigorous shaking; this turns the blue-green color of pyocyanin into blue. The organic layer was relocated to a clean tube with 3.2 mL of 1N HCl, whereas the aqueous layer (pink in color) was used to measure pyocyanin spectrophotometrically at 520 nm. To calculate the concentration of pyocyanin, the absorbance was multiplied by 17.07.

Effect of AgNPs on Pseudomonas aeruginosa alginate production. P. aeruginosa was cultured in LB with and without AgNPs (0.25–1 μg/mL) different concentrations. After 24 h static incubation at 37°C, the viscosity of the broth was visually examined using the string test (Mathee et al., 1999).

Effect of AgNPs on the activity and productivity of P. aeruginosa β-lactamase enzyme. Preparation of crude β-lactamase extract Overnight culture of P. aeruginosa isolate was centrifuged for 10 min at 1008 RCF to harvest the cells. The bacterial pellet was washed with phosphate buffered saline PBS (pH 7), and after several washings, bacterial pellets were re-suspended in 1.5 mL of PBS and disrupted for 4 × 30 s using an ultra-sonicator processor (Cole Parmer, USA) with 30 s intermediate cooling times. The supernatant was separated by centrifugation at 1008 RCF for 10 min and used as a crude enzyme extract.

Determination of β-lactamase activity. P. aeruginosa bacterial cells were grown in LB broth with or without AgNPs (0.25, 0.5, and 1 μg/mL) until logarithmic phase was reached. Cells pellets were harvested, and intracellular extracts were prepared as described above. The enzyme activity was spectrophotometrically determined by nitrocefin substrate according to the procedure of O'Callaghan et al. (1972). One unit of β-lactamase is defined as the enzyme amount required to hydrolyze 1.0 μmole of nitrocefin per 1 min at 25°C and pH 7.0.

Effect of AgNPs on the productivity of β-lactmase enzyme. Luria Bertani broth was used to subculture P. aeruginosa isolate in the absence or presence of AgNPs at final concentrations of 0.125, 0.25, 0.5, and 1 μg/mL. After overnight incubation at 37°C in a shaking incubator, cell lysates were prepared as previously described. The amount of β-lactamase produced was expressed as activity, and the percentage of inhibited productivity of β-lactamase was calculated (O'Callaghan et al., 1972).

Effect of AgNPs on the efflux pump of Pseudomonas aeruginosa isolate. P. aeruginosa isolate was cultured in LB medium with or without AgNPs different concentrations and incubated at 37°C with agitation at 220 rpm until an optical density (OD) of 0.6 at 600 nm is reached. Cultures were OD adjusted with PBS to 0.5 by McFarland standard. E. coli K12 AG100, a positive control, was cultured in the presence of 10 mg/L of tetracycline. E. coli HB101 was also cultured in LB medium and used as a negative control. Trypton soy agar plates containing 1.5 mg/L of ethidium bromide were prepared; plates were divided into eight sectors by radial lines to give the cartwheel pattern. Bacterial cultures with adjusted OD were swabbed on the plates beginning with the center and directing into the edges. Plates were incubated for 16 h at 37°C followed by examination under UV transilluminator (Martins et al., 2011).




In vivo Evaluation of AgNPs Effects on Pseudomonas aeruginosa Infected Rats

This section will evaluate the efficiency of biogenic AgNPs in controlling P. aeruginosa wound infection in rat models. The evaluation scheme includes the histopathological examination, quantification of biochemical parameters, and monitoring of inflammatory regulators.



Ethical Statement

All in-vivo studies were carried out according to the guidelines of Tanta University, Faculty of Pharmacy, Tanta, Egypt (REC-FPTU). The Research Ethical Committee at the Faculty of Pharmacy, Egypt under international and institutional guidelines (REC-FPTU) approved all used experimental protocols.


Bacterial preparation and AgNPs ointment formulation

P. aeruginosa was cultured overnight in LB broth media using the previously mentioned conditions. At the end of incubation, bacterial cells were collected by centrifugation at 161 RCF for 20 min. These cells were washed three times with sterile saline, then the recovered cells were suspended in the sterile saline to bacterial count of 106 CFU/mL saline. The tested ointment was prepared by mixing of 60 μg AgNPs (sub safe dose) with ~1 g of an ointment base contained cetosteryl alcohol, hard paraffin, wool fat, and white soft paraffin. The desired ointment base quantity was weighed and melted at 70°C in a water bath. The designated quantity of AgNPs was added to and stirred gently with the melted base at 40°C until a homogenous dispersion was obtained.



Wound creation

Twenty female Wistar rats (120–150 g) were used throughout this investigation. These animals were given free access to standard diet and water and were kept under standard conditions set according to the guidelines of the National Institute of Health (NIH). After 2 weeks of acclimation, the left dorsal thoracic region of the animal, 5 cm from the ear and 1 cm away from the vertebral column, was shaved and a 3-cm wound (diameter) was made. All tested animals were anesthetized with chloroform during the wound excision step. Animals were separated into four different groups with five rats each. The first group was used as the untreated, whereas the second represented the infected-untreated group: In this group, 1 day after wound creation, animal wounds were inoculated with 1 mL of the previously prepared of P. aeruginosa bacterial suspension (106 CFU/mL) for 2 days in a 1-day daily dose. The third group was the infected-AgNPs—treated. In this group, 1 day after the last bacterial dose, each animal was treated with the formulated AgNPs ointment with a final concentration of 60 μg AgNPs/Kg animal body weight. Rats were inoculated with their respective doses every day for 7 days. The Last was the AgNPs-treated group, where animals received the same doses of AgNPs formulated ointment as mentioned in the third group with the exception that they were not infected with P. aeruginosa. Blood samples from sacrificed animals were collected and transferred immediately to ice. Blood plasma were recovered by centrifugation for 20 min at 1008 RCF and were stored at −80°C. Skin sections were removed and washed with chilled sterile saline solution. The tissue sections were singly minced and homogenized in ice-cold sodium and potassium phosphate buffer (0.01 M, pH 7.4). The cell debris free supernatants were recovered from tissue the homogenates by centrifugation at 1008 RCF for 20 min at 4°C, and the resultant supernatant was used.



Histological section preparation

Rat skin sections were collected and immediately fixed in 10% formalin, treated with alcohol and xylol, and embedded in paraffin. For studying the histopathological changes, the tissue sections were segmented at 4–6 cm thickness and stained with Haematoxylin and Eosin (H&E) stain (Putt, 1954).



Biochemical parameters

The total protein, albumin, urea, creatinine, and alkaline phosphatase were analyzed using the stored plasma samples. In addition, AST (aspartate transaminase) and ALT (alanine transaminase) enzymes were measured with commercial kits (BioSystems S.A. Costa Brava, 30. 08030 Barcelona, Spain).



The regulation of inflammatory mediators in Pseudomonas aeruginosa-infected animal model by AgNPs

Quantification of cyclooxygenase 1 and 2 levels assay. Levels of both cyclooxygenase one and two blood serum and skin homogenates were measured by ELISA kit specified for cyclooxygenase one and two protein concentrations (Cusabio, Biotech, wuhan, Hubei, China) in all tested animal groups. Blood sample sera of all groups were collected as previously mentioned, and the level of cyclooxygenase one and two enzyme concentrations were performed according to the manufacturer's instruction. Protein concentrations were read with a microplate reader at 450 nm. The cyclooxygenase 1, 2 enzyme concentrations was obtained from a standard curve.

Quantification of the induced ROS in rat skin tissue isolated macrophages. Skin isolated macrophages were performed according to a procedure described by Malosse and Henri with some modifications (Malosse and Henri, 2016). Briefly, at the end of treatment, mice were sacrificed. An area of ~1.5 × 1.5 cm2 of back naked skin was excised and the subcutaneous fat and blood vessels were carefully separated. Recovered skin samples were cut into small pieces and transferred to 1 mL of collagenase 4-DNase working solution and were incubated for 30 min at 37°C. After 30 min, cells were collected by centrifugation at 161 RCF for 10 min. Recovered cells were suspended in sterile PBS, and the desired ones were separated by means of percoll gradient centrifugation, as described by Lohr et al. (1995). Recovered cell rings at the interface were suspended in RPMI free serum culture media after lysis of RBCS using ACK lysis buffer. To remove the non-adherent T cells, the cell suspension was then incubated for 1 h. The recovered macrophage cells were washed with PBS and using the fluorescent membrane permeable probe 2,7-dichlorofluorescein diacetate (DCFH-DA) (Molecular Probes, Sigma Aldrich), The total induced ROS was measured by flow cytometry according to a published procedure (Yassin et al., 2017).

Quantification of IκBα, IL-1α, and IL-1β, and TNF-α in rat skin tissues. At the end of the in vivo study, the total animal skin RNAs were extracted using an RNA extraction kit (Thermo scientific). The current study focused on the expression levels of IL-1α (Interleukin 1 alpha), IL-1β (Interleukin 1 beta), TNF-α (tumor necrosis factor alpha), and IkappaB-α (kappa light polypeptide gene enhancer in B-cells inhibitor, alpha nuclear factor) genes. The first cDNA strands were synthesized using strand cDNA synthesis kit (Thermo scientific). Real time polymerase chain reaction (Rt-PCR) was conducted by Syber Green master mix (Qiagen) where GAPDH was used as an internal control reference. Used primers are listed in Table 1.


Table 1. The primers list used in gene expression analysis.
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Statistical Analysis

All determinations were conducted in triplicate and results are presented as the mean ± standard error of the mean (SEM). Data were subjected to one-way analysis of variance (ANOVA) with multiple comparisons, and two-way ANOVA with Tukey's test was used to assess comparisons between groups. Statistical analysis was performed with the aid of Student's t-test for significance with the aid of GraphPad Prism-8; differences were considered significant at p ≤ 0.05.



RESULTS



Characterization and Safety Pattern of the Recovered AgNPs

Silver nanoparticles were characterized with the aid of transmission electron microscopy and X-ray diffraction (XRD) analysis; (Figure 1). Data from these figures indicate that recovered biogenic AgNPs appear as spherical particles coated with bioactive ingredient of the extracted polysaccharides, with an approximate size of 9.7 nm and 0.15 poly dispersity index which indicates homogenous particulates distribution. XRD analysis shows development of the silver particles crystalline phases content in the biogenic AgNPs sample. The sharp peaks at 2θ of 32.639 and 46.612 are attributed to (111) and (200) crystallographic planes (El-Aassar et al., 2020; Ibrahim et al., 2020). In addition, the sample is characterized by Ag (111) peaks which shifted to a lower value of 32.639°, whereas the Ag (200) peak is shifted to a higher value of 46.612°, depending on the preparation conditions of the sample (Figure 1c).


[image: Figure 1]
FIGURE 1. Characterization of the biogenic AgNPs; (a) the biosynthesized AgNPs SEM image (b) AgNPs particle size distribution (c) XRD spectrum of the dried powder of the biosynthesized AgNPs.


Safety pattern of biogenic AgNPs was tested on peripheral blood mononuclear cells (PBMC). Results indicated that an IC50 value of 453 μg/mL was obtained upon treatment of normal cells (Figure 2). The maximum used dose (4 mg/mL) showed cellular inhibition percentage of 40.5 and obtained nontoxic concentration on PBMC reached 70 μg/mL with 10% cellular inhibition.
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FIGURE 2. Safety assay pattern of the biosynthesized AgNPs on isolated peripheral blood mononuclear cells (PBMC). Different concentrations of AgNPs (final concentrations of 400–12.5 μg/mL) were incubated on PBMCs for 48 h. AgNPs cytotoxic effects were expressed as viability inhibition percentages of PBMC using neutral red assay compared with the untreated cells. All measurements were performed in triplicate and the average was calculated ± standard deviation (SD) using GraphPad prism8 software.




In vitro Antibacterial Assessment of AgNP

The antibacterial activity of biogenic AgNPs against different antibiotic resistant bacteria was measured by means of a microplate reader assay protocol, using different concentrations of AgNPs (3.7–500 μg/mL). Inhibition percentage of AgNPs treatment against bacterial growth ranged from 0.811 to 98.2% (Figures S1a,b); all tested strains were almost completely inhibited by using an AgNPs with a dose of 500 μg/mL. Proteus and S. mutans were the most sensitive bacterial strain to AgNPs among all tested strains at lower AgNPs concentrations. In addition, the calculated MIC values of AgNPs were 3.7 μg/mL against S. aureus, P. aeruginosa, and S. enterica, and 1.7 μg/mL for S. mutans, E. coli, and Proteus sp.

In addition, the positive effects of the biogenic AgNPs on biofilm formation of tested bacterial strains are shown in Figure S1c. Results reveal that treatments with AgNPs exhibit positive effects against biofilm formation of all tested strains with inhibition percentage ranging from 52.85 to 79.37%. Moreover, results show that S. enterica was the most sensitive strain to treatment without any significant difference with S. mutans that showed 76.61%. On the other hand, P. aeruginosa was the most resistant strain followed by S. aureus which showed 60.45% inhibition in biofilm formation upon treatment. Furthermore, both Proteus sp. and E. coli exhibited 71.42 and 69.11% inhibition, respectively, upon treatment with AgNPs.



The Effect of AgNPs on Pseudomonas aeruginosa Ultrastructure, Virulence and Multi-Resistance Mechanisms
 
Ultrastructure Changes

To examine the morphological changes consequential to AgNPs treatment, TEM was achieved on tinny sections of treated (Figures 3A,B) and untreated P. aeruginosa bacterial samples (Figure 7C). Different morphological changes were observed upon treatment of P. aeruginosa cells with AgNPs (Figure 3). Several protrusions from the cell wall and membrane vesicles releasing were observed in the treated cells (Figure 3A). In addition, different AgNPs particles, close to the outer cell's envelope with disruptions in some regions of bacterial outer membrane, were observed inside the treated cells (Figure 3B). Moreover, in the neighboring areas, a significant amount of cytoplasmic material was noticed.
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FIGURE 3. Transmission electron microscope (TEM) images of P. aeruginosa treated with AgNPs (A,B) and un-treated (C; control). Numerous disruptions of the cell wall were observed in the treated bacterial cells. AgNPs particles were detected near the outer cell's envelope in the treated cells. Intact bacterial membrane of the untreated cells.





Virulence and Multi-Resistance Mechanisms

The effects of AgNPs on P. aeruginosa multi-resistance mechanisms were quantified, these mechanisms include P. aeruginosa production of alginate, pyocyanin, β-lactamase enzyme, and p. aeruginosa efflux pump. To study the effect of AgNPs on the production of pyocyanin, different sub (MICs) minimum inhibitory concentrations of AgNPs (0.125. 0.25, 0.5, and 1 μg/mL) were added to the bacterial growth media. Quantitative estimation of pyocyanin levels revealed a significant decrease in production compared to the control (Figures 4a,b). Percentage of reduction ranged between 98.25 and100 %, and the absolute percentage was achieved when 0.5 and 1 μg/mL was added to the growth media (Figure 4b). P. aeruginosa was grown with or without different concentrations of AgNPs. Following incubation, muco-viscosity of the broth culture was examined visually by the string test. Results revealed complete inhibition of alginate production at all tested concentrations of AgNPs compared to the negative control which showed highly viscous solution as observed in Figure 4c.
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FIGURE 4. (a) Steps of pyocyanin extraction with or without 0.5 μg/mL of AgNPs. Complete inhibition in productivity was observed. (b) Quantification of pyocyanin levels of P. aeruginosa upon treatment with AgNPs. (c) Inhibition of alginate production (left side) by P. aeruginosa after treatment with 0.5 μg/mL of AgNPs. The negative control (right side) showed hyper-mucoviscosity by string test. ***is highly significant at P < 0.0001.


The effect of AgNPs with different concentrations on the activity and production of β-lactamase enzyme made by P. aeruginosa isolate was investigated. Results showed that silver nanoparticles markedly inhibited the production of the enzyme by the test isolate when treated with concentrations of 0.125. 0.25, 0.50, and 1.0 μg/mL as depicted in Figure 5A. Additionally, AgNPs at final concentrations of 0.25, 0.50, and 1.0 μg/mL reduced the activity of β-lactamase enzyme in a concentration-dependent manner as shown in Figure 5A. On the other hand, Cartwheel method was employed to assess the influence of different sub MICs of AgNPs on the efflux pump of P. aeruginosa (Martins et al., 2011). Results showed different range of degrees of fluorescent bacterial masses, depending on their abilities to efflux the substrate (ethidium bromide). Inhibited fluorescence means active efflux. This was observed when P. aeruginosa isolate was treated with 0.0625 and 0.125 μg/mL of AgNPs. Intermediate fluorescence was observed when the treatment concentrations were increased to 0.25 and 1.0 μg/mL which confirmed that the emitted fluorescence was concentration dependent as shown in Figure 5B.
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FIGURE 5. (A) Effect of AgNPs on the production of β-lactamase enzyme by P. aeruginosa isolate (B) Fluorescence of P. aeruginosa on ethidium bromide containing TSA plates using UV light. It shows a, Positive control E. coli K1 AG100; b, Untreated MDR P. aeruginosa isolate; c, P. aeruginosa isolate treated with 0.0625 μg/mL of AgNPs; d, P. aeruginosa isolate treated with 0.125 μg/mL of AgNPs; e, P. aeruginosa isolate treated with 0.25 μg/mL of AgNPs; f, P. aeruginosa isolate treated with 0.5 μg/mL of AgNPs; g, P. aeruginosa isolate treated with 1 μg/mL of AgNPs; h, E. coli HB101 Negative control. Fluorescence means negative efflux. ***is highly significant at P < 0.0001.





In vivo Evaluation of AgNPs Effects on Pseudomonas aeruginosa
 
Regulation of Induced Concentrations of Cyclooxygenase (COX) 1 and 2 in Pseudomonas aeruginosa Infected Rats by AgNPs

ELISA was employed to measure the concentrations of COX-1 and the induced COX-2 enzymes in skin and serum samples of all used animal groups as depicted in Figures 6A,B. In rat skin homogenates (Figure 6A), no significant elevation in COX-1 concentrations among all tested groups was observed, whereas the infected-untreated rat skins showed a significant induction (14.38 ng/ mL) in COX-2 enzyme compared to untreated group (9.43 ng/ mL). However, upon treatment, the elevated concentrations of COX-2 enzyme decreased from 14.38 to 10.16 ng/ mL without a significant difference with the untreated group. On the other hand, after AgNPs treatment, no significant reduction in the serum elevated concentrations of COX-1 compared to the infected-untreated group was noticed (decreased from 4.78 to 4.75 ng/mL). Furthermore, in serum sample, AgNPs treatment significantly decreased the concentration of the induced COX-2 from 11.66 to 4.34 ng/mL).
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FIGURE 6. (A) The regulation of the induced COX-1&2 concentrations of the skin homogenates. AgNPs treatment decreased the elevated COX-2 concentrations from 14.38 (the infected group) to 10.16 ng/mL (the treated group) without a significant difference with the non-infected group. Also, in the serum samples (B) AgNPs treatment significantly decreased the concentration of the induced COX-2 from 11.66 (the infected group) to 4.34 ng/mL (the treated group). (C) Total protein, creatinine, albumin, and urea quantifications (D) ALT and AST concentrations, in P. aeruginosa infected rats treated with AgNPs. All measurements were done in triplicate and the average was calculated ± standard deviation (SD) using GraphPad prism8. Data are represented as the mean, standard deviation and N = 3, ***p < 0.0001, and **p < 0.0125 using two-way ANOVA. *is not significant at P < 0.0001. ***is highly significant at P < 0.0001.




Biochemical Parameters

Upon topical treatment with AgNPs (60 μg/ Kg BW), the total protein concentrations in serum samples of infected-AgNPs-treated groups significantly decreased from 36.2 g/dl in the infected-untreated group to 51.1 g/mL in AgNPs-treated group (p ≤ 0.0001), without significant differences from either AgNPs-treated and infected-untreated groups (53.8 and 48.9 g/dL, respectively) as shown in Figure 6C. On the other hand, creatinine concentrations dramatically decreased in the infected-untreated group (2.5 g/dL) with significant differences with other groups (p ≤ 0.0001). In addition, creatinine concentrations in both AgNPs-treated and infected-AgNPs -treated groups (3.8 and 3.5 g/dL, respectively) did not significantly differ from the untreated group (2.5 g/dL).

Similar results were obtained for urea and albumin. AgNPs did not show significant differences in both urea and albumin concentrations from the untreated group (53.8–53.5 and 18.3–17.9 g/dL, respectively). Furthermore, AgNPs treatment (infected-AgNPs-treated) significantly altered the concentrations of both urea and albumin compared with the infected-untreated group (from 50.2 to 47.7 and from 17.1 to 21.8 g/dL, respectively) (p ≤ 0.0001) (Figure 6C). On the other hand, bacterial infection dramatically decreased ALT and AST concentrations from 38.93 to 13.79 and from 13 to 10 U/L, respectively. However, upon treatment, both ALT and AST concentrations increased again to 32.65 and 11.5 U/L, respectively, without any significant differences with the untreated group. Moreover, AgNPs topical usage did not show any significant effects, p ≤ 0.0001, on the concentration pattern of both ALT and AST (34.57 and 13.7 U/L, respectively) (Figure 6D).



AgNPs Immunomodulatory Actions

Immunomodulatory actions of AgNPs were monitored by measuring induced ROS in the ex-vivo skin associated macrophages (Figure 7) using flow cytometry. Results indicated that both P. aeruginosa bacterial infection and AgNPs treatment showed abilities to significantly induce intracellular ROS with potency to bacterial infection which induced ROS with gating percentage from 33.46 in untreated animal group cells to 81.27% in infected-AgNPs-treated animal group cells (Figure 7E). On the other hand, upon treatment, the gating percentage of induced ROS in infected-AgNPs-treated group significantly decreased from 81.28 to 77.68% without substantial differences with the AgNPs-treated group (76.49, p ≤ 0.0001).
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FIGURE 7. Isolated macrophages of rat skins where; (A) Rat skin isolated macrophages of AgNPs group (without bacterial infection). (B) Rat skin isolated macrophages of bacterial infected group (positive control). (C) Rat skin isolated macrophages of the non-infected group (negative control). (D) Rat skin isolated macrophages AgNPs treatment to the bacterial infected group (AgNPs -treated group). (E) Flow cytometric quantification of the induced ROS in in the ex-vivo skin associated macrophages of P. aeruginosa infected rats upon AgNPs treatments. N = 3. *is not significant at P < 0.001. **is significant at P < 0.001. ***is highly significant at P < 0.0001.


Gene expression patterns of IKaB, IL-1α, IL-1β, and TNF-α in rat skin samples were determined using RT-qPCR (Figure 8A). Upon normalization, using β-actin, P. aeruginosa bacterial infection showed abilities to up-regulate levels of expression of all tested genes in comparison with the negative control group. Upon treatment, AgNPs exhibited abilities to down-regulate the expression levels of TNF-α with slight up-regulation of expression levels of IKaB, IL-1α, and IL-1β in both infected-AgNPs-treated and AgNPs-treated group. Additionally, the expression levels of IKaB, IL-1α, and IL-1β in AgNPs-treated group were slightly over expressed than that in the infected-AgNPs-treated group, but still significantly lower than that in the infected-untreated group.
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FIGURE 8. RT-qPCR analysis of the expression levels of IKaB, IL-1α, IL-1β, and TNF-α genes in rat skin samples upon AgNPs Treatments. The gene expression levels of IKaB (blue color), IL-1α (Red), IL-1β (green), and TNF-α (pink) with β-actin normalizations and compared to the control nine untreated cells). The gene levels below the control line represented the downregulation pattern and that above the control line represented the upregulated ones. All measurements were done in triplicate and the average was calculated ± standard deviation (SD) using the GraphPad prism8 software. **is significant at P < 0.001. ***is highly significant at P < 0.0001.
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FIGURE 9. Histopathological examinations of illustrative skin samples (stained with hematoxylin and eosin; ×40) after P. aeruginosa infections and upon AgNPs treatment: (A) P. aeruginosa infected group; (B) the non-infected group; (C) AgNPs -treated group. N = 3. All measurements were done in triplicate and the average was calculated ± standard deviation (SD) using GraphPad prism8 software.




Histopathologic Investigation

Microscopic examination of animal skin tissues of infected-untreated sections showed distinct morphological changes as displayed in Figure 8B, when compared to the untreated group (Figure 8C), indicating unhealthy cells. A slight thickness in the epidermal layer with more epithelial cells was observed in the infected tissues compared to infected-AgNPs-treated cells. In the infected-AgNPs-treated group (Figure 8D), the distribution of hair follicles was more even than in the bacterial infected tissues. Hemorrhagic areas with infiltrated inflammatory cells (surrounding degenerate or coagulation necrosis hair follicles) and macrophages were observed in bacterial infected tissues with large numbers than that in infected-AgNPs-treated tissues. Hair follicles did not contain hair shafts, and their upper parts were dilated and loaded with keratinized substances. On the other hand, hair follicles disruptions with hemorrhagic areas, infiltrated inflammatory cells (surrounding degenerate or coagulation necrosis hair follicles), and macrophages were observed in bacterial infected tissues with large numbers than that in the AgNPs treated tissue.





DISCUSSION

Utilization of silver nanoparticles (AgNPs) as a drug delivery system is considered a very propitious approach to improve the advanced antimicrobial systems. These nanoparticles can enhance the antimicrobial properties against bacterial pathogens through a direct adsorption at the cell surface in addition to its oxidative effects (Le Ouay and Stellacci, 2015). Being characterized by their small sizes, this led to facilitated penetration into various living cells resulting in side effects including; cytotoxicity and genotoxicity (Greulich et al., 2011; Chairuangkitti et al., 2013; Liz et al., 2015). However, there is a rising concerns over the biological influences of large-scale use of AgNPs, and the probable risks on human health. Because of this toxicity concerns, safety pattern of the recovered biogenic AgNPs was examined on peripheral blood mononuclear cells, before starting this study. Results showed that AgNPs might be safe to mammalian cells at a concentration of 70 μg/mL with an IC50 value of 453 μg/mL. This finding is in agreement with the results recently obtained by a group of researchers who found that the IC50 concentrations of chemically synthesized AgNPs on various cell lines, such as mouse fibroblasts, HepG2, and Hela were almost the same, ~7.0 μg/mL (Salomoni et al., 2017).

In medical science fields, the microbial antibiotic resistance is considered as a major issue due to abuse of antibiotics. Another issue associated with the microbial therapy using antibiotic is the emergence of life-threating adverse effects such as hypersensitivity reactions in addition to liver and kidney damages in some cases (Cunha, 2001). In this respect, the evolution of nanotechnology era introduced a promising solution to this problem via AgNPs that showed notable antimicrobial property. Research findings indicated that AgNPs exhibit antimicrobial activity against different Gram-positive and Gram-negative antibiotic-resistant bacteria without significant differences, indicating the broad-spectrum bactericidal effect of AgNPs (Ayala-Nunez et al., 2010). Our findings showed that the growth of all tested bacterial strains was almost completely inhibited after the biosynthesized AgNPs treatment at a dose 500 μg/mL; this finding showed the efficacy usage of AgNPs as antibacterial agent. The microbial activity of AgNPs could be attributed to the release of silver ions; this release could disrupt the bacterial outer membrane, and thus enhance the uptake of Ag+ ions and AgNPs leading to reduction of cellular viability (Hakim et al., 2005; Zolghadri et al., 2008; Gnanadhas et al., 2013). For more explanation to the in vitro exact mode of AgNPs antibacterial action, we tested the impact of AgNPs against P. aeruginosa ultrastructures and multi-drug resistance mechanisms. Results revealed that AgNPs have abelites to disrupt the bacterial outer cell's envelope and accumulate inside treated cells. The antibacterial action of AgNPs could be explained in three different ways: (1) the smallest nanoparticles, with a diameter ranging from 1 to 10 nm become attached to bacterial cellular membrane, and harshly interrupt its proper functioning, (2) then, these particles enter the bacterial membranes, may be via interacting with compounds containing sulfur- and phosphorus-groups such as DNA resulting in membrane damage, and (3) the particles release silver ions which have an additional contribution as bactericidal agents (Morones et al., 2005). On the basis of the preceding discussion, and depending on our findings shown in Figure 1, the recovered AgNPs that had a size of 8–12 nm induced outer membrane breakage of P. aeruginosa, thus affected the cellular permeability, and these disruptions, known as “pits,” would result in cell lysis. Interestingly, Similar findings were reported by Kalpana et al. (2019), who indicated that upon treatment of S. typhimurium with AgNPs biosynthesized with aqueous extract of Torreya nucifera, the TEM analysis showed attachment of the nanoparticles to the bacterial membrane, followed by passing into the cells, disrupting the membrane and leading to leakage of the cellular component as well as cell shrinkage.

Bacterial biofilm is considered one of the main bacterial survival strategies in a diversity of sites in the human body (Dufour et al., 2010). Disruption of biofilm resistance could improve the existing antimicrobials ability against infections. In this context Kalishwaralal et al. reported that AgNPs had antibiofilm activity. They argued that, the use of AgNPs at 100 nM exhibited reduction in the biofilm formation of P. aeruginosa and S. epidermidis by 95–98% via arresting the production of bacterial exopolysaccharides (Kalishwaralal et al., 2010). In the same context, our results showed that, treating the test strains with MIC 50 dose ranged between 3.5 and 1.7 μg/mL resulted in inhibition of the biofilm formation by a percentage ranged between 52.85 and 79.37%. Indeed, P. aeruginosa showed the most resistant biofilm to AgNPs treatment. This finding could be explained by studies of Ahmad et al. (2020). These researchers reported that AgNPs synthesized with Flacourtia indica did not show biofilm inhibition activity at doses 15–30 μg/mL, whereas a strong biofilm inhibition was observed at a concentration of 100 μg/mL and Pseudomonas aeruginosa (ETPS11) was the most resistant as they appeared as a weak biofilm producer. P. aeruginosa biofilm mainly relies on the formation of alginates that represent the major components of the biofilm matrix. They form a shield around the pathogen which prevents penetration of antimicrobials, resulting in a therapeutic failure (Al-Wrafy et al., 2017). Inhibition of P. aeruginosa alginate production (even at very low concentration 0.25 mg/ mL) was obtained following treatment with AgNPs could explain the observed antibiofilm activity as one of P. aeruginosa multi-resistance mechanisms. In addition to P. aeruginosa biofilm and alginate production, formation of pyocyanin is also one of the most potent virulence factors and a major element dictating the progression of biofilm formation and infection (Theerthankar Das et al., 2016). Therefore, our findings related to pyocyanin production inhibition may shed some light about the mechanisms of AgNPs antibacterial effects against P. aeruginosa via controlling its multi-resistance elements. In addition, results indicated that AgNPs even at very low concentration (0.25 mg/mL) cause a significant reduction in the pyocyanin production, where ~0.5 mg/mL of Ag NPs showed complete inhibition of pyocyanin formation. Additionally, P. aeruginosa β-lactamase production, as well as active efflux of antimicrobials out of the bacterial cells, are extremely important mechanisms developed by pathogens to resist the effect of antibiotics (Lomovskaya and Watkins, 2001). Interestingly, we recorded a marked reduction in the activity and productivity of β-lactamase enzyme, in a concentration-dependent manner. Also, the active efflux of P. aeruginosa was completely inhibited at 1 mg/mL of AgNPs, giving greater fluorescence under the UV transilluminator. Similar findings reported by Gupta et al. and Nallathamby et al. who showed that silver nanoparticles could disrupt the MDR kinetics of efflux pump in P. aeruginosa isolates (Nallathamby et al., 2010; Gupta et al., 2017). This might be due to termination of the proton gradient exerted by the metal nanoparticles, and hence disruption of the membrane potential, and deterioration of the efflux pump driving force essential for its activity.

In spite of our promising in vitro AgNPs antibacterial results, the adverse effects of silver nanoparticles (AgNPs) to humans are our concerns about AgNPs usage. Therefore, we evaluated the AgNPs antibacterial effects using an in vivo wound model with monitoring the vital biological parameters in general, wound infections are caused by the surrounding bacteria. These wounds could be infected with various bacterial populations which can be hard to identify, and do not respond to antibiotic treatment, causing chronic non-healing wounds (Westgate et al., 2011). With respect to the in vivo safety issues, recent studies have revealed that NPs antimicrobial effects diminish upon interaction with serum proteins. However, findings by Gnanadhasa's et al. conclusively proved that, coating the AgNPs with capping agent could minimize AgNPs binding to the protein of human serum, and could effectively maintain its antibacterial property both in in vitro and in vivo models (Gnanadhas et al., 2013). This finding is in agreement with our results which showed a slight decrease in the total protein percentage (freely protein) in the serum of AgNPs treated group. We could explain that the algal bio-agent coated substances in AgNPs showed abilities to minimize AgNPs binding to the human serum protein, resulting in a non-significant reduction in the concentrations of serum protein and albumin that could increase the AgNPs cellular uptakes, and the intracellular killing of bacteria. Thus, the capping agents of our biosynthesized AgNPs could play crucial roles in their usage to generate better antibacterial characters with lower toxicity. In addition to protein levels, liver, and kidney functions were monitored to evaluate the safety usage of AgNPs. Several reports have indicated significant alteration in serum and tissue levels of ALT and AST upon AgNPs treatment. In this context, Adeyemi and Adewumi reported a significant increase in the serum and tissue levels of rat ALT and AST after AgNPs treatment (Adeyemi and Adewumi, 2014), which agrees well with results obtained in the present study. In addition, AgNPs treatment did not alter the urea and albumin concentrations, where they maintained normal levels upon treatment and after bacterial infection. On the other hand, Marcato et al. reported a marked increase in the level of urea exerted by AgNPs, leading to less time required for wound healing (Marcato et al., 2015).

Silver nanoparticles might have a role in the granulation tissue formation enhancement and maturation during the wound healing initial stage via reducing the inflammatory cytokines as nitric oxide and prostaglandin E2 (Diniz et al., 2020). The main role of COX enzymes during wound healing was reported by Futagami et al. (2006). These researchers showed an increase in the expression of COX-2 whereas COX-1 was not significantly changed (Futagami et al., 2006). In this context, the possible mechanisms of AgNPs antioxidant activity during wound healing process are not fully explained yet, but few reports tried to clarify their roles in COX enzyme regulations during wound healing process. Our obtained results indicated a significant elevation in COX-2 concentrations in both blood serum and rat skin homogenate. However, upon treatment, these concentrations of COX-2 enzyme decreased from 14.38 to 10.16 ng/ mL without a significant difference with the untreated group. Similar results were obtained by Frankova et al. on fibroblast and keratinocytes which revealed a significant increase in cultures expression of COX-2 in injured skin due to various stimuli such as pro-inflammatory cytokines and lipopolysaccharides (Frankova et al., 2016). Furthermore, Singh et al. indicated that, AgNPs spherical shaped which biosynthesized by Prunus serrulate extract exhibited anti-inflammatory action via COX down regulation is a concentration dependent manner (Singh et al., 2017). By using different AgNPs concentrations (1, 10, and 25 μg/ml), the maximum COX2 reduction was recorded at 25 μg/ml AgNPs. In other words, AgNPs wound dressing enhanced the wound healing process via cytokine modulation (TNF-α reduction) and lowering of inflammation (Das et al., 2013). These findings are consistent with our results where down-regulation of TNF-α expression and COX-2 reduction were observed with AgNPs treatment. This reduction in the inflammatory mediators could be due to formation of intracellular Ag2S via induction of H2S–synthesizing enzymes in the macrophage that sequestered silver ions liberated form AgNPs, and consequently reducing the inflammation (Gonzalez-Carter et al., 2017). In a similar fashion, down-regulations of TNF-α caused by AgNPs treatment is verified with a slight up-regulation in the expression levels of IKaB, IL-1α, and IL-1β, which are still significantly lower than those in the positive bacterial infected group. This finding was similar to that of Khan et al., who reported a transient increase in the expression levels of IL-1β, IL-6, and TNF-α genes following treatment with nanoparticles (Khan et al., 2013).

Our pathological findings after the P. aeruginosa infected wound treatment with AgNPs indicate stimulated histological modifications in the wound healing tissue, as granulation earlier development and maturation. After treatment with AgNPs for 7 days, the tissue structure was restored in the healed region showing stratified epidermis with granular and cornified layers giving evidence about the efficacy of AgNPs in wound healing. Our results are in agreement with others; (Rigo et al., 2013) explained that AgNPs could accelerate granulation tissue formation and maturation, and earlier progress of the primary scar of collagen, and rudimentary cutaneous appendages.



CONCLUSIONS

Results from the current investigation indicated that we have succeeded in the fabrication of a safe and biocompatible AgNPs for antibacterial and wound healing applications without using any solvents or multifaceted preparation methodology. The recovered biogenic AgNPs proved to be non-cytotoxic on PBMc cells, and their antibacterial effects were proved in vitro against Staphylococcus aureus, Streptococcus mutans, Pseudomonas aeruginosa, Salmonella enterica, Escherishia coli, and Proteus sp. (antibiotic resistant bacterial strains). Additionally, the in vivo effects were confirmed using Pseudomonas aeruginosa infected wound model which highlighted the ability of AgNPs to facilitate the healing process via their antibacterial and anti-inflammatory capacities. However, further preclinical and clinical experiments are required to explain the exact interaction mechanisms between the AgNPs and the immune system to guarantee its effectiveness.
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This review article addresses the various aspects of nano-biomaterials used in or being pursued for the purpose of promoting bone regeneration. In the last decade, significant growth in the fields of polymer sciences, nanotechnology, and biotechnology has resulted in the development of new nano-biomaterials. These are extensively explored as drug delivery carriers and as implantable devices. At the interface of nanomaterials and biological systems, the organic and synthetic worlds have merged over the past two decades, forming a new scientific field incorporating nano-material design for biological applications. For this field to evolve, there is a need to understand the dynamic forces and molecular components that shape these interactions and influence function, while also considering safety. While there is still much to learn about the bio-physicochemical interactions at the interface, we are at a point where pockets of accumulated knowledge can provide a conceptual framework to guide further exploration and inform future product development. This review is intended as a resource for academics, scientists, and physicians working in the field of orthopedics and bone repair.
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INTRODUCTION

Bone undergoes self-repair of small defects due to the synergistic actions of mesenchymal cells, osteogenic cells, and cells of the immune system (Marsell and Einhorn, 2011). This self-repaired bone contains physico-chemical and mechanical properties that recapitulate the bone which was replaced (Dimitriou et al., 2011). However, larger defects are unable to undergo the same level of self-healing, and regenerative medicine approaches are paramount in addressing these clinical challenges (Ho-Shui-Ling et al., 2018).

Autologous and allograft bone are generally considered the clinical standard-of-care for bone repair (Grabowski and Cornett, 2013; Gupta et al., 2015), despite critical limitations such as supply and quality of host bone, donor site morbidity (Angevine et al., 2005; Gruskay et al., 2014), and immunogenicity, respectively (Stevenson and Horowitz, 1992; Bauer and Muschler, 2000). Osteoinductive growth factors, in particular recombinant human bone morphogenetic protein-2 (rhBMP-2), have demonstrated remarkable efficacy, but a number of concerns and controversies exist regarding the safety of their clinical use and high cost (Burkus et al., 2002, 2003; Carragee et al., 2011; Singh K. et al., 2014; Vavken et al., 2016; Zadegan et al., 2017). Although numerous synthetic bone graft substitutes are available, the problem of delayed and/or compromised healing remains a significant clinical challenge (Zura et al., 2016; Fernandez et al., 2020).

The ideal biomaterials for bone regeneration should not only be biocompatible and osteoconductive but also osteoinductive. They should be able to leverage the self-healing capabilities of the bone by (i) providing the main structural, compositional, and biochemical cues for the formation of new tissue; (ii) engaging the host’s resident immune cells in the regenerative response; (iii) promoting the recruitment, proliferation, and differentiation of progenitor cells; and (iv) recovering an adequate local blood supply to support healing and remodeling (Schmidt-Bleek et al., 2014; Minardi et al., 2015a).

Recently, nanotechnology has become a domain with breakthrough potential to further propel the field of bone regeneration. Nanostructured biomaterials have proven superior at enhancing bone regeneration due to their unique chemical and physical properties (e.g., magnetic, electrical) that are uniquely different from their bulk counterparts (Perez et al., 2013; Wang Q. et al., 2016). These differences stem from an ability to be engineered to precisely mimic the composition and nanoarchitecture of bone, while allowing for the recapitulation of crucial characteristics of its biochemical milieu at the nanoscale (Minardi et al., 2016b). This translates in improved ability to engage the host’s immune and progenitor cells at the nanoscale, resulting in enhanced outcomes (Cheng et al., 2013).

In the rational design of regenerative nanotechnologies for bone regeneration, four crucial elements of bone should be considered and recapitulated as closely as possible: (i) composition, (ii) physical stimuli, (iii) architecture and (iv) biochemical cues, as summarized in Figure 1. Inspired by mimicking these 4 fundamental characteristics of bone, a plethora of nanostructured materials have been developed over the last decade to elicit bone regeneration. Technologies that recapitulate more than one of these four fundamental elements have been shown to lead to superior outcomes. This review highlights such ongoing work in the field of nanostructured materials for bone regeneration and their potential in clinical practice.
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FIGURE 1. The five main properties of bone, which should be recapitulated into bone regenerative strategies for improved outcomes.




MIMICKING BONE COMPOSITION: BIOCERAMICS AND COMPOSITE NANOSTRUCTURED BIOMATERIALS


Bioceramics

Bone is a natural nanostructured composite, consisting of approximately 60% (dry weight) mineral, mostly nano-apatite—which is a calcium phosphate (CaP) ceramic (Minardi et al., 2015a). Accordingly, a number of bioceramics containing calcium and phosphorous have been proposed for bone regeneration (Hench et al., 2014; Jones et al., 2016). Of these, CaP materials most closely mimic the mineral phase of bone and have demonstrated relatively greater osteoinductivity, making CaP a common material of choice for bone grafts. A number of bioceramics have been used clinically for several decades (Szpalski and Gunzburg, 2002; Giannoudis et al., 2005; Campana et al., 2014; Fernandez de Grado et al., 2018), both for load- and non-load- bearing applications (Roberts and Rosenbaum, 2012). While conventional bioceramics had poor mechanical properties and unfavorable biodegradability and porosity (Fielding and Bose, 2013; Wen et al., 2017), the latest generation of bioceramics are structured at the nanoscale and have significantly improved bioactivity, biodegradation and mechanical properties, and are reviewed below. Their advantages and disadvantages are summarized in Table 1.


TABLE 1. Summary of the main nanostructured calcium-phosphate based materials for bone regeneration, with their respective advantages and disadvantages.
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Hydroxyapatite-Based Ceramics

Among CaP ceramic phases, synthetic hydroxyapatite (HA) has been the one most extensively studied due to its biocompatibility and resemblance to the composition of natural bone mineral (Sadat-Shojai et al., 2013; Šupová, 2015). First generation materials were fabricated with stoichiometric HA [Ca10(PO4)6(OH)], which has been successfully synthesized and mass produced through several synthesis strategies, including hydrothermal reactions, sol–gel syntheses, and mechanochemical syntheses (Kalita and Bhatt, 2007). However, natural bone mineral is produced in a very dynamic environment with numerous ions present (e.g., Mg2+, K+, Na+, CO[image: image], HPO[image: image]), which frequently substitute ions in the apatite lattice. The apatite present in natural bone is calcium deficient and is characterized by a Ca/P ratio lower than the typical 1.67 of stoichiometric HA (Kalita and Verma, 2010; Dziadek et al., 2017). Ion substitution plays an important role in maintaining the low crystallinity of bone apatite, which is crucial for bone metabolism. This low crystallinity may correspond to higher reactivity in vivo, resulting in faster bone formation and remodeling (Minardi et al., 2015a). In contrast, stoichiometric HA is more crystalline and stable in aqueous solutions, resulting in a less biodegradable material that could impede the formation of new bone through the entirety of a defect space or osteointegration with the surrounding matrix (Liou et al., 2004; Tampieri et al., 2012). To overcome these limitations, numerous biomimetic multi-substituted nano HAs have been developed to mimic the natural mineral phase of bone and enhance bioactivity and solubility (Boanini et al., 2010; Zofková et al., 2013).

Various substituted nanostructured HAs have been proposed, some of which have been used as tools to fine-tune or stimulate specific biological functions. For example, Mg2+ plays a vital role in osteogenesis and is present in young and newly formed bone (De Bruijn et al., 1992). Landi et al. (2006) found that Mg-substituted HA showed enhanced cell adhesion, proliferation, and metabolic activity compared to HA. Due to the smaller ionic radius of Mg2+ relative to Ca2+, the Mg-substituted structure is more unstable when incorporated into the crystal lattice (Fadeev et al., 2003). Mg is also thought to induce nitric oxide production in endothelial cells, a critical component of angiogenesis (Maier et al., 2004). Sr acts to enhance bone formation in vivo by inhibiting osteoclast-mediated bone resorption while upregulating osteoblast activity (Li et al., 2009; Ozturan et al., 2011), which is why Sr-based drugs have been long used to treat osteoporosis (e.g., strontium renelate; Capuccini et al., 2008). Thus, Sr-doped nano-HA has also been extensively used in bone regenerative strategies (Wong et al., 2004; Frasnelli et al., 2017; Neves et al., 2017; Ratnayake et al., 2017). Similarly, substitution with Zn has been shown to enhance osteogenic activity (Ren et al., 2009), with a proposed mechanism of inhibiting osteoclast resorption and upregulating osteoblastic activity (Hadley et al., 2010; Yamaguchi and Weitzmann, 2011). More recently, Tampieri et al. (2010) proposed a conceptually new type of nanostructured calcium-deficient HA, by substituting it with Fe2+ and Fe3+ to endow the HA with superparamagnetic properties. This magnetic behavior may potentially be exploited for bone regeneration purposes to enhance osteogenesis (Tampieri et al., 2012).

Alternatively, a common anionic substitution involves CO[image: image] replacement of the phosphate group within nano-HA, which may influence bone turnover and metabolism (Du et al., 2019). When incorporated in HA, it showed enhanced osteoconductive potential compared to pure HA (Du et al., 2019), while increasing its solubility due to its decreased crystallinity (Wang and Nancollas, 2008). In contrast to these effects, F– doped HA results in decreased solubility (Kim et al., 2004) and increased strength, therefore reducing the brittleness of the CaP (Bianco et al., 2010). Si-HA showed instead improved osteoblast attachment and differentiation, and decreased osteoclast differentiation in vivo (Matesanz et al., 2014).



Tricalcium Phospohate-Based Ceramics

Another popular type of CaP ceramic used extensively in orthopedics is tricalcium phosphate (TCP). Two types of TCP have been pursued for bone regeneration: α-TCP and β-TCP. They differ in their atomic arrangements (Wen et al., 2017), but both have a Ca/P ratio of 1.5 (Wen et al., 2017). β-TCP has become the TCP of choice, given its superior rate of degradation and bioactivity over α-TCP (Kamitakahara et al., 2008; Ghanaati et al., 2010). Hydroxyapatite and TCP can also be combined in varying ratios within composite scaffolds to tune degradation and potentially enhance osteoconductive and osteoinductive properties (Daculsi, 1998; Arinzeh et al., 2005; Samavedi et al., 2013). Similar to HA, TCPs can also undergo ion-substitution as a tool to create ceramic-based materials that target specific biological pathways in vivo. For example, Mg-doped β-TCP and Sr-doped β-TCP-based materials have shown improved bone healing through accelerated osteogenesis and angiogenesis in a large animal model (Bose et al., 2011; Tarafder et al., 2015), with improved mechanical strength compared to the pure TCP scaffolds (Tarafder et al., 2015). Similar to Fe-doped HA, Fe-doped TCP stabilized the β-TCP phase, and osteoblasts showed enhanced cell adhesion to doped-TCP relative to pure TCP (Vahabzadeh and Bose, 2017). Moreover, cell proliferation was reportedly enhanced in TCP doped with other ions, such as Mg2+, Zn2+, Sr2+, and Li+ (Vahabzadeh and Bose, 2017).

Using these ceramic phases, numerous types of nanostructured 3D scaffolds (and bone cements) have been prepared through a variety of ways, including dry methods, wet methods, and high temperature methods (Sadat-Shojai et al., 2013). Dry methods include solid-state and mechanochemical reactions. The solid-state and mechanochemical technique have the advantage of a simple procedure for large scale production, whereas the mechanochemical technique reliably produces a specific nanostructure (Sadat-Shojai et al., 2013). Wet methods are commonly used and include techniques including but not limited to sol–gel synthesis and hydrothermal synthesis. These methods have the advantage of producing nanoparticles with a consistent morphology and size (Shepherd and Best, 2011; Sadat-Shojai et al., 2013). The downfall of these techniques is that the products can often have multiple phases present (Sadat-Shojai et al., 2013). High temperature processes such as combustion and pyrolysis are capable of bypassing the problem of multiple phases, however control over the byproducts limits this method’s applications (Sadat-Shojai et al., 2013). Moreover, there a numerous techniques to introduce porosity within 3D CaP scaffolds, including a polymeric sponge technique (Monmaturapoj and Yatongchai, 2011), foaming technique (Sopyan et al., 2007), supercritical foaming technique (Diaz-Gomez et al., 2017), gel casting of foams (Sopyan et al., 2007), and slip casting (Sopyan et al., 2007). Although all of these nanostructured ceramics are limited by poor mechanical properties, their strong osteoconductive potential makes them attractive for use as coating materials for load bearing implants, where such use may enhance osteointegration or even have antibacterial properties (Sergi et al., 2018).

Although nanostructured calcium-deficient CaP materials have provided enhanced biomimicry of the mineral phase of native bone, they have not proven capable of recapitulating all of its subtle and complex physiochemical properties. Thus, strategies based on nanostructured composites have been developed to fulfill this goal.



Nanostructured Composites

Biomimicry is an increasingly popular strategy in regenerative medicine, aiming to engineer materials that closely resemble the target tissue (Nandakumar et al., 2013). Since bone is a natural composite—made of an inorganic component (mostly multi-substituted HA) and an organic component (mostly type I collagen)—researchers have long focused on developing nanostructured ceramic/polymer composite materials with the purpose of recreating the composition and function of natural bone. Nanostructured composites for bone regeneration leverage the osteoconductivity of synthetic CaP ceramic phases and the unique mechanical properties of polymers. For example, both synthetic polymers like poly(L-lactic acid) (PLLA; Cruz, 2010; Zhu et al., 2017), poly(e-caprolactone) (PCL; Heo et al., 2009; Bernstein et al., 2010), poly(lactic-co-glycolic acid) (PLGA; Miao et al., 2005; Wang Z. et al., 2016) as well as naturally occurring polymers such as gelatin (Kim et al., 2005), silk (Bhumiratana et al., 2011), chitosan (Akman et al., 2010), alginate (Tampieri et al., 2005), and collagen (Bian et al., 2019) have been combined with HA and TCP to fabricate a plethora of composite materials over the past three decades. These composites have been fabricated in a myriad of ways: electrospinning, gas foaming, solvent casting and particulate leaching, phase separation, and melt mixing have been widely used to fabricate scaffolds (Alizadeh-Osgouei et al., 2019). The major drawback, common to all these approaches in the manufacturing of porous structures is the inability of conventional methods to completely control the architecture of scaffolds, such as pore size and interconnections. Furthermore, the use of solvents required by some of these methods can impact scaffold biocompatibility (Alizadeh-Osgouei et al., 2019). Additive manufacturing is a new and modern technique that shows great potential to offer complete control of architectural details such as pore size, which significantly affects the properties of ceramic-based scaffolds. 3D-printing techniques have received much attention due to the capacity to fabricate specific and complex structures (further discussed in paragraph 4) (Kumar et al., 2019).

Numerous composite materials have been fabricated with natural polymers, with the underlying hypothesis that mimicking natural bone matrix would harness regeneration. A plethora of CaP/natural polymer composites have been described. The first generation of such composites was prepared by blending the desired ceramic phase with the natural polymer of choice in aqueous solutions (Ridi et al., 2017). Although these materials contained the two main components of bone matrix, they lacked vital chemical, physical, and topographical information at the nanoscale, which cells need to repair bone (Tampieri et al., 2011). The organic matrix (mostly type I collagen) of natural bone acts as a template for the nucleation of the mineral phase, directing its deposition, and guiding the growth of the mineral crystals along its fibers via interaction of its functional groups (e.g., carbonyl groups) with the apatite crystals. It is believed that the mineralization begins in correspondence of the hole zones of the collagen fibrils (intrafibrillar mineralization) (Figure 2). This highly regulated chemical-physical interaction between the inorganic and organic phase not only directs the orientation of the forming apatite crystals, but also limits their crystallinity, which is paramount to the formation of a nanocomposite material (i.e., bone extracellular matrix [ECM]) (Kim D. et al., 2018). The unique characteristics of both stiffness and flexibility of the bone result from this intimate interaction between these two components (Nair et al., 2014). Thus, several groups have focused on the development of biologically inspired synthesis methods to mineralize natural polymers by mimicking the process of bone biomineralization. In these syntheses, the ceramic phase is deposited onto the organic template during its self-assembly through a pH-driven process which resembles that of bone biomineralization. Using this synthetic approach, the mineral phase is not simply mixed with the organic template, but nucleated directly onto it and intimately bonded to the organic matrix, resulting in nanostrustured “bio-hybrid composites” (Minardi et al., 2015a). Accordingly, many studies have described the bio-inspired mineralization with nanoapatite phases of several natural polymers, such as chitosan (Palazzo et al., 2015), alginate (Tampieri et al., 2005), gelatin (Landi et al., 2008), and type I collagen (Tampieri et al., 2008). The main advantages of these materials are: (i) their ability to mimic bone matrix at the nanoscale, storing the crucial nano-compositional and topographical information necessary for cell migration, proliferation and osteogenic differentiation (Minardi et al., 2015a); (ii) their high degree of interconnected porosity, conventionally achieved by freeze-drying (Wu et al., 2010a), which facilitates cell infiltration and neovascularization (O’Brien et al., 2004); (iii) their syntheses do not require harsh conditions, allowing for the incorporation of a variety of delivery systems and bioactive molecules (Minardi et al., 2016b). This class of nano bone substitutes has shown great promise in a plethora of in vitro studies as well as in non-load bearing in vivo models. More recently, increasingly sophisticated bio-hybrid composites were developed, which appear able to incorporate multi-substituted biomimetic apatite phases. For example, a Mg-doped apatite/type I collagen nanocomposite was shown to closely resemble the structure and composition of the human trabecular bone niche, significantly improving the osteogenic differentiation of human mesenchymal stem cells (MSCs) in vitro and bone regeneration in both ectopic (Minardi et al., 2015a) and orthotopic large animal models (Minardi et al., 2019). Using this biologically inspired synthesis method, some researchers are currently working to develop bio-inspired hybrid nanocomposites with enhanced osteogenic features endowed with magnetic properties (D’Amora et al., 2016; Tampieri et al., 2016). Their potential for bone regeneration will be discussed further in section “Magnetically Responsive Materials” of this review.
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FIGURE 2. Intrafibrillar mineralization occurring during bone biomineralization. The nucleation of the mineral (gray) is thought to begin at the “hole zones” of the collagen fibrils (in red box), between single collagen molecules (yellow), as depicted in this schematic.




Nanostructured Bio-Glasses

Bioactive glasses are mainly comprised of calcium oxide, silicate, borate, and phosphorous (Hench et al., 2014). By varying the relative amounts of these components, different bioactive glasses can be manufactured and, over the past three decades, many variants have been proposed for bone regenerative applications (van Vugt et al., 2017). Several are available clinically (Jones et al., 2016), and have demonstrated biocompatibility, osteoconductivity, and biodegradability (Kong et al., 2018).

Bioglasses can be prepared by melt–quench or sol–gel process (Vichery and Nedelec, 2016). While the first generations of bioglasses were solid or macroporous, the latest nanostructured versions, synthesized through the sol–gel approach, have unique nanostructural features, including improved nanotextural properties, highly ordered structure, and controlled pore size and pore interconnectivity (Islam et al., 2017; Mancuso et al., 2017). Such nano-features greatly enhance osseointegration compared to first generation bulk bioglasses. The graft-bone integration begins with the solubilization of surface ions resulting in a silica gel layer. A nanostructured calcium phosphate phase (i.e., hydroxyapatite) starts to nucleate on this layer, activating local osteoblasts to form new bone (Ducheyne, 2015). This mechanism contributes to the nano-bioglass degradation, while promoting bone formation. Even their degradation depends on their composition and nanostructure and can be tailored from days to months; for example, borate-based bioglasses have been shown to degrade much faster than silicate varieties (Balasubramanian et al., 2018; Furlan et al., 2018). Recent studies showed that increasing the surface area and porosity of nanostructured bioglasses can greatly accelerate their biodegradation, as well as biointegration (Kong et al., 2018).

The ability to release bioactive ions during degradation is one of the most important features of these bioglasses (Mouriño et al., 2019). For instance, it is known that the early vascularization of biomaterials plays an essential role in bone regeneration (Almubarak et al., 2016). Toward this end, numerous nanoparticles and mesoporous bioactive glasses have been specifically developed to enhance not only osteogenesis but also early angiogenesis through the release of pro-angiogenic ions (Kim J.-J. et al., 2017). Namely, strontium-doped bioglass nanoparticles have shown to increase both osteoblast activity (Fiorilli et al., 2018; Leite et al., 2018; Zhao et al., 2018), as well as induce osteoblasts to secrete angiogenesis-associated cytokines for early vascularization, ultimately resulting in improved bone repair (Zarins et al., 2016; Zhao et al., 2018). Similarly, bioglasses releasing copper or cobalt ions have also been proposed, due to their angiogenic properties (Bari et al., 2017; Weng et al., 2017; Kargozar et al., 2018; Zheng et al., 2018). Silver- (Kaya et al., 2018) or manganese-doped nanobioglasses (Nawaz et al., 2018) have instead been developed to deliver antimicrobial activity, and to aid in the healing process by preventing infections.

Due to their highly ordered mesopores and surface area, nanobioglasses can also be excellent delivery vehicles for bioactive molecules (e.g., drugs and proteins) to further boost bone repair (Baino et al., 2017; Wang et al., 2019; Lalzawmliana et al., 2020). For example, Lee J.-H. et al. (2017) reported a significant enhancement in osteoblast activity, secretion of ECM molecules and calcification through the controlled release of phenamil (a drug known as a potent BMP signaling activator) and strontium ions from mesoporous bioglass nanoparticles. In recent proof-of-concept in vivo studies, others have demonstrated how mesoporous nanobioglasses can also be an ideal delivery system for growth factors, such as IGF (Lalzawmliana et al., 2019) or FGF (Kang et al., 2015), with significantly imporved regenerative outcomes in preclinical animal models.



MIMICKING THE ELECTRICAL ENVIRONMENT OF BONE: NANOMATERIALS HARNESSING PIEZOELECTRICITY, CONDUCTIVITY AND MAGNETISM

The field of bone mechanobiology has vastly improved since the advent of nanotechnology, expanding our fundamental knowledge of how mechanical forces regulate the process of bone homeostasis and remodeling (Chen et al., 2010). Although the origin remains a topic of debate, mechanical stress-generated electric potentials are known to be important in modulating cellular behavior to control growth and the remodeling process (Perez et al., 2015; Ribeiro et al., 2015b; Zhang et al., 2016). In addition to stress-generated potentials, electric fields present endogenously in living tissues, as well as electrical stimulation applied externally have also been shown to influence cell behavior and promote tissue growth (McCaig et al., 2005; Balint et al., 2013; Kang et al., 2014; Reid and Zhao, 2014; Funk, 2015). Accordingly, manipulation of the electrical environment has emerged as a promising strategy to enhance bone regeneration, with nanotechnological approaches offering tremendous potential for achieving this aim. Collectively, the nanomaterials recapitulating or leveraging the physical stimuli naturally present in the bone can be categorized as (i) piezoelectric, (ii) electrically conductive, and (iii) magnetic materials and are briefly summarized in Table 2. The impact of nanotechnology on their development and rational design is reviewed below.


TABLE 2. Advantages and disadvantages of nanostructured materials harnessing physical stimuli for bone regeneration.
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Piezoelectric Materials

Piezoelectricity is observed when a mechanical deformation causes the formation of a net dipole moment and subsequent polarization of the material (Tichý, 2010). Bone is a piezoelectric nanostructured material, and this property was invoked as a potential mechanism by which cells could detect and respond to mechanical stress (Fukada and Yasuda, 1957). The role for piezoelectricity in bone remodeling continues to be debated, and there has been renewed appeal for its physiologic importance in the process of bone mechanosensation (Halperin et al., 2004; Noris-Suarez et al., 2007). As such, with the emergence of nanotechnological approaches there has been a rapid increase in the number of publications on piezoelectric materials for bone regeneration (Tandon et al., 2018). They can be thought of as sensitive mechano-electrical transducers, and as such, they are typically applied to the implantation areas which are exposed to mechanical loads (Zhang K. et al., 2018; Chorsi et al., 2019). A number of different piezoelectric materials have been investigated for bone regeneration applications, which are briefly reviewed here.


Inorganic Piezoelectric Materials: Piezoelectric Ceramics

Nanopiezoceramic materials investigated for bone regeneration applications include barium titanate (BT), boron nitride (BN), and zinc oxide (ZnO). While these materials possess a high piezoelectric coefficient, some of them display lower biocompatibility at high doses, which can represent a major limitation for their use in tissue engineering applications (Maeder et al., 2004; Opoku et al., 2015; Panda and Sahoo, 2015; Kao et al., 2019). Nevertheless, each of these piezoceramics has shown osteoinductive capabilities in vitro, supporting their use in the development of bone regenerative biomaterials, where they are often incorporated in a variety of ways into 3D scaffolds in order to impart piezoelectric characteristics to augment bone formation. For example, BT nanoparticles have been shown to enhance the osteogenic differentiation of MSCs, and osteoblastic cells demonstrated superior adhesion, proliferation, and migration into the pores of scaffolds comprised of BT, while BN nanotubes (BNNTs) demonstrate high protein adsorption ability and promotion of enhanced MSC attachment, proliferation, and osteogenic differentiation (Rocca et al., 2015; Li X. et al., 2016; Tajbakhsh and Hajiali, 2017; Ehterami et al., 2018). Finally, the incorporation of ZnO nanoparticles has proven capable of enhancing both the bioactivity and even the mechanical properties of such composite materials (Shalumon et al., 2011; Feng et al., 2014; Kao et al., 2019).



Organic Piezoelectric Materials: Piezoelectric Polymers

Piezoelectric polymers have also received increasing attention for bone regeneration applications in recent years (Tichý, 2010). Typically fabricated either as films, rods, or tubes/fibers (Ribeiro et al., 2015b), they exhibit sound mechanical properties, including superior strength and impact resistance when compared to inorganic materials. Biocompatibility, piezoelectric activity, and significant osteogenic capacity have also been demonstrated both in vitro and in vivo (Zhang et al., 2016; Damaraju et al., 2017; Ribeiro et al., 2017; Kao et al., 2019). Among these, PVDF [poly(vinylidene fluoride)] and its copolymers, PLLA, and PHBV (poly-3-hydroxybutyrate-3-hydroxy valerate) are the most studied.

Poly(vinylidene fluoride) and its copolymers can provide the necessary electromechanical stimulation for the differentiation of human MSCs into the osteogenic lineage in vitro (Damaraju et al., 2013, 2017; Nunes-Pereira et al., 2015; Ribeiro et al., 2015a; Zhang et al., 2016), as well as the capacity to effectively promote bone regeneration in vivo in rodent models (Zhang et al., 2016; Ribeiro et al., 2017). In addition to its potential utility as a bone graft substitute, PVDF has also shown promise as a suitable coating for existing implant materials in order to enhance osteogenesis (Zhou Z. et al., 2016). The primary concern with PVDF and its copolymers is the lack of biodegradability, which limits clinical potential. This limitation is being addressed with the development of newer-generation piezoelectric polymer-based materials with tailorable degradation properties. Poly-3-hydroxybutyrate-3-hydroxy valerate and PLLA, both of which are biodegradable, have emerged as promising candidates (Duan et al., 2011), demonstrating osteogenic capacity both in vitro and in vivo (Ikada et al., 1996; Sultana and Wang, 2012; Wang et al., 2013). PLLA has also been explored for bone regeneration utility beyond its use as a bone graft substitute. Due to its biodegradability, non-toxicity, and advantageous mechanical properties, PLLA is an attractive material for clinical application in the fabrication of biodegradable fixation devices such as screws, pins, and suture anchors, where a bioresorbable implant is desirable to avoid the risk of complicating revision surgery or the requirement for an additional procedure for implant removal (Bucholz et al., 1994; Barber et al., 1995; Prokop et al., 2005; Gkiokas et al., 2012).



Piezoelectric Polymer – Ceramic Composite Materials

Piezoelectric polymers and ceramics have also been used in combination to fabricate a variety of composite materials (Boccaccini and Blaker, 2005; Bramhill et al., 2017). Polymer matrix composites harness the manufacturing flexibility afforded by polymers and the substantial piezoelectric properties of otherwise brittle ceramics to produce complex forms ideally suited to support bone formation, including porous scaffolds (Zhang et al., 2014; Liu et al., 2016), layered structures (Dubey et al., 2015), nanoparticles (Marino et al., 2015, 2017; Niskanen et al., 2016), and dense disks (Dubey et al., 2013). Of the polymer matrix composites, PLLA-based composites have been used most extensively in the field of bone regeneration (Fernandes et al., 2016; Tajbakhsh and Hajiali, 2017). Composite membranes incorporating PVDF-TrFE and BT have also been found to support bone formation in several investigations (Gimenes et al., 2004; Scalize et al., 2016; Zhang et al., 2016), suggesting significant potential for clinical application owing to the improved osteogenic capability demonstrated in vitro and in vivo in rodent bone defect models. Of the ceramic matrix composites, HA/BT-based materials are the most studied, with a number of studies demonstrating the osteoinductive capability of such composites (Jianqing et al., 1997; Baxter et al., 2009; Dubey et al., 2014; Jiao et al., 2017; Ehterami et al., 2018).

The emergence of piezoelectric materials and their rapidly increasing usage has motivated investigators to adopt new and innovative approaches to create biomaterials with desirable properties. Techniques which are gaining interest include 3D printing (Kim et al., 2014; Schult et al., 2016; Bodkhe et al., 2017), fabrication of piezoelectric nanofibers using solution blow spinning (Bolbasov et al., 2014, 2016; Daristotle et al., 2016), and the development of systems capable of applying controlled mechanical stimulation to piezoelectric scaffolds (Trumbull et al., 2016; Zhou X. et al., 2016).

A lack of quantitative data on the piezoelectric coefficient of many composite materials is a limitation to this newly emerging class of materials. However, although this area of research remains in its relative infancy, nanopiezoelectric materials show tremendous promise for bone regeneration.



Electrically Conductive Materials

In cases when the patient is immobilized, whether due to a fracture or other health condition, or in a non-load bearing healing setting, the natural mechanical stimulus does not occur and the effectiveness of piezoelectric materials is subsequently diminished (Mehta et al., 2012). Such limitations call for the development of new approaches capable of delivering electrical cues via alternative means, either by remote stimulation or through innovative nanomaterials activated by micromotion. Electrically conductive materials provide such an innovative tool, serving as the substrate through which external electrical stimulation is converted into bioelectric signals and delivered to the site (Chen et al., 2019).

Electrical stimulation therapy has occasionally been attempted as a supplement to promote bone healing in the case of fractures and spinal arthrodesis, although with arguable success, for decades (Gan and Glazer, 2006; Goldstein et al., 2010; Einhorn and Gerstenfeld, 2015). Researchers have more recently begun to explore conductive materials capable of propagating electrical signals to the site of repair in order to accelerate bone regeneration. Unlike piezoelectric materials, these require an externally applied power source to produce electrical signals. On one hand, this approach requires optimization of a number of different parameters including the frequency, amplitude, duration, and nature (alternating/direct) of the signal which may complicate assessment of efficacy (Dubey et al., 2011). On the other hand, it affords a great degree of control over the stimulus which cannot be achieved with the use of piezoelectric materials, allowing the functionality of the material to be tailored to its specific application.

One method for producing electroactive biomaterials capable of serving as conduits for the delivery of external electrical stimulation to cells involves the use of a polymer matrix incorporating conductive nanomaterials such as graphene (Assaf et al., 2017), carbon nanofibers (Whulanza et al., 2013), or metallic particles (e.g., gold nanoparticles) (Sridhar et al., 2015). Of these, graphene family materials have been found to possess excellent mechanical and conductive properties (Kim S. et al., 2011; Bitounis et al., 2013; Kim J.W. et al., 2017), support proliferation (Kalbacova et al., 2010) and osteogenic differentiation of MSCs (Nayak et al., 2011; Bressan et al., 2014), yield high degrees of mineralization (Lee et al., 2011; Xie et al., 2015), and even exert antimicrobial action (Pang et al., 2017). A number of graphene-based materials have been developed in the form of scaffolds, scaffold reinforcement materials, and surface coatings for existing materials, with demonstrated capacity to promote and enhance new bone formation in vivo (Silva et al., 2017; Wang et al., 2017; Zhou et al., 2017). Significant limitations to graphene and other similar electroactive materials include their non-degradability and uncertain biocompatibility, as well as questions regarding their long-term safety (Nurunnabi et al., 2015; Cheng et al., 2018).

To address these limitations, other methods of obtaining electroactive biomaterials which utilize intrinsically conductive polymers (CPs) have been explored. Such an approach offers the advantages of improved biocompatibility and biodegradability, in addition to manufacturing flexibility allowing incorporation of other components (Lalegul-Ulker et al., 2018). Among several CPs in use, the polyheterocycle family, including polypyrrole (PPy), polyaniline (PANI), and polythiophene (PTh) and its derivative poly(3,4-ethylenedioxythiophene) (PEDOT), are the most extensively studied for bone regeneration applications (Otero et al., 2012). These materials exhibit desirable electrical conductivity sufficient to promote cell proliferation and osteogenic differentiation (Liu et al., 2013), but are limited by inherently poor mechanical properties and processability (Chan et al., 2018), prompting the development of conductive polymeric composites. For example, CPs can be blended with various other natural and/or synthetic non-CPs to fine-tune degradation and mechanical properties (Kaur et al., 2015). Conductive copolymers incorporating other electroactive polymeric components provide for further enhancement of biocompatibility, biodegradability, and electroactivity (Cui et al., 2012). Conductive polymer-based conducting nanofibers, conducting hydrogels, and 3D conductive composite scaffolds are additional examples of electroactive biomaterials being explored for bone regeneration applications (Sajesh et al., 2013; Li L. et al., 2016; Guex et al., 2017; Chen et al., 2018). While numerous investigations have generated exciting results supporting the osteogenic capabilities of conducting polymers and their composites in vitro, there remains a need for more animal studies to validate the performance of this promising family of electroactive biomaterials.



Magnetically Responsive Materials

Magnetic stimulation therapy, like electrical stimulation therapy, has been used clinically for a number of years (Assiotis et al., 2012). While the underlying mechanisms of action are unclear, in vitro studies suggest that pulsed and static magnetic fields are capable of enhancing osteoblast differentiation (Jansen et al., 2010; Wang et al., 2014; Marędziak et al., 2016), and animal studies have shown promise for promoting bony healing and integration into graft materials (Fredericks et al., 2000; Puricelli et al., 2006).

When describing the magnetic behavior of a material, ferro- and ferrimagnetism refer to a material’s ability to be magnetized by an external magnetic field and remain magnetized upon its removal. Paramagnetism, on the other hand, is defined by a material’s lack of retained magnetism upon removal of the external magnetic field, a desirable property in tissue engineering applications, as aggregation of the material’s magnetic particles in vivo could lead to local toxicity (Balavijayalakshmi et al., 2014). Of particular interest are magnetic nanoparticles (MNPs) owing to their special superparamagnetic properties. Superparamagnetic behavior, exhibited by small ferro- or ferrimagnetic nanoparticles, do not retain magnetism in the absence of external magnetic fields; however, their magnetic susceptibility is much greater than that of standard paramagnetic materials, permitting precise magnetic control and functionalization for a given application (Reddy et al., 2012). Among MNPs, iron oxide nanoparticles, typically maghemite (Fe2O3) or magnetite (Fe3O4), have been the most commonly used (Liu et al., 2016), as they have demonstrated osteoinductive capacity in vitro, even in the absence of external magnetic stimulation (Huang et al., 2009; Bock et al., 2010; Wei et al., 2011). Thus, MNPs have been incorporated into conventional bioceramic or polymeric scaffolds, adding intrinsic magnetic properties capable of enhancing osteogenic potential. Results from in vivo studies suggest that the magnetic field resulting from the presence of incorporated MNPs, albeit small, can indeed drive the formation of new bone, even without external magnetic stimulation. Wu and colleagues incorporated iron oxide MNPs into a CaP bioceramic scaffold and found this material capable of enhancing osteogenesis in a rodent model of ectopic bone formation (Wu Y. et al., 2010), while Singh and associates produced a PCL biopolymeric nanofibrous scaffold incorporating iron oxide MNPs, which demonstrated the ability to enhance bone formation in a rodent segmental bone defect model (Singh R.K. et al., 2014).

MNP incorporation provides further functionality by rendering the biomaterial magnetically responsive, permitting the use of controlled external magnetic field stimulation to potentially regulate and direct cellular behavior toward osteogenesis and even angiogenesis (Sapir et al., 2012). Yun et al. (2016) studied the effects of external magnetic stimulation applied to magnetic PCL/MNP scaffolds on osteoblast differentiation and bone formation and found that external stimulation not only promoted in vitro osteoblastic differentiation, but also significantly enhanced new bone formation, compared to the magnetic scaffold alone, in mouse calvarium defects.

New and innovative methods in this arena continue to emerge. In a combined approach, magnetoelectric composite materials bridge the magnetic and piezoelectric properties of bone to produce a potentially synergistic regenerative effect. Such materials respond to magnetic stimulation with mechanical deformation (due to the magnetostriction of one component, that is the change in shape occurring during magnetization), resulting in electrical polarization (due to the piezoelectric behavior of the other component). Thus, bioelectrical cues can be delivered to a desired cellular environment with precise remote control (Ribeiro et al., 2016).

Since their introduction, concerns regarding the cytotoxic effects of iron oxides have justifiably arisen, with a documented relationship between their clinical use and the outbreak of acute adverse events, such as nephrogenic systemic fibrosis, formation of apoptotic bodies, inflammation, and other toxic effects (Pisanic et al., 2007; Häfeli et al., 2009; Wu et al., 2010b; Zhu et al., 2011; Alarifi et al., 2014; Shen et al., 2015). This has provoked efforts to produce magnetic biomaterials with improved biological features, such as doping well-known biocompatible nanomaterials with a magnetic phase to replace magnetite and the other iron oxides. Recently, Tampieri and colleagues reported fabrication of biocompatible FeHA nanoparticles with a superparamagnetic-like phase by doping HA with iron (Fe2+/Fe3+) ions (Tampieri et al., 2012). In vitro studies showed that these FeHA nanoparticles were capable of enhancing cell proliferation to a greater degree than HA particles alone, without reducing cell viability. Furthermore, the in vivo biocompatibility of FeHA was demonstrated in a pilot animal study of a rabbit critical bone defect (Panseri et al., 2012). While approaches to bone regeneration based on magnetic stimulation and magnetically responsive biomaterials are in the early stages of development, the results to date suggest promise for such strategies in bone regeneration applications going forward.



MATERIALS MIMICKING BONE ARCHITECTURE: 3D PRINTED AND BIOMORPHIC CERAMICS

Native bone displays structural features with levels of organization spanning several orders of magnitude (nm to cm scale) (Chen et al., 2008). This multiscale hierarchical structure, as well as the interactions between its organic and mineral components at the molecular level, contribute significantly to biological and mechanical properties of bone (Gupta et al., 2005). Thus, utilization of these features to guide the hierarchical design of biomaterials represents a potential strategy to promote bone regeneration. This section focuses on nanostructured scaffold materials designed to recapitulate native nanocues by providing mimicry of the structural features of the natural bone matrix.


Architectural Considerations

For bone tissue engineering applications, a scaffold should possess appropriate structural and mechanical properties to sustain physiological loads in order to preserve weight-bearing function, while also possessing intrinsic biocompatibility in order to facilitate favorable biomaterial-native bone interactions, which serve to enhance tissue regeneration and implant integration (Ikeda et al., 2009). Many early bone tissue engineering designs sought to accomplish this goal through synthetic structures which imparted bulk properties to the constructs, such as adequate mechanical strength and sufficient transport properties for cell infiltration and tissue organization (Christenson et al., 2007). These designs, although successful in replicating many of the macroscopic properties of native bone, often failed prior to full healing (Burdick and Anseth, 2002; Murugan and Ramakrishna, 2005). A key factor identified in these failures was inadequate tissue regeneration around the material shortly after implantation, owing to poor interaction of the biomaterial with the host tissue (Christenson et al., 2007). In fact, the process of bone formation is governed by interactions and informational cues derived from structural features spanning multiple length scales from nanoscale to macroscale (Gusic et al., 2014). Nanoscale interactions in particular have been shown to be crucial in controlling cell functions such as proliferation, migration, and adhesion in native tissues (Benoit and Anseth, 2005). Indeed, all living systems are governed by molecular behavior at nanometer scales (Zhang et al., 2012). As in other tissues, the cellular organization and corresponding tissue properties of bone are highly dependent on the nanostructural features of the ECM, since cells are predisposed to interact with nanostructured surfaces (Kaplan et al., 1994; Taton, 2001; Liu et al., 2006). This may help to explain why early generation tissue substitutes—produced through macro- and microfabrication techniques that were unable to recreate sophisticated structures that mimic the subtleties of the ECM—showed suboptimal performance. Recent paradigm shifts to nanoscience-enabled techniques have resulted in the emergence of novel nanotechnological approaches that enable more precise recapitulation of the architectural features of native bone, offering greater potential for modulating cellular behavior and enhancing bone regeneration (Webster et al., 2000; Murphy et al., 2010; Saiz et al., 2013; Tang et al., 2016).

Native bone is characterized by unique topological features derived from its micro- and nanostructured surfaces and interfaces, which are crucial to its function and growth and therefore promising targets for biomimicry (Nadeem et al., 2015). Nanotechnology offers new opportunities to capitalize on the structure-function relationships in bone by replicating a number of these integral features. By providing the substrate upon which cells attach and proliferate, surface topography can modulate cellular behavior and function (Boyan et al., 2002). Native bone is composed of collagen fibrils with rod or needle-like HA deposits scattered across their surface. These deposits produce surface roughness which has been shown to promote both adhesion of osteoblasts as well as differentiation of MSCs to the osteogenic lineage (Nadeem et al., 2015). Based on this, researchers have developed approaches to introduce surface roughness onto scaffold materials in order to more effectively mimic the mineralized interface encountered by cells adhering to native bone ECM (Henkel et al., 2013). Farshid and colleagues (Farshid et al., 2017), for instance, introduced microscale surface roughness onto polymeric scaffolds through the incorporation of boron nitride nanotubes and nanoplatelets, which resulted in greater collagen deposition and cell attachment by pre-osteoblasts in vitro. In another approach, Shakir et al. (2018) utilized nano-HA to enhance the surface roughness of a resin-based chitosan scaffold, which they found capable of promoting superior bone regeneration in vivo in a rat calvarium defect model.

Given that the HA deposits producing surface roughness in native bone have dimensions in the nanoscale, fabrication of surfaces with nanostructured topography can prove even more beneficial to inducing osteogenesis than simply producing roughness at the microscale (Lim et al., 2005). Indeed, Lim and colleagues (Lim et al., 2005) generated nanoscale surface roughness by introducing “nanoislands” of varying size to a polymeric substrate and investigated their effects on osteoblastic cell behavior. They found that a smaller island height produced greater cell adhesion and spreading as well as increased alkaline phosphatase activity, demonstrating the advantages of down-scaling the dimensions of topographical features. Other surface nanotopographies, such nanogrooves and nanopits, have also been shown to enhance osteoblast differentiation and osteogenic cell function in several studies (Dalby et al., 2007; Liu et al., 2014; Gong, 2015; Xu et al., 2017).

In addition to surface topography, cell and ECM alignment within the native bone represents a structural feature integral to its growth and function, and is thus a promising target for biomimicry (Takano et al., 1999). The anisotropic characteristics of bone tissue—a result of its unique adaptive response to external forces—is due to the longitudinal alignment of its collagen fibers, and there is evidence that MSCs more readily differentiate to an osteogenic phenotype when confined into such an alignment (Ber et al., 2005; Li et al., 2007). This phenomenon is thought to be mediated by contact guidance mechanisms whereby instructive physical cues, generated through the local interactions which occur in specific cellular orientations and alignment, act to regulate cell morphology and function (Boyan, 1996; Badami et al., 2006). Tissue engineering strategies which are capable of exploiting these mechanisms may therefore allow cell fate to be precisely directed for its intended application. For the purposes of bone tissue engineering, simulation of the alignment found in the native bone may potentially promote bone regeneration by driving stem cells toward an osteogenic lineage and enhancing their functions through the recapitulation of the native cues (Ber et al., 2005; Nadeem et al., 2015).

To achieve the desired alignment, one approach involves the creation of micron and/or nanoscale grooves on the substrate material, which allows cells to grow and spontaneously elongate along the direction of groove alignment (Perizzolo et al., 2001; Zhu et al., 2005; Badami et al., 2006). Nadeem et al. (2015) utilized such an approach through the introduction of integrated surface micropatterns to their 3D CaP/gelatin biomaterials, producing cell-instructive scaffolds which were osteoinductive in vitro and promoted greater bone formation and osseointegration in vivo in a rabbit radial segmental defect model. A more direct approach toward biomimicry is to simply replicate the aligned fibers seen in the native collagenous architecture of bone. Innovative techniques utilizing aligned nanofibers created, for example, by electrospinning, have made it possible to accomplish this form of biomimicry with extraordinary precision (Jose et al., 2009; Anjaneyulu et al., 2017). By replicating the morphological and chemical structure of the natural ECM at the nanoscale level, nanofibrous scaffold materials offer greater potential to modulate cellular function and guide cell growth (Murugan and Ramakrishna, 2005; Leung and Ko, 2011; Pas̨cu et al., 2013). Additionally, such materials provide increased surface area-to-volume ratios and porosity, thereby enhancing osteoconductivity, as well as desirable biocompatibility, biodegradability, and mechanical strength (Haider et al., 2018).



3D Printing

The internal porosity of native bone is yet another important structural feature which bone regenerative engineering approaches have targeted for biomimicry. The presence of an interconnected, 3D, porous architecture is a critical requirement for any bone tissue engineering strategy in order to allow for cell migration and the transport of nutrients and waste (Lee et al., 2014). Nanofibrous scaffolds prove especially advantageous in this regard, as the small fiber diameter creates a highly porous matrix enabling effective cell migration and proliferation throughout the scaffold (Rezwan et al., 2006; Zhang et al., 2008; Xu et al., 2017). In addition to overall porosity, average pore size is another significant consideration. Although the optimal pore size to promote bone regeneration within engineered scaffolds has not been definitively established, in general, smaller pore sizes will promote initial cell adhesion due to higher substrate surface area, while larger pores will enable greater cellular infiltration from surrounding tissue, a critical requirement for vascular ingrowth and subsequent tissue maintenance (Kenar et al., 2006; Murphy et al., 2010; Cox et al., 2015). While nanofibrous scaffolds provide a high overall porosity, nanofibers created by electrospinning tend to produce constructs with reduced average pore size compared to larger fiber scaffolds, resulting in decreased cell penetration depth (Badami et al., 2006). The need for more precise control of porosity and pore size within scaffold materials has prompted the implementation of novel 3D printing systems which may offer such capabilities. 3D printing technologies such as fused deposition modeling, stereolithography, and selective laser sintering have enabled the production of scaffolds with greater spatial resolution and fidelity than traditional fabrication methods, while also offering the ability to introduce precise pore gradients which more effectively mimic the physical cues for growth found in native bone tissue (Bracaglia et al., 2017; Alehosseini et al., 2018; Malikmammadov et al., 2018; Babilotte et al., 2019). While 3D printing approaches to the design of scaffolds for bone tissue engineering are quite new and still being explored for their utility, they also offer strong potential for the 3D patterning of surface roughness and other key physical features, providing even further recapitulation of the native cues present in bone (Murphy and Atala, 2014).

Mimicking the architecture of native bone is an essential component of material design for bone regeneration applications. These materials must provide an environment suitable for cellular recruitment, adhesion, proliferation, and pro-osteogenic differentiation. There is an abundance of technologies that provide tight control over topography, porosity, and mechanical properties of various materials that have proven useful for bone regeneration. Providing a suitable environment for osteogenesis is a crucial aspect of material design for bone regeneration, but it is not the only consideration. These materials must also be durable, biocompatible, and capable of integrating with surrounding tissues, among other properties, to be relevant for clinical applications.



Scaffolds Synthesized Through Biomorphic Transformation

Long bone and critical-sized defects caused by trauma, non-union, or tumors represent a difficult clinical challenge in need of more reliable solutions (Berner et al., 2012; Roffi et al., 2017). Most currently available synthetic scaffolds have not proven capable of providing the necessary osteo- and vascular conductivity within the innermost portions of the scaffold. This could be attributed to a disorganized and tortuous porosity impeding cell penetration into the scaffold and subsequent tissue development; sufficient mechanical strength to promote integration with host tissues can also be a challenge (Mastrogiacomo et al., 2006).

In the attempt to overcome these limitations, “biomorphic transformations” have been developed. These synthetic approaches consist of a series of steps involving pyrolysis and complex chemical reactions (mainly liquid or gas infiltration processes), allowing for the chemical transformation of natural substrates into ceramic scaffolds, while preserving their original fine architecture from the nano up to the macro scale. Among natural templates, one is particularly advantageous as a solution to long bone defect healing—wood. Wood presents a unique hierarchical architecture on a cellular micro and nano-structure scale (Fratzl and Weinkamer, 2007). The pattern of fiber bundles and channel-like porous areas of selected types of wood (e.g., rattan) is surprisingly similar to that found in long bone (Tampieri et al., 2009). There have been a few remarkable attempts to utilize wood as a scaffold for the synthesis of biomimetic hierarchically organized load bearing scaffolds for long bone repair. In 2009, a biomimetic HA bone scaffold from natural wood with highly organized multiscale porosity was first proposed (Tampieri et al., 2009). The resulting material was a porous nanostructured apatite scaffold with a hierarchical structure, representing an inorganic substitute for bone graft that allowed for cellular invasion while providing space for vascularization (Tampieri et al., 2009). Recently, they used a similar approach of bio-ceramization of a wood template to prepare a hollow cylindrical ceramic scaffold to resemble cortical bone, and filled it with a spongy HA/collagen bio-hybrid scaffold to resemble spongy bone. They assessed the osteoconductivity of the construct in a sheep critical size load bearing model (2 cm metatarsus defect), finding significant osteointegration at the bone/scaffold interface (Filardo et al., 2014). Using the same large animal model, in a follow-up study, they increased the diameter of the lumen of the external cortical-like biomorphic scaffold (Filardo et al., 2019). Osteointegration was observed in all samples, but the group with the largest internal diameter (11 mm) showed the best results in terms of bone-to-implant contact and new bone growth inside the scaffold. Additionally, the investigators posited that scaffold degradation in the cortical area—which induced osteointegration and new bone formation—is possible evidence of activation of load-induced biochemical signaling within the bone healing cascade.

Bigoni et al. (2020) reported that the mechanical properties of these biomorphic HA scaffolds have superior mechanical properties (higher strength, stiffness, and toughness at low density) when compared to usual porous ceramics obtained through sintering; probably due to the unique hierarchically organized multiscale resolution down to the nano-scale, which is not yet present in common ceramics.

While there is much potential for wood-based scaffolds and biomorphic transformation, certain drawbacks exist in comparison with other approaches. For instance, the process of biomorphic synthesis requires complex and strict control of reaction kinetics to avoid deformations and structural defects and to maintain the multiscale porosity (i.e., down to the nanoporosity) (Tampieri et al., 2018). Further, it relies on gas-solid reactions that are strongly affected by different phenomena relating to adsorption of the gaseous reactant by the solid, kinetics of nucleation and growth of synthesized inorganic phase at the surface, and the penetration of the gaseous reactant within the innermost portion of the structure (Szekely, 2012). This control is vital when fabricating larger pieces, since diffusive phenomena affect the rate of phase transformation (Bigoni et al., 2020). Without strict control of this process, the advantages of wood as a template cannot be capitalized upon.



MIMICKING BONE’S BIOCHEMICAL NICHE: DELIVERY OF BIOACTIVE MOLECULES

A variety of bioactive molecules compose the biochemical milieu of bone (Minardi et al., 2020). Several strategies have been proposed to deliver biochemical cues (e.g., growth factors, cytokines) to recapitulate this environment and enhance bone regeneration, as summarized in Figure 3. Initial attempts consisted of the direct adsorption or crosslinking of biomolecules to implants, which resulted in suboptimal outcomes, mostly due to burst release and molecule denaturation (Fan et al., 2012).
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FIGURE 3. Summary of the main strategies for the delivery of bioactive molecules for bone regeneration.


Delivery systems offer more effective and precise control over release (Minardi et al., 2014). Among delivery systems, nanostructured varieties have proven superior, as they can be finely tuned to provide a higher yield of loading and sustained release over time, while allowing for complex temporally controlled release kinetics (Minardi et al., 2016b). The most common nanostructured delivery systems developed for bone regeneration are reviewed below and summarized in Table 3.


TABLE 3. Main types of nanostructured delivery systems used in bone regeneration, with their respective advantages and disadvantages.

[image: Table 3]

Nanostructured Delivery Systems

Osteogenic growth factors, including bone morphogenetic proteins (BMP-2 and BMP-7), or the transforming growth factor-β (TGF-β) family, are known to play a crucial role in cell proliferation, differentiation, and ultimately osteogenesis (Chen et al., 2004). As FDA-approved in 2002, BMP-2 is delivered with an absorbable collagen sponge (ACS) [INFUSETM] for clinical applications (McKay et al., 2007). Although efficacious, supraphysiologic doses of the growth factor are required, which have been associated with a number of adverse side effects (Tannoury and An, 2014). Given these challenges, there is significant research interest in the development of novel delivery systems to provide controlled release of lower doses of BMP-2 and other bioactive molecules important for bone regeneration. Toward this end, a wide array of nano-structured systems capable of delivering bioactive signals and molecules have been proposed.


Inorganic Nanostructured Delivery Systems

Utilizing ceramic materials for drug delivery in the field of bone regeneration presents advantages, as these materials themselves have osteoconductive properties (Habraken et al., 2007; LeGeros, 2008; Yuan et al., 2010). Commonly used ceramics include CaPs, such as HA and TCP. In the first generation of HA-based delivery systems, HA was directly adsorbed with bioactive molecules such as BMP-2 (Matsumoto et al., 2004; Dong et al., 2007; Xie et al., 2010), however, side effects associated with their burst release quickly demanded alternative strategies (Xie et al., 2010), such as chemically bonding bioactive molecules to the surface of the ceramic particles, which provides a more controlled and sustained release over time (Fan et al., 2014). The surface of CaP particles can be functionalized to bind a wide array of bioactive molecules for bone regeneration (Bose and Tarafder, 2012). For example, nano-HA particles can be functionalized to bind to and provide sustained release of BMP-2 to stimulate osteogenesis in vitro (Jeon et al., 2012).

Metallic or metalloid oxide nanomaterials such as silica (SiO2) and titanium oxide (TiO2) nanotubes have also been functionalized into nano-structured delivery systems for different bioactive molecules for bone regenerative applications (Lai et al., 2011; Shadjou and Hasanzadeh, 2015; Zhou et al., 2015). Silica-based nanomaterials (e.g., mesoporous silica) have been engineered to provide controlled release of different biomolecules (Shadjou and Hasanzadeh, 2015). These materials are generally biocompatible and can be easily functionalized with a number of different linker molecules (Lallana et al., 2012). Zhou et al. (2015) utilized silica nanoparticles to enable dual-delivery of BMP-2 and dexamethasone, and Cui et al. (2018) have utilized a silica-based nanomaterial delivery system for controlled release of BMP-2-related peptide both in vitro and in vivo. The tailorable mesoporous structure and the ability to bind a variety of different molecules are notable advantages of these silica-based materials (Tang et al., 2012). Additionally, the architecture and topography of these compounds can be engineered to promote cell adhesion, proliferation, and differentiation—all critical requirements for in vivo applications (Tang et al., 2014).

TiO2 nanotubes for delivery of drugs and other biomolecules have also been described (Hu et al., 2012; Huang et al., 2014; Kwon et al., 2017). These can be designed to both encapsulate and display the molecule of interest on the material surface (Huang et al., 2014). One group directly functionalized the surface of TiO2 nanotubes with BMP-2, which promoted osteogenic differentiation in vitro (Lai et al., 2011). In addition to biomolecule delivery, the surface of TiO2 nanotubes can be activated and coated with ceramics like CaP or HA (Oh et al., 2005; Raja et al., 2005). However, concerns have arisen regarding the toxicity of TiO2-based nanomaterials, with one study suggesting that the strong adherence of osteoblasts to the metallic material may induce apoptosis (Portan et al., 2012; Setyawati et al., 2013; Liu et al., 2017). Dose-dependent cytotoxic effects of TiO2 nanofilaments have also been described elsewhere (Magrez et al., 2009).



Organic Nanostructured Delivery Systems

Alternatively, polymer-based delivery systems have been fabricated using both synthetic and natural materials (Jacob et al., 2018). Commonly used synthetic polymers include polyethylene glycol (PEG), poly(L-lactic acid) (PLA), PCL, PLGA, and poly(L-lactic acid) fumarate (PLAF). Polyethylene glycol and PLA are comprised of single monomers, while PCL, PLGA, and PLAF are copolymers. There has been extensive use of synthetic polymers as delivery systems for bone regeneration applications, including delivery of BMP-2, dexamethasone, antibiotics, and other pharmacologics (Puppi et al., 2010). Polyethylene glycol, PCL, and PLGA are all biocompatible (Alcantar et al., 2000; Anderson and Shive, 2012), although PLGA is generally favored, because it is FDA-approved and has been demonstrated to be non-inflammatory in various studies (Habraken et al., 2007; Lü et al., 2009; Makadia and Siegel, 2011). Additionally, various properties of PLGA—the L/G ratio, molecular weight, and stereochemistry—can be modified to control the polymer’s properties and degradation rate (Habraken et al., 2007). Polymers such as PLA and PLGA can yield cytotoxic acidic degradation products (Habraken et al., 2007). Therefore, controlled degradation is important for both drug delivery and to minimize toxicity.

Natural polymers used for the controlled release of bioactive molecules to promote bone regeneration include gelatin, chitosan, alginate, collagen, silk fibroin, hyaluronic acid, and fibrin, among others (Jacob et al., 2018). These materials are advantageous given their biocompatibility and biomimetic properties, which result from a close resemblance of native ECM, and are also fully biodegradable (Malafaya et al., 2007; Vo et al., 2012). Natural polymers have been described in systems delivering BMP-2 (Niu et al., 2009; Shen et al., 2016), vascular endothelial growth factor (VEGF; Farokhi et al., 2014), antibiotics (Cai et al., 2016), and immunomodulators (Amjadian et al., 2016). However, there are known limitations to using natural polymers as the foundation for delivery systems. For example, controlling the release of molecules from these polymers is challenging. Collagen is known to degrade rapidly in vivo through protease action (Friess, 1998); however, various chemical modifications—including cross-linking (Aframian et al., 2002; He et al., 2011; Oliveira et al., 2019) or combination with other compounds (e.g., composite materials) (Niu et al., 2009; Ding et al., 2016)—have enabled researchers to significantly prolong the degradation rates of these natural polymers. Other limitations of natural polymers include fabrication costs, batch variability, and harvesting (Vo et al., 2012).



Composite Nanostructured Delivery Systems

Composite materials are often developed to overcome specific limitations of a given material, such as those described above. The optimal properties of each individual material can be leveraged when combining multiple components into one delivery system. Contributing to the sustained release of osteogenic factors, which is critical for in vivo outcomes, composite materials provide additional functionality that can be used to fine-tune the temporal release profile of a given compound. Some common examples include ceramic/polymer composites, polymer blends, and silica/polymer composites. Several different polymer and HA composite materials for controlled delivery of BMP-2 have been described, including silk fibroin/poly(ethylene oxide)/nano-HA (Li et al., 2006), gelatin/fibrin/nano-HA (Liu et al., 2009), collagen/poly(L-lactic acid)/nano-HA (Niu et al., 2009), chitosan/nano-HA (Reves et al., 2011), and ε-polycaprolactone/HA (Kim B.-S. et al., 2018). The polymer components can be cross-linked and functionalized, whereas the ceramic components provide osteoconductive properties. Multiple polymers have been combined to create polymer blends, which provide further control of degradation rates (Wang et al., 2018). Metal/metalloid and polymer composites for drug delivery are a popular and expanding area of research in bone tissue engineering. Although metallic oxides like silica can be engineered to provide burst release of biomolecules, further functionalization with polymers can provide sustained release over time. Poly(lactic-co-glycolic acid)-mesoporous silicon composites have also gained significant traction as a delivery system. For example, PLGA-mesoporous silicon microspheres have been engineered to deliver therapeutics, including BMP-2 (Minardi et al., 2020) and other bioactive molecules (Minardi et al., 2015b); these have demonstrated excellent release profiles, biocompatibility, and osteogenic profiles both in vitro and in vivo. Other groups have utilized similar composite systems for bone tissue engineering applications (Fan et al., 2012; Zhang Q. et al., 2018). In another study, Singh et al. (2015) created a composite of PCL nanofibers coated with a mesoporous silica shell that was capable of binding to and providing sustained release of several bioactive molecules, with a subsequent upregulation of osteogenic differentiation in vitro.



Biomaterials Functionalized With Nanostructured Delivery Systems

Scaffolds can be engineered to provide both spatially- and temporally controlled release of important biomolecules that facilitate bone regeneration and healing (Minardi et al., 2014, 2016b). While temporally controlled release is important to orchestrate the cascade of molecular and cellular events necessary to bone healing, the spatial release of biomolecules in vivo ensures that it occurs at the defect or desired area of interest for clinical applications (Minardi et al., 2016b). The most popular types of scaffolds (hydrogels (Nguyen and West, 2002), ceramics (Habraken et al., 2007), 3D-printed materials (Yi et al., 2016), and various composite materials (Yi et al., 2016) have all been proposed in combination with nanostructured delivery systems. These scaffolds can be functionalized with various bioactive components and molecules (Minardi et al., 2016b), including growth factors, peptides and mimicker molecules, immunomodulatory molecules, antibiotics, and even entire cells. Well-established as a potent stimulator of osteogenesis, incorporation of BMP-2 or BMP-2 mimetics into scaffolds is understandably an active area of research. Angiogenic factors such as VEGF, platelet derived growth factor (PDGF), and fibroblast growth factor (FGF) have also been shown to play an important role in bone regeneration and to support the maturation of the newly formed bone (David Roodman, 2003; Kaigler et al., 2006; De la Riva et al., 2010).

In addition to growth factors, systems can be functionalized to deliver other important bioactive molecules for bone healing, including immunomodulatory therapeutics and antibiotics to optimize bone healing. The host inflammatory response plays a critical role in osteogenesis and bone healing (Walsh et al., 2006; Guihard et al., 2012, 2015; Corradetti et al., 2015), and incorporation of immunomodulatory molecules within scaffolds provides another means to optimize bone healing and scaffold integration. Given that the risk of infection, including osteomyelitis, is significant after placement of implants (Lucke et al., 2003), the controlled release of antibiotics has the potential to provide a huge advantage to implanted devices and subsequent bone healing (Adams et al., 2009). Functionalization with these various molecules can occur via several different mechanisms, including incorporation of nanostructured systems within the scaffold, cross-linking and surface modifications, adsorption, direct loading of cells, among others. For example, various types of scaffolds—fibrous gelatin, poly(L-lactide), and HA particle composite (Amjadian et al., 2016) and electrospun nanofiber disks (Li et al., 2015)—have been functionalized to deliver local dexamethasone to improve osteogenesis. Herein, we list and review the most common and successful strategies for incorporation of delivery systems into 3-dimensional implants for bone regeneration.


Direct Incorporation of Nano-Delivery Systems in 3D Constructs

Direct incorporation of bioactive molecules and nanostructured delivery systems has been accomplished using a number of different techniques. One common modality is the hydrogel. Numerous polymeric hydrogels have been developed (Hoare and Kohane, 2008), as they can be engineered to both control the release of biomolecules (Gibbs et al., 2016) and enhance cellular adhesion and differentiation (Tibbitt and Anseth, 2009). These hydrogels are typically biocompatible and can be easily functionalized with cell adhesion ligands by modification of their surface (Hoffman, 2012). Some challenges persist, including their fabrication and clinical deployment (Hoare and Kohane, 2008). Hydrogels also inherently lack a solid framework, can be difficult to handle, and they may be difficult to sterilize, which can limit the clinical utility of these materials (Hoffman, 2012). Madl et al. (2014) engineered alginate hydrogels functionalized with a peptide mimetic of BMP-2, which were shown to upregulate markers of osteogenic differentiation and increase mineralization in vitro. Delivery systems of angiogenic factors such as VEGF have also been incorporated into polymeric hydrogel scaffolds for delivery in vivo (Kempen et al., 2009).



Surface Modification and Cross-Linking of Nano-Delivery Systems to 3D Constructs

Surface modification and cross-linking are other modes of biomaterials functionalization. Surface chemistries can facilitate stable, covalent binding of molecules, with the potential to provide tightly controlled release (Nie et al., 2007). Heparin-based linkers, for example, are commonly used to link growth factors to surfaces (Liang and Kiick, 2014). Various examples of these linkers have been described for local delivery of BMP-2 (Kim S.E. et al., 2011; Yun et al., 2013) and angiogenic factors like VEGF (Lode et al., 2008; Singh et al., 2011) and PDGF (Lee et al., 2012). Delivery systems of BMP-2 have also been incorporated directly onto the surface of 3D-printed ceramic scaffolds using polymer emulsion (Kim B.-S. et al., 2018).

Surface modification with immunomodulatory molecules has also been described. For example, Spiller et al. (2015) functionalized a decellularized scaffold with IL-4 via biotin-streptavidin binding and/or IFN-γ via adsorption, to facilitate rapid release of IFN-γ to promote pro-inflammatory M1 macrophages and sustained release of IL-4 to promote pro-healing M2 macrophages. Other groups have functionalized scaffolds with immunomodulatory molecules, including IL-4 (Minardi et al., 2016a), IL-10 (Rodell et al., 2015), and IL-33 (Liu et al., 2018) for various applications. The delivery of immunomodulatory molecules is relatively novel, particularly for bone tissue engineering, and this area of research is at a pivotal stage. Notably, scaffolds functionalized with IFN-γ have demonstrated increased vascularization relative to controls (Spiller et al., 2015).

Many other scaffolds have been engineered to provide a more sustained release of encapsulated BMP-2 (Yang et al., 2013; Rahman et al., 2014; Gan et al., 2015; Kim B.-S. et al., 2018; Mohammadi et al., 2018). Sun et al. (2018) fabricated a porous scaffold comprised of sintered HA nanoparticles, functionalized with either BMP-2 or BMP-2-related peptide, and both options provided significant osteogenic potential when assessed in a critical-size cranial defect model in rats. Hu et al. (2012) anodized a titanium substrate to form TiO2 nanotubes that were loaded with BMP-2 for sustained release, which showed promising upregulation of osteogenic differentiation in vitro.



Multifunctional Nanofiber Scaffolds as Drug Delivery Systems

Some nanostructured materials can simultaneously be used for the loading and release of bioactive molecules or to bind endogenous growth factors as well as to fabricate 3D scaffolds. A prime example is the use of peptide amphiphiles. Stupp and coworkers engineered a heparin-binding peptide amphiphile (HBPA) nanogel capable of binding and mimicking physiologic BMP-2 signaling (Lee et al., 2013). This BMP-2-binding PA promoted bone regeneration in a rat critical size femoral defect model with 10-fold lower doses than typically required (Lee et al., 2013). Additional approaches by this group have shown that BMP-2-binding PA nanogels provide significant bone regenerative capacity in an established pre-clinical posterolateral lumbar fusion (PLF) model with 10-fold lower doses of BMP-2 than typically required (Lee et al., 2015). In another study, hydrogels were designed with BMP-2 mimicking peptides that were capable of inducing osteogenic differentiation of rat MSCs in vitro. This osteogenic capacity was confirmed in vivo using a rat cranial defect model (Liang et al., 2019). In a recent study, peptide amphiphiles were functionalized with supramolecular glycopeptide nanostructures containing sulfated monosaccharides (Lee S. S. et al., 2017), given that heparan sulfate chains are a critical motif for the binding of many osteogenic growth factors under physiologic conditions (Xu and Esko, 2014). When assessed in vivo using an established rat PLF model, the PA nanostructures combined with a 100-fold lower dose of BMP-2 than typically required (100 ng of BMP-2 per animal) yielded an impressive 100% fusion rate (Lee S. S. et al., 2017). PA nanostructures combined with an even lower dose of BMP-2 (10 ng/animal, or 5 ng/scaffold) or without BMP-2 did not yield fusion, although PA nanofibers alone were minimally bioactive when assessed in vitro in C2C12 cells (Lee S. S. et al., 2017). The pre-clinical data regarding the use of PA-based materials for bone regeneration are promising. Although it is possible to control the nano-scale properties of the PAs, functionalize with different binding motifs, and gel the material into a macrostructure for in vivo applications, some future challenges include optimizing these materials for different clinical applications, ensuring minimal batch-to-batch variability, and large-scale fabrication of these materials.

These studies are but a few examples of the surface chemistries that can be employed to functionalize scaffolds with bioactive molecules. Given the multitude of variables that can be manipulated, the potential for drug delivery and bone regeneration applications are ever-expanding.



DISCUSSION AND CONCLUSION

While each of the previously discussed approaches to bone regeneration show promise, bone defects are not all alike. For instance, the repair of large bone defects resulting from trauma requires a mechanically competent scaffold (Masquelet et al., 2000). Arthroplasty, on the other hand, calls for strategies that improve implant lifespan, as the longevity of conventional materials remains a major limitation in this setting (Smith et al., 2018). For this application, the key to success lies in improving the osseointegration of existing implants through surface modifications (Serra et al., 2013; Puertolas and Kurtz, 2014). Orthopedic infection is another major challenge to implant-based bone healing, and additional material characteristics, such as antimicrobial properties, should be considered.

Even so, the biological environment for bone healing may also be compromised as a result of numerous patient-related factors, local and/or systemic, including advanced age, gender, tobacco, and/or alcohol use, pre-existing chronic illness, and the use of certain medications (Andrzejowski and Giannoudis, 2019). For example, the bone healing deficiencies observed in older patients or smokers may require cell-based approaches or growth factors such as rhBMP-2, which may reliably stimulate healing but can be associated with significant adverse effects. Another example is the use of biologics, which is a strategy of choice in several orthopedic procedures, but that remains inappropriate in oncologic patients, where this may potentially exert local or even systemic tumor-promoting effects (Serakinci et al., 2014; Holzapfel et al., 2016). Together, these influences act through a variety of mechanisms to predispose some patients to impaired bone regeneration, which can only be overcome by personalized regenerative strategies. By providing more precise and individualized treatment modalities, nanotechnological approaches to bone regeneration may provide more effective and longer-lasting implants, decreased infection rates, and improved bony healing, which could ultimately translate to improved patient outcomes. In particular, nanotechnology has allowed for the design of materials that can approach the challenge of augmenting bone regeneration from different angles, such as simultaneously mimicking the bone nano-composition and structure, while serving as a delivery vehicle for bioactive molecules and/or cells (Zhao et al., 2011). Nano-biomaterials that are able to recapitulate more than one of the aspects of bone as reviewed herein may certainly offer superior performances in challenging clinical settings. For example, nanotechnology offers oncologic patients novel means of integrating drug delivery functions into osteoinductive biomaterials which in turn can be used for both the regeneration of bone defects as well as the targeted treatment of the cancer (Acharya and Sahoo, 2011; Gu et al., 2013; Rawat et al., 2015).

Given that each bone defect and combination of pre-existing conditions may call for different regenerative strategies or a combination of them, it is also crucial not to overlook the role of the host’s immune system in bone healing. In fact, the immune system not only protects the body from pathogens but also orchestrates the response to foreign materials, and monitors for possible alterations in tissue homeostasis through a mechanism known as inflammation (Taraballi et al., 2018). While many researchers have investigated methods to minimize the immune response to materials to preserve their regenerative potential, in recent years there has been a shift toward the development of technologies able to preferentially engage the host’s immune cells. In fact, inflammation and the subsequent recruitment of immune cells to the diseases site are paramount to initiate healing (Taraballi et al., 2018). Nonetheless, while inflammation is desirable due to its key role in initiating tissue repair, it does need to be controlled in order to avoid the initiation of a foreign body response against bone regenerative materials (Franz et al., 2011).

Inflammation consists of the infiltration, proliferation, and polarization of hematopoietic and non-hematopoietic cells, that are recruited and activated by specific bioactive factors produced within the lesion (Taraballi et al., 2018). Among the cells involved in this highly orchestrated process, macrophages have been found to be the primary players (Wynn and Vannella, 2016; Michalski and McCauley, 2017). Classically activated macrophages (M1) are the first to be recruited to the site of injury and are gradually replaced by the alternatively activated macrophages (M2) if a regenerative response is initiated (Minardi et al., 2016a). M2 macrophages are immunomodulatory and coordinate tissue repair-producing anti-inflammatory molecules such as IL-10 and TGF-β; this triggers angiogenesis and matrix remodeling, while suppressing the M1-mediated inflammation (Figure 4; Minardi et al., 2016a).


[image: image]

FIGURE 4. Role of classically and alternatively activated macrophages in inflammation, tissue injury and regeneration.


Currently, the two main strategies to modulate the macrophage-driven inflammatory response are through (i) materials functionalized with nanodelivery systems for the release of immunomodulatory mediators (Spiller et al., 2015); (ii) materials engineered at the nanoscale so that their composition and structure itself may induce macrophage polarization toward the M2 lineage (Vasconcelos et al., 2016; Zhang R. et al., 2018; Lee et al., 2019). Compared to classical cell-based regenerative strategies, immunomodulatory strategies leverage on the self-healing capabilities of the body, thus resulting less technically challenging, since they do not require the direct encapsulation or delivery of live cells.

Although the field of immunomodulatory materials is still in its relative infancy, nanostructured materials have proven to have the necessary level of sophistication to address the challenges of this new arena. Nanostructured immunomodulatory materials will be amongst the most disruptive bone regenerative technologies, as the future of bone regeneration is clearly headed toward increasingly personalized approaches.
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The aorta is the largest artery in the body, so any diseases or conditions which could cause damage to the aorta would put patients at considerable and life-threatening risk. In the management of aortic diseases, the major treatments include drug therapy, endovascular treatment, and surgical treatment, which are of great danger or with a poor prognosis. The delivery of nano-biomaterials provides a potential development trend and an emerging field where we could monitor patients’ conditions and responses to the nanotherapeutics. One of the putative applications of nanotechnology is ultrasensitive monitoring of cardiovascular markers by detecting and identifying aneurysms. Moreover, the use of nanosystems for targeted drug delivery can minimize the systemic side effects and enhance drug positioning and efficacy compared to conventional drug therapies. This review shows some examples of utilizing nano-biomaterials in in vitro organ and cell culture experiments and explains some developing technologies in delivering and monitoring regenerative therapeutics.
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INTRODUCTION

Aortic diseases are generally defined as conditions that affect any part of the aorta, including the chest (thoracic aorta) and abdomen (abdominal aorta). It always involves a focal dilation of the vessel due to structural aortic diseases (aneurysm, dissection, or rupture), atherosclerosis, or other connective tissue disorders (Marfan Syndrome, Ehlers-Danlos syndrome), which can be fatal if not being treated. Due to the different pathological mechanisms, this review just focused on structural aortic diseases. According to the epidemiology of aortic aneurysm in the United States, 104,458 people died from 1999 to 2016 (Abdulameer et al., 2019), which is one of the leading causes of death. Current mainstream therapy for aortic aneurysms concerns invasive treatments, including open-chest surgery to replace the damaged section with vascular prostheses and endovascular implantation of stent-grafts; however, clinically few drugs could be applied to inhibit the occurrence of aortic aneurysms (Hiratzka et al., 2010). Meanwhile, the inherent differences in imaging modalities and measurements performed by different providers, both in terms of method and spatial resolution, may severely affect the ability of the primary based imaging diagnosis even leads to morbidity and mortality. Therefore, there is a need for the development of improved treatments and imaging techniques for aortic diseases.

Nano-biomaterials, as the technology of materials on an atomic, molecular, and supramolecular scale, have shown promises for clinical application. Over recent decades, a wide variety of nanomaterials has been designed and widely tested in preventing, diagnosing, and curing disease or repairing damaged tissues in animal models. More recently, by improving the development of nano-scale technologies and our understanding of conditions at the molecular level, nano-biomaterial has witnessed a growth explosion in the world and offers extraordinary openings for overcoming the restrictions of conventional biomaterials. It motivates several novel therapeutic approaches to the modernization of the treatment of aortic diseases. Nanoparticles (NPs), the particles in nanometric range (1–100 nm) and over 100 times smaller than human cells (Suri et al., 2007; Wilczewska et al., 2012; Au et al., 2016), are bioactive and mobile in both intra- and extravascular systems (Buzea et al., 2007). They have shown significant potential to provide a platform for targeted delivery of drugs and imaging agents because of their unique multi-functionality, such as the high penetration, prolonged blood half-life, and image contrasting capacity; they can also avoid removal by the reticuloendothelial system (Zhao et al., 2014; Au et al., 2016). In addition, nanomaterials provide a suitable platform for functionalization with other moieties, so that multiple functions can be combined onto NPs. Different types of targeting ligands, like peptides and inflammation cues, can be conjugated to NPs for targeting the morbid sites (Jiang et al., 2017). On the other hand, NPs can be conjugated with functional ligands to evade rapid phagocytic clearance from blood circulation (Rodriguez et al., 2013; Jiang et al., 2017). A novel approach for tracking, sensing, and triggering in vivo therapeutics using nano-biomaterials and soft bio-electronics for the subsequent development of minimally invasive and regenerative therapies (MIRET) offers tremendous opportunities (Ashammakhi et al., 2019).

This review highlights the recent advances in nano-biomaterial application in aortic disease therapy. The technologies in delivering and monitoring regenerative therapeutics based on nanotechnical approaches are also discussed.



AORTA DISEASES AND ANIMAL MODELS

Aortic aneurysm is a leading cause of mortality and morbidity among the elderly (Golledge, 2019), and accounts for >25000 deaths in the United States annually (Quintana and Taylor, 2019). Pathologically, extracellular matrix (ECM) proteins broken down by matrix metalloproteinases (MMPs), reactive oxygen species (ROS) overproduction, inflammatory cell infiltration of vessel walls, depletion of vascular smooth muscle cells (VSMCs), and elasticity lamellar aortic degeneration have been widely proven to be responsible for aneurysm formation (Joviliano et al., 2017; Quintana and Taylor, 2019). Furthermore, biomechanical forces work in concert with these structural and inflammatory processes to cause aneurysm dilation, rupture, and dissection (Hiratzka et al., 2010; Nordon et al., 2011). Given the complex pathology process of aortic diseases, it is essential to develop and select a suitable and stable animal model for the investigation of nano-biomaterials. Several aortic disease animal models, including surgical induction and chemical induction, have been developed in the past decades. However, most of them cannot model the real pathogenesis of aortic diseases. Up to date, only few of them had been successfully utilized for the evaluation of in vivo behaviors of nano-biomaterials. Among them, induction by calcium chloride (CaCl2) and angiotensin II (AngII) were the most widely used animal models for research (Sénémaud et al., 2017).

One of the ordinary and brief animal models involves the utilization of calcium chloride (CaCl2) around the infrarenal aorta in rats or mice for abdominal aortic aneurysm (AAA). Briefly, AAA induction was performed by placing a cotton gauze strip soaked with CaCl2 directly to the abdominal aorta for 10 min, and AAA formed 3 weeks after surgery (Chiou et al., 2001). Histological examination demonstrated that aortic dilatation was accompanied by VSMC depletion, elastin degradation, and infiltration of lymphocytes and macrophages. High concentrations of pro-inflammatory cytokines and MMPs were also detected within the dilated aortas (Chiou et al., 2001; Longo et al., 2002; Yoshimura et al., 2006; Li et al., 2017). The significant advantage of this model is that it reveals a clear inflammatory infiltrate, including macrophages, calcification of medial elastin, ROS production, and VSMCs apoptosis, comparable to the clinical appearance (Wang et al., 2013).

Angiotensin II-induced rat or mice model is also widely used for its availability in resulting in both thoracic aortic aneurysm (TAA) and AAA. The apolipoprotein E (apoE)–/– mice were systemically infused with Ang II via subcutaneous osmotic pumps over a prolonged period, the advantage of which is the presence of atherosclerosis, a risk factor shared with human patients (King et al., 2009; Sénémaud et al., 2017). More critically, aneurysm rupture, which is a clinically well-established complication, could only be seen in this model (Barisione et al., 2006). To explore mechanisms of the complete and fatal process, it was necessary to improve the rate of aortic aneurysm rupture. Therefore, Wang et al. (2010) innovated a model in which C57BL/6 wild-type mice were given both AngII and anti-transforming growth factor (TGF-β) antibodies to promote AAA formation, and the incidence of aneurysm rupture occurred at an increased rate to 80%.

Intriguingly, there was a specific animal model that was not accessible but of great potential. Wang et al. (2019) created an AAA model induced by chronic infusion of AngII into low density-lipoprotein receptor-deficient (LDLr–/–) mice, together with a high-fat diet. It is generally accepted that aneurysm formation occurs when the aorta dilates more than 1.5 times its standard outer diameter (Kontopodis et al., 2016). Based on this criterion, the incidence of AAA in this model is 81.82%, which is higher than that in normal AngII-infused mice (56%) (Trachet et al., 2015). The team suggested that this may be due to the prolongation of aneurysm formation time from 28 to 42 days (Cassis et al., 2009). Histological findings demonstrate pathological features such as elastic laminar degeneration and atherosclerosis, which do not differ from the AngII-induced ApoE–/– genetic background mouse model (Lysgaard Poulsen et al., 2016). There are several methods of modeling: surgical injection of elastase, calcium chloride patch, AngII pumping (ApoE–/– or LDLr–/–, added other factors such as Anti-TGFb, BAPN, etc.).



NANO-BIOMATERIALS USED FOR DELIVERING AND IMAGING IN ANIMAL MODELS

The enormous potential of nano-biomaterials has shown a tendency that creates a nano-scale platform for targeted delivery of drugs and imaging agents to its intended site and improved strategies for aortic disease treatment. Nanomedicine is now being used in a variety of diseases, especially in cancers (Au et al., 2016). NP-based biofilms have also been applied for infection screening (Thet et al., 2016).

The use of optimized nanocarriers, such as liposomes, gold, and iron oxide, can successfully deliver NPs to targets in diseased or healthy tissues for therapeutic or diagnostic use (Suri et al., 2007; Jain, 2010; Zhao et al., 2014). To maximize targeting accuracy and minimize off-target effects in aortic disease, researchers should understand the pathology of aortic diseases and choose the most appropriate biomarkers. Although biomarkers like degraded elastic lamina, inflammatory cells, and ROS are available to target vasculature and deeply associated with the development of aorta pathology, which target would be the most stable and accessible one remains to be discussed. For example, infiltration of the vessel wall by macrophages and monocytes contributes to both TAA and AAA progression, but their highly heterogeneous state and being rapidly recycled by receptors made it difficult to be designed as a reliable indicator of the risk of chronic aneurysm rupture (He et al., 2008; Meng et al., 2016). Another one of the most consistent features of aortic disease is elastic layer fragmentation and degradation. The adult elastic layer does not undergo substantial remodeling in the timeline of disease progression or aneurysm wall degradation, making it an ideal target for delivering NPs.

Herein, we summarized the delivery of therapeutic and imaging agents in aortic diseases (Tables 1, 2).


TABLE 1. Nanoparticles for therapies.
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TABLE 2. Nanoparticles for imaging.
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Delivery of Therapeutic Cues in Aortic Diseases

As mentioned before, traditional treatments for the aortic disease possess many risks and side effects. Therefore, it is of great importance to develop a safe and effective drug treatment, which can retard the disease progression and alleviate the need for surgery. Recently, certain drugs targeting the dilation or rupture of aneurysms have been investigated in animal models and have yielded remarkable results on the inhibition of aneurysm formation (Steinmetz et al., 2005; Baxter et al., 2008; Shiraya et al., 2009; Golledge et al., 2010; Habashi et al., 2011). However, these promising drugs still need further research to elevate their efficacy in clinical trials, potentially because oral and parenteral or intra-arterial administrations would result in unwanted adverse effects by other organs and limited doses of drugs sent to the wall due to the rapid blood flow with high shear (Karlsson et al., 2009; Kurosawa et al., 2013). For instance, it is minimally effective for systemic doxycycline administration in AAA and has severe side-effects, including cutaneous photosensitive reactions, tooth discoloration, gastrointestinal symptoms, and yeast infection (Baxter et al., 2002). The emergence of nano-biomaterials solves a series of problems, including high shear blood flow, lack of stable binding sites, heterogeneity, and recycling of cellular markers. Nanoscience provides a possibility that NPs can bind specific areas like degraded elastic lamina, inflammation cells, or peptide. The varied nano-biomaterials can exist stably in the blood vessels for a long time without being taken up by cells. Furthermore, it was surprising that they can control the drug release rate by detecting the extent of vascular damage.

Sinha et al. (2014) used poly(D,L-lactide) (PLA) NPs to load 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide (DIR) dyes, and surface maleimide groups conjugated to thiolate elastin/IgG antibodies, targeted for degraded elastin layer. DIR dyes were indelibly associated with particles to facilitate visualization and tracking of NPs. First, they used isolated rat aorta treated with elastase to simulate elastin degradation in vitro and found that the NPs and elastase attachment efficiency increased with greater elastic damage. Furthermore, they accessed the targeting efficiency with a prevalent aortic aneurysm model (CaCl2-induced rat model) and the other two vascular disease models (atherosclerosis and vascular medial calcification). CaCl2 can mimic the degradation of the elastic lamina in the abdominal aorta of rats (Basalyga et al., 2004; Isenburg et al., 2007), and the results strongly suggest that NPs are sensitive to elastic injury and precise spatial accumulation even under high-shear hemodynamic conditions. The next plan is to assay these NPs in animals with biochemical damage rather than local chemical injury (Sinha et al., 2014).

Besides elastic lamina degeneration, vascular calcification is also a common feature in the pathology of aortic diseases. Nosoudi et al. (2015) have designed an elastin-antibody binding PLA NP loaded with hydroxamic acid MMP inhibitor Batimastat (BB-94), which could suppress AAA in systemic delivery. The activity of MMP was completely 56% lower at the injury site compared to thoracic aorta, and the development of aorta diameter was significantly inhibited by NPs (40.25 ± 26%) compared to control (269.5 ± 56%). Based on these, Lei et al. (2014) further innovate bovine serum albumin (BSA) NPs loaded with ethylenediaminetetraacetic acid (EDTA) and deliver them to the aneurysm site to remove calcification (proved by Alizarin red staining and CT).

Although both approaches have some effects in animal models, the common issue is that they are only valid for the early stages of aortic aneurysms. To simulate the clinical condition and treat moderate-sized aneurysms, Nosoudi et al. (2016) innovate a dual-targeted approach using NPs to remove deposits of minerals and restore the elastic layer to reverse the development of moderate aneurysms in CaCl2-induced AAA rat models. EDTA was first administered to eliminate calcified deposits in the arteries; and then to release the polyphenol, pentagalloyl glucose (PGG) stabilizes elastin and enhances elastic fiber deposition (Figure 1A). By delivery of the chelators EDTA and PGG, macrophage recruitment, MMP activity, calcification, and elastin degradation in the aorta were all ignorantly reduced, which led to the improvement in vascular elastance. Dhital and Vyavahare (2020) also designed a PGG-loaded nanoparticle tested in porcine pancreatic elastase (PPE)-induced AAA mice model. They used fluorescence staining to confirm its targeting and increased the circumferential strain of the aneurysm aorta to normal levels by reversing the inflammatory marker (Figure 1B). From these results, dual treatment may be a potential option for regulating aneurysm development.


[image: image]

FIGURE 1. Animal models of aortic aneurysms. (A) NP accumulation after intravenous injection of EL-NP-DIR, 30 days after injury at the site of elastin damage. (B) Representative picture showing targeting to degraded elastin. (C) Accumulation of rapamycin nanoparticles in the AAA rat model. (D) Localization of EL-GNPs within aneurysmal tissues. Color arrows and arrowheads refers to the stronger signal was found in the B1 which showed more elastin damage (C1) than the control section (B2) that contained only intact elastin fibers (C2).


The previous analysis of the histopathology of aneurysm specimens suggests that abundant structural micro-defects may be to blame for the destruction and degeneration of aortic aneurysms (Campa et al., 1987; Dobrin and Mrkvicka, 1994; Thompson et al., 1995; López-Candales et al., 1997). Therefore, Shirasu et al. (2016) designed a special nanosystem that uses the penetration of NPs to make them reach the defect in the aneurysm wall. They chose elastase-induced AAA rat model to inject the NPs containing rapamycin (RAP, a candidate that has been reported to inhibit aneurysm formation). Microscopic analysis showed that the rapamycin NPs successfully bound to the damaged structures of the wall (Lawrence et al., 2004). Furthermore, AAA formation and wall inflammation were markedly suppressed as compared to RAP treatment alone at 7 days after elastase infusion. Accordingly, MMP activity and expression of inflammatory cytokines were also significantly depressed. All results indicate that the NP-based delivery system enables drug targeting delivery and has great potential in drug therapy targeting aneurysm (Figure 1C).

Based on the methods mentioned before, Cheng et al. (2018) developed a nano-therapy that was responsive to ROS and could release RAP. Meanwhile, based on the pathophysiological process of aortic aneurysm closely associated with ROS, they developed a multifunctional nano-therapy for targeted treatment. They used the nanoplatform composed of ROS-responsive materials to target aneurysmal sites and can release therapeutic molecules when triggered by ROS. With CaCl2-induced AAA rat models, reduced aneurysm diameter and removed calcification were examined in vivo. Intriguingly, the essential MMPs (MMP-2, MMP-9) involved in aortic diseases were remarkably decreased. The same limitations they faced were therapeutic benefits and safety profiles, which still need to be examined in other animal models.



Delivery of Imaging Cues in Aortic Diseases

Imaging is vital for patients with aortic diseases, as most patients remain asymptomatic until they develop a severe complication such as dissection or rupture. The only way to get an early diagnosis is to use imaging cues such as ultrasound, CT, and echocardiography for measuring the size of the aneurysm and monitoring its growth rate (Khalil et al., 2007; Baliga et al., 2014). Although imaging has rapidly progressed in recent years, early diagnosis of aortic disease is still an urgent issue to be addressed. Even the decision of whether to perform surgery or endovascular repair requires imaging results of aneurysm diameter and rate of expansion.

As mentioned previously, accurate anatomical and morphological measurements of aortic aneurysms are critical for diagnosis and long-term follow-up, so contrast-enhanced CT is a commonly used imaging modality. However, the disadvantage of this technique is also apparent in that it can only provide morphological information but no specific pathological information. If the degree of ECM degradation can be detected, it is possible to accurately identify whether an aneurysm is at risk of rupture. Besides, the potential toxicity of the contrast agent cannot be avoided. The emergence of nanoparticles, which have been used for molecular imaging in targeting cancer cells, shows its essential possibility in aorta diseases (Gao et al., 2012). NP-based molecular imaging technologies have shown impressive efficacy by identifying some critical pathological processes during AAA (Sinha et al., 2014; Ploussi et al., 2015), which offers an exciting opportunity to eliminate the defect in our diagnosis approach beyond size and growth rate. For instance, gold nanoparticles (GNPs), as an ideal radiopaque CT contrast agent, have various advantages, including high density, high atomic number, high X-ray absorption coefficient, and low toxicity (Xi et al., 2012).

Wang et al. (2019) used the AAA model (AngII-induced (LDLr–/–) mice fed with a high-fat diet to test their GNPs conjugated to elastin-antibodies (EL-GNP). They demonstrated that EL-GNPs could be successfully targeted to degraded elastin in the diseased aorta, and the accumulation could indicate the level of injury, which is better than the extent of expansion assessed by imaging measurements. This novel targeting technique can predict the level of elastin injury and the possibility of rupture with morphological information, which is superior to imaging modality assessment (Figure 1D). However, the limitation of EL-GNP was still evident that aneurysm couldn’t rupture spontaneously, so all detection was performed ex vivo.

Imaging tracers that localize aortic aneurysm-related inflammatory molecules, including 18F-fluorodeoxyglucose (FDG) and ultra-small superparamagnetic iron oxide particles (USPIO), have been deployed in clinical applications. A newly designed FDG-NP, which is to target macrophages, have been tested in AngII-induced AAA with micro-PET/CT imaging (Nahrendorf et al., 2011). They discovered that the amount of NP uptake by the aneurysm had significant predictive value and that low absorption was associated with little expansion over the subsequent 3 weeks, while high NP uptake was related to substantial expansion (Nahrendorf et al., 2011).

Richards et al. (2011) assessed asymptomatic AAAs using the uptake of USPIO NPs to confirm whether inflammation correlated with AAA diameter of 4–6.6 cm. The three USPIO uptake modalities (peripheral-aneurysm uptake only, diffuse patchy uptake within the intra-aneurysm thrombus, and discrete focal uptake distinct from the peripheral-aneurysm region) can be used to predict expansion rates, that patients with significant wall uptake have a three-fold higher annual growth rate than other patients (Richards et al., 2011).

Extracellular matrix is also an attractive target for imaging because the turnover of collagen, an essential component of the ECM, plays a significant role in AA development (Hellenthal et al., 2009). Klink et al. (2011) utilized NPs to functionalize CNA-35, a collagen-specific protein, in an AngII-induced AAA mouse model with TGF-β neutralization (Wang et al., 2010). Intravenous infusion of CNA-35 NPs enhanced the signal in the aneurysmal wall compared to non-specific NPs, and the CNA-35 NPs were shown histologically to colocalize with type I collagen. The higher uptake of CNA-35 NPs is consistent with stable aneurysms which have higher collagen uptake and ruptured aneurysms that have lower uptake collagen content (Klink et al., 2011).

Besides, αvβ3 integrin and vascular endothelial growth factor (VEGF) receptor are both upregulated on neoangiogenic vascular endothelial cells and on inflammatory macrophages. Kitagawa et al. (2012) designed NPs with human ferritin nanocages and Arg-Gly-Asp peptide (RGD) to target integrins, and then image in models (Apo E–/– AngII-induced mice). Using in situ and in vitro fluorescence imaging followed by NPs with the fluorescent dye Cy5.5, they demonstrated that RGD showed increased uptake of targeted versus compared to non-targeted NPs; by histology, they showed that targeted NPs coincide with macrophage and neovascularization localization (Kitagawa et al., 2012). Tedesco et al. (2009) used similar NPs targeting VEGF in the same model and provided the same tendency. Furthermore, the signal intensity of the aneurysmal segments increased in a diameter-dependent way.

More recently, Yao et al. (2020) evaluated a novel MRI-activatable nanoprobe to label MMPs, which was based on a hydrophilic polyethylene glycol coating immobilized on the outer surface of nuclear/shell iron/iron oxide nanoparticles, coupled with an MMP peptide substrate to enhance their targeting. Probes were injected for the Ang II-induced AAAs mouse model, and MRI detection of aneurysms revealed relatively low contrast noise. Histological examination showed the presence of MMPs and iron oxides in areas with weak MR signals. Nanoprobe-based MRI allows non-invasive detection of MMP activity in the wall of the AAA to predict its risk of rupture.



Nanoparticles Dynamics

After being introduced in the circulation, the dynamics of NPs vary in the organism. The distribution of iron oxide attached particles in rats is related to the positive and negative charge they carry, and we observe that nanoparticles have the highest accumulation in the liver and spleen when the surface potential is negative, while they have the highest concentration in the lungs when the surface charge is positive. This is due to the magnetism of the carrier (iron oxide) which determines its organ distribution in the body (Sharma et al., 2018). The distribution of GNPs in the body is closely related to the size of the particles, with 10-nm particles widely found in the blood, liver, spleen, kidney, testes, thymus, heart, lung, and brain, whereas for sizes larger than 10 nm they are found only in the blood, liver, and spleen (De Jong et al., 2008).

Understanding the dynamics of nanoparticles in the body is also aimed at reducing the problems they pose. Despite the numerous advantages of NPs, their toxicity is still an important issue to be addressed. A review by Katja et al. explored the mechanism of particle uptake by cells and the factors that influence uptake including particle size, shape, surface charge, surface functional groups, and hydrophilicity. Overall, non-phagocytic cells had the highest uptake of NPs around 50 nm, while for phagocytic cells, the results were inconclusive. Increasing the charge also increased the uptake by the cells (Kettler et al., 2014).

At the same time, understanding how NPs are excreted from the body is necessary for clinical applications. Many of the NPs formulations promising for in vivo medical applications are large (>5.5 nm) and non-biodegradable, so they cannot be eliminated by the kidneys. The liver pathway is a new direction of current investigations (Poon et al., 2019).




DISCUSSION

Nano-biomaterials as technological drivers of innovation have opened a new avenue in the treatment of aortic diseases since they have great potential in improving and modernizing therapy and imaging. The nanosystem of delivery drugs is a promising breakthrough to decrease high risk and high mortality. However, despite its beneficial potentials, there are still problems that need to be solved.

Currently, most of the efficacy results are obtained in animal models, and few clinical trials have been conducted. Although animal models can somewhat reconstruct the course of human aortic disease, there are still inevitable differences and shortcomings. The complex hemodynamic changes in aortic disease, for example, are difficult to achieve in animal models. There is also an inescapable difference between cells of animal and human origin in the face of various stimuli, and pathological processes. iPSCs and organ-on-a-chip are potential experimental platforms in future research (Granata et al., 2017; Gold et al., 2019).

Furthermore, future research should focus on a combination of early diagnosis and treatment. It requires a deeper understanding and a more comprehensive study of the pathological process of aortic diseases. The current selection of targets and cytologic markers is still a single factor. If multiple pathologic factors can be combined, it can increase the positive rate of diagnosis and the effectiveness of treatment.

Meanwhile, researchers should consider how to minimize the toxic effects of the drug, develop efficient delivery approaches, and combine functions without negative impact. It is hoped that such nano-biomaterials would have ranges of applications as an essential tool in the clinic.
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The necessity to develop more efficient, biocompatible, patient compliance, and safer treatments in biomedical settings is receiving special attention using nanotechnology as a potential platform to design new drug delivery systems (DDS). Despite the broad range of nanocarrier systems in drug delivery, lack of biocompatibility, poor penetration, low entrapment efficiency, and toxicity are significant challenges that remain to address. Such practices are even more demanding when bioactive agents are intended to be loaded on a nanocarrier system, especially for topical treatment purposes. For the aforesaid reasons, the search for more efficient nano-vesicular systems, such as nanoliposomes, with a high biocompatibility index and controlled releases has increased considerably in the past few decades. Owing to the stratum corneum layer barrier of the skin, the in-practice conventional/conformist drug delivery methods are inefficient, and the effect of the administered therapeutic cues is limited. The current advancement at the nanoscale has transformed the drug delivery sector. Nanoliposomes, as robust nanocarriers, are becoming popular for biomedical applications because of safety, patient compliance, and quick action. Herein, we reviewed state-of-the-art nanoliposomes as a smart and sophisticated drug delivery approach. Following a brief introduction, the drug delivery mechanism of nanoliposomes is discussed with suitable examples for the treatment of numerous diseases with a brief emphasis on fungal infections. The latter half of the work is focused on the applied perspective and clinical translation of nanoliposomes. Furthermore, a detailed overview of clinical applications and future perspectives has been included in this review.

Keywords: nanoliposomes, nanocarriers, fabrication strategies, influencing factors, drug-loaded constructs, antifungal, targeted drug delivery, biomedical applications


INTRODUCTION—PROBLEM STATEMENT AND OPPORTUNITIES

Conventional drug delivery systems (DDS) are used to deliver therapeutic molecules into the human body either by oral consumption, injection, or topical administration. These systems were extensively in practice and accepted as convenient in terms of ease in administration. However, disadvantages are governed mainly because of the lack of compatibility at requisite level, poor biodistribution, burst or disrupted release, and low accuracy to reach the target sites in a sustainable and sophisticated manner (Dang and Guan, 2020). There is a dire need for highly effective and less/non-toxic alternatives to treat existing and emerging diseases. Besides, this has also provoked the medical sector authorities to search for robust therapeutic agents and new ways to increase the efficacy of traditional drug delivery agents (Taboada and Grooters, 2008). Scientists have engineered several types of nanocarrier mechanisms, such as solid lipid nanoparticles (SLN), liposomes, polymeric micelles, metallic nanoparticles (MNPs), spanlastics, nanoemulsions, nanoliposomes, among others (Taboada and Grooters, 2008; Elsherif et al., 2017; Huang et al., 2017; Zamani et al., 2018; Permana et al., 2019; Yang et al., 2020), either to develop new drug formulations or improve the existing ones. Many of these nano-systems are capable of inducing/imparting pharmacological activities, enhance drug dynamism, and improve physical stability to attain controlled release characteristics (Haury et al., 2017). Furthermore, the newer nanomedicines with a topical approach can counteract the issues associated with conventional and systemic therapy for the treatment of infections and, at the same time, reducing the high-cost impact and minimizing long-term side effects (Gupta et al., 2017).

Nanoliposomes have been referred to as nanoscale bilayer lipid vesicles since the term liposome is a broad definition, including various types of vesicles with average size up to several micrometers (Mozafari and Mortazavi, 2005; Patil and Jadhav, 2014). Nanoliposomes present a greater surface area and have acceptable stability profile to preserve their size within nanometric scales, e.g., as small as 20–100 nm (small liposomes) and >100 nm (large liposomes) (Khorasani et al., 2018). These carriers are mainly composed of lipids and phospholipids. However, some contain other molecules, such as carbohydrates, antioxidants, proteins, or sterols in their structure (Mozafari and Khosravi-Darani, 2007). Due to their amphiphilic nature, they have the potential to entrap and release a massive range of hydrophilic and hydrophobic compounds simultaneously providing a combined benefit. Additionally, their characteristic bilayer structure is highly compatible with the skin surface, allowing them to act as penetration enhancers of bioactive compounds toward targeted sites (Farghaly et al., 2017). Compared with other nano DDS, nanoliposomes have the advantage of being produced using natural and inexpensive ingredients on an industrial scale (Demirci et al., 2017). This advantage, together with biocompatibility and biodegradability, make nanoliposomes very fascinating as “smart” drug delivery vehicles. Comparative overview of advantages and disadvantages of liposomes and nanoliposomes are summarized in Table 1. Keeping in mind the given attributes of liposome and nanoliposomes in Table 1, continuous research to enhance the already known properties of nanoliposomes keeps constant among research groups by conferring new structural characteristics throughout possible mechanisms of synthesis and surface modification to improve their potentialities, stability, and shelf-life (Jin et al., 2018). The present review focuses on the recent development in nanoliposome-based DDS with a brief emphasis on fungal infections. We also summarized fabrication techniques and several influencing factors that can significantly affect the overall fabrication and performance of nanoliposome-based DDS. Given, the current state of the art, including advantages and limitations, and a general overview of other novel nanostructured carriers that also exhibit important features for biomedical applications are discussed with suitable examples.


Table 1. Comparative overview of advantages and disadvantages of liposomes and nanoliposomes.
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NANOSTRUCTURED SYSTEMS—A DRIVE TOWARD OPTIMUM PERFORMANCE

Nanostructured DDS can upgrade the features of traditional drug administration within the biomedical field. The use of nano lipid carriers is considered a safe route of drug administration (Haury et al., 2017; de Matos et al., 2019). Notwithstanding the considerable variety of nanostructured systems that have been used for biomedical purposes, there are still several challenges to overcome. For instance, some studies have reported the toxicity behavior of MNPs in the central nervous system (Sawicki et al., 2019). In contrast, bio-ceramic nanoparticles have been successfully applied for prosthesis, implants, and tissue regeneration (Thian et al., 2017). Nevertheless, their rate of clearance from the body by bloodstream varies from material to material and leads to their accumulation in body organs or mononuclear phagocytic system (Singh et al., 2017). Couple with this, the side effects and data related to toxicity effects may vary when the administration route, fabrication process, and functionalization agents are considered. Nanoliposomes have been investigated and incorporated into medicines for different purposes. The Food and Drug Administration (FDA) had approved their use in cancer therapy, vaccine delivery, fungal and microbial infections, analgesics, among others resulting in their high biocompatibility with the human body and potential pharmacokinetic profile (Inglut et al., 2020). Therefore, they can enhance the pharmacokinetic and pharmacodynamic profiles of the therapeutic payload, facilitate controlled and sustained release of the loaded drugs (Mohammadabadi and Mozafari, 2018).


Nanoliposomes

Broadly speaking, the nanoliposomes are defined as bilayer lipid vesicles, as shown in Figure 1, which possess and maintain nanometric size ranges during storage and applications (Khorasani et al., 2018). Due to their bilayer structure, composed of lipidic and aqueous sections, these nano-systems can encapsulate hydrophilic and hydrophobic compounds individually or at the same time. Notwithstanding the potentialities of these nano-systems as drug delivery carriers, low physical stability, high sensitivity to temperature, and pH variations are significant challenges to overcome when commercial use is intended. However, numerous investigations have been reported the surface modification to improve stability and storage (Milani et al., 2019). In consequence of enhanced stability and targeting, the amount of entrapped material is less than the amount required without encapsulation. This may be helpful when working with high-cost bioactive compounds. Additionally, the use of natural and inexpensive ingredients (e.g., soy, egg yolk, sunflower, milk) for nanoliposome preparation is possible, thus, optimizing the cost-effectiveness of the final product (Khosravi-Darani and Mozafari, 2010). Because of these unique properties, numerous clinical trials have revealed that nanoliposomes are great candidates for varied delivery systems, such as anti-cancer, anti-fungal, and anti-biotic drugs, the delivery of gene medicines, and the delivery of anesthetics and anti-inflammatory drugs (Allen and Cullis, 2013). Advantages of nanoliposomes based formulations with respect to non-nanoliposomes based formulations for oral, topical, and intramuscular drug administration are presented in Figure 2.
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FIGURE 1. Schematic diagram of the bilayer structure of nanoliposomes with the representation of their amphiphilic structure for the entrapment of hydrophobic and hydrophilic drugs. On the right, some of the remarkable characteristics of these systems are listed. The liposomal structure is mainly composed of phospholipids such as phosphatidylcholine, phosphatidylserine, or phosphatidylethanolamine. Nonetheless, the addition of cholesterol in the liposomal formulation is very common with the purpose of providing stability and rigidity in the lipid membrane.
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FIGURE 2. Advantages of nanoliposomes based formulations respect to non-nanoliposomes based formulations for oral, topical, and intramuscular drug administration.


Nanoliposomes have also been combined with other clinical techniques to improve their mechanism of action. Gelfuso et al. (2020) tested the effectiveness of voriconazole based nanoliposomes along with iontophoresis for the treatment of fungal keratitis. The system was evaluated against Candida glabrata culture, the minimal inhibitory concentration (MIC) for voriconazole in the presence/absence of iontophoresis on C. glabrata was 0.14 ± 0 and 0.28 ± 0 μg/ml. The liposomal formulations did not present an excellent advantage for iontophoretic delivery at a current density of 2 mA/cm2. Besides, the morphological analyses performed by Transmission Electronic Microscopy (TEM) displayed an oval shape close to 100 nm. These results confirmed the excellent stability and the strong capability of nanoliposomes for voriconazole passive delivery over commercial voriconazole medicine. Both carriers have been successfully applied for biomedical proposes in view of their drug delivery mechanism and release behavior (Khorasani et al., 2018; Subramani and Ganapathyswamy, 2020). Figure 3 represents the multi-functional characteristics of drug loading into nanoliposomes as a competent model for biomedical applications.
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FIGURE 3. Schematic representation of multi-functional characteristics of drug loading into nanoliposomes as a competent model for biomedical applications.





FABRICATION STRATEGIES—PROCESSING AND WORKFLOW


Thin-Film Hydratio—Sonication Method

This methodology, also known as Bangham method (Bangham et al., 1965), is the most implemented to synthesize conventional nanoliposomes. A mixture of phospholipids is dissolved in a polar solvent (e.g., ethanol) with the hydrophobic drugs. Afterward, the solvent is evaporated (either via rotary evaporator or sample concentrator) above the transition temperature of phospholipid. Then, a film is formed at the bottom of the flask and kept drying under a vacuum desiccator for 24 h or more to remove traces of organic solvents before hydration. The hydration is carried out under stirring in the presence of distilled water or buffer solution such as phosphate buffer saline (PBS) or 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Gallez et al., 2020). Subsequently, the mixture is sonicated either through a bath or probe sonicator to reduce the vesicle size and to homogenize the sample.



Ethanol Injection Technique

This technique was described by Batzri and Korn (1973). An ethanol solution of phospholipids is injected under controlled conditions considering pump flow rate, stirring intensity, and injection temperature (above lipid transition temperature) into an aqueous phase. Subsequently, the solution remains under mechanical stirring on a magnetic stirrer or by rotary evaporation at room temperature under reduced pressure to remove the traces of solvent (Toniazzo et al., 2017; Hammoud et al., 2020).



Reverse Phase Evaporation Method

In this method, the lipid mixtures are dissolved in an organic solvent and solubilized with the aid of an ultrasonic bath. Then, a liquid solution, either water or buffer with stabilizers, is added to the mixture. Following that, the solvent is evaporated under reduced pressure by a rotary evaporator to promote a dense gel formation. An excess of the liquid solution is added to evaporate remains of organic solvent. The final formulation is submitted to dialysis, sonication, or centrifugation to homogenize the particle size. Nitrogen atmospheres can be implemented to purge the system to protect the lipid mixtures from degradation (Shi and Qi, 2018; da Rosa et al., 2019).



Supercritical Fluid Technology

A supercritical fluid is defined as a compound at temperature and pressure above their critical point exhibits properties of liquids such as density and gases such as compressibility. CO2 is the most regularly used supercritical fluid mainly due to its low price and other characteristics, including low critical temperature and pressure (31.1°C and 73.6 bar) and recyclability (Moreno et al., 2019). Supercritical fluid technology has been developed to reduce the use of organic solvents such as chloroform, ether, or methanol during the preparation of nanoliposomes due to their harmful risk to the environment and human health. Moreover, these substances result in challenging to separate by using conventional synthesis (Zhang et al., 2012). In Supercritical fluid technologies, the use of organic solvents is not always eluded. Still, whenever their use becomes necessary, they usually have a lower toxicity index than the previously mentioned solvents (Lesoin et al., 2011).

The most common supercritical fluid technologies that involve the fabrication of nanoliposomes are supercritical antisolvent (SAS) and rapid expansion of supercritical solutions (RESS). SAS implies the use of an organic liquid co-solvent which already contains the phospholipid mixture. It must be miscible in the presence of the supercritical fluid, which proceeds as an anti-solvent to precipitate the lipid material, promoting nanoparticles' formation (Gupta and Xie, 2018; Schwartz et al., 2018). In the RESS procedure, solutes are dissolved at high pressure in the supercritical fluid, posteriorly the solution is decompressed with the aid of a nozzle and then precipitated by rapid expansion with the purpose to enable rapid nucleation. Subsequently, adequate particle formation, in this case, supercritical CO2 acts as a solvent (Debenedetti et al., 1993; Gomes et al., 2018).



Supercritical Assisted Liposome Formation (SuperLip)

This synthesis methodology belongs to the dense gas technologies. It consists in the use of a dense gas such as carbon dioxide (CO2) to enhance the mixing between the organic phase (phospholipids and ethanol) and water and to remove the traces of ethanol from liposomes suspension. The organic mixture is pumped in a static mixer with CO2 under controlled pressure and temperature, usually 100 bar and 40°C to obtain a gas-expanded solution. The resulting ethanol expanded solution is pumped with a water phase into a high-pressure chamber. Simultaneously, the water is sprayed throughout a nozzle. Finally, ethanol is separated from vesicles and water suspension and recovered in a separator by CO2 flushing out from the chamber under pressure at room temperature (Ciaglia et al., 2019; Trucillo et al., 2019). This technique's feasibility for the synthesis of nanoliposomes allows getting an adequate control of particle size and distribution and high entrapment efficiency (up to 84%) (Trucillo et al., 2020).



Depressurization of an Expanded Liquid Organic Solution (DELOS-SUSP)

This technique is performed by adding a sample containing lipids and organic solvent into a vessel at working temperature (Tw) and atmospheric pressure (Patm). The expansion of the lipid is carried out by adding a large amount of CO2 to obtain an expanded solution, considering that the lipids must be soluble in the CO2-expanded solvent to guarantee the formation of a single-phase inside the high-pressure chamber until reach the working pressure (Pw). Finally, depressurization of CO2- the expanded solution is done over a flow of aqueous phase from (Pw) to (Patm) containing a surfactant whenever it is necessary to provide better uniformity to the vesicles (Elizondo et al., 2011). In this final step, a flow of N2 at Pw is used to push down the CO2-expanded solution and to keep the pressure inside the vessel constant (Grimaldi et al., 2016).



Particles From Gas Saturated Solution (PGSS)

This fabrication technique consists of two steps. The first step involves the saturation of a solute with CO2 in a mixing container at high pressures. The second step refers to the expansion of the gas saturated solution with the aid of a nozzle at (Patm). The formation of the material occurs during the development due to the fast reduction in temperature (Joule-Thompson effect), producing particle formation by solidifying the material. This technique has been used for the encapsulation of bioactive compounds in liposomes. However, entrapment efficiency reported is low compared to other techniques, such as the thin-film hydration method (Varona et al., 2011). Moreover, another study reported the development of high-quality vesicles, enough dispersion, and storage stability for up to 4 weeks (Zhao and Temelli, 2015).



Depressurization of an Expanded Solution Into Aqueous Media (DESAM)

In this technique, the hydration process is performed by depressurizing an expanded solution into an aqueous media via a nozzle. A mixture of lipids in an organic solvent is injected into an expansion chamber. The operating conditions are carried out at moderate temperatures and pressures below 60 bar. The expanded lipid solution is reached by pressurization through the addition of dense gas, and it is further heated into an aqueous media. The controlled release of the developed lipid solution is performed when the pressure is maintained by adding dense gas. The organic solvent is washed from the system. This ensures minimal residual solvent and can be separated and recycle with the gas leaving the system (Meure et al., 2009; Campardelli et al., 2015).



Heating Method

A new technique for the fast fabrication of nanoliposomes avoids using hazardous solvents developed by Mozafari et al. (2002) implies the use of a single vessel in the absence of solvents or detergents. The phospholipids and excipients are hydrated under an inert atmosphere for 1–2 h in an aqueous medium. Therefore, the ingredients are put through mechanical stirring after the addition of a polyol, such as glycerol, which acts as a cosolvent or dispersant at a temperature up to 120°C for 30 min to ensure a proper ingredients distribution in the aqueous medium. Once the ingredients are uniformly dispersed, drug compounds can be added either at a high or lower temperature, depending on their heat sensitivity (Danaei et al., 2018b).



Mozafari Method

This method belongs to one of the modern techniques for the synthesis of nanoliposomes developed. Given most of the current processes for the fabrication of nanoliposomes that require either solvents, high shear mixers, or pressurization. To overcome these drawbacks, Colas et al. (2007) introduced an improved version of the heating method for the encapsulation of nisin called Mozafari method. The authors proposed that nanoliposomes' synthesis can be carried out in a home-made glass vessel designed by Mozafari. This type of glass-bottle was developed to enhance the methodology's efficiency since the multiple turbulences contained in a single vessel enable to function as seven vessels simultaneously. Thus, having seven as the total number of turbulences. This method allows the manufacturing of nanoliposomes in a single step without employing solvents, detergents, and the need for pre-hydration. The liposomal ingredients are added in a preheated mixture that contains the active compound that is pretended to encapsulate and a polyol. Then the mixture is heated while stirring under a nitrogen atmosphere. If it is intended to incorporate cholesterol into the formulation, this must be added in the aqueous phase while stirring at elevated temperatures under a nitrogen atmosphere before mixing the other phospholipid components. Finally, the nanoliposomes suspension is subjected under an inert atmosphere above the lipid transition temperature to allow sample annealing and stabilization, as mentioned in previous work (Mozafari, 2010). Table 2 summarizes the advantages and disadvantages of each nanoliposome fabrication technique. Additionally, recent reports that discuss the fabrication strategies to engineer nanoliposomes for drug delivery purposes are outlined in Table 3.


Table 2. Advantages and disadvantages of various fabrication techniques used for the development of nanoliposomes.
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Table 3. Recent reports about fabrication strategies of nanoliposomes applied to substances of interest in drug delivery.
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INFLUENCING FACTORS THAT AFFECT THE NANOLIPOSOMES PERFORMANCE


Permeability/Penetration Capacity

Nanoliposomes raise targeting of drug penetration of active ingredients through vesicle adsorption onto the skin surface by the interaction of lipids part of nanoliposomes with the stratum corneum. The lipid bilayer of nanoliposomes can fuse with other bilayers due to its resemblance to the biological membrane, which simplifies the penetration into the epidermal barrier and helps in the transport of the core therapeutic material compared to other nano DDS (Siepmann et al., 2012; Arshad et al., 2020). The passage of nanoliposomes through the horny layer is enhanced by the occlusive effect that increases their permeability (Hofland et al., 1995; Touti et al., 2020). The occlusive effect refers to an increase of hydration in the stratum corneum in the presence of water, affecting percutaneous adsorption by amending segregation between the surface chemical and the skin (Foldvari et al., 1990). This passage can be favored by the active principle's affinity for the horny layer and promotes the increased penetration of lipid-soluble. The topical-based drug formulation that contains fats and/or polymers oils may also generate occlusive effects, becoming suitable for pharmaceutical and cosmetic applications (Zhai and Maibach, 2002; Van Tran et al., 2019).

Nanoliposomes systems have received particular attention for drug delivery applications due to their bilayer structure that affords the substantial capability to entrap hydrophobic and hydrophilic molecules acting as penetration enhancers. Size is an essential factor to bear in mind since smaller sizes lead to larger surface areas and subsequently to greater reactivity and control the drug's release kinetics (Samadi et al., 2020). According to Sakdiset et al. (2018), composition and design are essential factors to consider for developing efficient nanoliposome with high skin permeation and improved performance. The research group found that 1,2-di- palmitoyl-sn-glycero-3-phosphoglycerol, sodium salt (DPPG) can be a promising phospholipid candidate for nanoliposome formulations with high skin penetration-enhancing effects. They tested the mechanism of interaction of empty nanoliposomes and entrapped caffeine where DPPG phospholipid and nanoliposome vesicles had a combined effect of disrupting the stratum corneum lipid barrier to carry both in the formulation through the skin. Pseudo ceramide loaded nanoliposomes were synthesized, and their role in skin barrier functions was investigated by Kim et al. (2019). The nanoliposomes functionalized like skin constituents were prepared using pseudo ceramides, PO3C, PO6C, PO9C, and loaded with baicalein. The in vivo skin permeation results showed that the nanoliposome formulation carried baicalein well and effectively penetrated the skin. The use of pseudo ceramides not only passed the skin barrier but also effectively transmitted the weakly soluble drug, baicalein, which demonstrated the use of nanoliposomes, as functional carriers, that effectively transmit the poorly soluble drug baicalein to the skin.



Drug Loading Capacity

The entrapment efficiency (EE) and loading capacity (LC) are crucial parameters for promising applications of nanoliposomes due to the necessity of produce formulations with the desired payload with minimal drug loss (Drummond et al., 2010). Among the reasons for medical applications of nanoliposomes is the effectiveness to load acceptable quantities of drugs needed to achieve therapeutic efficacy. However, it must consider several factors that may affect the performance of nanoliposomes as drug-loaded carriers (Zucker et al., 2009), developed a model based on loaded conditions of liposomes and nanoliposomes drugs'. They found that the most critical condition that affects loading capacity is the initial drug/lipid mole ratio. Precisely, when it is too high with values above 0.95, low loading capacity is displayed due to excess drug that exceeds the liposomal loading capacity, which entails overloading damages in the lipid membrane leading to a lower final drug/lipid mole ratio. Moreover, some other factors, such as solubility, pH, drug properties, temperature, and loading conditions, must be reviewed for suitable drug-loaded liposome formulations and to improve their development for clinical applications.



Surface Modification

A drug molecule's therapeutic potential depends on its availability at the target site at the requisite amount and for the required duration. Besides, it is essential to minimize drug exposure to non-target tissues to avoid potential side effects. The use of nano DDS, such as nanoliposomes, has helped in improving drug efficacy and safety by modifying the pharmacokinetic properties, for instance, distribution, absorption, and elimination of the drug (Mozetič, 2019). Their small particle size range enables systemic administration because the smallest blood capillaries are 10–20 μm in diameter (Zamani et al., 2018). Further, carriers in this size range could be used for targeted delivery of different types of therapeutic payloads to specific organs and tissues (Moku et al., 2019). In recent years the problem of phagocytic removal of nanoparticles has been solved by surface modification of nanoparticles. The surface modification protected nanoparticles from being phagocytosed and removed from the blood vascular system after intravenous injections (Mahapatro and Singh, 2011). However, nanoliposomes are like biological membranes and are more suitable for cellular absorption. It has been reported that phospholipid bilayer maybe suffers oxidation damage during storage conditions (Islam Shishir et al., 2019). The surface modification of conventional nanoliposomes can enhance stability under storage conditions, improve phospholipid bilayer permeation, and protect the loaded drug (Sperling and Parak, 2010). Karim et al. (2020) reported that surface decoration of neohesperidin-loaded nanoliposome using chitosan and pectin could improve stability and controlled release. The results confirmed good encapsulation efficiency (>90%), the particle size of 79.50 ± 0.72 with zeta potential values of −29.63 ± 0.81. The modified nanoliposomes coated with chitosan (CH-NH-NL) and pectin (P-CH-NH-NL) were compared to conventional nanoliposomes loaded neohesperidin (NH-NL). Even though all nanoliposomal formulations exhibited mucoadhesion ability, the modified samples showed the highest mucin adsorption percentage and were more effective in preserving neohesperidin. Storage results unveiled that nanoliposomal systems can be stable for 30 days at 4°C in the dark condition. However, throughout the storage study, the particle size of NH-NL was higher than that of CH-NH-NL and P-CH-NH-NL. As a result, the decoration of nanoliposomes can be a promising way to improve the physicochemical stability, controlled release behavior, and mucoadhesion ability.

Similarly, modified nanoliposomes have presented potentialities as an ocular delivery system to treat glaucoma. Jin et al. (2018) investigated D-alpha-tocopheryl poly (ethylene glycol 1000) succinate (TPGS) modified nanoliposomes for brinzolamide (Brz) delivery. The average particle size was 96.87 ± 4.43 nm, and the entrapment efficiency of the Brz was 95.41 ± 3.03%. The nanoliposomes containing TPGS (T-LPs/Brz) were compared with conventional nanoliposomes loaded Brz (LPs/Brz) and the commercial formulation AZOPT® (Brz ophthalmic suspension, Brz-Sus). Enhanced trans-corneal transport of Brz was achieved with T-LPs/Brz. Compared with Brz-Sus and LPs/Brz, the apparent permeability coefficient of T-LPs/Brz was 10.2-and 1.38-folds higher, respectively. Moreover, T-LPs/Brz extended the cornea residence of Brz. The in vivo studies were performed in White New Zealand rabbits treated with T-LPs/Brz had 3.1- and 1.57-folds Brz concentration 2 h after treatment than Brz-Sus and LPs/ Brz, respectively. Eye irritation experiments and histological analysis demonstrated that T-LPs/Brz had not long or short-term irritant effects and did not induce eye inflammation. Further pharmacodynamic studies showed that T-LPs/Brz maintained an adequate intraocular pressure (IOP) reduction from 3 to 11 h after administration. In comparison, Brz-Sus and LPs/Brz presented significant IOP decreases from 3–6 to 3–8 h, respectively. Moreover, they were stable for at least 10 days at 4 and 25°C. Cumulatively, the results supported the conclusion that TPGS modified nanoliposomes could be an effective delivery system for Brz to treat glaucoma.



Stability/Shelf Life

Nanoliposome stability is an essential parameter in the physicochemical properties for subsequent exploitation as DDS. In terms of particle size. It is defined as the preservation of nanoparticle dimensionality during storage and/or an experiment. Moreover, the prospective therapeutic benefits of nanoliposomal-encapsulated drugs depend on their lifetime and distribution within the organism, which are factors related to their stability (Taira et al., 2004). The conservation of dimensionality depends on the homogeneity of the synthesized materials and stabilizing agents present during storage or use (Phan and Haes, 2019). For the above reasons, nanoliposomes should have adequate stability profile to preserve their sizes at a nanometric scale. An attractive feature of nanoliposomes is that they are metastable and can be diluted with water without changing their vesicle size distribution (Khorasani et al., 2018). Biomedical agents should be effectively cleared from the body to lower the accumulation in organs or tissues. Hence, nanoliposomes are required to have modest stability to make them more degradable and clearable, resulting in lower bioaccumulation and favorable risk–benefit ratios. The active surface of nanoliposomes may react with bioactive substances or cells in organisms responsible for initiating multifaceted reactions, ensuing the aggregation, dissolution, degradation, accumulation, and sedimentation. However, their stability not only depends on themselves but also is strongly related to their whole organized structure, the substances used to disperse or load them, the synthesis conditions, biological interactions, and other factors (Xu et al., 2018). Highlighting these considerations, studies of physical stability, and in vitro intestinal digestibility of nanoliposomes were evaluated (Beltrán et al., 2019). Nanoliposomes were produced by microfluidization (MF) and ultrasound (US) for high oleic palm oil (HOPO) encapsulation. The average size of nanoliposomes was 141.2 ± 1.7 to 180.0 ± 1.2 nm, having 0.141 ± 0.014 PDI for MF and 0.224 ± 0.012 PDI for the US while Zeta potential values from −45.6 ± 3.2 mV for MF and −45.9 ± 4.0 mV for the US were found. Zeta potential values were less than −30 mV being considered as coming within the range of excellent stability (Vanitha et al., 2017). No significant changes in nanoliposomes physical stability were recorded during oral phase's 2 min, the vesicle size values remained between 139.9 ± 2.1 nm and 170.0 ± 1.2 nm, with zeta potential values below −30 mV and PDI values of 0.186 ± 0.027 and 0.222 ± 0.014 for US and MF. However, both nanoliposome formulations experimented a high degree of destabilization during gastric phase. Finally, it was noted that US-prepared nanoliposomes became less digested that those prepared by MF, thereby indicating a greater stability of the US-prepared NLs, in turn enabling greater encapsulated compound protection in the gastric phase. This was also an indicator that NL encapsulation could reduce the gastric hydrolysis of HOPO and the speed at which solubilized bioactives become degraded in gastrointestinal conditions.

Bardania et al. (2017) indicated the implementation of RGD-modified nanoliposomes (RGD-MNL) for the targeted delivery of antithrombotic drug eptifibatide. The nanoliposomes were about 90 ± 10 nm in size, with an encapsulation efficiency of 37 ± 5%. The stability of nanoliposomes was evaluated by monitoring their size and drug leakage. Hence, the reported vesicle size was from 87.93 nm up to 114 nm during the storage period of 21 days at 4°C and leakage percentage values ranging from 0 to 4.5%, which indicated long term stability. According to the results, the authors concluded that the novel formulation effectively enhanced the delivery of eptifibatide to the activated platelets compared to free drugs.

Bochicchio et al. (2017) confirmed the stability of nanoliposomes loaded with a siRNA against the transcription factor E2F1 for colorectal cancer therapy. The nanoliposomes exhibited a particle size of 40 nm and high homogeneity. The spectrophotometric and electrophoretic assays corroborated the stability and 100% siRNA encapsulation efficiency. No major de-complexation of siRNA from nanoliposomes occurred following the application of an electric field; this indicated the high stability of the formed complexes. The uptake study in colon tissue cultures revealed nanoliposomes' ability to penetrate and spread all over the colon mucosa tissue. Noticeably, no evident signs of cell damage were observed, thus confirming the absence of any significant toxicity. Moreover, the nanoliposome was influential in the downregulation of the target in cultured cells and the subsequent reduction of cell growth. Finally, vital uptake and target silencing efficiencies were observed in cultured human biopsy of the colon mucosa.




BIOMEDICAL APPLICATIONS OF NANOLIPOSOMES

The term nanomedicine refers to the disease treatment, diagnosis, monitoring, and control of biological systems by using nanotechnology applications, according to the National Institutes of Health (Moghimi et al., 2005). The implementation of nanostructured systems in biomedical sciences focuses on the development of new techniques for disease diagnosis, drug design, and drug delivery particles or molecules to improve the bioavailability of a drug by subjection to suitable surface modifications where the main objective is to impart them with biological properties and functionalities (Saji et al., 2010).

Nanoliposomes have been widely studied to know their interaction effects in different strains, cultures, and animal models for the development of new drugs, vaccines, improvement of photodynamic and cancer therapy, or even as a tool for the detection of several diseases. Among the current biomedical treatments, chemotherapy sensitization of glioblastoma (75 nm) (Papachristodoulou et al., 2019), gastrointestinal disorders (145 nm) (Chen et al., 2020), cutaneous (20 nm), and fungal infections (100 nm) (Saadat et al., 2016; Bhagat et al., 2019), encapsulation of calothrixin B as anticancer agent (108 nm) (Yingyuad et al., 2018) are included as some of the successful examples of nanoliposomes as drug delivery mechanisms. Figure 4 Illustrates drug administration and release pathways of nanoliposomes against cancer cells.
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FIGURE 4. Illustration of the drug administration and release pathway of nanoliposomes against cancer cells.



Antifungal Potentialities of Nanoliposomes

The number of cases related to superficial or systemic fungal infections has been increasing throughout the last three decades worldwide. Coupled with this, the current treatments to address these diseases are carried out during long periods and can present side effects, especially those for oral administration. Additionally, the lack of bioavailability, low penetration capacity, and poor drug release make it challenging to reach the target site (Taboada and Grooters, 2008; Kumar et al., 2014). To overcome these issues, a considerable range of nanotechnology-based products has been developed. Nanoliposomes are the most common phospholipid-based nanocarriers in dermal applications due to the high skin penetration capacity and efficacy of several drugs (Gupta et al., 2017). Amphotericin B, the first marketed product based liposomal formulation manufactured by Vestar Research Inc in 1990 (Shah and Misra, 2004). Several encapsulated substances, including commercial drugs and natural compounds, for the treatment of fungal infections, are presented in Table 4.


Table 4. Encapsulated substances, including commercial drugs and natural compounds, for the treatments of fungal infections.
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A mucoadhesive nanoliposomal formulation for vaginal delivery of ciclopirox (CPO) was prepared (Karimunnisa and Atmaram, 2013). The average size of nanoliposomes was found in the range of 196 ± 1.73 nm, entrapment efficiency of 44.89 ± 3.2%, and a zeta potential of −56.2 ± 1.4 mV. The antifungal activity of the CPO liposomes was confirmed against Candida albicans ATCC 10231 in comparison with pure CPO at pH 4.5. It was found that the pure drug showed the complete killing of Candida within 3 h as colonies were absent. At 3 h, the nanoliposomes brought about a significant reduction in the number of colonies (up to 28 ± 8) compared to its initial count (152 ± 12), whereas complete eradication was observed at the end of 6 h. The in-vitro antifungal activity testing concluded that CPO entrapped in nanoliposomes too demonstrated antifungal activity.

Risaliti et al. (2020) incorporated Artemisia annua essential oil (AEO) against Candida species (C. krusei, C. parapsilosis, C. dubliniensis, C. norvegensis, C. tropicalis, and C. albicans) in a nanoliposomal formulation (AEOL). Encapsulation efficiency was about 75%, and the recovery percentage was more than 90%. The nanoliposomes' performance against different Candida strains was assayed using the broth microdilution assay, evaluating the Minimum fungicidal concentration (MFC) (mg/ml ± SD) of AEO and AEOL prepared with RPMI-MOPS. The MFC values ranged from ca. 10 to ca. 42 mg/ml of AEO, while AEOL were tested between 5 and 10 mg/ml. Among the Candida species tested, the most susceptible to AEO was C. norvegensis (6.25 mg/ml), followed by C. albicans and C. krusei. In comparison, the most susceptible species to AEOL was C. norvegensis (5.00 mg/ml), followed by C. krusei. These findings suggested that AEOL could optimize biological properties and defeat fungal infections. The average MFC for AEO loaded nanoliposomes was generally one-third of AEO, demonstrating the antifungal activity enhanced by nanoliposomes. To avoid the verbose effect and unnecessary literature discussion, drug-loaded nanoliposome with antifungal attributes against various fungal strains are summarized in Table 5.


Table 5. Drug-loaded nanoliposome with antifungal attributes against various fungal strains.
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Skin-Curative Potential of Nanoliposomes

Skin is the largest and the most important organ for tropical and systemic drug administration. Its action mechanism is to protect the organism from the environment, acting as a passive barrier to the penetrant molecules. However, its exposure to the environment promotes susceptibility to damage and injury. The reason behind that common lesions is related to skin (Wang et al., 2019). Stratum corneum (SC) is the main barrier of the skin, composed of 15–20 layers of dead epidermal cells. This barrier is rich in ceramides, cholesterol, and fatty acids. With these considerations in mind, nanoliposomes become suitable for potential applications in topical drug delivery. Nanoliposomes are usually implemented as penetration enhancers of active ingredients into the skin layers. Their composition allows them to create a drug reservoir when mixing with SC lipids like ceramides, thus promoting lipophilic drug permeation of the skin (González-Rodríguez and Rabasco, 2011; Rahimpour and Hamishehkar, 2012). Figure 5 illustrates the effect of a nano encapsulated compound through skin layers compared to the non-encapsulated compound. Hasanpouri et al. (2018) evaluated nanoliposomes and nanotransferosomes in the dermal delivery of tetracycline hydrochloride (TC) for acne treatment. The particle size and distribution of TC-loaded liposomal formulation were found to be 74.8 ± 9.5 nm with a polydispersity index (PDI) 0.26 ± 0.03, while the mean zeta potential value was were 17.2 ± 5.2 mV indicating lack of colloidal stability due to was less than ± 30. However, the authors suggested the possibility of a topical aqueous gel for the final formulation dosage of the vesicular nanostructures which is in agreement with a previous study of skin-aging protection reported by Heydari et al. (2017). The in vitro drug release profile indicated that the percentage of released TC from liposomal formulation (55 ± 5.5%) was higher than that of transferosomal formulation (21.6 ± 4.6%), indicating maintaining the drug entrapped until its delivery to the target tissue and microorganism and preventing drug leakage, in this way its advantage in superior dermal delivery probably results in better clinical outcomes. Foldvari et al. (1990) studied the fate of liposomes loaded with lidocaine and the encapsulated drug after topical application on the skin. The investigation compared the effect of lidocaine encapsulated into liposomes or incorporated into Dermabase ® cream supplied to human volunteers about 20–25 years of age. The anesthetic effect produced by the liposome-encapsulated lidocaine was longer than the cream form and 4 h after the removal of the preparations the effect of liposomal lidocaine was still about two times greater than the conventional dosage form and the provided efficient analgesia of the intact skin was reflected in the measurement of high painless scores. It was also found a size restriction to penetration, because liposomes larger than about 0.7 μm were not observed during the electron microscopic studies. As consequence of this study, a hypothetical mechanism of interaction of topical liposomal systems with the skin was proposed for the authors and summarized in Figure 6, as follows:

• Liposomes can be absorbed to the skin surface intact before their penetration into the skin, either intercellular or intracellular journey.

• Some liposomes can rupture on the surface of the skin.

• The penetration of smaller vesicles is more probable. However, the intradermally localized uni- or oligolamellar vesicles may be derived from multilamellar liposomes, which lost their outer bilayers during penetration.


[image: Figure 5]
FIGURE 5. Penetration effect of a nano encapsulated compound through skin layers compared to the non-encapsulated compound. (1) shows the poor penetration effect and the lack of biodistribution across the epidermis and dermis; (2) illustrates the route of nanoliposomes into deeper skin layers.
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FIGURE 6. (A) Adsorption of liposomes to the skin surface; drug transfer from liposomes to skin. (B) Rupture of vesicles, the release of content, and the penetration of the free molecules into the skin via intracellular (1) or intercellular route (2). (C) Penetration of unilamellar vesicles via the lipid-rich channels to the dermis where they slowly release their content due to disruption or degradation of liposomal membranes. (D) Penetration of multilamellar vesicles via the lipid-rich channels. On the route of penetration of multilamellar vesicle can lose one or more outer lipid lamellae which would lead to partial release of the encapsulated material.


Regarding the previous model, size is crucial in the design and formulation of new drug delivery routes based on nanoliposomes for dermal and topical approaches. Thus, given the size range of nanoliposomes, they are promising candidates for implementing more realistic and functional target DDS in the treatment of skin diseases.



Nanoliposomes Based Targeted Drug Delivery

Targeted drug delivery can be defined as a strategy that selectively and preferentially delivers the therapeutic agents or active ingredients to a target area concurrently failing access to the non-target site, thus maximizing the effectiveness of the drug (Rahimpour and Hamishehkar, 2012; Tekade et al., 2017). Nanoliposomes are considered one of the most biocompatible nanocarriers used for targeted drug delivery because of their capacity to increase the bioavailability and biodistribution of the selected encapsulated agent site by overcoming the obstacles of cellular uptake (Joshi and Joshi, 2019).

Active or triggered mechanisms can be achieved by nanoliposomes based therapy. For the first type, the nanoliposome's surface is done by ligand and antibodies, while in triggered drug delivery, the drug release is produced via stimuli sensitive (Singh et al., 2017). Internal drug triggers include pH, small biomolecules, enzyme or hormone level, glucose, or redox gradient related to the illness pathological aspects. External stimuli, including hyperthermia, ultrasound (US), light, and magnetic field, are also used to trigger the ill site's drug release. According to Darvin et al. (2019), a smart DDS can reach a particular site where the drug is intended to release. It can also release the drug in response to specific stimulations (e.g., temperature, light, ultrasound, pH, magnetic, electric field, enzyme, redox). This ability makes them intelligent systems capable of self-regulation, integrated sensing, monitoring, and activation by the environment and stimuli (Wang and Kohane, 2017).

Chen et al. (2018) synthesized a Co-delivery of doxorubicin (DOX) and imatinib (IM) by pH-sensitive cleavable PEGylated nanoliposomes with folate-mediated targeting to overcome multidrug resistance. The pH-sensitive nanoliposomes were modified with cleavable TPGS analog (mPEG2000-Hz-VES) and folate (FA-PEG3350-CHEMS) co-delivery of DOX and IM. Alpha tocopheryl acid succinate (VES) was chemically conjugated to polyethylene glycol (PEG) via acid-labile hydrazone linker at pH 7.4. The reported design allowed the folate-bond nanoliposomes to be guided to the tumor cells through the selective overexpression of folate receptors. Upon the targeted cells approaching, the pH-sensitive hydrazone bonds were hydrolyzed by the acidic environment. The nanoliposomes were fused on the tumor membrane to lead to the full drug release at pH 5–6 so that the acid-sensitive drug release profile of the nanoliposomes was controlled. Folate was used to improve tumor cell selectivity and uptake efficiency. The formulation could maintain stability in blood circulation with diameters of 100 nm, entrapment efficiency of 96.2 ± 1.4, and 96.9 ± 1.2% for DOX and IM. Simultaneously, the zeta potential and polydispersity index values were −20 ± 2 mV and 0.103 ± 0.006. Moreover, in vitro, pH-sensitive drug release was performed at pH 5.5, 6.5, and 7.4. The study revealed that under the acidic condition at pH 5.5 for 72 h, the releasing rate of DOX and IM from nanoliposomes increased significantly, and the cumulative release percentages of DOX and IM reached 90.73 and 92.37%. Additionally, a membrane fusion assay was performed to determined pH-triggered release, using R18 as a probe inserted into the lipid membrane followed by fluorescence self-quenching. It was observed a gradual increase in R18 fluorescence with the decreasing pH, attributed to the long PEG chain of DSPE-mPEG2000 hindered the pH-sensitive release from nanoliposomes, which composed of DOPE and CHEMS, by blocking the membrane fusion between liposomes at low pH. The designed nanoliposomes significantly enhanced anti-tumor effects both in vitro and in vivo.

A comparative study of smart ultrasound-triggered doxorubicin-loaded nanoliposomes was performed by Shalaby et al. (2020) in HeLa cells. The study compared the minimization dose of DOX and ultrasound (US) intensity in two nanoliposome systems, one of them was tailored to be responsive for US non-thermal effects (DOX-USLs), and the other was designed to be thermoresponsive (DOX-TSLs). Both systems were loaded with DOX and evaluated for in vitro tumor treatment and compared in terms of cellular uptake, cell viability, and apoptosis. Ultrasound- triggered the release of DOX from TSLs was conducted using a 0.8 MHz ultrasound system at an intensity of 3 W/cm2 while USLs at the frequency of 0.8 MHz with a power intensity of 1 W/cm2. The combined treatment showed markedly improved cellular uptake, tumor cytotoxicity, and enhanced apoptosis compared to free DOX treatment. A significant higher nuclear uptake and cytotoxic effect were observed from DOX-TSLs (0.1 μg/ml) compared to DOX-USLs (0.2 μg/ml), and the use of both systems had enhanced tumor apoptotic effect. The authors attributed the superior cytotoxic effect to the treatment with the US in both systems. US-mediated cavitation promoted membrane permeability and increased the intracellular accumulation of drugs. Additionally, the US also enabled the disruption of nanoliposomes, which facilitated DOX release and improved the therapeutic response.

Functional nanoliposomes have been implemented for enhanced mitochondria-targeted gene delivery and expression by Green et al. (2017), the nanoliposome formulation composed of dequalinium-DOTAP-DOPE (DQA80s) was used as a vector for target drug delivery and compared with a control vector (DQAsomes) in HeLa cells and dermal fibroblast. The developed nanoliposomes exhibited better stability than conventional transfection or mitochondrial agents, excellent potential for efficient intracellular uptake, and effective mitochondrial targeting in HeLa. The in vitro transfection essay suggested that DQA80s resulted in an improved transfection, with high membrane permeability able to promote the escape of the complex from the endosome compared to DQAsomes. Additionally, the complexes conformed by (DQA80s/pDNA) demonstrated higher cellular uptake, more rapid escape from endosomal membranes, and robust intra-mitochondria localization. The schematic of the formation of DQA80plexes (DQA80s/pDNA complexes) and transport of DQA80plexes to the mitochondria via the endocytosis pathway. Cho et al. (2015) confirmed the utilization of targeted fluorescent nanoliposomes to detect early cartilage damage in the post-traumatic osteoarthritis mouse model. The nanoliposomes were loaded with a fluorescent dye and conjugated to a collagen type II antibody to perform the in vivo study. The targeted nanoliposomes showed an affinity for homing to damaged articular cartilage due to the specific binding to degraded cartilage in a manner proportional to the degree of injury and showed a specificity of binding. Furthermore, the antibody-conjugated nanoliposomes exhibited potential as a targeted drug delivery tool to chondrocytes, also able to provide a non-invasive specific diagnostic method for detection and measurement of arthritic damage and can be intravenously administered. To avoid the verbose effect and unnecessary literature discussion, targeted drug delivery attributes of various drug-loaded nanoliposome are summarized in Table 6.


Table 6. Targeted drug delivery attributes of various drug-loaded nanoliposome.
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TOXICOLOGICAL ASPECTS OF NANOSTRUCTURED SYSTEMS

Throughout the last decades numerous types of nanostructured systems have been developed based on various components, including metal oxides, silica, carbon, nanocrystals, polymers, lipids, dendrimers, and quantum dots. Nanotoxicology investigates the interactions of nanostructures with biological systems (Ciucǎ et al., 2017). The biggest challenge faced by the scientific community involved in drug development is to deliver a safe and effective dosage of drugs without causing systemic toxicity (Sharma et al., 2012). For the specific case of nanoliposome formulations, they are considered as optimal carriers since phospholipids used in their preparation, such as phosphatidylcholine and phosphatidylethanolamine, are also present in natural cell membranes. However, it is imperative to consider the lipid composition and the desired application to minimize side effects. Mozafari et al. (2007) examined the cytotoxicity of anionic nanoliposomes and nucleic acids (nano lipoplexes) prepared by heating method and compared with the conventional preparation method. Cytotoxicity evaluations performed by two different assays (neutral red uptake (NRU) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra- zolium bromide (MTT)) indicated that nanoliposomes were completely non-toxic in the cell-line tested, whereas conventional liposomes revealed significant levels of toxicity. This may be due to the presence of trace amounts of solvent applied during their preparation, which suggested further consideration of synthesis methodologies for the fabrication of nanoliposomes, mostly when organic solvents are used. These findings also indicated that nanoliposomes have great potential as non-toxic delivery vehicles in human gene therapy and drug delivery applications.

Regarding the impact of particle size on nanoliposomes' toxicity for clinical applications, particle size and size distribution are dominant factors for the stability assessment of a colloidal formulation upon storage, encapsulation efficiency, drug release profile, bio-distribution, mucoadhesion, cellular uptake, and clearance. Nevertheless, the size stability issue is more imperative for nanosystems compared to microsystems. This reason is due to the fact that DDS at the nanoscale has a larger specific surface area compared to microsystems (Danaei et al., 2018a). This would entail that more of the drug is closer to the surface of the particle compared to a larger molecule. Being at or near the surface would lead to faster drug release. Moreover, the high surface area in nanosystems such as nanoliposomes also implies that particles tend to agglomerate to minimize the energy. According to Bruinink et al. (2015), nanomaterials' agglomeration is still a controversial topic with respect to toxicity. It may be disclosed that uptake through the lung is limited to particles and agglomerates that can reach the alveolar region in the nanometer to the sub-micrometer range. Nevertheless, the incorporation of surfactants and stabilizers in nanoliposome preparation has been proposed as a good alternative to favors the electrostatic repulsion that prevents the loss of encapsulated drugs and the increase in the size of the vesicles (González-Rodríguez and Rabasco, 2011). On the other hand, one can assume that it would be advantageous to design nanoparticle systems with a large surface area to volume ratio; however, toxicity must always be tracked. The size of the nanoparticle determined the biological fate and, coupled with the PDI, are the main physicochemical attributes that influence the endocytosis-dependent cellular uptake. Cellular uptake of small molecules and particles depends mainly on endocytosis, and the two main mechanisms are reported to be pinocytosis and phagocytosis. Physiological processes such as hepatic uptake and accumulation, tissue diffusion, tissue extravasation, and kidney excretion significantly depend on particle size. In terms of nanosystems such as nanoliposomes, endothelial filtration can remove particles up to 150 nm in the liver. In contrast, particles below 10 nm can leave the systemic circulation via the lymph nodes (Psimadas et al., 2012). It has been reported that nanoparticles with dimensions of less than 5–10 nm are promptly cleared after systemic administration, whereas particles from 10 to 70 nm in diameter mostly penetrate capillary walls across the body; larger particles with dimensions of 70–200 nm regularly remain in circulation for a long period. Other reports in the literature indicate that nanosystems of less than 50 nm administered through intravenous injection reach the tissues faster than those of 100–200 nm in size and exert stronger toxic effects. If the size of the nanosystem is reduced, its contact surface will increase, and the level of oxidation and DNA damage will also rise. The size of nanoliposomes indicates their pharmaceutical behavior, that is, sizes of less than 50 nm quickly connect to all tissues and exert toxic effects. Nanoliposomes larger than 50 nm are used by the respiratory system, which stops its path to other tissues. But, organs like the liver and spleen are the main targets of oxidative stress (Ajdary et al., 2018). Moreover, the mechanism of action of the drug may vary because of the size of drug carriers. Drugs carried by micron-sized particles promote cell death mainly by necrosis, whereas nanoparticles cause cell death by apoptosis. Nanosize particles get in the cells and release the drug gradually to work on the cellular apoptotic system. However, micron-size drug carriers, because of their insufficiency of passage into the cells, could have released drugs outside the cellular environment, causing high local drug concentration, leading to cellular necrosis (Mukherjee et al., 2016). Shakeel et al. (2019) described the in vivo and in vitro evaluation of artemether and lumefantrine co-loaded nanoliposomes with the particle size of 112 nm for parenteral delivery. The toxicological examination suggested no significant evidence of renal and hepatic toxicity in tested animals. It was deduced that nanoliposomes could improve the availability of artemether and lumefantrine by prolonging drug retention in vivo. Yang et al. (2019) evaluated lapatinib and doxorubicin co-loaded in PEGylated nanoliposomes with an average size of 100 nm in two human lung adenocarcinoma cell lines. The formulation exhibited negligible toxicity to somatic cells, indicating the significantly reduced side effects. Besides, a decrease in toxicity was observed compared to a DOX loaded liposomal formulation and free DOX at higher concentrations. The DOX dose in the nanoliposome formulation was half of that in the comparative samples. Also, it could still maintain therapeutic efficacy and side effects reduction. On the other hand, the previous investigation accomplished by Tuerdi et al. (2016) reported the improvement of therapeutic effects of simvastatin (SMV) loaded nanoliposomes (SMV-Lipo). However, in another report published by Tuerdi et al. (2020), it was found that SMV-Lipo (121 ± 5.5 nm) induced myocardial and hepatic toxicities due to its absorption enhancement in mice. The organ toxicity was evaluated in presence and absence of isoproterenol and compared to those of free SMV. Results demonstrated that compared to free SMV, the SMV-Lipo administrated at an equal dose of 25 mg/kg/d led to severe myocardiotoxicity, hepatotoxicity at baseline and more pronounced liver injury with elevation of alanine aminotransferase. Muscular adverse effect was also observed in SMV-Lipo treated group but not in SMV group. Despite of the studies revealed that compared to free SMV, the SMV-Lipo administration significantly improved the plasma SMV concentration, and the oral bioavailability was 6.5 times of free SMV. Remarkably, when the dosage of free SMV increased to 50 mg/kg/d, yielding the comparable plasma concentration as SMV-Lipo given at 25 mg/kg/d, the myocardiotoxicity was observed in free SMV treated mice as well, which further confirmed that the enhanced absorption of SMV by the nanoliposomal formulation resulted in more severe myocardiotoxicity than the equal dose of free SMV. These findings suggest that besides particle size, toxicity must be address by considering some others physicochemical factors such as absorption capacity that affect the composition and performance of nanoliposomes for drug delivery purposes.

Besides, the implementation of analytical techniques for toxicity evaluation has allowed monitoring the in vivo fate of nanoliposomes. Being quantitative methods, such as fluorescence labeling, radiolabeling, magnetic resonance imaging (MRI), mass spectrometry, and computed tomography (CT) some of the most used given their specificity and excellent sensitivity (Rizvi and Saleh, 2018; Su et al., 2018). However, further in vitro and in vivo research under different conditions is still necessary to evaluate the toxicity of nanoliposomes prior to clinical applications.



COMPATIBILITY—PATIENT COMPLIANCE AND SAFETY

Drugs-based liposomes have already been successfully tested in humans and approved by FDA, examples include DepoDur ®, Lipusu ®, Exparel, among others (Beltrán-Gracia et al., 2019). Exparel ® is a bupivacaine liposome injectable suspension (3,000−30,000 nm) developed by Pacira Pharmaceuticals®, Inc. and approved in 2011 by FDA. The suspension is indicated for postoperative pain after hemorrhoidectomy and bunionectomy. Mont et al. (2018) compared the effects of local infiltration analgesia (LIA) with liposomal bupivacaine (LB) in patients undergoing total knee arthroplasty (TKA) where a total number of 140 patients, including adult men and non-pregnant women were randomized to LIA with LB 266 mg/20 ml (admixed with bupivacaine HCl 0.5%, 20 ml) or LIA with bupivacaine HCl 0.5%, 20 ml. Standardized infiltration techniques and a standardized multimodal pain management protocol were used. The coprimary efficacy endpoints were area under the curve (AUC) of visual analog scale pain intensity scores 12–48 h (AUC12-48) post-surgery and total opioid consumption 0–48 h post-surgery. Results showed that an opioid-sparing multimodal pain management approach using LIA with LB could safely manage pain while further reducing or eliminating the need for opioids following TKA, which also could have a. In this setting, LIA with LB significantly improved postsurgical pain, opioid consumption, and time to first opioid rescue, with more opioid-free patients and no unexpected safety concerns.

Concerning the clinical trials with formulations based-nanoliposomes, one of the most recent drugs-based approved by the FDA in 2017 is VYXEOS (100 nm), a combination of daunorubicin-cytarabine developed by Jazz Pharmaceuticals, Inc. (Beltrán-Gracia et al., 2019) for the treatment of adults with newly diagnosed therapy-related AML (t-AML) or AML with myelodysplasia related changes (AML-MRC), two types of AML having a poor prognosis, being the first FDA-approved treatment for this specific type of sickness (FDA, 2017). For the clinical phase 3 test, 309 patients 60–75 years of age with newly-diagnosed t-AML or AML-MRC through a randomized (1:1), multicenter, open-label, and active-controlled trial study comparing VYXEOS to a classic combination of daunorubicin and cytarabine (7+3) administrated intravenously, where it was demonstrated that VYXEOS had an estimated median overall survival of 9.6 months compared with 5.9 months for the 7+3 control (hazard ratio 0.69; 95% CI: 0.52, 0.90; p = 0.005). Moreover, VYXEOS nanoliposomes exhibited a prolonged plasma half-life following intravenous infusion, with greater than 99% of the daunorubicin and cytarabine in the plasma remaining encapsulated within the nanoliposomes, which accumulate and persist in high concentration in the bone marrow, where they are preferentially taken up intact by leukemia cells in an active engulfment process (Jazz Pharmaceuticals UK, 2019).

Another drug tested and approved by FDA is AmBisome® (Gilead Sciences, 2012). AmBisome ® is a nanoliposome formulation with a reported vesicle size of 45–80 nm, administrated by intravenous fusion. The formulation is indicated for empirical therapy for presumed fungal infection in febrile, neutropenic patients. Eleven clinical studies were conducted to support its efficacy and safety in patients with Aspergillus species, Candida species and/or Cryptococcus species infections and visceral Leishmaniasis. These patients either had fungal infections refractory to amphotericin B deoxycholate, were intolerant to the use of amphotericin B deoxycholate, or had pre-existing renal insufficiency. Patient recruitment involved 140 infectious episodes in 133 patients, with 53 episodes evaluated for mycological response and 91 episodes assessed for clinical outcome. Clinical success and mycological eradication occurred in some patients with documented aspergillosis, candidiasis, and cryptococcosis. Regarding the treatment of Leishmaniasis, AmbiSome ® achieved high rates of acute parasite clearance when total doses of 12–30 mg/kg were administered in immunocompetent patients. Most of these immunocompetent patients remained relapse-free during follow-up periods of 6 months or longer. While acute parasite clearance was achieved in most of the immunocompromised patients who received total doses of 30–40 mg/kg, most of these patients were observed to relapse in the 6 months following the completion of therapy. When followed for 6 months or more after treatment, the overall success rate among immunocompetent patients was 96.5%, and the overall success rate among immunocompromised patients was 11.8% due to relapse in most patients. There are no data documenting the efficacy or safety of repeat courses of AmBisome or maintenance therapy with this drug among immunocompromised patients.

Onivyde, also known as MM-398 or PEP02, is a nanoliposomal formulation of irinotecan (88~95 nm) in diameter (Drummond et al., 2006) which has demonstrated promising anticancer activity across a broad spectrum of malignancies, including pancreatic cancer, esophagogastric cancer, and colorectal cancer (Zhang, 2016). The nanoliposomal formulation of irinotecan occupies a modified gradient-loading method using sucrose octasulfate with unparalleled drug-loading efficiency and in vivo drug stability. A phase I study carried out by Chang et al. (2015) reported the dose limiting-limiting toxicity (DLT), maximum tolerated dose (MTD), and pharmacokinetics (PK) of PEP02 in patients with advance refractory solid tumors. It was found that myelosuppression and diarrhea were the major DLTs, and 120 mg/m2 was defined as the MTD. Pharmacokinetic analysis displayed that the release of free-form irinotecan from the nanoliposomes occurred slowly over time, the toxicity pattern was comparable with that of free-form irinotecan. Moreover, encouraging antitumor activities were noticed in patients who were refractory to available treatments. Furthermore, according to the database available on the FDA website, exist a variety of orphan drugs-based liposomes that have been approved for their commercial distribution and are summarized in Table 7.


Table 7. Orphan products-based liposomes designated and/or approved by FDA, US Food and Drug Administration. https://www.fda.gov/(accessed on 30/04/2020).
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LIMITATIONS, RESEARCH GAPS, AND CHALLENGES

Despite the significant advantages of nanoliposomes used in biomedical applications, further research is needed to improve their storage stability and overall efficacy. This typical behavior is attributed to the small vesicle size and high surface energy, which entails larger van der Waals attraction forces, thus, promoting high attraction among nanoliposomes (Dahman, 2017). Several research groups have been proposed alternatives to overcome these issues, such as the addition of surfactants or polyols to stabilize the nano liposomal suspensions (Mortazavi et al., 2007; Ebrahimifar et al., 2017; Eh Suk and Misran, 2017).

Additionally, bilayer fusion and drug leakage in nanoliposomes are other issues in terms of physical stability, which can entail a low yield of shelf life of nanoliposomes, affecting the low reproducibility and stability of nanoliposomes. However, when a nanoliposomal formulation is well-prepared, fusion is not common over time (Nounou et al., 2008; Wang et al., 2019). Besides, future research focused on cytotoxicity and in vitro essays must guarantee that topical and oral administration will have adequate stability and sustained drug release profiles for practical use and not only under ideal experimental conditions (Mordorski et al., 2016). Finally, the enhancement of the fabrication techniques is another challenge that research groups must attend by developing process with high scalability, reproducibility, and economically viable, also including more responsible practices with the environment that can be achieved by avoiding or reducing the use of organic solvents and detergents, as well as the incorporation of materials such as phospholipids and excipients that are in accordance with the purpose of the final product (Danaei et al., 2018b).



CONCLUDING REMARKS AND OUTLOOK

Nanoliposomes display a broad field of nanomedicine opportunities, from their implementation as diagnostic tools until drug carriers of topical and systemic treatments. Overall they hold great potential to innovate the area of drug delivery. Therefore described, nanoliposomes have also been satisfactorily used in drug improvement of vaccines and for the treatment of several fungal and bacterial infections, inflammation, and anticancer agents regarding their multiple utilitarian properties such as large surface as a consequence of their small size. Moreover, nanoliposomes' ability to permeate skin and blood barriers entails a better sustained-release activity and selective accumulation of active compounds within tissues providing accuracy in drug targeting. Nevertheless, nanoliposomes' broad spectrum of benefits still lacks human clinical trials and more efficient fabrication techniques, which are necessary to ensure scalability and translatability from the laboratory conditions to marketed products. Additional studies are needed to explore significative risks for toxicity and implement regulations for responsible management, storage, and waste disposal during the fabrication processes.
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Achieving bone fracture union after trauma represents a major challenge for the orthopedic surgeon. Fracture non-healing has a multifactorial etiology and there are many risk factors for non-fusion. Environmental factors such as wound contamination, infection, and open fractures can contribute to non-healing, as can patient specific factors such as poor vascular status and improper immunologic response to fracture. Nitric oxide (NO) is a small, neutral, hydrophobic, highly reactive free radical that can diffuse across local cell membranes and exert paracrine functions in the vascular wall. This molecule plays a role in many biologic pathways, and participates in wound healing through decontamination, mediating inflammation, angiogenesis, and tissue remodeling. Additionally, NO is thought to play a role in fighting wound infection by mitigating growth of both Gram negative and Gram positive pathogens. Herein, we discuss recent developments in NO delivery mechanisms and potential implications for patients with bone fractures. NO donors are functional groups that store and release NO, independent of the enzymatic actions of NOS. Donor molecules include organic nitrates/nitrites, metal-NO complexes, and low molecular weight NO donors such as NONOates. Numerous advancements have also been made in developing mechanisms for localized nanomaterial delivery of nitric oxide to bone. NO-releasing aerogels, sol- gel derived nanomaterials, dendrimers, NO-releasing micelles, and core cross linked star (CCS) polymers are all discussed as potential avenues of NO delivery to bone. As a further target for improved fracture healing, 3d bone scaffolds have been developed to include potential for nanoparticulated NO release. These advancements are discussed in detail, and their potential therapeutic advantages are explored. This review aims to provide valuable insight for translational researchers who wish to improve the armamentarium of the feature trauma surgeon through use of NO mediated augmentation of bone healing.
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INTRODUCTION

An estimated 7.9 to 15 million fractures are sustained annually in the United States (Bishop and Einhorn, 2007; Bigham-Sadegh and Oryan, 2015). Fractures may result from trauma, osteoporosis, overuse, tumors, or genetic factors, and contribute to increased mortality and reduced quality of life (Bigham-Sadegh and Oryan, 2015). The delayed-union and non-union rate is 5–20% in the overall population, however, in the presence of vascular injuries it increases to almost 50% (Hu et al., 2017). Patients with non-union have higher rates of all-type healthcare utilization, undergo more surgical procedures, and are more likely to use high doses of strong opiates for pain control (Antonova et al., 2013). In patients with tibial shaft non-union, the median cost of total care is $25,556, two times more than in patients with normal fracture healing (Antonova et al., 2013). The costly socioeconomic and personal burden of fractures, especially non-healing fractures, has led investigators to study the underlying mechanisms in order to provide a solution to this complex problem.

Fracture non-healing has a multifactorial etiology and many risk factors. Environmental factors such as wound contamination, infection, and open fractures can contribute to non-healing (Bigham-Sadegh and Oryan, 2015). Patient-related factors such as smoking, diabetes, rheumatoid arthritis, immunodeficiency, or an immunocompromised state cause alterations in cytokine expression, which affects osteoclast activity and bone remodeling and prolongs fracture healing (Pape et al., 2002; Castillo et al., 2005; Kayal et al., 2007; Claes et al., 2012; Jeffcoach et al., 2014; Schneider et al., 2018). Lastly, sequelae of trauma such as shock and sepsis can impair fracture healing through the complex interplay of the immune system and regenerative response of the body to injury. While all these factors may inhibit the proper healing of bone, the course of fracture healing is largely influenced by stability via fracture site fixation and blood supply to the site of healing (Claes et al., 2012).

The current standard of care for fractures is urgent stabilization (Claes et al., 2012). Early definitive fixation and optimization of mechanobiology are crucial to fracture healing, as excessive instability at the fracture site can cause non-union (Schneider et al., 2018). There are many current methods of stabilizing fractures. Non-surgical approaches involve closed reduction of the fracture and external splinting with a cast or brace and is often used in pediatric fractures (Lien, 2017). In the case of concurrent open soft tissue wound or infection, provisional fixation can be achieved with external fixators or frames supporting percutaneously-pinned fracture fragments (Claes et al., 2012). Internal fixation of fractures can be accomplished with plates and intramedullary nails. Other guidelines for achieving union include minimizing local soft tissue injury, infection control, and avoidance of fracture hematoma debridement (Dimitriou et al., 2005; Metsemakers et al., 2018; Schneider et al., 2018).



PROCESS OF NORMAL BONE HEALING

Bone can heal by two mechanisms: primary healing (intramembranous ossification), which involves the deposition of bone by osteoblasts formed directly from mesenchymal stem cells, or secondary healing (endochondral ossification) which involves bone formation from a cartilage intermediate. Long bone fractures may heal by a combination of these two mechanisms, but the majority of fractures undergo repair by secondary healing (Bahney et al., 2019). Motion at the fracture site promotes repair through endochondral ossification, while stability promotes intramembranous ossification (Bigham-Sadegh and Oryan, 2015). Secondary healing of fractured bone has classically been defined as occurring in three stages—acute inflammation, repair, and remodeling—though the stages of healing are partially overlapping. The process of bone healing is complex and involves a delicate balance of many signaling and effector molecules.

The first stage of fracture healing begins with coagulation and an acute inflammatory response. A hematoma forms at the fracture site, creating a fibrin-rich scaffold that serves as the initial matrix for healing. Disruption of blood supply from the periosteum and alteration in bone architecture trigger a response from inflammatory cells and cytokines. Cytokines recruit inflammatory cells to the hematoma, and these cells, particularly neutrophils and macrophages, help debride the injury and produce cytokines that influence healing (Bahney et al., 2019). Osteoclasts resorb fragments of necrotic bone at the fracture edge (Takeyama et al., 2014). The second stage is the repair phase, and begins with revascularization, starting at the periosteum and progressing toward the hematoma (Claes et al., 2012) (Figure 1). Immobilization of the fracture early in the repair stage is important for the proper formation of blood vessels. The hematoma progress to become granulation tissue, followed by a soft cartilaginous callus (Bigham-Sadegh and Oryan, 2015). Multipotent, mesenchymal stem cells (MSCs) derived from local periosteum, endosteum, and bone marrow are then recruited to the fracture site and begin forming a fibrovascular callus (Figure 2). Chondroblasts derived from periosteal MSCs make new, avascular cartilage that spans the fracture gap (Colnot, 2009). The cells then mature into hyperproliferative chondrocytes that express VEGF, inducing neovascularization of the cartilage (Bahney et al., 2019). The hyperproliferative chondrocytes transdifferentiate to osteoblasts and osteocytes, leading to bone formation (Zhou et al., 2014; Hu et al., 2017). Other chondrocytes undergo apoptosis and the tissue is invaded by osteoblasts (Maes et al., 2010; Dirckx et al., 2013). Osteoblasts lay down layers of osteoid, which then becomes calcified in an alkaline environment to form mineralized bone. Osteoblasts secrete receptor of activated nuclear factor kappa-B ligand (RANKL), which binds the RANK receptor on osteoclasts and induces osteoclast maturation and activation, thereby promoting a controlled level of simultaneous bone resorption that is core to the remodeling cycle of bone (Kalyanaraman et al., 2018). Endothelial cells also promote bone formation through bone morphogenic protein (BMP) (Bahney et al., 2019). Among other molecules, M2 macrophages mediate endochondral ossification (Schlundt et al., 2018), and matrix metalloproteinases (MMPs) degrade the extracellular matrix, allowing vascular invasion into the newly generated bone (Ding et al., 2018). Union is achieved at the end of the repair phase. The final stage of fracture healing is the remodeling stage, which may last 6–9 years in humans and accounts for 70% of fracture healing time (Bigham-Sadegh and Oryan, 2015). It is during this phase that cortical and cancellous bone are differentiated and the structural framework of the healed bone begins to take shape. Successful remodeling results in a bone with pre-injury anatomical dimensions. In reality, endochondral ossification and bone remodeling occur concurrently (Schindeler et al., 2008). Osteoclasts and osteoblasts work in concert to degrade immature woven bone and replace it with mature lamellar bone.
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FIGURE 1. Stages of secondary bone healing (endochondral ossification). The stages of fracture healing are partially overlapping. (1) Coagulation and acute inflammatory response—initial stabilization, recruitment of inflammatory cells and cytokines. (2) Repair—(a) Revascularization, soft cartilage callus. Chondroblasts derived from MSCs deposit cartilage, mature to chondrocytes that express VEGF, inducing neovascularization; (b) Hard bony callus—hyperproliferative chondrocytes transdifferentiate to osteoblasts and osteocytes, tissue invaded by osteoblasts; (3) Remodeling—deposition of lamellar bone and restoration of pre-injury anatomic dimensions. This figure was created using Servier Medical Art templates, which are licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by-sa/3.0/legalcode); https://smart.servier.com.
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FIGURE 2. Immune cells of the fracture healing cascade for each stage of bone healing. The cellular contributions to fracture healing are described. Starting with platelets, a cascade of events that transition the bone from an inflammatory period to a proliferative period noted by soft and hard callus formation and predominated by reparative cells such as osteoblasts and osteoclasts. This phase then transitions to the remodeling phase where the healing site is structurally reinforced. Macrophage, being present throughout the healing cascade, release NO and play an important role throughout all stages of repair. Each stage of bone healing has a different spectrum of immune cells present at the fracture site. Reproduced with permission. This illustration was adapted by Martijn Hofman [licensed under Creative Commons CC-BY-SA 4.0] using the original illustration from Baht et al. (2018) [licensed under Creative commons CC-BY 4.0 (http://creativecommons.org/licenses/by/4.0/)] and images from Smart Servier Medical Art [licensed under Creative Commons CC-BY-SA 3.0 (https://smart.servier.com/)].


Several agents are options for the enhancement of normal bone healing. In patients with critical sized wounds, or irregular gaps in bone, space filling methods are used. Autograft, involving harvest of bone from one site and transfer to another site in the same patient, is considered the gold standard for bone grafting, though allograft bone can be used as well (Miller and Chiodo, 2016). Demineralized bone matrix, autologous bone marrow aspirates and synthetic bone graft substitutes are other options for bone replacement (Finkemeier, 2002). Synthetic grafts may be used with growth-promoting factors such as BMP, which plays a role in regulating bone deposition. BMP safety and efficacy in attaining fracture healing is equivalent to autograft and reduces intra-operative bone loss, suggesting it might be a better choice than autograft (Bishop and Einhorn, 2007; Chen et al., 2020). BMP has also been used in tissue engineering and can be used for custom flap construction (Bishop and Einhorn, 2007). Local delivery of other modulators of bone healing, such as nitric oxide, represents an area of growing therapeutic potential.



NITRIC OXIDE IN WOUND AND BONE HEALING

Nitric oxide (NO) is a small, neutral, hydrophobic, highly reactive, gaseous free radical that can diffuse across local cell membranes and exert paracrine functions on neighboring cells. Its signals are primarily executed by the secondary messenger, cGMP (Pacher et al., 2007; Abaffy et al., 2019), and it acts in local tissue as a result of its limited half-life and short diffusion distance (Radi, 2018). NO is created from L-arginine via a reaction catalyzed by nitric oxide synthase (NOS), of which there are three isoforms: neuronal (nNOS, NOS1), inducible (iNOS, NOS2), and endothelial (eNOS, NOS3). The NOS isoforms thought to be most relevant to wound and bone healing are eNOS and iNOS, however all three isoforms play a role (van't Hof and Ralston, 2001). Although constitutively expressed at low levels, eNOS expression can be increased by means of cytokine signaling (via the IP3/akt pathway), exposure to estrogen, and increased shear stress on cells (van't Hof and Ralston, 2001). iNOS on the other hand is not typically expressed by cells, but is transcriptionally upregulated over a period of hours when exposed to pro-inflammatory cytokines such as interleukin-1 (IL-1) and tumor necrosis factor alfa (TNFα) (van't Hof and Ralston, 2001). Another potential source of NO in tissues includes the reduction of nitrite, a storage form of NO, to NO by xanthine oxidase (Li et al., 2008).

NO plays a role in many biologic pathways, most notably in inducing relaxation of vascular smooth muscle, and it also participates in wound healing through decontamination, mediating inflammation, angiogenesis, and tissue remodeling (Chae et al., 1997; Schulz and Stechmiller, 2006; Abaffy et al., 2019). Additionally, NO is thought to play a role in fighting wound infection by killing Gram-positive and Gram-negative organisms (Chouake et al., 2012). The mechanism by which NO kills pathogens is through the formation of reactive nitrogen oxide species (RNOS), which damage DNA, inhibit DNA repair, damage the cell wall, and increase production of genotoxic agents such as hydrogen peroxide (Schairer et al., 2012). The balance of NO concentration is crucial in wound healing, as it exhibits dose-dependent effects on its targets, with both under and overproduction of NO impairing wound healing (Schulz and Stechmiller, 2006). Overproduction leads to reaction of NO with superoxide to form the reactive RNOS, peroxynitrite (Pacher et al., 2007), which causes post translational modifications and cytotoxicity, especially in smokers and diabetics (Radi, 2018). Underproduction of NO is also detrimental to wound healing, and is implicated in decreased collagen synthesis (Schaffer et al., 1997). While some evidence suggests iNOS is not required for cutaneous wound healing (Bell et al., 2007), other data suggests production of NO via iNOS is important for type I and type III collagen deposition and thus increased wound strength (Shi et al., 2000; Moretti et al., 2012). In addition to having a significant role in cutaneous wound healing, NO also plays an important role in bone healing.

In bone healing, all three NOS isoforms are active during fracture repair, in a location and time-dependent manner. Cytokines, particularly IL-1 and TNFα, stimulate NO production through upregulation of iNOS and eNOS (van't Hof and Ralston, 2001). During the acute inflammatory phase of fracture repair, increased eNOS activity in the vasculature surrounding the fracture results in increased NO production, vasodilation, and facilitated delivery of inflammatory cells and cytokines to the fracture site (Tomlinson et al., 1985; Corbett et al., 1999). Importantly, patients with impaired vascular function exhibit delayed healing of stress fractures (Tomlinson et al., 1985; Ding et al., 2018). Neutrophils, macrophages, and mast cells migrate into the fracture site as part of the acute inflammatory response. Infiltrating macrophages and mast cells have increased iNOS expression, further enhancing NO release (Tomlinson et al., 1985; Chae et al., 1997; Zhu et al., 2001). The importance of NO-mediated attraction of inflammatory cells is evident later in bone healing as well, when M1 macrophages polarize toward M2 macrophages during endochondral ossification (Figure 3). Disturbances in this process may cause prolonged inflammation, delayed cartilage resorption, and impaired ossification leading to nonunion (Bastian et al., 2011; Schlundt et al., 2018). At the fracture site, levels of iNOS and eNOS increase within osteoblasts and periosteal cells, within a few days after injury (Corbett et al., 1999; Diwan et al., 2000; Zhu et al., 2001, 2002). Deficiency of these enzymes has been shown to result in a disturbed inflammatory response, prolonged neutrophil influx, and impaired healing and nonunion (Diwan et al., 2000; Meesters et al., 2016). By contrast, upregulation of the iNOS pathway has been shown to increase callus cross-sectional area and enhancement of early fracture healing (Diwan et al., 2000; Rajfer et al., 2017). iNOS and eNOS appear to play slightly different roles in callus formation, as evidenced by different callus volumes in knockout mice (Meesters et al., 2016). Thus, we begin to see the importance NO plays during the healing cascade.
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FIGURE 3. Interaction of NO with the immune cells of fracture repair. NO is involved in fracture repair through increasing blood vessel diameter, attracting immune cells, and mediating osteoblast/osteoclast differentiation and function. This figure was adapted using the original illustration from Medhat et al. (2019). [licensed under Creative commons CC-BY 4.0 (http://creativecommons.org/licenses/by/4.0/)] and images by Servier Medical Art templates, which are licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by-sa/3.0/legalcode); https://smart.servier.com.


NO has a dose-dependent, biphasic effect on the activity of osteoblasts and osteoclasts (van't Hof and Ralston, 2001; Kalyanaraman et al., 2018) (Figure 4). Thus, during fracture repair, the balance of NO levels can be crucial to the proper execution of ossification and remodeling. The specific mechanism by which NO regulates osteoblasts and osteoclasts is complex and has not been entirely characterized, but has been shown to involve both cGMP-dependent and cGMP-independent pathways. In cells of the osteoblastic lineage, low doses of NO promote cellular differentiation, proliferation, and survival, and these effects are mediated by the cGMP pathway. In osteoblasts, the presence of NO activates soluble guanylate cyclase, leading to increased levels of cGMP, which has multiple downstream targets, such as cGMP-dependent protein kinases, which mediate bone growth (Teixeira et al., 2008; Kalyanaraman et al., 2018). NO has been shown to be constitutively produced at low levels in osteoblasts and is thought to protect osteoblasts from oxidative stress and help maintain skeletal homeostasis (Chang et al., 2006). The mechanism by which NO protects osteoblasts from oxidative stress is thought to involve an antiapoptotic mitochondrial pathway, and emerging evidence suggests that this pathway may specifically involve suppression of caspase activity through NO-mediated S-nitrosylation of caspases (Sun et al., 2006), however this is an area that warrants further investigation because it has not been fully elucidated. Additionally, NO released by osteoblasts mediates bone remodeling and vascular reactivity (Ding et al., 2018), and stimulates production of the precursors to collagen synthesis (Meesters et al., 2016). Mechanical loading can activate osteocytes to produce NO in response to fluid shear stress, transducing signals to regulate bone deposition and resorption (Klein-Nulend et al., 2014). While low NO concentrations stimulate osteoblast proliferation and bone formation, too high of an NO concentration induces osteoblast apoptosis through mechanisms that are still under investigation (Klein-Nulend et al., 2014; Abnosi and Pari, 2019). The specific concentration of NO in a localized sphere of influence is dependent on NO release from the donor species, but NO donor concentration of roughly 10 μM would be considered “low dosing” and has been linked to enhanced osteoblast function while 100 μM may be considered “high dosing” and has been linked to osteoblastic inhibition (Mancini et al., 2000).
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FIGURE 4. Effects of NO balance on bone remodeling. Low NO concentration stimulates osteoblast proliferation and bone formation. High NO concentration induces osteoblast apoptosis. This figure was created using Servier Medical Art templates, which are licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by-sa/3.0/legalcode); https://smart.servier.com.


In osteoclasts, low doses of NO are thought to also be necessary for proper osteoclast function (van't Hof and Ralston, 2001; Kalyanaraman et al., 2018). However, at high concentrations, NO inhibits osteoclast function through a cGMP-independent mechanism (Chae et al., 1997; Kalyanaraman et al., 2018). Osteoclast inhibition is detrimental to bone formation because without osteoclasts functioning to resorb bone in a controlled manner, bone remodeling cannot occur properly. Under pathological conditions, inflammatory cytokines such as IL-1 may over-induce the production of NO in bone cells via iNOS and thus disrupt bone tissue regulation (Lowik et al., 1994; Chae et al., 1997). NO also plays an inhibitory role when overproduced. Corbett et al. speculated that iNOS could be upregulated in conditions such as infection, causing alterations to the normal healing pathway by the production of high output NO, leading to free radical formation and the suppression of osteoclast activity (Corbett et al., 1999). Oxygen and nitrogen radicals while, antibacterial, may also play a role in affecting the cell membranes and DNA of regenerative cells locally. This inhibitory effect can stunt the wound healing cascade, and in the presence of infection, not allow progression of the wound healing cascade past the inflammatory phase. Localized delivery and tailored nanobiomaterials for the delivery of therapeutics must take into the consideration this inhibitory role.

Lastly, the antibacterial properties of NO in bone are also important. For example, it has been shown that NO-coated external fixation pins can reduce the risk of pin-site infection (Holt et al., 2011). This biomimetic approach leverages the natural processes by which nitrogen and oxygen radical formation in neutrophils cause cell membrane and DNA damage leading to bacterial cytotoxicity. Furthermore, NO exhibits an inherent broad spectrum of antimicrobial activity, and has been found to be effective against a wide array of bacteria (Schairer et al., 2012). Given the variety of beneficial roles NO plays in bone healing, investigators have sought modalities, such as nanomaterials, to localize and control delivery of NO to bone in order to enhance all stages of fracture repair.

The potential for NO-mediated enhancement of bone healing has led to the development of various exogenous delivery mechanisms. Aside from endogenous production, NO can also be created non-enzymatically from exogenous sources of NO, such as nitroglycerine. In this review, we will focus on localized NO delivery to bone, as well as to soft tissue injuries and infections that hold clinical relevance to fracture non-healing. Broadly categorized, currently investigated NO delivery types fall into two subgroupings: (1) NO donor molecules and (2) NO donor nanomaterials (Nichols et al., 2012) (Table 1).


Table 1. NO donors and delivery vehicles.
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NO DONOR MOLECULES

NO donors are functional groups that store and release NO, independent of the enzymatic actions of NOS (Figure 5). There is a wide array of NO-releasing materials which have emerged as potential therapeutic options for a spectrum of pathologies including cancer, bacterial infection, wound healing applications, and cardiovascular disease (Carpenter and Schoenfisch, 2012). While NO can be delivered systemically using hyperbaric therapy, this approach has been limited in practice by the need for continuous oversight of the patient during treatment and the hazards of pressurized NO gas cylinders (Malone-Povolny et al., 2019). This has prompted investigation of NO donors as local delivery vehicles for the enhancement of fracture and wound healing; among these, N-diazeniumdiolates (NONOates) and S-nitrosothiols (RSNOs) are the most prominent and diverse (Nichols et al., 2012; Malone-Povolny et al., 2019). Other classes include organic nitrites, metal-NO complexes, and nanoparticulated delivery vehicles. Depending on their formulation, NO donors may either require enzymatic catalysis, or release NO spontaneously, and may result in a variety of metabolites which should be considered (Pant et al., 2019). Varying release kinetics results in different concentrations and durations of NO delivery (Pant et al., 2019), another important consideration as low and high levels of NO lead primarily to activation of osteoblasts and osteoclasts, respectively (Wimalawansa, 2010).
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FIGURE 5. Chemical structures of NO donors studied in bone and tissue healing. There are a variety of NO donor molecules that store and release NO, independent of the enzymatic actions of NOS.



Organic Nitrates/Nitrites

Organic nitrates exist as esters between mono/polyhydric alcohols and nitric acid. Similarly, organic nitrites exist as esters between alcohols and nitrous acid. These compounds can be synthesized either by alcohol esterification using nitric acid, by a reaction of silver nitrate with alkyl halides, or by reacting alcohols with nitrous or other nitrosating agents (Wang et al., 2002; Yang et al., 2018). The release of NO from these compounds occurs without the need for exogenous enzymes, as nitrates are bioactivated by mitochondrial aldehyde dehydrogenase (Nichols et al., 2012).

In practice, NO can be generated from these organic compounds by combining inorganic sodium nitrite cream with a cream made of either citric or ascorbic acid. This method can be easily accomplished by applying the two creams to a wound site, and has been shown to enhance re-epithelialization and wound closure rates in rats and mice (Zhu et al., 2007, 2008). In tissues, nitrite itself has also been shown to serve as a source of NO through conversion of nitrite to NO via xanthine oxidase, particularly in acidic or hypoxic settings (Li et al., 2008). The application of acidified nitrite creams has also been studied in randomized controlled trials on human wounds with promising results, both in the setting of non-infected ulcers (Phillips et al., 2004) and in eradicating MRSA from infected wounds (Ormerod et al., 2011). NO exhibits a dose-dependent ability to eradicate MRSA, a common culprit for biofilms that plague fracture-associated infections (Ormerod et al., 2011). Limitations of this therapy include the cessation of wound healing benefits when NO is withdrawn, potential for mucosal irritation, and the uncertainty with regard to the optimum frequency and duration of therapy.

As an alternative to acidified nitrite suspended in ointment, Friedman et al. constructed a nitrite-containing hydrogel/glass composite nanoparticle system that released NO in a controlled, sustained manner (Friedman et al., 2008). This system involved the thermal reduction of nitrite to NO within glassy matrices comprised of tetramethylorthosilicate, polyethylene glycol, and chitosan. The NO is then released from this matrix by exposure to moisture over extended periods of time. This hydrogel/glass composite produced a steady state concentration of NO that was achieved and maintained for at least 24 h, compared to a control sample of dissolved gaseous NO which rapidly peaked and returned to baseline levels within 5 min (Friedman et al., 2008). Wound closure was found to be accelerated with this NO delivery system against MRSA and Acinetobacter baumannii mice (Martinez et al., 2009; Mihu et al., 2010).



Metal-NO Complexes

Metal-NO complexes, or metal nitrosyls, are NO ligand coordination complexes (Yang et al., 2018). Iron is the most widely used metal, as in sodium nitroprusside for example. Iron-sulfur complexes have been used, as in Roussin's black salt (RBS), red salt (RRS) and red esters (RREs). To synthesize these metal-NO complexes, nitrosyls and sulfide salts or thiols are reacted, and light is commonly used as a trigger for stimulating release of NO from the metal complexes (Yang et al., 2018). Metal nitrosyls can release NO enzymatically or non-enzymatically, in the presence of vascular tissue, reducing agents, or light (Nichols et al., 2012).

Metal-NO complexes have wound-healing potential, though they currently are not applied clinically for this purpose. The main clinical use of sodium nitroprusside (SNP) is the reduction of blood pressure by vasodilation in hypertensive emergency, however SNP can also release NO in the body by both enzymatic and non-enzymatic reactions (Wang et al., 2002). In rat osteoblast-enriched cell cultures, SNP-mediated release of high NO concentrations inhibits cell proliferation and induces apoptosis, with no effect on alkaline phosphatase (ALP) (Mancini et al., 2000). This mechanism is similar to the high-concentration NO activity seen in the pro-inflammatory response following iNOS activation (Mancini et al., 2000). Another study concluded that low concentrations of SNP might be useful in promoting bone repair by increasing matrix deposition and ALP activity (Abnosi and Pari, 2019).

Dinitrosyl Iron Thiol Complexes (DNICs), formed by iron and NO, have shown promise in soft tissue healing in rodent studies. When applied directly to the wound, DNICs enhanced angiogenesis and wound healing in a diabetes model (Chen et al., 2019) and full thickness skin wound model (Shekhter et al., 2015; Chen et al., 2019). In particular, DNIC-1 [Fe2(μ-SCH2CH2OH)2(NO)4] was shown to exhibit sustained NO release with a half-life of 27.4 h at 25°C (Chen et al., 2019). Notably, DNIC is present within bone marrow-derived macrophages and released by cytotoxic activated macrophages (Vanin et al., 1993), though it remains to be elucidated how the mechanism of macrophage induced DNIC/NO release can be applied to optimizing fracture healing. Despite the potential benefits of metal-NO compounds, there is concern for cellular toxicity due to release of cyanide and formation of peroxynitrite, which is cytotoxic (Vanin et al., 1993).



Low Molecular Weight NO Donors

The majority of NO-donor treatments use N-diazeniumdiolates (NONOates) or S-nitrosothiols (RSNOs) (Nichols et al., 2012; Malone-Povolny et al., 2019). Both are capable of releasing NO spontaneously in physiologic media without requiring other agents. They can be used both in nano-particle formulations as well as the non-nano formulations discussed here. The primary limitations in employing these molecules for clinical use are uncontrolled NO release and the formation of cytotoxic precursors. Encapsulation of these NO donors within scaffold polymers or attachment by covalent binding to a scaffold structure can be used to combat these issues (Malone-Povolny et al., 2019). Albumin and chitosan have been synthesized and studied as scaffolds for drug delivery of RSNOs and NONOates (Riccio and Schoenfisch, 2012).

RSNOs are endogenous carriers of NO that can be synthesized on free thiol groups through exposure to a nitrosating agent (Malone-Povolny et al., 2019). RSNO degradation is photosensitive, especially to UV light, and degradation can also be catalyzed by copper ion and ascorbate (Wang et al., 2002). RSNOs are unstable at room temperature, a property that can be partially overcome by the addition of alkyl groups to form tertiary RSNOs (Wang et al., 2002). Physiologically, photodermal decomposition is the most prominent mechanism of NO release (Malone-Povolny et al., 2019). Storage of dry samples in dark and cold environments can prevent instability, however it may also decrease viability in clinical settings (Malone-Povolny et al., 2019). The release kinetics of RSNOs may be modified by manipulation of structural and environmental conditions as well as incorporation into drug delivery scaffolds.

Several subtypes of RSNOs have demonstrated enhanced wound and fracture healing in vivo. S-nitrosoglutathione (GSNO) is one such subtype and serves as both a free NO donor and also as an S-nitrosylating agent of protein thiols through a process called transnitrosation, resulting in increased tissue nitrosylation and protection from oxidative stress (Sun et al., 2006; Broniowska et al., 2013). Kim et al. prepared GSNO on a chitosan film dressing for use on full-thickness wounds, and showed sustained, sufficient NO release to the wound bed, dose-dependent antibacterial activity against both Gram-positive and Gram-negative organisms, and accelerated epithelialization and reduction in wound size (Kim et al., 2015). A similar experiment by Choi et al. showed the GSNO-chitosan film significantly enhanced anti-biofilm activity, in addition to promoting wound healing (Choi et al., 2020). In an in vivo rat bone defect model, GSNO application was found to significantly enhance bone healing by enhancing the stability of the fracture hematoma architecture (Wang et al., 2016). Another RSNO subtype, S-nitrosobovine serum albumin (SNO-BSA), has been used with demineralized bone matrix as a bone graft material in a rat femoral defect model (Baldik et al., 2002). This study demonstrated a 62% increase in union across boney defects in rats treated with SNO-BSA compared to control, in addition to mineral density augmentation and cortex modeling (Baldik et al., 2002).

NONOates are a group of compounds having two nitrogen atoms and two alkyl groups, and they also demonstrate the capacity to serve as NO donors (Homer and Wanstall, 1998) (Figure 6). The compounds form on secondary amines under high gaseous NO pressure in alkaline solution, and require storage in an anhydrous environment (Malone-Povolny et al., 2019). Most are bound to nitrogen or carbon at the NO group, though oxygen and sulfur bound NONOates also exist (Yang et al., 2018). At physiologic pH in aqueous media, NO release occurs by spontaneous proton-initiated hydrolyzation. Temperature, local pH, and the structure of the NONOate can be modified to influence NO-release kinetics (Malone-Povolny et al., 2019). Low molecular weight NONOates and NONOate-modified macromolecular scaffolds have both been utilized for NO delivery in wound and bone healing (Malone-Povolny et al., 2019). They have been used in fracture and bone healing, as well as prevention of post-operative infections (Nichols et al., 2012). A class of superhydrophobic materials have been created with NONOates and examined in their antimicrobial function against Pseudomonas aeruginosa (Storm et al., 2014). Spray-coated with fluorinated silane/silica composite, superhydrophobic NO-releasing xerogels were applied to NONOate modified xerogels and demonstrated reduced viable bacteria compared to control in murine fibroblasts (Storm et al., 2014).
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FIGURE 6. NO release mechanisms from NONOates and RSNOs. Primary release mechanisms of two major classes of NO donors, as described by Schmidt et al. (1997) and Nichols et al. (2012). Of note, in addition to releasing NO, RSNOs can also act through S-nitrosylation of protein thiols in tissues, a process called transnitrosation (Broniowska et al., 2013).


In a study to evaluate the effect of local NO administration on fracture healing by Diwan et al., a rat femoral fracture model was evaluated after the implantation of a NONOate derivative of carboxybutyl or chitosan, with or without systemic administration of a NOS inhibitor. Rats with the NONOate implant exhibited a 20% increase in callus cross-sectional area compared to control, and a 30% increase compared to NOS inhibition group (Diwan et al., 2000). In another study, direct local NO application with both a NONOate and RSNO derivative S-nitroso-N-acetyl-DL-penicillamine (SNAP) was found to enhance BMP2-mediated osteogenic activity (Differ et al., 2019). These results support the potential for use of NONOates in bone filling, such as synthetic grafts with bone promoting factors like BMP (Bishop and Einhorn, 2007).




NO DONOR NANOMATERIALS

Nanomaterials are the current subject of much investigation as NO-releasing scaffolds, given emerging evidence of their effectiveness in delivering NO to aid in augmenting wound healing (Malone-Povolny et al., 2019). Nanomaterials offer a variety of benefits which can be applied to NO delivery to bone. They allow for encapsulation of desired the therapeutic compound to ensure controlled and sustained release (Singh et al., 2019). When particle size is on the order of nanometers as opposed to the typical micron-sized material used for conventional therapeutics, the overall particular surface area increases by several orders of magnitude (Singh et al., 2019). Given surface-level interactions with surroundings in vivo, nanomaterials exhibit significantly higher potential for biologic system interaction. Furthermore, nanomaterials can be tuned to specific parameters to ensure optimal interaction within a system. For example, Slomberg et al. investigated the potential for aseptic activity against P. aeruginosa and S. aureus biofilms in NO-releasing silica particles by modulating the aspect ratio of the silica particles (Slomberg et al., 2013). These authors varied the aspect ratio of the NO-releasing silica particles from 1 to 8 while maintaining constant particle volume (~0.02 μm3) and NO-release totals (~0.7 μmol/mg) (Slomberg et al., 2013). They determined that the optimal configuration of silica Nitric oxide-releasing particles with regards to activity against bacterial biofilms was decreased size but increased aspect ratio (Slomberg et al., 2013). The potential for nanomaterial tuning is an additional benefit of the utilization of such material as potential NO donors.

To date, nanomaterial donors of NO have not been utilized as extensively for bone healing and fracture repair, for reasons ranging from complicated synthesis to thermodynamic stability (Seabra and Duran, 2017). These challenges may be partially mitigated by using nanomaterial scaffolds to encapsulate NO donors in a hydrophobic microenvironment (Seabra and Duran, 2017), a strategy which also reduces nanomaterial toxicity and tendency to be phagocytosed (Malone-Povolny et al., 2019). We aim to highlight the existing evidence surrounding nanomaterial delivery of NO to aid in fracture and bone healing, as well as decrease biofilm formation. These nanomaterials include NO-releasing xerogel polymer composites, sol-gel nanomaterials, dendrimers, micelles, core cross-linked star polymers, and polymeric 3D NO-releasing scaffolds.


NO-Releasing Xerogel Polymer Nanocomposites

Avoidance of infection and biofilm formation is essential for fracture healing to occur (Thomas and Puleo, 2011). The antimicrobial and antibiofilm capabilities of NO have inspired the development of nanoNO-releasing xerogel polymers for inhibition of bacterial and fungal adhesion. NO-releasing xerogel polymer composites (aminopropyl trimethoxysilane (AHAP3) and isobutyltrimethoxysilane (BTMOS), Mercaptosilane-modified, and S-nitrosothiol-modified xerogels) have been shown to reduce bony adhesion of bacterial and fungal organisms including Pseudomonas aeruginosa, Staphylococcus aureus, Staphylococcus epidermidis, Candida albicans, and Escherichia coli (Charville et al., 2008). Additionally, xerogels have been shown to reduce bacterial adhesion to fibrinogen-coated surfaces (Hetrick and Schoenfisch, 2007; Charville et al., 2008; Privett et al., 2010). Clinically, this broad spectrum of antimicrobial action could assist in eradicating common fracture infections, and enhance treatment of multi-drug resistant organisms (Nablo et al., 2005). Similarly, NO-releasing xerogel-coated external fixation pins have been studied in rats, showing lower incidence of infection supporting the potential of NO-releasing xerogels in reducing infection even in multi-drug resistance bacteria like Staphylococcus auerus (Holt et al., 2011). Given that external fixators are often used in the setting of contaminated open fractures, these NO-releasing xerogel polymer composites could potentially be of significant clinical value. The rate of NO release from NONOate-modified xerogels varies based on the type of aminosilane precursor molecule, with NO release half-lives ranging from 1.7 to 5.7 h (Storm and Schoenfisch, 2013). However, the most important factor influencing NO release rates has been shown to be the hydrophobicity of the xerogel matrix, rather than intramolecular NONOate stabilization by 1° amines (Storm and Schoenfisch, 2013). Riccio et al. used sol-gel chemistry to form RSNO-modified xerogels as NO-releasing coatings, and sought to explore the ability of the coating to resist bacterial and platelet adhesion (Riccio et al., 2009). This composite allows water channels inside the particles to open, permitting the release of NO over prolonged periods of time (Friedman et al., 2011). In addition to the work by Riccio et al., Sol-gel derived delivery systems can also incorporate nanomaterials for the delivery of NO.



NO Delivery From Sol-Gel Derived Nanomaterials

Sol-gels using silica-based materials have been studied in bone disease given their uniform pore size and distribution (Czarnobaj et al., 2019) (Figure 7). Silica nanoparticles have been additionally used as RSNO scaffolds. Malone-Povolny and Schoenfisch synthesized and characterized RSNO-functionalized mesoporous silica nanoparticles (MSN). The RSNO modified MSNs were coated into polyurethane, extending NO release and increasing NO payloads (Malone-Povolny and Schoenfisch, 2019). Silica is also cost-effective, possesses a strong surface energy, and has the chemical versatility and high loading capacity necessary for drug delivery (Czarnobaj et al., 2019). Hetrick et al. used NO-releasing silica nanoparticles aimed at reducing Pseudomonas aeruginosa disease burden (Hetrick et al., 2008). They showed enhanced bactericidal capacity and reduced cytotoxicity to mammalian fibroblasts when compared to a NONOate NO donor (Hetrick et al., 2008). These specific NO-releasing silica nanoparticles had an NO-release half-life of 18 min, compared to the low molecular weight NO donor, PROLI/NO, which has a half-life of 1.7 min (Hetrick et al., 2008). However, half-lives for NONOate-modified silica nanoparticles overall have been shown to range from 1 to 12 h (Shin et al., 2007).
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FIGURE 7. Synthesis of xerogels and sol gels. Both xerogels and sol-gels are nanomaterials that may function as NO-releasing coatings for implanted materials when NO donors are conjugated to the gel. This figure is a reproduction of an original image by Claudionico, which is licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by-sa/3.0/legalcode); https://commons.wikimedia.org/wiki/File:Sol-Gel_Technology_Scheme.png.




NO Delivery From Dendrimers

Dendrimers are advantageous for their ability to store and disperse large amounts of NO (Seabra and Duran, 2017), as well as the ability to modify their exterior by attaching molecules for imaging or targeted therapeutic applications (Stasko et al., 2008). Additionally, these materials exhibit differences in cytotoxicity which can be employed clinically. These differences depend on various factors which can be altered during the engineering process such as the nature of the terminal moieties (anionic, neutral, or cationic) and the number of surface groups included (Janaszewska et al., 2019). Still, the utility of dendrimers may be limited by their complex synthesis and associated cost (Seabra and Duran, 2017). Stasko and Schoenfisch have reported successfully using dendrimer nitric oxide scaffolds with polypropyleneimine dendrimers containing N-diazeniumdiolate to spontaneously generate NO via proton-initiated diazeniumdiolate decomposition; the NO release half-life of one particular dendrimer from their study (DAB-C7-16/NO) was 77 min (Stasko and Schoenfisch, 2006). Lu et al. evaluated the antibacterial efficacy of NO-releasing dendrimers against established biofilms and found that biofilm eradication was maximized by adding an equal proportion of hydrophobic and hydrophilic exterior modifications (Lu et al., 2013). The bactericidal action of NO-releasing dendrimers against Pseudomonas aeruginosa biofilms was examined, as well as cytotoxicity toward mice fibroblasts to determine optimal dendrimer size and hydrophobicity (Lu et al., 2013). Subsequently, Stasko et al. synthesized generation-4 polyamidoamine (PAMAM) dendrimers with S-nitrosothiol exteriors, modified either with N-acetyl-D, L-penicillamine (NAP) or N-acetyl-L-cysteine (NACys) (Stasko et al., 2008). While NO release was dependent on the nitrosthiol structure, the ability of G4-SNAP to inhibit thrombin-mediated platelet aggregation was 62% inhibition compared to 17% for the small molecule NO donor, demonstrating the utility for NO delivery and release via dendrimers (Stasko et al., 2008). G4-SNAP was then shown to reduced ischemia, reperfusion injury in a rat heart, as the dendrimer scaffold successfully delivered NO (Johnson et al., 2010). Further work remains to examine the efficacy of dendrimers as NO-releasing agents for delivery to bone.



Core Cross-Linked Star Polymers

Core cross-linked star (CCS) polymers are macromolecules made of linear polymeric arms encircling a central cross-linked core that have the ability to accumulate hydrophobic drugs within their interior as they are transported through aqueous media (Quinn et al., 2015) (Figure 8). They have been synthesized by ionic group transfer (GTP), ring-opening and controlled radical polymerizations (CRP) (Tan et al., 2010). CCS polymers can enhance NO-releasing scaffold stability and protect scaffolds from release triggers, resulting in the sustained release of NO over a period of at least 70 h, thus prolonging its anti-biofilm effect (Duong et al., 2014). This extended release period offers longer-term prevention of biofilm formation when compared to other NO donor scaffolds (Duong et al., 2014), especially in light of the fact that biofilm formation occurs over prolonged periods of time (Kostakioti et al., 2013). The major drawback of polymer therapeutics is the fast elimination from the bloodstream by the mononuclear phagocytic system (Blencowe et al., 2009).


[image: Figure 8]
FIGURE 8. Dendrimers and Core Cross Linked Star Polymers for NO release. (Left) Chemical structure of a common NO-releasing polypropylenimine dendrimer. Reprinted (adapted) with permission from Stasko and Schoenfisch (2006). Copyright 2006 American Chemical Society. (Right) Formation of a CCS polymer and conjugation with NO. Reprinted (adapted) with permission from Duong et al. (2014). Copyright 2014 American Chemical Society.




NO-Releasing Micelles

Polymeric micelles are able to store and deliver hydrophobic and hydrophilic agents, making them extremely versatile, however, their utility is limited by thermodynamic instability (Seabra and Duran, 2017). Lin et al. developed an injectable microparticle (MP) system encapsulating a NONOate donor (Lin et al., 2018). After subcutaneous injection into mice, this formulation resulted in self-assembled micelles with entrapped NO, which was released passively from the micelles yielding prolonged delivery to bone (Lin et al., 2018) (Figure 9). Specifically, the half-life of NO release generated from micelles was 21.6 min, while the half-life of NO release generated from free NONOate was only 20.6 s (Lin et al., 2018). In this osteoporosis rat model, the NO was found to inhibit bone turnover and thus produce thicker trabecular bones, denser networks and decreased fat marrow levels (Lin et al., 2018). How this technology could be used to enhance fracture healing remains to be investigated. In theory, prolonged delivery of low levels of NO could promote osteogenesis via enhanced osteoblast activity (Wimalawansa, 2010; Klein-Nulend et al., 2014; Abnosi and Pari, 2019). Additionally, NO-releasing liposomes have been developed which can be readily tuned by altering either the phospholipid composition or the NO donor molecule structure. N-diazeniumdiolate-encapsulated liposomal structures can enhance sustained release from the liposomes for up to 48 h. Furthermore, phospholipid headgroup surface area can serve to control NO-release kinetics by altering cellular water uptake and resultant N-diazeniumdiolate NO donor breakdown to freely usable NO (Suchyta and Schoenfisch, 2017).


[image: Figure 9]
FIGURE 9. Micelles prolong release of NO to bone. Compared to NONOates which simply release free NO that can be easily degraded by hemoglobin, micelles protect NO from degradation, thus prolonging the action of NO. This figure was reprinted (adapted) with permission from the original illustration by Lin et al. (2018).




3D Bone Scaffolds for Nanoparticulated NO Release

Reconstructing bone has generated interest within the field of tissue engineering due to its complexity and the potential impacts of such technology. Critical-sized bone defects require reconstruction to heal, and irregular fractures or smaller segmental fractures may also require additional interventions for proper healing, partially depending on their soft tissue environment (Nauth et al., 2018). Bone is a nanocomposite of organic extracellular matrix and inorganic ceramic nanomaterials, organized in a hierarchical structure which imparts unique mechanical properties to the tissue (Alves Cardoso et al., 2012). The inorganic crystallites of bone range from 2 to 10 nm thick, 15 to 30 nm wide, and 30 to 50 nm long (Alves Cardoso et al., 2012). Thus, nanotechnology is suited to closely mimic the natural structure of bone. 3D bone scaffolds constructed from nanomaterials can maximize the mechanical strength, osteoinduction, osteoconduction, and osteointegration in fracture sites (Vieira et al., 2017). Additionally, scaffolds can be modified to contain additional nanomaterials for non-invasive in vivo labeling or controlled drug delivery (Vieira et al., 2017), including local NO donors (Figure 10).


[image: Figure 10]
FIGURE 10. Representation of a 3D Bone Scaffold releasing nano-NO. The biologic benefits of NO on bone healing can be realized through incorporation of NO into a 3D bone scaffold and implantation of that scaffold into a fracture site. This figure was created using Servier Medical Art templates, which are licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by-sa/3.0/legalcode); https://smart.servier.com.


Hydroxyapatite is a natural crystallite component of bone that can provide mechanical strength to 3D scaffolds as well as contribute chemical properties which promote tissue regeneration (Dan et al., 2016). Pant et al. created a scaffold from a nano-hydroxyapatite-starch-alginate biodegradable polymer, which was then loaded with the NO donor SNAP. The scaffold not only demonstrated excellent compressive strength, but also significant eradication of both Staphylococcus aureus and Pseudomonas aeruginosa (Pant et al., 2019). Furthermore, studies in mouse fibroblast cells showed no toxicity (Pant et al., 2019). The initial release rate of NO from these bone scaffolds was 0.5E-10 mol/min/mg, the release rate after 24 h at 37°C was 0.2E-10 mol/min/mg, and the total duration of NO release by the scaffolds was estimated to be 8.6 days (Pant et al., 2019). An additional NO-releasing scaffold which shows much promise in animal models is NO-releasing chitosan derivative (CBC-NONOate) (Diwan et al., 2000). Chitosan is already widely used in drug-delivery and tissue engineering, and can be functionalized with amine moieties to allow for straightforward NO storage via a pathway of diazeniumdiolate formation and subsequent NO release (Madihally and Matthew, 1999). In a rat fracture model, 200 mg of chitosan alone or CBC-NONOate was implanted into the adjacent bone tissue surrounding the fracture site. The delivery rate of the CBC-NONOate was 10 μmol of NO over a 3 h period. After a waiting period to allow for boney ingrowth, the cross-sectional area of the associated fracture callus was roughly 20% larger in the CBC-NONOate than in the group with CBC alone.

In recent years, electrospun polyurethane fibers have emerged as a potential macromolecular scaffold for NO delivery with excellent biomechanical properties. These scaffolds are created through the use of electric force to draw charged threads of a polymer solution to weave a mesh which can incorporate NO donor nanomaterials (Sun et al., 2019), such a NO-releasing silica particles. Koh et al. varied electrospun fiber diameter (119–614 nm) and mechanical strength (1.7–34.5 MPa of modulus) by altering polyurethane concentration and type (Koh et al., 2013). They were able to achieve a scaffold with ~83% porosity. Additionally, these authors modulated the NO-releasing particle composition, concentration, and size to create a variety of scaffold-donor complexes exhibiting a wide range of NO release totals and durations (7.5 nmol mg−1–0.12 μmol mg−1) and 7 h to 2 weeks, respectively (Koh et al., 2013). As a final example of a potential bone scaffold option for nanoparticulated NO release, much work is currently being undertaken in the realm of 3D printing for scaffold-based tissue engineering. These methods can be applied to deposit cells and biomaterials in a 3D matrix which can be then utilized in a variety of therapeutic settings (O'Brien et al., 2015). Through the potential to achieve precise control over the internal architecture and outer shape of the scaffold, complex structures can be fabricated artificially in a manner that closely reflects innate tissue architecture (O'Brien et al., 2015).

As an additional benefit of bone scaffold usage for nanoparticulated NO release, these 3D NO-releasing scaffolds hold potential as an antibacterial material for repairing critical-size and irregular bone defects and may be able to optimize NO's regulatory role in fracture healing via angiogenesis and osteogenic differentiation (Damoulis et al., 2007; Pant et al., 2019). In vivo studies are necessary for further evaluation of nano-NO-releasing bone scaffolds.




NO RELEASE KINETICS AND BIOLOGICAL IMPACT

The half-life of free NO in vivo is on the order of seconds, due to its tendency to react with heme proteins such as hemoglobin. In order to extend the effective half-life of NO, a combined strategy of prolonging NO release and protecting NO donors from degradation has been employed. All NO donor nanomaterials described above serve this purpose, and thus all serve to prolong the action of NO. Through the incorporation of NO into donor nanomaterials, the release half-life of NO has now been increased to be on the order of hours instead of seconds (Stasko and Schoenfisch, 2006; Shin et al., 2007; Hetrick et al., 2008; Storm and Schoenfisch, 2013; Duong et al., 2014; Lin et al., 2018; Pant et al., 2019). This prolonged duration of action provided by nanomaterial delivery of NO is biologically beneficial, as the effect of NO on osteoblast and osteoclast function is dependent on prolonged exposure of these cells to low doses of NO (van't Hof and Ralston, 2001; Kalyanaraman et al., 2018), and the bactericidal effect of NO is also dependent on prolonged exposure of bacteria to NO (Kostakioti et al., 2013; Duong et al., 2014). The rate of NO release must be controlled and not too rapid, as rapid release of NO leads to high local doses which are cytotoxic (Klein-Nulend et al., 2014; Kalyanaraman et al., 2018; Radi, 2018). Lastly, it is important to note that in order to be able to meaningfully compare results across studies, future investigators should report NO release data in a standardized manner, being sure to include the following: normalized NO storage, NO-release kinetics (NO flux and half-life), NO payload, and therapeutic dose (the amount of NO necessary to induce bactericidal or therapeutic effects) (Yang et al., 2018).



CONCLUSION AND FUTURE DIRECTIONS

In this review, we have sought to highlight NO as a molecule of interest in the pursuit to optimize fracture healing. Its roles in fracture-site decontamination, mediating inflammation, and promoting angiogenesis and bone tissue remodeling could allow various points of intervention within the fracture healing cascade. The short half-life and diffusion distances of NO hold potential for targeted, local delivery to fractures. Additionally, NO's antimicrobial effects and ability to promote skin and soft tissue healing may be beneficial for complicated fractures, such as contaminated open fractures and those with implant-associated infection. Its efficacy in eradicating multidrug resistant infections make NO a potential alternative therapy to the toxic last-resort antibiotics, and an adjunct therapy for fighting biofilms. In addition to fracture healing in the orthopedic context, NO can also be considered in general surgery for cutaneous and soft tissue wound healing and enhancing vascular function.

Non-nanomaterial NO delivery has shown promise in reducing infections and increasing bone mineral density and rates of union. Nanomaterial NO delivery has primarily focused on mitigating infection that plagues fractures, though some evidence of enhanced osteogenesis has also been demonstrated. Nanomaterial NO delivery in the form of implant coatings and biodegradable scaffolds could be an area of advancement in fracture treatment. Much work remains to be carried out, both in vitro and in small and large animal models before these therapies can be considered for clinical trials. The timing and dosage of localized NO delivery to bone are major areas requiring further investigation in order to translate these therapies to humans. The toxicity NO released from nanomaterials and the nanomaterials themselves remain to be elucidated in vivo. We hope this review has provided insight into the potential applications of NO in enhancing fracture healing and that it inspires further work that may improve therapies for fracture patients.
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Over the past years, biomaterials-based nano cues with multi-functional characteristics have been engineered with high interest. The ease in fine tunability with maintained compliance makes an array of nano-bio materials supreme candidates for the biomedical sector of the modern world. Moreover, the multi-functional dimensions of nano-bio elements also help to maintain or even improve the patients’ life quality most securely by lowering or diminishing the adverse effects of in practice therapeutic modalities. Therefore, engineering highly efficient, reliable, compatible, and recyclable biomaterials-based novel corrective cues with multipurpose applications is essential and a core demand to tackle many human health-related challenges, e.g., the current COVID-19 pandemic. Moreover, robust engineering design and properly exploited nano-bio materials deliver wide-ranging openings for experimentation in the field of interdisciplinary and multidisciplinary scientific research. In this context, herein, it is reviewed the applications and potential on tissue engineering and therapeutics of COVID-19 of several biomaterials. Following a brief introduction is a discussion of the drug delivery routes and mechanisms of biomaterials-based nano cues with suitable examples. The second half of the review focuses on the mainstream applications changing the dynamics of 21st century materials. In the end, current challenges and recommendations are given for a healthy and foreseeable future.
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INTRODUCTION

Nano-biomaterials have become a useful tool for medical applications for several reasons that include compatibility and novel effects due to nanoscale. The possibilities to add biomaterials to the development of nanostructures have opened the door for innovative applications in several fields (Karagkiozaki et al., 2012; Elmowafy et al., 2019). One of the most important is for modern medicine with exceptionally complex problems to solve. Modern medicine has incorporated nanotechnology into two major topics of general concern, tissue engineering and novel viruses, which were chosen in this review due to significant cases and impact (Torres-Sangiao et al., 2016; van Rijn and Schirhagl, 2016; Kapat et al., 2020).

Biomaterials compromise the group of substances that either are produced by living organisms or highly compatible. In this matter, numerous research work has been done to test and use the materials in modern medicine. An extensive list of medical applications can be found elsewhere (Nune and Misra, 2016; Tang et al., 2016; Gim et al., 2019; Luzi et al., 2019; Arango-Ospina et al., 2020; Song et al., 2020). The property of biocompatibility invited the scientific community to explore the characteristics of nanotechnology (Bayda et al., 2020).

Nanotechnology has been an emerging research field based on the smallest scale manipulable manufacturing techniques of material that can be applied to a certain degree of will. The use of vital infrastructures such as biotechnology, genetic engineering, and other disciplines allowed nanometer-scale manipulation (Wong et al., 2013). The characteristics of novel biomaterials at the nanoscale have brought a powerful tool to achieve precise and smart functions, e.g., drug delivery, a localized effect dependent on size, a feature triggered by stimuli (Lombardo et al., 2019; Palestino et al., 2020).

The presented work explores the most prominent alternatives focused on modern medicine applied in tissue engineering, as well as therapeutics and vaccines for COVID-19 disease. First, a detailed description of nanostructures is given to narrow the kind of nanomaterials. Then, a description of the administrative mechanisms to understand conditions for the materials and characteristics of the structures used according to applications. The main topics for application are described as two of the new medicine targets in the global community to progress and impact. Tissue engineering can help a vast number of diseases, including the current COVID 19 pandemic by the angle of regenerative medicine. In general, multidimensional applications refer to the inclusion of several materials, drugs, geometries, and other characteristics in the nano biomaterial cues for desired multipurpose.



DEFINING NANOSTRUCTURES

Nanostructured materials (NMs) are a class of material that has at least one dimension on the nanometric scale (<100 nm) (Auffan et al., 2009). These are categorized according to the number of sizes that are not confined to the nanometric scale, being 0D, 1D, 2D, and 3D (Table 1; Tiwari et al., 2012). Their composition, in turn, groups them into metallic, semiconductor, ceramic, polymeric, carbon-based, and lipid-based. Due to its size in the nanoscale shape or structure, they display novel physical, chemical, and biological properties (Bhatia, 2016; Khan et al., 2019). The utilization of these materials is far-reaching, specifically in the biomedical field, being used as adjuvants in vaccines or for smart drug delivery (Fathi-Achachelouei et al., 2019).


TABLE 1. Nanomaterials classification is based on dimensions and their applications in biomedicine. Created with BioRender.com.

[image: Table 1]In the wide range of nanostructures there are nanoparticles, nanofibers, nanorods, nanotubes, nanolayers and nanocomposites. The Nanoparticles (NPs), cataloged as 0-D nanomaterials, exhibit different morphologies, among them nanospheres, dendrimers, hollow spheres, cubes, rings, flowers, and micelles (Dolez, 2015). For the biomedical field, precise control of the delivery of bioactive agents is required, especially in tissue engineering, within a scaffold so that in vivo maturation can be successfully carried out. Throughout, recent focus has been given to responsive multifunctional systems instead of simple delivery systems to improve their drug load capacity and targeting even more. In addition, the use of nanoparticles systems in tissue engineering is based on their composition (Fathi-Achachelouei et al., 2019).

On the other hand, nanofibers, classified as 1D nanomaterial, have countless advantages such as the wide variety of materials with the possibility to transform into nanofibers structures high porosity, high proficiency of mechanical properties, significant ability to immobilize biological elements on the surface of the nanofiber (Rezaei et al., 2016). In the development of a new therapy based on nanofibers, penetration into cells, texture, composition, the molecular orientation of the nanofibers, and network structure must be regulated to improve its bioactivity (Barhoum et al., 2019). Electrospun nanofiber meshes derived from synthetic and natural polymers produce higher mechanical movements to boost the healing process. Natural polymers have added advantages such as biodegradability and antimicrobial properties. Meanwhile, synthetic polymers are better to formulate scaffolds combining crystallinity to ensure mechanical properties (Sylvester et al., 2020; Wu et al., 2020). Electrospun nanofibers are used to promote the rapid hemostasis process due to their high porosity and facilitate cell proliferation in wound healing (Liu et al., 2017). Also, they promote cell proliferation and differentiation applied in 3D cell culture and tissue repair (Wang et al., 2019).

Likewise, nanorods are 1-D nanomaterials and are composed of diverse materials as ceramics, metals, or carbon (Ghassan et al., 2019). Due to their aspect ratio, nanorods display a chemical, electrical, magnetic, and optical anisotropy, which allows a different interaction with biomolecules or cells (Bauer et al., 2004). Research has been focused mainly on gold and calcium phosphates nanorods. The first mentioned is primarily applied in photodynamic therapy and imaging (Marangoni et al., 2016). Moreover, nanorods exhibit an advantage over their spherical counterpart since they present two bands of surface plasmon resonance, where the longitudinal band absorbs in the near-infrared region where the maximum radiation penetration into the tissue occurs. Simultaneously, they have also been studied for drug delivery due to their ease of functionalization (Perez-Juste et al., 2005; Smith et al., 2009). Calcium phosphate nanorods, mainly hydroxyapatite, have been used both as nanocarriers and for bone tissue regeneration in composite scaffolds (Rubin et al., 2003; Nga et al., 2014; Dave et al., 2019; Li et al., 2019; Nakayama et al., 2019).

Nanotubes, in the same way, belong to the nanofibers family, having a diameter of a few tens of nanometers and extended length, but hollow. Carbon nanotubes (CNTs) and recently, halloysite nanotubes (HNTs) are predominantly studied. CNTs consist of layers of graphene rolled to form a cylinder, they can be single or multi-walled, and based on the carbon arrangement, can either be metallic or semiconducting (Rakhi, 2019). The nanotubes are studied in the biomedical field due to their ability to cross the cell membrane. Applications have an ample range, for instance, the production of biosensors, their use as a contrast agent in computed tomography (Negri et al., 2020), as nanocarriers (being the right candidate for DNA or RNA attachment) for its use in gene therapy (Kam et al., 2005), or neurodegenerative diseases therapy, since they can cross the blood-brain barrier (Kafa et al., 2016). When it comes to tissue engineering, carbon nanotubes can support and promote the proliferation of different tissues, mainly neural and cardiac cells. Recently, it also has been given attention for its use in stem cell culture, capable of modulating the proliferation and differentiation of diverse stem cells (Lee et al., 2015), e.g., mouse neural stem cells to neurons and oligodendrocytes (Jan and Kotov, 2007).

On the other hand, HNTs are composed of aluminosilicate layers (Du et al., 2010). Their surface chemistry stands out, being negatively charged on the outside and positively on the inside. This charge allows them to bind in their positive lumen synthetic and biological structures negatively charged, such as DNA (Rozhina et al., 2020). Furthermore, they are suited for drug delivery, tissue engineering, wound healing, and imaging, as they have high mechanical strength, excellent biocompatibility, and homeostasis properties (Satish et al., 2019).

Two-dimensional nanomaterials are classified as nanoplates, nanosheets, nano-disks, and nano-prisms. A thick graphene oxide nanosheet coated with gold nanoparticles has been used to identify cancer cell protein biomarkers (Ramanathan et al., 2019). Polymer-coated graphene oxide nanosheets have demonstrated biological properties against gram-positive and negative bacteria (Mahmoudi et al., 2016).

Finally, organic/inorganic hybrid nanocomposites are materials of nanoscale dimensions; the organic and inorganic materials determine the physicochemical, thermal, and mechanical properties, where porosity facilitates drug-delivery uses with applications as scaffolds for tissue regeneration encapsulating agents to trigger cell differentiation (Park et al., 2020). 3D constructs in tissue engineering are bioinspired in nanocomposites based on nano-hydroxyapatite (n-HAP) and poly lactic-co glycolic acid (Hassan et al., 2019), polylactic acid (PLA), and nHAP (Marycz et al., 2020), polyacrylonitrile-multiwalled carbon nanotubes (Samadian et al., 2020) and natural biopolymers such as alginate, chitosan, collagen, fibrin, and gelatin (Christy et al., 2020). The above description regarding nanostructures summarizes that the size, shape, and materials define the properties and hence the applicability, being biosensors, drug delivery, tissue engineering, and imaging predominantly studied. Ideally, nanoparticles possess the ability to create smart drug delivery systems. Nevertheless, other structures such as nanorods and nanotubes have been used as carriers of drugs. Most of the mentioned nanostructures have demonstrated their applicability in tissue engineering.

The examples mentioned before are just a summary of the wide range of nanostructures, which are cataloged as novel technologies for therapeutic purposes. This variety is due to the several factors involved to guarantee a correct delivery and successful effect of the drugs, considering all the physical, chemical, and biological barriers found in the human body. Besides the type of NMs and their applications, it is necessary to do an analysis of the delivery routes. Thus, to have a complete scenario of the implications of NMs for therapeutic purposes.



MECHANISMS OF THE MAIN ROUTES FOR DRUG DELIVERY

Nowadays, nanotechnology is a fundamental component of modern medicine, specifically for drug delivery. Specifically, systems based on NMs have been considered perfect candidates for drug delivery. The main reason is due to their biocompatibility, high stability, and biodegradability. However, as with any scientific research, the development of those systems has brought complex challenges.

In this regard, before exploring the potential applications of NMs it is important to understand how NMs work to guarantee an efficient delivery and the anatomical mechanisms involved. Thus, the passive and active mechanisms have been implemented to locate the zone of interest, which can be an organ, tissue, or cell (Neves et al., 2016).

Passive targeting is a mechanism that can use either micro or nanoparticles. It works by accumulating the nano-drug onto the affected area, and its success depends on the durability of the NPs coating to remain in the bloodstream. This approach is mainly used for tumors, which is a disorganized structure with highly dilated vessels and big pores. This environment allows the migration of molecules up to 400 nm in diameter into the surrounding region. Thus, NPs can accumulate in tumor tissues and achieve a therapeutic effect (Brunaugh et al., 2019a).

On the other hand, active targeting uses mechanical and physical methods to enhance permeability. The objective is to attach the drug onto the surface of the site of interest, based on strong molecular interactions as a ligand-receptor (e.g., antigen-antibody), to deliver the drugs. The ligand responsible for this attachment is coupled within the NMs surface to facilitate the interaction with the receptor, targeting the specific site of action (Chenthamara et al., 2019).

Both mechanisms are currently implemented for drug delivery; nonetheless, the route of delivery would be the decisive factor in choosing the most suitable arrangement (Chenthamara et al., 2019). Several routes implemented for drug delivery exist; however, the most explored, based on nanotechnology, are described in the following subsections along with a schematic representation of the pathways and mechanisms presented in Figure 1.
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FIGURE 1. Principal Mechanism of Nanomaterials delivery in humans. (A) Oral delivery: The nanomaterial envelope plays the most crucial role as a protective agent. It allows the nanomaterials to pass from the stomach to the small intestine and reach the systemic circulation. (B) Intraperitoneal (IP) Delivery: The most common alternatives are Nanomaterials (NMs) loaded with chemotherapeutics [B1] to ensure the prevalence of the chemotherapeutics onto the target zone and induce apoptosis of fast-growing cancer cells (Dakwar et al., 2017). Secondly, depot systems for sustained release of nanomaterials (such as hydrogels) [B2], where the agents have localized toxicity (Van de Sande et al., 2020). Also, Pressurized intraperitoneal aerosol chemotherapy (PIPAC) [B3], in which nanomaterials are released as close to the tumor as possible, and then extracted to avoid healthy cells damage; followed by Hyperthermic IP chemoperfusion (HIPEC) [B4], which uses heated chemotherapy (107 degrees) with NMs to reduce cancer recurrence (Carlier et al., 2017; Alyami et al., 2019; Van de Sande et al., 2020). Finally, Metronomic therapy of NMs [B5], which induces the innate immune response and inhibits tumor angiogenesis (Carlier et al., 2017; Dakwar et al., 2017; Kamble et al., 2017; Alyami et al., 2019; Van de Sande et al., 2020). (C) Skin delivery: It has three alternatives to go through the stratum corneum, which are the intercellular route [C1], the appendageal route [C2], or the transcellular route [C3]. The intercellular route means to pass around the corneocytes, using the hair follicles as a pathway for drug permeation, specifically for particles around 600 μm (Sala et al., 2018; Brunaugh et al., 2019c). On the other hand, the appendageal route is preferably for hydrophobic or high molecular-weight NMs (Brunaugh et al., 2019c). In this route, the NMs passes through the epidermis to the dermis using aqueous microchannels formed around the hair follicles, sebaceous glands, and sweat glands (Patel et al., 2018; Zhou et al., 2018). In the transcellular route, the molecule passes through the corneocytes (phospholipid membrane and cytoplasm) and lipid lamellae; and it is commonly used for polar molecules (Sala et al., 2018; Carter et al., 2019; Kim et al., 2019). (D) Gas exchange delivery: Due to the size of NMs, the vast majority pass through the upper region of the airways (Paranjpe and Müller-Goymann, 2014). Once in the alveoli, nanocarriers will find tight junctions between the epithelial cells (alveolar primary barrier), and a set of proteins and lipids (known as alveolar lining). At this point, the physicochemical properties of NMs determines if it passes via active absorption or passive diffusion. In addition, the nanocarrier should be able to resist the degradation activity of enzymes such as cytochrome P450. Finally, the NMs can be taken up either by the alveolar surface cells (where are further absorbed into the systemic circulation) or can be phagocytized by the alveolar macrophages (Chenthamara et al., 2019). Created with BioRender.com.



Oral

Oral drug delivery (ODD) is by far the preferred route of drug administration. Some of the advantages of this type of transportation are pain avoidance, efficacy, and risk reduction regarding infections due to the avoidance of needles (Neves et al., 2016). Nanocarriers, in general, have allowed oral delivery of hydrophobic or poorly water-soluble compounds, as well as targeting in difficult zones like the gastrointestinal tract (GIT). Thereby facilitating transportation across the gastrointestinal (GI) barrier, keeping the pharmaceutical properties of the drug, and increasing the absorption rate (Brunaugh et al., 2019a; Chenthamara et al., 2019).

The general mechanism (Figure 1A) starts with the intake of the drug. Later on, the nanocarriers are going to enter the GIT, which is divided into the stomach, small intestine (Duodenum, Jejunum, and Ileum), and the large intestine (He et al., 2019). This step is crucial for drug absorption due to the multiple layers presented in the GIT epithelium (mucosa, submucosa, muscularis externa, and the serosa) and the different types of cells (Nabi et al., 2019; Xu et al., 2020). The GIT starts with the stomach, where the drug is predigested by gastric acid and gastric lipases (Nabi et al., 2019). The gastric retention of the drug favors bioavailability and solubility, as well as reduces drug wastage (Nagendran, 2016). The next step is focused on targeting the affected area, meaning that the NMs can pass from the stomach to the small intestine by mechanical blending, or they may end up taken by the GIT cells, depending on the delivery target zone.

Another alternative (route known as transcytosis) (Zhang and Merlin, 2018) occurs not just in the stomach but in the whole GIT. Once the affected area is detected, the transcytosis starts with the endocytosis at the cell apical membrane. Moreover, NMs pass through the cells and are delivered to the basolateral pole. At this point, in the submucosal layer, NMs could interact with immune cells before they reach the systemic circulation or the targeting zone, where mainly inflammation is presented (Zhang and Merlin, 2018). For an efficient ODD, it is required to overcome all the physical barriers and biological components (as microbiota and enzymes), even before having access to the several types of GIT cells (Chenthamara et al., 2019). However, such unique variations combined with current advanced technology can be exploited to design increasingly specific ODD systems (Sardo et al., 2019).



Intraperitoneal

In comparison to the others, the intraperitoneal route is only used in extreme cases due to the highly invasive steps involved during the treatment (Colby et al., 2017). Currently, it is considered as a potential alternative in the oncology field to treat Peritoneal Metastasis (PM), which is the phase where tumor cells originated in the gastrointestinal or gynecological tract, spread through the peritoneal cavity. In most cases, the early stages of this cancer go unnoticed, and when PM is diagnosed, the catalog of treatment options is minimal (Reymond and Königsrainer, 2020).

Under normal conditions, the peritoneal cavity is mainly a membrane (also known as a peritoneal-plasma barrier), composed of diverse layers of connective tissue with an average surface area of 1.5 m2, that covers visceral, abdominal, and pelvic organs (Dakwar et al., 2017). The first layer works as a barrier defense. It consists of mesothelial cells interconnected by tight junctions and coated by glycocalyx (a highly hydrated fibrous meshwork of carbohydrates) (Alyami et al., 2019). Then, it is followed by the sub mesothelial basement and the interstitial space, which contains collagen, fibroblast, and other components to protect the area against macromolecules. Lastly, a layer composed of negatively charged endothelial cells with the same purpose: avoid the entrance of macromolecules to the cavity (Carlier et al., 2017; Dakwar et al., 2017). However, this structure changes abruptly with the arrival of cancer cells due to the metastatic cascade. The cancer cells use the peritoneal fluid to spread rapidly, and the adhesion can occur in any layer. The oncotic pressure starts once the peritoneal microvessels become hyperpermeable, and with the secretion of pro-inflammatory cytokines and chemokines. On the other hand, tumor cells induce apoptosis of healthy cells, altering the peritoneal membrane structure (Van de Sande et al., 2020). Thus, due to the aggressiveness of this tumor and the low efficacy of current therapies, the most common therapeutic approach to treat PM consists of palliative systemic chemotherapy to prolong survival and ease symptoms but not cure disease (Reymond and Königsrainer, 2020).

According to the tumor nature, the key for treatment success lies in the drug capacity to accumulate in the affected area and the delayed clearance caused by the peritoneal plasma barrier (Van de Sande et al., 2020). A combination of dose intensification and frequency can maximize therapeutic effectiveness and minimizes side effects on the patient (Colby et al., 2017). Here is where nanostructures play a crucial role in developing therapies that guarantee the elimination of these tumors. Currently, several strategies under development proposed an approach based on NMs and local-regional treatment, where the most promising therapies for efficient IP drug delivery (Figure 1B; Van de Sande et al., 2020).

As an overview, intraperitoneal (IP) therapy is a growing niche to treat PM, but there are still several obstacles to overcome, despite the intensive effort of clinicians, pharmacologists, and material scientists, to reach a fully developed IP therapy based on nanomedicine. Therefore, to unravel the potential of NM-based IP therapies, further investigations should focus on two principles: Improve the biodistribution of nanomedicines in the peritoneum, and the correlation between biodistribution with tumor accumulation, penetration, and killing efficacy, to accelerate the development of these promising alternatives.



Skin

The human skin is known as the largest organ in the human body, covering 16% of the total body surface area (1.8 to 2.0 m2) (Kamble et al., 2017). This organ is divided into three main layers. The epidermis, composed of multiple flattened cells over each other that lies onto the stratum Basale. This base layer is formed of columnar cells arranged perpendicularly as melanocytes and keratinocytes (Monteiro-Riviere and Riviere, 2009; Makhmalzade and Chavoshy, 2018). As a whole, besides minimization of water loss, the principal role of the skin is to act as a defense barrier, owing to prevent the invasion of foreign agents as organisms (virus, bacteria, fungi), dust, allergens, toxins, and particulate materials (Jijie et al., 2017). This crucial characteristic makes it a challenge for drug permeation and delivery, primarily due to the stratum corneum (SC), which confers the remarkable barrier properties of the skin (Brunaugh et al., 2019c).

Thus, the primary objective of NMs is to overcome this barrier to reach the bloodstream (Chenthamara et al., 2019). The ability of a drug to pass across the skin to be absorbed through the skin layers and exert a systemic effect is known as transdermal drug delivery (TDD) (Zhou et al., 2018). The effectiveness of this method is influenced by the drug concentration gradient, the partition coefficient, diffusion coefficient of the NM, and length of the pathway through the skin (Brunaugh et al., 2019c). Based on passive diffusion, NMs can pass into the skin to reach the desired target by two main routes: passing through the trans-epidermal path (SC) or via the appendages. For the SC route, the molecule can penetrate either by the transcellular way or by the intercellular route (Patel et al., 2018; Chenthamara et al., 2019; Figure 1C).

Skin treatments based on nanotechnology have brought a wide range of new alternatives to treat skin diseases, just as psoriasis, alopecia, dermatitis, acne vulgaris, vitiligo, and even skin cancer (Sala et al., 2018). The implementation of nanomaterials has helped to guarantee an efficient delivery based on the protection of the drug mainly. Hence, the side effects have been reduced, improving patient acceptance. On the other hand, the skin route has opened the opportunity to face different types of diseases, such as diabetes, Parkinson’s, Alzheimer’s, osteoporosis, among others (Carter et al., 2019; Kim et al., 2019).

Currently, drug delivery based on skin penetration has shown promising results regarding therapies based on NMs; However, there is still a lot of improvement to reach an efficient distribution of macroparticles (as genes, proteins, and drugs) (Rabiei et al., 2020). Therefore, nano-formulations can work in combination with other molecular techniques as nanoneedles or nano patches to eliminate deficiencies associated with penetration or long-term stability of the drug, bringing new approaches for drug delivery.



Gas Exchange Regions

The term gas exchange refers to the delivery of oxygen (O2) and the elimination of carbon dioxide (CO2). The O2 is delivered from the lungs to the bloodstream. Meanwhile, the CO2 is released by following the opposite direction. This vital process is known as respiration, and it occurs in the lungs, more specifically, in the alveoli (Paranjpe and Müller-Goymann, 2014). The lungs are composed of two functional parts: the airways (trachea, bronchi, and bronchioles), numerous bifurcations that get narrower and shorter inside the lungs (Karra et al., 2019), and the 300 million microscopic air sacs known as alveoli. Besides respiratory organs, the lungs also have lymph tissue, and the alveoli are lined with over 280 billion capillaries. This network is known as the blood-gas barrier, where the distance between an alveolus and a capillary is just about 0.5μm, allowing the gas exchange by diffusion (Paranjpe and Müller-Goymann, 2014).

The presentations available for NMs delivery through the inhalation route (IR) are pressurized metered-dose inhalers, nebulizers, and dry powder inhalers, and the most commonly used NM are those with a sphere configuration, such as nanoparticles (NPs) (Chenthamara et al., 2019). The NM measuring less than 20 nm is delivered to the alveoli, and often they present low retention, mainly due to the rapid penetration into the bloodstream (Sankhe et al., 2019; Thakur et al., 2020). The most common mechanisms for NM delivery are sedimentation and diffusion (also known as Brownian motion) (Labiris and Dolovich, 2003). The first one occurs due to gravitational forces but is also influenced by the breathing pattern, where slow breathing provides sufficient time for sedimentation (Chellappan et al., 2020). This mechanism allows NM to settle for a long time in the smaller airways and bronchioles, increasing the efficiency of the drug. On the other hand, in the case of diffusion, the particles smaller than 0.5 μm end up directly in the alveolar region where the air flow rate is low (Brunaugh et al., 2019b). Thus, it strongly depends on drug dissolution in the alveolar fluid, the concentration gradient, and contact with the lung surface (Thakur et al., 2020).

Sedimentation is the most attractive method for NMs systems; however, diffusion is also really used for those systems focused on reaching the circulatory system rapidly and efficiently (Paranjpe and Müller-Goymann, 2014).

Regardless of the chosen delivery mechanism, there are several barriers to overcome before entering in contact with the alveolar region (physical, chemical, and immunological) to preserve homeostasis (Karra et al., 2019; Figure 1D).

Drug delivery systems suitable for IR development must consider some characteristics of the particles such as density, charge, shape and diameter, solubility, and hygroscopicity. Moreover, certain factors regarding the patient’s respiratory system as airflow velocity and airway structure (Pannonhalminé Csóka et al., 2019). However, despite the complexity of this pathway, the IR is attractive for several pulmonary diseases, where the speed reaction and focal delivery are crucial. That is the case of asthma, chronic obstructive pulmonary disease (COPD), cystic fibrosis, pulmonary hypertension, and infections like tuberculosis, pneumonia or the current pandemic COVID-19 (Mehta et al., 2019).

There are main advantages of drug delivery to gas exchange regions over other routes as ODD or injection besides being a noninvasive system. These are the evasion of hepatic metabolism and GIT; the rapid onset of therapeutic effect due to direct delivery; lower dose requirement and rapid absorption because of high vascularization; more-concentrated drug distributed to the site of action; and above all, a thin barrier to cross to get through the systemic circulation (Ho et al., 2019).

There are preferable routes used, such as the oral delivery and respiratory region for drug delivery; however, as technology and medicine advance, more alternative pathways are considered to improve drug efficiency. One clear example is the intraperitoneal route, which has shown promising results in combination with NMs due to the direct application towards the tumors. The powerful combination of NMs and current drugs brings us a broad spectrum of possibilities to personalize treatments, not only according to the patient but to the disease itself, increasing the rate of success and guaranteeing a better life quality, as the modern examples mention in the following section.



MODERN WORLD APPLICATIONS


COVID-19: Current Challenges and the Therapeutic Role of Multidimensional Nanostructured Materials

The COVID-19 disease is caused by the SARS-CoV-2 virus, which compromises the respiratory system by causing an acute immunological response. Ultimately this leads to death with a fatality rate per country ranging 0.05-19.4% for extreme cases, according to the Johns Hopkins Coronavirus Resource Center. The SARS-CoV-2 affects the respiratory system by preventing the correct oxygenation of blood as a result of increased mucous secretions that clog alveoli as well as tissue inflammation (Ullah et al., 2020). It also infects alveoli at the lungs by its endocytosis and replication, which generates an acute immune response (Glebov, 2020). Furthermore, it triggers the signal cascade for an acute inflammatory response through cytokine storms (Ullah et al., 2020). In addition to the initial attack on the respiratory system, the virus spreads to the digestive system, mainly affecting the colon, distal kidney, olfactory nervous, pancreas, liver, and potentially every tissue that expresses ACE2 receptor (Gavriatopoulou et al., 2020). The academic paradigm of COVID-19 pathology is thus shifting from a respiratory-only focus into a systemic syndrome with long-term damage of affected organs (Gavriatopoulou et al., 2020).

The lack of adequate policies for the containment of COVID-19 infections has caused an international public health emergency with economic implications, as the only proven mechanism to halt its spread is social distancing (Vabret et al., 2020). The current pandemic thus demands scientific solutions for the prevention, treatment, and containment of the disease to minimize further infections and deaths at a global scale. Nanotechnology provides opportunities to tackle COVID-19 infection from four different approaches; point of care (POC) diagnostics, surveillance and monitoring, therapeutics, and vaccine development (Chan, 2020). Additionally, tissue engineering based on nanotechnology serves as a complementary tool that allows the in-vitro assessment of therapeutic strategies, generation of bio-nanostructures that act as scaffolds for the regenerative treatment of affected patients, and development of in vitro tissue models for the research of the extensive effects of COVID-19 in different organs (Shpichka et al., 2020). This subsection highlights the current developments in the fields of nanotechnology and tissue engineering with potential applications for therapeutics, vaccine carrying, tissue replacement, immunomodulation, and smart drug delivery to treat this disease. An overview of the presented strategies and the multidimensional applications of nanotechnology for COVID-19 is presented in Figure 2.
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FIGURE 2. Schematic representation of nanostructured-based technology focused to COVID-19 therapeutics. Therapeutic action mechanisms for COVID-19 treatments by drug delivery, dressed nanoparticles, vesicles carriers and MSC targeting different infection processes from (1 to 7). Tissue engineering nanostructured-based technology for (8) tissue regeneration, and implant preparation; (9) test infection, generate therapeutic assays, regeneration; and (10) Nano therapeutics production of vesicles, nanoparticles, and MSCs (Basu et al., 2020; Gordon et al., 2020; Gupta S. et al., 2020; Hassanzadeh, 2020; Hu et al., 2020; Inal, 2020; Leng et al., 2020; Lin et al., 2020; Mohammadi et al., 2020; Moon et al., 2020; Muralidharan et al., 2020; O’Driscoll, 2020; Petit et al., 2020; Yu et al., 2020; Zhang et al., 2020). Created with BioRender.com.




Tissue Engineering for Immunomodulation and Replacement of Tissues Damaged by COVID-19

Over the past two decades, combined progress on the nanomaterial and stem cell fields has led to the establishment of tissue engineering as a prolific ground for the research of organs in vitro and the progress of regenerative therapies (Hoffman et al., 2019), which has potential applications on COVID-19 therapeutics. The adaptation of in vitro studies into clinical trials demands the advancement of tissue models, through the development of scaffolds with a high level of vascularization, intricate cell signaling, and complex matrix structure (Khademhosseini and Langer, 2016). COVID-19 promotes inflammation of several tissues (Gavriatopoulou et al., 2020), which damage their integrity, so desirable features of synthetic tissue scaffolds must be included. For instance, an acceptable toxicity profile, high biocompatibility, mechanical properties that replicate the implantation tissue, and biodegradability to ensure scaffold removal without the need for invasive surgery (Teixeira et al., 2020).

Over the past two decades, combined progress on the nanomaterial and stem cell fields has led to the establishment of tissue engineering as a prolific ground for the research of organs in vitro and the advancement of regenerative therapies (Hoffman et al., 2019), which has potential applications on COVID-19 therapeutics. The adaptation of in vitro studies into clinical trials demands the improvement of tissue models through the development of scaffolds with a high level of vascularization, intricate cell signaling, and complex matrix structure (Khademhosseini and Langer, 2016). COVID-19 promotes inflammation of several tissues (Gavriatopoulou et al., 2020), which damages their integrity. Therefore, it is desirable for synthetic tissue scaffolds to display an acceptable toxicity profile, high biocompatibility, mechanical properties that replicate the implantation tissue, and biodegradability to ensure scaffold removal without the need for invasive surgery (Teixeira et al., 2020).

Nanofibers have become the staple nanostructure for tissue engineering scaffolds, owing to their large surface area to volume ratio, high surface modifiability, three-dimensional flexibility, and high tensile strength (Parham et al., 2020). Electrospinning has gained widespread adoption among available methods of nanofiber fabrication for the manufacture of tissue scaffolds, owing to its high adaptability under many process requirements and environmental factors (Alavarse et al., 2017). Important scaffold morphology parameters like pore size distribution and surface area to volume ratio can be easily adjusted through this technique (Felgueiras et al., 2019). The combination of topographic and biochemical modification of nanofibers that electrospinning offers makes accurate emulation of the extracellular matrix possible, enabling the adhesion and proliferation of cells over extended periods (Wang et al., 2013; Teixeira et al., 2020). Natural polymers like collagen, alginate, and chitosan are preferred for nanofiber scaffolds due to overall better cytocompatibility and synaptic plasticity, drug compatibility, biodegradability, due to COVID-19 urgency the regulation institutions can provide fast track to this type of materials. However, synthetic biomaterials can provide better technical flexibility in specialized situations (Dhasmana and Zzaman, 2019). Popular choices for synthetic polymers include poly-(lactic acid), poly-(glycolic acid), and poly-(ε-caprolactone), as these materials have good mechanical stability and conductivity, albeit lack bioactivity (Álvarez-Suárez et al., 2020), some of the capacities required in COVID-19 disease damages to blood vessels, pulmonary tissue, heart valves, brain-blood barrier, neurons, and other cells, epithelia, tissue and organs (Gavriatopoulou et al., 2020).

The surface of electrospun polymer fibers can be modified through the addition of functional groups and bioactive compounds like hormones and cytokines to cue cell signaling and immunomodulation (Li et al., 2004; Ulery et al., 2011), where it may play a crucial role to prevent the damage caused by the immune response to SARS-CoV-2 infection on alveoli and other affected tissues (Çetin and Topçul, 2020). Most notably, genetic material can be loaded into the nanofiber scaffold to guide stem cells through a highly specific differentiation profile (Park et al., 2016). The scaffold applied in the regeneration of damaged tissues by COVID-19, such as angiogenesis to tackle stroke dame, neuron regeneration, or modulate inflammation. The encapsulation of genes and signaling molecules into the scaffold also provides better control for the delivery of molecules over a prolonged time (Gonzalez-Fernandez et al., 2016). The overall result of these chemical enrichment strategies are scaffolds that are highly applicable for the regeneration and replacement of wounded human tissues, that are also applicable to the modern problem of COVID-19 therapeutics, and that already have been applied with success on several organ systems (Hassanzadeh, 2020).

Given the severe onset of COVID-19 related tissue damage at a systemic level in extreme cases, the application of stem cell engineering to repair and regain organ functionality has been explored and adapted from other applications to quickly answer the need for potential therapeutic solutions (Ji et al., 2020). The usage of nano scaffolds based on biocompatible polymers for tissue engineering using mesenchymal stem cells (MSCs) has thus emerged in articles as a promising experimental therapeutic option for patients at a critical stage to reduce inflammation, enhance immunomodulation and promote tissue repair back to a functional level (Esquivel et al., 2020). A summary of the potential uses of this technology is briefly discussed.

The usage of MSCs and the modulation of its expression and immune response through trophic factors and cytokines is an appealing prospect to reduce and repair lung tissue injury on the onset of an inflammatory infection such as that caused by SARS-CoV-2 (Li et al., 2020). Stem cell therapy has been proposed as a complementary treatment parallel to antiviral drugs for influenza in cases with severe pneumonia (Çetin and Topçul, 2020). This approach has been reported and used to treat H7N9-ARDS in a study (Chen et al., 2020), where the transplantation of MSCs derived from menstrual blood reduced inflammation and the onset of cytokine cascades, improving lung function without any short-term side effects. The authors note that the similarities of the acute respiratory syndrome caused by SARS-CoV-2 and the H7N9 influenza virus may allow this strategy to be applied to the ongoing pandemic to reduce the mortality of most severe cases.

Along with the immunomodulatory effect of stem cells on lung tissue, the complete replacement of injured lung structures for artificial structures that incorporate tissue engineering has also been proposed as an alternative to alleviate the demand for donated organs (Swol et al., 2020). Under this concept, bio-fabricated scaffolds with microfluidic channels enable a high level of biocompatibility and reduced instrumentation sizes, as well as device development flexibility through the adaptation of mechanical components for ventilation. However, the quick and complete differentiation of stem cells minimizes the reproducibility of potential commercial products and hinders biosafety assay efforts, limiting the implementation of developed bio-artificial lungs on clinical trials (Li et al., 2020).

The expression of ACE2 in neurons and glial cells makes them a potential target of SARS-CoV-2 with the onset of neurological symptoms like numbness and chronic pain. The infection may also cause neuromuscular disorders due to prolonged damage to the brain and spinal cord structures (Ftiha et al., 2020). The coagulopathy associated with COVID-19 brings secondary damage to neural structures through stroke events (Kipshidze et al., 2020). Given the lack of antiviral agents with a potent effect over a severe COVID-19 infection, the regeneration of neural structures post-infection can provide an attractive treatment to regain damaged tissue. The in vitro culturing of neural cells has been posed as a potential therapy for neurodegenerative diseases through cell replacement (Dhasmana and Zzaman, 2019), where conventional neural culturing agents like Matrigel have proved unsuccessful due to inadequately emulating the highly specific requirements of the perineuronal net (Wang and Fawcett, 2012). Neurons cultured in Matrigel lack guided directionality, develop glial scars, and have lower rates of migration (Ma et al., 2008; Moeendarbary et al., 2017) compared to electrospun scaffolds. A work by Cerrone et al. (2020) shows that electrospun scaffolds promote longer growth and directionality of dendrites with lower rates of apoptosis. Further studies are required to develop optimal blends of biopolymers for each application, as well as to measure the viability of in-vivo implantation and migration from the scaffold to the damaged tissue to show the full potential of electrospun nano-scaffolds for tissue regeneration (Cerrone et al., 2020).

Alternatives to transplantation are actively being proposed as a solution to overcome the shortage of available resources. One such approach is the use of synthetic scaffolds as a framework for cell proliferation to substitute damaged organs with functionally similar synthetic tissues. As with other body structures, ACE2 receptors can be found on the surface of corneal tissue, and potential complications of the COVID-19 infection may result in corneal ulcers and permanent damage, requiring transplant (Gupta P.C. et al., 2020). Nevertheless, current health guidelines advise avoiding the donation of corneal tissue on those patients recently (28 days) infected, as the eye may be a potential access point for infection (Eye Bank Association of America, 2020). Corneal transplant restrictions reveal an emerging issue for tissue donation, exacerbating the shortage of available donors and resulting in waiting lists for affected patients (Tan et al., 2012; Gain et al., 2016). Synthetic corneal scaffolds need acceptable transparency and mechanical requirements that cannot be met by conventional techniques and available materials (Ahearne et al., 2009). Electrospun fiber scaffolds have recently been developed as a potential replacement to traditional corneal substitutes such as amniotic membrane transplantation (Fernández-Pérez et al., 2020; Hasbiyani et al., 2020). The main benefits that they pose compared to conventional approaches are lower risks of contamination and higher compatibility of donor and receptor tissues. As with cornea, cells on other frequently transplanted organs may express the ACE2 receptor that makes them targets for SARS-CoV-2 tissular damage, making the development of synthetic grafts crucial as a potential therapeutic tool (Gupta S. et al., 2020). Scaffolds have also been developed successfully for organs with a higher level of physiological complexity, such as the liver (Grant et al., 2019) and pancreas’ islets of Langerhans (Buitinga et al., 2013). Electrospun scaffolds also show promise for the high-scale fabrication of vascular grafts to repair damaged cardiovascular arteries (Hasan et al., 2014). Their implantation into human patients remains a challenge, though, as the limited emulation of mechanical and cell attachment properties limits their long-term usability.

The shortcomings of electrospun fibers like fragility and solvent cytotoxicity can be overcome through the usage of emerging technologies for scaffold production. The combination of nanomaterials with 3D printing opens a new field of potential regenerative therapy models at a low cost (Di Marzio et al., 2020). 3D bioprinting (3DBP) is the automated manufacture of biological constructs from base materials with high control over geometry, material composition, and cellular distribution (Pedde et al., 2017). Compared to electrospinning, 3DBP offers scaffolds with better mechanical capabilities thanks to a careful geometric layout that enable their use on hard use tissues such as the heart (Yang et al., 2011), another potential target of COVID-19 infection through inflammatory and necrotic effects (Gavriatopoulou et al., 2020).

Processes for material deposition include jetting, sintering, extrusion, and stereolithography (Papaioannou et al., 2019). Each technique has advantages and shortcomings on properties like printing resolution, biocompatibility that influence the final product. Droplet size can vary from 300 μm for inkjet printing to >50 μm for stereolithography, and the viability of cultured cells can range from >95% for laser-assisted printing to as low as 25% for stereolithography (Melchiorri et al., 2016). The biological, structural, and economical requirements of the scaffold must also be considered when choosing the pairing of bio-ink composition and bioprinting technique (Pedde et al., 2017). Good ‘printability’ properties (e.g., shear thinning) must also be considered and are dependent on the used 3DBP process (Di Marzio et al., 2020). Thermogels like Pluronic (poloxamer) have been notably used for 3D bioprinting applications. However, a high concentration of this material is detrimental to cell viability (Fedorovich et al., 2009). Pluronic-based bioinks usually have a high concentration at the beginning steps of printing and remove most of it once cell culture starts (Müller et al., 2015). Besides Pluronic bioinks, natural polymer-based materials like cellulose and chitosan have been used to enhance cytotoxicity responses (Nguyen et al., 2017).

As with electrospun scaffolds, bio-printed tissue grafts have been fabricated as a potential solution to the demand for transplantable organs or the replacement of damaged tissue structures affected by severe COVID-19. Hydrogels have been used to 3D bio-print frameworks for organs like the liver, where a study successfully cultured hepatocytes on collagen and chitosan scaffolds to generate a synthetic organ that was engrafted to mice (Zhong et al., 2016). Examination after two weeks showed that viability was minimally impacted by the 3D scaffold. Advanced 3D bio-printed models for the heart also exist and range in complexity from capillary to full-organ development (Lee et al., 2019). Integration with induced pluripotent stem cells, as well as their differentiation into the full tissue’s cellular environment, is important to ensure graft viability after transplantation, as implant procedures for heart grafts in mice show (Maiullari et al., 2018). Other successful recent models of 3D bioprinted organs that may prove interesting for COVID-19 treatment include nerve (Liu et al., 2020), trachea (Kim et al., 2020), and lung (Galliger et al., 2019), yet many more exist for this emergent topic. It is important to note that the large-scale clinical implementation of bio-printed scaffolds is still limited due to ethical and technical concerns (Kirillova et al., 2020), and most studies restrict their application to animal models that cannot fully replicate human conditions (Ravnic et al., 2017). Thus, the true impact of bio-printed scaffolds on regenerative medicine remains to be seen.

Tissue engineering may benefit from the development of remotely controlled bioinks that change conformation through different stimuli thanks to the addition of doping agents like metal nanoparticles (Gao et al., 2016). A structure that may be adequate for cell proliferation can be subsequently changed once the tissue matures without an external, direct force for its functionalization (Di Marzio et al., 2020). These changes of structural conformation over time have been labeled as 4D bioprinting, and recent reports have shown the array of potential applications that smart nanomaterials can provide. Stimulation of bio-printed scaffolds has been used for the fabrication of structures with functionality like bone grafts, where 4D strategies confer better microvasculature compared to static scaffolds (Barabaschi et al., 2015). 4D bioprinting has also enabled the study and replication of cortical folding, furtherly elucidating axonal growth and neural maturation that enhance the next generation of neural tissue models (Miao et al., 2018). Smart structures created through 4D bioprinting may also act as a support for existing biological structures for therapy purposes, as conveyed by intravenous stents with shape memory capabilities (Ge et al., 2016).

As the integration of bioprinting and nanomaterials advances, tissues with higher complexity and functionality are expected to advance to degrees each time closer to complete organ replicas. Going forward, the main challenges for tissue engineering applied in the COVID-19 pandemic are the translation of clinical research into therapies and the development of scalable manufacturing strategies at a commercially viable measure (Hoffman et al., 2019). 3D printing shows promise at the reproducible, low-cost, and high throughput of scaffolds for tissue production, but the timespan for tissue maturation and cell survival must be optimized to ensure appropriate clinical intervention. Biosafety and acceptance by regulatory agencies are also a concern as there is a wide variety of nanomaterials used for trials (Gilbert et al., 2018). The integration of iPSCs, gene modification through CRISPR-Cas9, and the controlled release of bioactive compounds through specialized nanomaterials for directed cell differentiation opens the gate for personalized transplants, potentially hastening the approval and usage of future regenerative therapies while lowering demand for organ transplants (Pulgarin, 2017).



PERSPECTIVES, CHALLENGES, AND RECOMMENDATIONS

In only a few months, SARS-CoV-2 has created a worldwide contingency mainly because of its rapid adaptation as an infecting agent throughout mutation. Even though viruses mutate constantly, the complication is that the virus acquired the ability to mutate in new variants with a selective advantage over the predecessor. These assets can induce higher viral loads, the ability to infect younger hosts, or more capable artillery to evade the immune system and go unnoticed. Recently, new variants were found in England (known as B.1.1.7 or VUI 202012/0), Brazil (named as P.1 or VOC202101/02 in the United Kingdom), and South Africa (known as 501Y.V2) (Mahase, 2021). As a result, the development of an efficient control has been challenging. Despite all the alternatives shown from 2020 to the present, currently, treatments that have proven to have a real effect in controlling COVID-19 symptoms are Dexamethasone, Remdesivir, Baricitinib in combination with Remdesivir, and Anticoagulation drugs (as heparin or enoxaparin) (Lammers et al., 2020). Other alternatives to treat patients have been convalescent plasma from people who have recovered from COVID-19; Monoclonal antibodies as bamlanivimab (LY-CoV555) and REGN-COV2 developed from the companies Eli Lilly and Regeneron, respectively, and AZD7442 from AstraZeneca (Mahmood et al., 2021). The novel panorama of variants impulses the necessity for specialized tools to test the effects of infection, immune system response, and therapeutic use of drugs and vaccines. One of those tools can be the tissue engineering applied to COVID-19 as in vitro test, vaccine production model, and tissue regeneration.

Regarding vaccines, 68 potential COVID-19 candidates are being tested in human clinical trials; however, the mRNA vaccines such as the one developed by Moderna, which is a prefusion of stabilized S protein, or the lipid nanoparticle mRNA vaccine developed by BioNTech, Pfizer, Fosun Pharma, the viral vector vaccines (as the Chimpanzee adenovirus vaccine vector ChAdOx1) by AstraZeneca and Oxford, and the adenoviral-based Russian Vaccine Sputnik V are leading as they have been already approved for emergency use in EEUU, UK and successfully approved in Canada. Also, they are the ones that are being distributed and applied worldwide. The main advantage of mRNA platforms is that it is non-integrating, posing no risk of insertional mutagenesis (Shin et al., 2020). In contrast, there is a lack of precise viral vector vaccines, yet their main assets are broad tissue tropism, inherent adjuvant qualities, and scalability. The pre-existing human immune response against those viruses complicates their efficiency. Thus, nanotechnology can be used to develop protein nanoparticles from antigenic subunits, or it can improve immunogenicity by using proteinaceous biomaterial scaffolds as ferritin and encapsulating (Shin et al., 2020). However, delivery is still a challenge, hence the nanotechnology platforms have been crucial to reaching their targets as these approaches can offer a solution. These being the use of cationic liposomes, polymeric nanoparticles, cationic nanoemulsions, liposomes, or dendrimers to ensure successful delivery through the cell membranes (Talebian et al., 2020).

Besides, this pandemic also made clear the need to cover other diseases due to their incidence on the world population. Some examples are cancer, cardiovascular diseases, respiratory syndromes, diabetes, and obesity, to mention a few. Herein, nanotechnology can potentially solve complex problems in a wide range of research fields, more specific to medical applications. The main idea of this review is to indicate that the multidimensional nanostructures exponentially increase the impact of medicine. For instance, the use of several molecules in tissue engineering and COVID-19 therapeutics brings the advantages of multipurpose treatment. Moreover, to achieve personalized medicine, the incorporation of smart materials by nanotechnology is necessary to improve tunable drug release profile, structural properties, prolonged effects, better biodegradation, specificity and biodistribution, reduce/eliminate toxicity, and side effects. Nonetheless, there is still research to be done for nanomaterials in the medical field (such as cytotoxicity and accumulation of nanoparticles or early-stage regulatory guidelines, which are opportunities for mid and long-term research) that limit their applicability at the present. With this revision, it is evident that options available now offered by nanotechnology and tissue engineering to fight against the COVID-19 pandemic are needed for therapeutics, drugs, and vaccine development. The applications will ensure efficient alternatives for the whole population as either medication, personalized therapies, or preventive treatments. In turn, it will strengthen our medical capacities and portfolio for this and future pandemics.



AUTHOR CONTRIBUTIONS

EM-M and JS-H conceptualized the overall layout and contents of the review. EM-M, JS-H, NT, RM-G, and SL-S collected and analyzed the literature, compiled the initial draft, and designed the Figures. EM-M and SL-S summarized the Tables. RP-S pre-checked the collected literature and drafted the manuscript. EM-M, JS-H, and RP-S made revisions and final editing of the final version. JS-H processed for publication. All authors read and approved the final manuscript.



ACKNOWLEDGMENTS

The literature facilities provided by the Tecnologico de Monterrey, Mexico are thankfully acknowledged.



REFERENCES

Ahearne, M., Liu, K.-K., El Haj, A. J., Then, K. Y., Rauz, S., and Yang, Y. (2009). Online monitoring of the mechanical behavior of collagen hydrogels: influence of corneal fibroblasts on elastic modulus. Tissue Eng. Part C Methods 16, 319–327. doi: 10.1089/ten.tec.2008.0650

Alavarse, A. C., de Oliveira Silva, F. W., Colque, J. T., da Silva, V. M., Prieto, T., Venancio, E. C., et al. (2017). Tetracycline hydrochloride-loaded electrospun nanofibers mats based on PVA and chitosan for wound dressing. Mater. Sci. Eng. C. 77, 271–281. doi: 10.1016/j.msec.2017.03.199

Álvarez-Suárez, A. S., Dastager, S. G., Bogdanchikova, N., Grande, D., Pestryakov, A., García-Ramos, J. C., et al. (2020). Electrospun fibers and sorbents as a possible basis for effective composite wound dressings. Micromachines 11:441. doi: 10.3390/mi11040441

Alyami, M., Hübner, M., Grass, F., Bakrin, N., Villeneuve, L., Laplace, N., et al. (2019). Pressurised intraperitoneal aerosol chemotherapy: rationale, evidence, and potential indications. Lancet Oncol. 20, e368–e377.

Arango-Ospina, M., Xie, F., Gonzalo-Juan, I., Riedel, R., Ionescu, E., and Boccaccini, A. R. (2020). Silicon oxycarbide based materials for biomedical applications. Appl. Mater. Today 18:100482. doi: 10.1016/j.apmt.2019.100482

Auffan, M., Rose, J., Bottero, J. Y., Lowry, G. V., Jolivet, J. P., and Wiesner, M. R. (2009). Towards a definition of inorganic nanoparticles from an environmental, health and safety perspective. Nat. Nanotechnol. 4, 634–641. doi: 10.1038/nnano.2009.242

Barabaschi, G. D., Manoharan, V., Li, Q., and Bertassoni, L. E. (2015). “Engineering pre-vascularized scaffolds for bone regeneration,” in Engineering Mineralized and Load Bearing Tissues, eds L. E. Bertassoni, and P. G. Coelho (Cham: Springer), 79–94. doi: 10.1007/978-3-319-22345-2_5

Barhoum, A., Pal, K., Rahier, H., Uludag, H., Kim, I. S., and Bechelany, M. (2019). Nanofibers as new-generation materials: from spinning and nano-spinning fabrication techniques to emerging applications. Appl. Mater. Today 17, 1–35. doi: 10.1016/j.apmt.2019.06.015

Basu, A., Sarkar, A., and Maulik, U. (2020). Molecular docking study of potential phytochemicals and their effects on the complex of SARS-CoV2 spike protein and human ACE2. Sci. Rep. 10:17699.

Bauer, L. A., Birenbaum, N. S., and Meyer, G. J. (2004). Biological applications of high aspect ratio nanoparticles. J. Mater. Chem. 14, 517–526. doi: 10.1039/b312655b

Bayda, S., Adeel, M., Tuccinardi, T., Cordani, M., and Rizzolio, F. (2020). The history of nanoscience and nanotechnology: from chemical–physical applications to nanomedicine. Molecules. 25:112. doi: 10.3390/molecules25010112

Bhatia, S. (2016). Natural Polymer Drug Delivery Systems. Basel: Springer international publishing.

Brunaugh, A. D., Smyth, H. D., and Williams, R. O.c (2019a). “Disperse systems: emulsions,” in Essential Pharmaceutics, eds A. D. Brunaugh, H. D. C. Smyth, and R. O. Williams III (Cham: Springer), 111–121. doi: 10.1007/978-3-030-31745-4_7

Brunaugh, A. D., Smyth, H. D., and Williams, R. O. III (2019b). “Pulmonary Drug Delivery,” in Essential Pharmaceutics, eds A. D. Brunaugh, H. D. C. Smyth, and R. O. Williams III (Cham: Springer), 163–181.

Brunaugh, A. D., Smyth, H. D., and Williams, R. O. III (2019c). “Topical and Transdermal Drug Delivery,” in Essential Pharmaceutics, eds A. D. Brunaugh, H. D. C. Smyth, and R. O. Williams III (Cham: Springer), 131–147.

Buitinga, M., Truckenmüller, R., Engelse, M. A., Moroni, L., Hoopen, H. W. M. T., van Blitterswijk, C. A., et al. (2013). Microwell scaffolds for the extrahepatic transplantation of islets of langerhans. PLoS One 8:e64772. doi: 10.1371/journal.pone.0064772

Carlier, C., Mathys, A., De Jaeghere, E., Steuperaert, M., De Wever, O., and Ceelen, W. (2017). Tumour tissue transport after intraperitoneal anticancer drug delivery. Int. J. Hyperthermia 33, 534–542. doi: 10.1080/02656736.2017.1312563

Carter, P., Narasimhan, B., and Wang, Q. (2019). Biocompatible nanoparticles and vesicular systems in transdermal drug delivery for various skin diseases. Int. J. Pharmaceutics 555, 49–62. doi: 10.1016/j.ijpharm.2018.11.032

Cerrone, F., Pozner, T., Siddiqui, A., Ceppi, P., Winner, B., Rajendiran, M., et al. (2020). Polyhydroxyphenylvalerate/polycaprolactone nanofibers improve the life-span and mechanoresponse of human IPSC-derived cortical neuronal cells. Mat. Sci. Eng. C. 111:110832. doi: 10.1016/j.msec.2020.110832

Çeti?n, Ý, and Topçul, M. (2020). Can mesenchymal stem cells be used to treat COVID-19-induced pneumonia? (Review). Biomed. Rep. 13:62.

Chan, W. C. W. (2020). Nano Research for COVID-19. ACS Nano 14, 3719–3720. doi: 10.1021/acsnano.0c02540

Chellappan, D. K., Yee, L. W., Xuan, K. Y., Kunalan, K., Rou, L. C., Jean, L. S., et al. (2020). Targeting neutrophils using novel drug delivery systems in chronic respiratory diseases. Drug Dev. Res. 81, 419–436.

Chen, J., Hu, C., Chen, L., Tang, L., Zhu, Y., Xu, X., et al. (2020). Clinical study of mesenchymal stem cell treatment for acute respiratory distress syndrome induced by epidemic influenza A (H7N9) infection: a hint for COVID-19 treatment. Engineering 6, 1153–1161. doi: 10.1016/j.eng.2020.02.006

Chenthamara, D., Subramaniam, S., Ramakrishnan, S. G., Krishnaswamy, S., Essa, M. M., Lin, F. H., et al. (2019). Therapeutic efficacy of nanoparticles and routes of administration. Biomat. Res. 23, 1–29.

Christy, P. N., Basha, S. K., Kumari, V. S., Bashir, A. K., Maaza, M., Kaviyarasu, K., et al. (2020). Biopolymeric nanocomposite scaffolds for bone tissue engineering applications–A review. J. Drug Deliv. Sci. Technol. 55:101452. doi: 10.1016/j.jddst.2019.101452

Colby, A. H., Oberlies, N. H., Pearce, C. J., Herrera, V. L., Colson, Y. L., and Grinstaff, M. W. (2017). Nanoparticle drug-delivery systems for peritoneal cancers: a case study of the design, characterization and development of the expansile nanoparticle. Wiley Interdiscipl. Rev. Nanomed. Nanobiotechnol. 9:e1451. doi: 10.1002/wnan.1451

Dakwar, G. R., Shariati, M., Willaert, W., Ceelen, W., De Smedt, S. C., and Remaut, K. (2017). Nanomedicine-based intraperitoneal therapy for the treatment of peritoneal carcinomatosis—Mission possible? Adv. Drug Deliv. Rev. 108, 13–24. doi: 10.1016/j.addr.2016.07.001

Dave, J. R., Dewle, A. M., Mhaske, S. T., Phulpagar, P. T., Mathe, V. L., More, S. E., et al. (2019). Hydroxyapatite nanorods loaded with parathyroid hormone (PTH) synergistically enhance the net formative effect of PTH anabolic therapy. Nanomed. Nanotechnol. Biol. Med. 15, 218–230. doi: 10.1016/j.nano.2018.10.003

Dhasmana, A., and Zzaman, M. (2019). Current Scenario on Neural tissue engineering. J. Appl. Life Sci. 2, 40–46.

Di Marzio, N., Eglin, D., Serra, T., and Moroni, L. (2020). Bio-Fabrication: convergence of 3D bioprinting and nano-biomaterials in tissue engineering and regenerative medicine. Front. Bioeng. Biotechnol. 8:326. doi: 10.3389/fbioe.2020.00326

Dolez, P. I. (ed.) (2015). “Nanomaterials definitions, classifications, and applications,” in Nanoengineering, (Amsterdam: Elsevier), 3–40. doi: 10.1016/b978-0-444-62747-6.00001-4

Du, M., Guo, B., and Jia, D. (2010). Newly emerging applications of halloysite nanotubes: a review. Polym. Int. 59, 574–582. doi: 10.1002/pi.2754

Elmowafy, E., Abdal-Hay, A., Skouras, A., Tiboni, M., Casettari, L., and Guarino, V. (2019). Polyhydroxyalkanoate (PHA): applications in drug delivery and tissue engineering. Expert Rev. Med. Devices 16, 467–482. doi: 10.1080/17434440.2019.1615439

Esquivel, D., Mishra, R., Soni, P., Seetharaman, R., Mahmood, A., and Srivastava, A. (2020). Stem Cells Therapy as a possible therapeutic option in treating COVID-19 patients. Stem Cell Rev. Rep. 17, 144–152. doi: 10.1007/s12015-020-10017-6

Eye Bank Association of America (2020). COVID-19 Updates [Internet]. Available online at: https://restoresight.org/covid-19-updates/ (accessed November 6, 2020).

Fathi-Achachelouei, M., Knopf-Marques, H., Ribeiro da Silva, C. E., Barthès, J., Bat, E., Tezcaner, A., et al. (2019). Use of nanoparticles in tissue engineering and regenerative medicine. Front. Bioeng. Biotechnol. 7:113. doi: 10.3389/fbioe.2019.00113

Fedorovich, N. E., Swennen, I., Girones, J., Moroni, L., van Blitterswijk, C. A., Schacht, E., et al. (2009). Evaluation of photocrosslinked lutrol hydrogel for tissue printing applications. Biomacromolecules 10, 1689–1696. doi: 10.1021/bm801463q

Felgueiras, H. P., Tavares, T. D., and Amorim, M. T. P. (2019). Biodegradable, spun nanocomposite polymeric fibrous dressings loaded with bioactive biomolecules for an effective wound healing: a review. IOP Conf. Ser. Mater. Sci. Eng. 634:012033. doi: 10.1088/1757-899x/634/1/012033

Fernández-Pérez, J., Kador, K. E., Lynch, A. P., and Ahearne, M. (2020). Characterization of extracellular matrix modified poly(ε-caprolactone) electrospun scaffolds with differing fiber orientations for corneal stroma regeneration. Mater. Sci. Eng. C 108:110415. doi: 10.1016/j.msec.2019.110415

Ftiha, F., Shalom, M., and Jradeh, H. (2020). Neurological symptoms due to Coronavirus disease 2019. Neurol. Int. 12, 15–18.

Gain, P., Jullienne, R., He, Z., Aldossary, M., Acquart, S., Cognasse, F., et al. (2016). Global Survey of Corneal Transplantation and Eye Banking. JAMA Ophthalmol. 134:167. doi: 10.1001/jamaophthalmol.2015.4776

Galliger, Z., Vogt, C. D., and Panoskaltsis-Mortari, A. (2019). 3D bioprinting for lungs and hollow organs. Transl. Res. 211, 19–34. doi: 10.1016/j.trsl.2019.05.001

Gao, B., Yang, Q., Zhao, X., Jin, G., Ma, Y., and Xu, F. (2016). 4D bioprinting for biomedical applications. Trends Biotechnol. 34, 746–756. doi: 10.1016/j.tibtech.2016.03.004

Gavriatopoulou, M., Korompoki, E., Fotiou, D., Ntanasis-Stathopoulos, I., Psaltopoulou, T., Kastritis, E., et al. (2020). Organ-specific manifestations of COVID-19 infection. Clin. Exp. Med. 7, 1–14.

Ge, Q., Sakhaei, A. H., Lee, H., Dunn, C. K., Fang, N. X., and Dunn, M. L. (2016). Multimaterial 4D printing with tailorable shape memory polymers. Sci. Rep. 6:31110.

Ghassan, A. A., Mijan, N. A., and Taufiq-Yap, Y. H. (2019). “Nanomaterials: an overview of nanorods synthesis and optimization,” in Nanorods and Nanocomposites, Vol. 11, (London: IntechOpen). doi: 10.5772/intechopen.84550

Gilbert, F., O’Connell, C. D., Mladenovska, T., and Dodds, S. (2018). Print me an organ? ethical and regulatory issues emerging from 3D bioprinting in medicine. Sci. Eng. Ethics 24, 73–91. doi: 10.1007/s11948-017-9874-6

Gim, S., Zhu, Y., Seeberger, P. H., and Delbianco, M. (2019). Carbohydrate-based nanomaterials for biomedical applications. Wiley Interdiscipl. Rev. Nanomed. Nanobiotechnol. 11:e1558.

Glebov, O. O. (2020). Understanding SARS-CoV-2 endocytosis for COVID-19 drug repurposing. FEBS J. 287, 3664–3671. doi: 10.1111/febs.15369

Gonzalez-Fernandez, T., Tierney, E. G., Cunniffe, G. M., O’Brien, F. J., and Kelly, D. J. (2016). Gene delivery of TGF-β3 and BMP2 in an MSC-Laden alginate hydrogel for articular cartilage and endochondral bone Tissue engineering. Tissue Eng. Part A 22, 776–787. doi: 10.1089/ten.tea.2015.0576

Gordon, D. E., Jang, G. M., Bouhaddou, M., Xu, J., Obernier, K., White, K. M., et al. (2020). A SARS-CoV-2 protein interaction map reveals targets for drug repurposing. Nature 583, 459–468.

Grant, R., Hallett, J., Forbes, S., Hay, D., and Callanan, A. (2019). Blended electrospinning with human liver extracellular matrix for engineering new hepatic microenvironments. Sci. Rep. 9:6293.

Gupta, P. C., Kumar, M. P., and Ram, J. (2020). COVID-19 pandemic from an ophthalmology point of view. Indian J. Med. Res. 151, 411–418. doi: 10.4103/ijmr.ijmr_1369_20

Gupta, S., Krishnakumar, V., Sharma, Y., Dinda, A. K., and Mohanty, S. (2020). Mesenchymal stem cell derived exosomes: a nano platform for therapeutics and drug delivery in combating COVID-19. Stem Cell Rev. Rep. 17, 33–43. doi: 10.1007/s12015-020-10002-z

Hasan, A., Memic, A., Annabi, N., Hossain, M., Paul, A., Dokmeci, M. R., et al. (2014). Electrospun scaffolds for tissue engineering of vascular grafts. Acta Biomater. 10, 11–25. doi: 10.1016/j.actbio.2013.08.022

Hasbiyani, N. A. F., Hikmawati, D., and Siswanto. (2020). Electrospun collagen-based scaffold as therapeutic agent for ocular chemical injury. J. Phys. Conf. Ser. 1445:012022. doi: 10.1088/1742-6596/1445/1/012022

Hassan, M., Dave, K., Chandrawati, R., Dehghani, F., and Gomes, V. G. (2019). 3D printing of biopolymer nanocomposites for tissue engineering: nanomaterials, processing and structure-function relation. Eur. Polym. J. 121:109340. doi: 10.1016/j.eurpolymj.2019.109340

Hassanzadeh, P. (2020). Nanotheranostics against COVID-19: from multivalent to immune-targeted materials. J. Control. Release 328, 112–126. doi: 10.1016/j.jconrel.2020.08.060

He, H., Lu, Y., Qi, J., Zhu, Q., Chen, Z., and Wu, W. (2019). Adapting liposomes for oral drug delivery. Acta Pharmaceutica Sin. B 9, 36–48. doi: 10.1016/j.apsb.2018.06.005

Ho, D. K., Nichols, B. L., Edgar, K. J., Murgia, X., Loretz, B., and Lehr, C. M. (2019). Challenges and strategies in drug delivery systems for treatment of pulmonary infections. European Journal of Pharmaceutics and Biopharmaceutics. 144, 110–124. doi: 10.1016/j.ejpb.2019.09.002

Hoffman, T., Khademhosseini, A., and Langer, R. (2019). Chasing the paradigm: clinical translation of 25 years of tissue engineering. Tissue Eng. Part A 25, 679–687. doi: 10.1089/ten.tea.2019.0032

Hu, T. Y., Frieman, M., and Wolfram, J. (2020). Insights from nanomedicine into chloroquine efficacy against COVID-19. Nat. Nanotechnol. 15, 247–249. doi: 10.1038/s41565-020-0674-9

Inal, J. M. (2020). Decoy ACE2-expressing extracellular vesicles that competitively bind SARS-CoV-2 as a possible COVID-19 therapy. Clin. Sci. 134, 1301–1304. doi: 10.1042/cs20200623

Jan, E., and Kotov, N. A. (2007). Successful differentiation of mouse neural stem cells on layer-by-layer assembled single-walled carbon nanotube composite. Nano Lett. 7, 1123–1128. doi: 10.1021/nl0620132

Ji, F., Li, L., Li, Z., Jin, Y., and Liu, W. (2020). Mesenchymal stem cells as a potential treatment for critically ill patients with coronavirus disease 2019. Stem Cells Transl. Med. 9, 813–814. doi: 10.1002/sctm.20-0083

Jijie, R., Barras, A., Boukherroub, R., and Szunerits, S. (2017). Nanomaterials for transdermal drug delivery: beyond the state of the art of liposomal structures. J. Mater. Chem. B 5, 8653–8675. doi: 10.1039/c7tb02529g

Kafa, H., Wang, J. T., Rubio, N., Klippstein, R., Costa, P. M., Hassan, H. A., et al. (2016). Translocation of LRP1 targeted carbon nanotubes of different diameters across the blood–brain barrier in vitro and in vivo. J. Control. Release 225, 217–229. doi: 10.1016/j.jconrel.2016.01.031

Kam, N. W., O’Connell, M., Wisdom, J. A., and Dai, H. (2005). Carbon nanotubes as multifunctional biological transporters and near-infrared agents for selective cancer cell destruction. Proc. Natl. Acad. Sci. U.S.A. 102, 11600–11605. doi: 10.1073/pnas.0502680102

Kamble, P., Sadarani, B., Majumdar, A., and Bhullar, S. (2017). Nanofiber based drug delivery systems for skin: a promising therapeutic approach. J. Drug Deliv. Sci. Technol. 41, 124–133. doi: 10.1016/j.jddst.2017.07.003

Kapat, K., Shubhra, Q. T., Zhou, M., and Leeuwenburgh, S. (2020). Piezoelectric nano-biomaterials for biomedicine and tissue regeneration. Adv. Funct. Mater. 30:1909045. doi: 10.1002/adfm.201909045

Karagkiozaki, V., Karagiannidis, P. G., Kalfagiannis, N., Kavatzikidou, P., Patsalas, P., Georgiou, D., et al. (2012). Novelnanostructured biomaterials: implications for coronary stent thrombosis. Int. J. Nanomed. 7:6063. doi: 10.2147/ijn.s34320

Karra, N., Swindle, E. J., and Morgan, H. (2019). Drug delivery for traditional and emerging airway models. Organs On Chip. 1:100002. doi: 10.1016/j.ooc.2020.100002

Khademhosseini, A., and Langer, R. (2016). A decade of progress in tissue engineering. Nat. Protoc. 11, 1775–1781. doi: 10.1038/nprot.2016.123

Khan, I., Saeed, K., and Khan, I. (2019). Nanoparticles: properties, applications and toxicities. Arabian J. Chem. 12, 908–931. doi: 10.1016/j.arabjc.2017.05.011

Kim, H. S., Sun, X., Lee, J. H., Kim, H. W., Fu, X., and Leong, K. W. (2019). Advanced drug delivery systems and artificial skin grafts for skin wound healing. Adv. Drug Deliv. Rev. 146, 209–239. doi: 10.1016/j.addr.2018.12.014

Kim, I. G., Park, S. A., Lee, S.-H., Choi, J. S., Cho, H., Lee, S. J., et al. (2020). Transplantation of a 3D-printed tracheal graft combined with iPS cell-derived MSCs and chondrocytes. Sci. Rep. 10: 4326.

Kipshidze, N., Dangas, G., White, C. J., Kipshidze, N., Siddiqui, F., Lattimer, C. R., et al. (2020). Viral coagulopathy in patients with COVID-19: treatment and care. Clin. Appl. Thromb. Hemost. 26:1076029620936776. doi: 10.1177/1076029620936776

Kirillova, A., Bushev, S., Abubakirov, A., and Sukikh, G. (2020). Bioethical and legal issues in 3D bioprinting. Int. J. Bioprint. 6:272.

Labiris, N. R., and Dolovich, M. B. (2003). Pulmonary drug delivery. Part I: physiological factors affecting therapeutic effectiveness of aerosolized medications. Br. J. Clin. Pharmacol. 56, 588–599. doi: 10.1046/j.1365-2125.2003.01892.x

Lammers, T., Sofias, A. M., van der Meel, R., Schiffelers, R., Storm, G., Tacke, F., et al. (2020). Dexamethasone nanomedicines for COVID-19. Nat. Nanotechnol. 15, 622–624.

Lee, A., Hudson, A. R., Shiwarski, D. J., Tashman, J. W., Hinton, T. J., Yerneni, S., et al. (2019). 3D bioprinting of collagen to rebuild components of the human heart. Science 365, 482–487. doi: 10.1126/science.aav9051

Lee, J. R., Ryu, S., Kim, S., and Kim, B. S. (2015). Behaviors of stem cells on carbon nanotube. Biomater. Res. 19:3. doi: 10.1186/s40824-014-0024-9

Leng, Z., Zhu, R., Hou, W., Feng, Y., Yang, Y., Han, Q., et al. (2020). Transplantation of ACE2-mesenchymal stem cells improves the outcome of patients with COVID-19 pneumonia. Aging Dis. 11:216. doi: 10.14336/ad.2020.0228

Li, C., Zhao, H., and Wang, B. (2020). Challenges for mesenchymal stem cell-based therapy for COVID-19. Drug Des. Dev. Ther. 14, 3995–4001. doi: 10.2147/dddt.s269407

Li, D., McCann, J. T., and Xia, Y. (2004). Use of electrospinning to directly fabricate hollow nanofibers with functionalized inner and outer surfaces. Small 1, 83–86. doi: 10.1002/smll.200400056

Li, Y., Wang, Y., Li, Y., Luo, W., Jiang, J., Zhao, J., et al. (2019). Controllable synthesis of biomimetic hydroxyapatite nanorods with high osteogenic bioactivity. ACS Biomater. Sci. Eng. 6, 320–328. doi: 10.1021/acsbiomaterials.9b00914

Lin, S., Shen, R., He, J., Li, X., and Guo, X. (2020). Molecular modeling evaluation of the binding effect of ritonavir, lopinavir and darunavir to severe acute respiratory syndrome coronavirus 2 proteases. BioRxiv [preprint] doi: 10.1101/2020.01.31.929695

Liu, M., Duan, X. P., Li, Y. M., Yang, D. P., and Long, Y. Z. (2017). Electrospun nanofibers for wound healing. Mat. Sci. Eng. C 76, 1413–1423.

Liu, X., Gaihre, B., George, M. N., Lee Miller, A., Xu, H., Waletzki, B. E., et al. (2020). 3D bioprinting of oligo (poly (ethylene glycol) fumarate) for bone and nerve tissue engineering. J. Biomed. Mater. Res. Part A 109, 6–17. doi: 10.1002/jbm.a.37002

Lombardo, D., Kiselev, M. A., and Caccamo, M. T. (2019). Smart nanoparticles for drug delivery application: development of versatile nanocarrier platforms in biotechnology and nanomedicine. Journal of Nanomaterials 2019:3702518.

Luzi, F., Puglia, D., and Torre, L. (2019). “Natural fiber biodegradable composites and nanocomposites: a biomedical application,” in Biomass, Biopolymer-Based Materials, and Bioenergy, eds D. Verma, E. Fortunati, S. Jain, and X. Zhang (Sawston: Woodhead Publishing), 179–201. doi: 10.1016/b978-0-08-102426-3.00010-2

Ma, W., Tavakoli, T., Derby, E., Serebryakova, Y., Rao, M. S., and Mattson, M. P. (2008). Cell-extracellular matrix interactions regulate neural differentiation of human embryonic stem cells. BMC Dev. Biol. 8:90. doi: 10.1186/1471-213X-8-90

Mahase, E. (2021). Covid-19: what new variants are emerging and how are they being investigated? BMJ 372:n158. doi: 10.1136/bmj.n158

Mahmood, N., Nasir, S. B., and Hefferon, K. (2021). Plant-Based drugs and vaccines for COVID-19. Vaccines 9:15. doi: 10.3390/vaccines9010015

Mahmoudi, N., Ostadhossein, F., and Simchi, A. (2016). Physicochemical and antibacterial properties of chitosan-polyvinylpyrrolidone films containing self-organized graphene oxide nanolayers. J. Appl. Polym. Sci. 133:43194.

Maiullari, F., Costantini, M., Milan, M., Pace, V., Chirivì, M., Maiullari, S., et al. (2018). A multi-cellular 3D bioprinting approach for vascularized heart tissue engineering based on HUVECs and iPSC-derived cardiomyocytes. Sci. Rep. 8:13532.

Makhmalzade, B. S., and Chavoshy, F. (2018). Polymeric micelles as cutaneous drug delivery system in normal skin and dermatological disorders. J. Adv. Pharmaceutical Technol. Res. 9:2. doi: 10.4103/japtr.japtr_314_17

Marangoni, V. S., Cancino-Bernardi, J., and Zucolotto, V. (2016). Synthesis, physico-chemical properties, and biomedical applications of gold nanorods—a review. J. Biomed. Nanotechnol. 12, 1136–1158. doi: 10.1166/jbn.2016.2218

Marycz, K., Smieszek, A., Targonska, S., Walsh, S. A., Szustakiewicz, K., and Wiglusz, R. J. (2020). Three dimensional (3D) printed polylactic acid with nano-hydroxyapatite doped with europium (III) ions (nHAp/PLLA@ Eu3+) composite for osteochondral defect regeneration and theranostics. Mater. Sci. Eng. C. 110:110634.

Mehta, M., Sharma, N., Vyas, M., Khurana, N., Maurya, P. K., Singh, H., et al. (2019). Interactions with the macrophages: an emerging targeted approach using novel drug delivery systems in respiratory diseases. Chemico Biol. Interact. 304, 10–19. doi: 10.1016/j.cbi.2019.02.021

Melchiorri, A. J., Hibino, N., Best, C. A., Yi, T., Lee, Y. U., Kraynak, C. A., et al. (2016). 3D-printed biodegradable polymeric vascular grafts. Adv. Healthcare Mater. 5, 319–325. doi: 10.1002/adhm.201500725

Miao, S., Cui, H., Nowicki, M., Xia, L., Zhou, X., Lee, S.-J., et al. (2018). Stereolithographic 4D bioprinting of multiresponsive architectures for neural engineering. Adv. Biosyst. 2:1800101. doi: 10.1002/adbi.201800101

Moeendarbary, E., Weber, I. P., Sheridan, G. K., Koser, D. E., Soleman, S., Haenzi, B., et al. (2017). The soft mechanical signature of glial scars in the central nervous system. Nat. Commun. 8:14787.

Mohammadi, S., Esmailpour, M., and Mohammadi, M. (2020). Chloroquine drug and Graphene complex for treatment of COVID-19. Res. Square [preprint] doi: 10.21203/rs.3.rs-29418/v1

Monteiro-Riviere, N. A., and Riviere, J. E. (2009). Interaction of nanomaterials with skin: aspects of absorption and biodistribution. Nanotoxicology 3, 188–193. doi: 10.1080/17435390902906803

Moon, J., Park, J. H., Choi, Y., Lim, C. W., Park, J. M., Yu, S. H., et al. (2020). Antiviral effects of miRNAs in extracellular vesicles against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and mutations in SARS-CoV-2 RNA virus. bioRxiv [preprint] doi: 10.1101/2020.07.27.190561

Müller, M., Becher, J., Schnabelrauch, M., and Zenobi-Wong, M. (2015). Nanostructured Pluronic hydrogels as bioinks for 3D bioprinting. Biofabrication 7:035006. doi: 10.1088/1758-5090/7/3/035006

Muralidharan, N., Sakthivel, R., Velmurugan, D., and Gromiha, M. M. (2020). Computational studies of drug repurposing and synergism of lopinavir, oseltamivir and ritonavir binding with SARS-CoV-2 Protease against COVID-19. J. Biomol. Struct. Dyn. 4, 1–6.

Nabi, B., Rehman, S., Baboota, S., and Ali, J. (2019). Insights on oral drug delivery of lipid nanocarriers: a win-win solution for augmenting bioavailability of antiretroviral drugs. AAPS Pharmscitech 20:60.

Nagendran, I. (2016). Formulation and Evaluation of Controlled Release Floating Matrix Tablets of Amivudine and Stavudine. Ph.D. thesis. India: Acharya Nagarjuna University.

Nakayama, M., Lim, W. Q., Kajiyama, S., Kumamoto, A., Ikuhara, Y., Kato, T., et al. (2019). Liquid-Crystalline hydroxyapatite/polymer nanorod hybrids: potential bioplatform for photodynamic therapy and cellular scaffolds. ACS Appl. Mater. Interfaces 11, 17759–17765. doi: 10.1021/acsami.9b02485

Negri, V., Pacheco-Torres, J., Calle, D., and López-Larrubia, P. (2020). Carbon nanotubes in biomedicine. Top. Curr. Chem. 378:15.

Neves, A. R., Queiroz, J. F., Lima, S. A., Figueiredo, F., Fernandes, R., and Reis, S. (2016). Cellular uptake and transcytosis of lipid-based nanoparticles across the intestinal barrier: relevance for oral drug delivery. J. Coll. Interface Sci. 463, 258–265. doi: 10.1016/j.jcis.2015.10.057

Nga, N. K., Giang, L. T., Huy, T. Q., Viet, P. H., and Migliaresi, C. (2014). Surfactant-assisted size control of hydroxyapatite nanorods for bone tissue engineering. Coll. Surf. B Biointerfaces 116, 666–673. doi: 10.1016/j.colsurfb.2013.11.001

Nguyen, D., Hägg, D. A., Forsman, A., Ekholm, J., Nimkingratana, P., Brantsing, C., et al. (2017). Cartilage tissue engineering by the 3D bioprinting of iPS cells in a nanocellulose/alginate bioink. Sci. Rep. 7:658.

Nune, K. C., and Misra, R. D. (2016). Biological activity of nanostructured metallic materials for biomedical applications. Mater. Technol. 31, 772–781. doi: 10.1080/10667857.2016.1225148

O’Driscoll, L. (2020). Extracellular vesicles from mesenchymal stem cells as a Covid-19 treatment. Drug Discov. Today 25, 1124–1125. doi: 10.1016/j.drudis.2020.04.022

Palestino, G., García-Silva, I., González-Ortega, O., and Rosales-Mendoza, S. (2020). Can nanotechnology help in the fight against COVID-19? Expert Rev. Anti Infect. Ther. 18, 849–864.

Pannonhalminé Csóka, I., Karimi, K., Mukhtar, M., and Ambrus, R. (2019). Pulmonary drug delivery systems of antibiotics for the treatment of respiratory tract infections. Acta Pharmaceutica Hungarica 89, 43–62. doi: 10.33892/aph.2019.89.43-62

Papaioannou, T. G., Manolesou, D., Dimakakos, E., Tsoucalas, G., Vavuranakis, M., and Tousoulis, D. (2019). 3D bioprinting methods and techniques: applications on artificial blood vessel fabrication. Acta Cardiol. Sin. 35, 284–289.

Paranjpe, M., and Müller-Goymann, C. C. (2014). Nanoparticle-mediated pulmonary drug delivery: a review. Int. J. Mol. Sci. 15, 5852–5873. doi: 10.3390/ijms15045852

Parham, S., Kharazi, A. Z., Bakhsheshi-Rad, H. R., Ghayour, H., Ismail, A. F., Nur, H., et al. (2020). Electrospun nano-fibers for biomedical and tissue engineering applications: a comprehensive review. Materials 13:2153. doi: 10.3390/ma13092153

Park, J. Y., Gao, G., Jang, J., and Cho, D.-W. (2016). 3D printed structures for delivery of biomolecules and cells: tissue repair and regeneration. J. Mater. Chem. B 4, 7521–7539. doi: 10.1039/c6tb01662f

Park, W., Shin, H., Choi, B., Rhim, W. K., Na, K., and Han, D. K. (2020). Advanced hybrid nanomaterials for biomedical applications. Progress Mater. Sci. 114:100686.

Patel, V., Sharma, O. P., and Mehta, T. (2018). Nanocrystal: a novel approach to overcome skin barriers for improved topical drug delivery. Expert Opin. Drug Deliv. 15, 351–368. doi: 10.1080/17425247.2018.1444025

Pedde, R. D., Mirani, B., Navaei, A., Styan, T., Wong, S., Mehrali, M., et al. (2017). Emerging biofabrication strategies for engineering complex tissue constructs. Adv. Mater. 29:1606061. doi: 10.1002/adma.201606061

Perez-Juste, J., Pastoriza-Santos, I., Liz-Marzán, L. M., and Mulvaney, P. (2005). Gold nanorods: synthesis, characterization and applications. Coord. Chem. Rev. 249, 1870–1901.

Petit, L., Vernes, L., and Cadoret, J. P. (2020). Docking and in silico toxicity assessment of Arthrospira compounds as potential antiviral agents against SARS-CoV-2. J. Appl. Phycol. 1–24. doi: 10.1007/s10811-021-02372-9

Pulgarin, D. A. V. (2017). CRISPR/Cas systems in tissue engineering: a succinct overview of current use and future opportunities. CTBEB 5, 93–96.

Rabiei, M., Kashanian, S., Samavati, S. S., Jamasb, S., and McInnes, S. J. (2020). Nanomaterial and advanced technologies in transdermal drug delivery. J. Drug Target. 28, 356–367. doi: 10.1080/1061186x.2019.1693579

Rakhi, R. B. (2019). “Preparation and properties of manipulated carbon nanotube composites and applications,” in Nanocarbon and its Composites, eds A. Khan, M. Jawaid, Inamuddin, and A. M. Asiri (Sawston: Woodhead Publishing), 489–520. doi: 10.1016/b978-0-08-102509-3.00016-x

Ramanathan, S., Gopinath, S. C., Arshad, M. M., and Poopalan, P. (2019). Multidimensional (0D-3D) nanostructures for lung cancer biomarker analysis: comprehensive assessment on current diagnostics. Biosens. Bioelectron. 141:111434. doi: 10.1016/j.bios.2019.111434

Ravnic, D. J., Leberfinger, A. N., Koduru, S. V., Hospodiuk, M., Moncal, K. K., Datta, P., et al. (2017). Transplantation of bioprinted tissues and organs: technical and clinical challenges and future perspectives. Ann. Surg. 266, 48–58. doi: 10.1097/sla.0000000000002141

Reymond, M. A., and Königsrainer, A. (2020). “Optimizing intraperitoneal drug delivery: pressurized intraperitoneal aerosol chemotherapy (PIPAC),” in Drug Delivery Trends, ed. R. Shegokar (Amsterdam: Elsevier), 197–214.

Rezaei, B., Ghani, M., Shoushtari, A. M., and Rabiee, M. (2016). Electrochemical biosensors based on nanofibres for cardiac biomarker detection: a comprehensive review. Biosens. Bioelectron. 78, 513–523. doi: 10.1016/j.bios.2015.11.083

Rozhina, E., Panchal, A., Akhatova, F., Lvov, Y., and Fakhrullin, R. (2020). Cytocompatibility and cellular uptake of alkylsilane-modified hydrophobic halloysite nanotubes. Appl. Clay Sci. 185:105371. doi: 10.1016/j.clay.2019.105371

Rubin, M. A., Jasiuk, I., Taylor, J., Rubin, J., Ganey, T., and Apkarian, R. P. (2003). TEM analysis of the nanostructure of normal and osteoporotic human trabecular bone. Bone 33, 270–282. doi: 10.1016/s8756-3282(03)00194-7

Sala, M., Diab, R., Elaissari, A., and Fessi, H. (2018). Lipid nanocarriers as skin drug delivery systems: properties, mechanisms of skin interactions and medical applications. Int. J. Pharm. 535, 1–17. doi: 10.1016/j.ijpharm.2017.10.046

Samadian, H., Mobasheri, H., Hasanpour, S., Ai, J., Azamie, M., and Faridi-Majidi, R. (2020). Electro-conductive carbon nanofibers as the promising interfacial biomaterials for bone tissue engineering. J. Mol. Liquids 298:112021. doi: 10.1016/j.molliq.2019.112021

Sankhe, K., Khan, T., Bhavsar, C., Momin, M., and Omri, A. (2019). Selective drug deposition in lungs through pulmonary drug delivery system for effective management of drug-resistant TB. Expert Opin. Drug Deliv. 16, 525–538. doi: 10.1080/17425247.2019.1609937

Sardo, H. S., Saremnejad, F., Bagheri, S., Akhgari, A., Garekani, H. A., and Sadeghi, F. (2019). A review on 5-aminosalicylic acid colon-targeted oral drug delivery systems. Int. J. Pharm. 558, 367–379. doi: 10.1016/j.ijpharm.2019.01.022

Satish, S., Tharmavaram, M., and Rawtani, D. (2019). Halloysite nanotubes as a nature’s boon for biomedical applications. Nanobiomedicine 6:1849543519863625.

Shin, M. D., Shukla, S., Chung, Y. H., Beiss, V., Chan, S. K., Ortega-Rivera, O. A., et al. (2020). COVID-19 vaccine development and a potential nanomaterial path forward. Nat. nanotechnol. 15, 646–655. doi: 10.1038/s41565-020-0737-y

Shpichka, A., Bikmulina, P., Peshkova, M., Kosheleva, N., Zurina, I., Zahmatkesh, E., et al. (2020). Engineering a model to study viral infections: bioprinting, microfluidics, and organoids to defeat coronavirus disease 2019 (COVID-19). Int. J. Bioprint. 6:302.

Smith, A. M., Mancini, M. C., and Nie, S. (2009). Second window for in vivo imaging. Nat. Nanotechnol. 4, 710–711. doi: 10.1038/nnano.2009.326

Song, S., Shen, H., Wang, Y., Chu, X., Xie, J., Zhou, N., et al. (2020). Biomedical application of graphene: from drug delivery, tumor therapy, to theranostics. Coll. Surf. B Biointerfaces 185:110596. doi: 10.1016/j.colsurfb.2019.110596

Swol, J., Shigemura, N., Ichiba, S., Steinseifer, U., Anraku, M., and Lorusso, R. (2020). Artificial lungs—-Where are we going with the lung replacement therapy? Artif. Organs 44, 1135–1149. doi: 10.1111/aor.13801

Sylvester, M. A., Amini, F., and Tan, C. K. (2020). Electrospun nanofibers in wound healing. Mater. Today Proc. 29, 1-6.

Talebian, S., Wallace, G. G., Schroeder, A., Stellacci, F., and Conde, J. (2020). Nanotechnology-based disinfectants and sensors for SARS-CoV-2. Nat. Nanotechnol. 15, 618–621. doi: 10.1038/s41565-020-0751-0

Tan, D. T., Dart, J. K., Holland, E. J., and Kinoshita, S. (2012). Corneal transplantation. Lancet 379, 1749–1761.

Tang, Z., He, C., Tian, H., Ding, J., Hsiao, B. S., Chu, B., et al. (2016). Polymeric nanostructured materials for biomedical applications. Progress Polym. Sci. 60, 86–128.

Teixeira, M. A., Amorim, M. T. P., and Felgueiras, H. P. (2020). Poly(Vinyl Alcohol)-Based nanofibrous electrospun scaffolds for tissue engineering applications. Polymers 12:7. doi: 10.3390/polym12010007

Thakur, A. K., Chellappan, D. K., Dua, K., Mehta, M., Satija, S., and Singh, I. (2020). Patented therapeutic drug delivery strategies for targeting pulmonary diseases. Expert Opin. Ther. Pat. 30, 375–387. doi: 10.1080/13543776.2020.1741547

Tiwari, J. N., Tiwari, R. N., and Kim, K. S. (2012). Zero-dimensional, one-dimensional, two-dimensional and three-dimensional nanostructured materials for advanced electrochemical energy devices. Progress Mater. Sci. 57, 724–803. doi: 10.1016/j.pmatsci.2011.08.003

Torres-Sangiao, E., Holban, A. M., and Gestal, M. C. (2016). Advanced nanobiomaterials: vaccines, diagnosis and treatment of infectious diseases. Molecules 21:867. doi: 10.3390/molecules21070867

Ulery, B. D., Nair, L. S., and Laurencin, C. T. (2011). Biomedical applications of biodegradable polymers. J. Polym. Sci. Part B Polym. Phys. 49, 832–864.

Ullah, M. A., Araf, Y., Sarkar, B., Moin, A. T., Reshad, R. A., and Hasanur, M. D. (2020). Pathogenesis, diagnosis and possible therapeutic options for COVID-19. J. Clin. Exp. Invest. 11:em00755. doi: 10.29333/jcei/8564

Vabret, N., Britton, G. J., Gruber, C., Hegde, S., Kim, J., Kuksin, M., et al. (2020). Immunology of COVID-19: current state of the science. Immunity 52, 910–941.

Van de Sande, L., Cosyns, S., Willaert, W., and Ceelen, W. (2020). Albumin-based cancer therapeutics for intraperitoneal drug delivery: a review. Drug Deliv. 27, 40–53. doi: 10.1080/10717544.2019.1704945

van Rijn, P., and Schirhagl, R. (2016). Viruses, artificial viruses and virus-based structures for biomedical applications. Adv. Healthcare Mater. 5, 1386–1400. doi: 10.1002/adhm.201501000

Wang, D., and Fawcett, J. (2012). The perineuronal net and the control of CNS plasticity. Cell Tissue Res. 349, 147–160. doi: 10.1007/s00441-012-1375-y

Wang, R., Wang, Z., Guo, Y., Li, H., and Chen, Z. (2019). Design of a RADA16-based self-assembling peptide nanofiber scaffold for biomedical applications. J. Biomat. Sci. Polym. Ed. 30, 713–736. doi: 10.1080/09205063.2019.1605868

Wang, X., Ding, B., and Li, B. (2013). Biomimetic electrospun nanofibrous structures for tissue engineering. Mater. Today 16, 229–241. doi: 10.1016/j.mattod.2013.06.005

Wong, I. Y., Bhatia, S. N., and Toner, M. (2013). Nanotechnology: emerging tools for biology and medicine. Genes Dev. 27, 2397–2408. doi: 10.1101/gad.226837.113

Wu, T., Ding, M., Shi, C., Qiao, Y., Wang, P., Qiao, R., et al. (2020). Resorbable polymer electrospun nanofibers: history, shapes and application for tissue engineering. Chin. Chem. Lett. 31, 617–625. doi: 10.1016/j.cclet.2019.07.033

Xu, Y., Shrestha, N., Préat, V., and Beloqui, A. (2020). Overcoming the intestinal barrier: a look into targeting approaches for improved oral drug delivery systems. J. Control. Release 322, 486–508. doi: 10.1016/j.jconrel.2020.04.006

Yang, L., Zhang, L., and Webster, T. J. (2011). Nanobiomaterials: state of the art and future trends. Adv. Eng. Mater. 13, B197–B217.

Yu, Y., Bu, F., Zhou, H., Wang, Y., Cui, J., Wang, X., et al. (2020). Biosafety materials: an emerging new research direction of materials science from COVID-19 outbreak. Mater. Chem. Front. 4, 1930–1953. doi: 10.1039/d0qm00255k

Zhang, M., and Merlin, D. (2018). Nanoparticle-based oral drug delivery systems targeting the colon for treatment of ulcerative colitis. Inflamm. Bowel Dis. 24, 1401–1415. doi: 10.1093/ibd/izy123

Zhang, Q., Honko, A., Zhou, J., Gong, H., Downs, S. N., Vasquez, J. H., et al. (2020). Cellular nanosponges inhibit SARS-CoV-2 infectivity. Nano Lett. 20, 5570–5574. doi: 10.1021/acs.nanolett.0c02278

Zhong, C., Xie, H.-Y., Zhou, L., Xu, X., and Zheng, S.-S. (2016). Human hepatocytes loaded in 3D bioprinting generate mini-liver. Hepatobiliary Pancreat. Dis. Int. 15, 512–518. doi: 10.1016/s1499-3872(16)60119-4

Zhou, X., Hao, Y., Yuan, L., Pradhan, S., Shrestha, K., Pradhan, O., et al. (2018). Nano-formulations for transdermal drug delivery: a review. Chin. Chem. Lett. 29, 1713–1724. doi: 10.1016/j.cclet.2018.10.037


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Melchor-Martínez, Torres Castillo, Macias-Garbett, Lucero-Saucedo, Parra-Saldívar and Sosa-Hernández. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


		ORIGINAL RESEARCH
published: 16 August 2021
doi: 10.3389/fbioe.2021.622099


[image: image2]
Improved Posterolateral Lumbar Spinal Fusion Using a Biomimetic, Nanocomposite Scaffold Augmented by Autologous Platelet-Rich Plasma
Jeffrey L. Van Eps1†, Joseph S. Fernandez-Moure2†, Fernando J. Cabrera3, Francesca Taraballi4, Francesca Paradiso4,5, Silvia Minardi6,7, Xin Wang6,7, Bayan Aghdasi8, Ennio Tasciotti9,10 and Bradley K. Weiner6,7,11*
1Department of Surgery, University of Texas Health Science Center, McGovern Medical School, Houston, TX, United States
2Department of Surgery, Division of Trauma, Acute and Critical Care Surgery, Duke University Medical Center, Durham, NC, United States
3Michael E. DeBakey Department of Surgery, Baylor College of Medicine, Houston, TX, United States
4Center for Musculoskeletal Regeneration, Houston Methodist Academic Institute, Houston Methodist Research Institute, Houston, TX, United States
5Reproductive Biology and Gynaecological Oncology Group, Swansea University Medical School, Singleton Park, Swansea, United Kingdom
6Department of Orthopedic Surgery, Houston Methodist Hospital, Houston, TX, United States
7Center for Biomimetic Medicine, Houston Methodist Research Institute, Houston, TX, United States
8Sutter Gold Medical Foundation, Stockton, CA, United States
9IRCCS San Raffaele Hospital, Rome, Italy
103R Biotech, Milan, Italy
11Weill Cornell Medical College, Cornell University, New York, NY, United States
Edited by:
Giada Graziana Genchi, Italian Institute of Technology (IIT), Italy
Reviewed by:
Vuk Uskokovic, University of California, United States
Giulia Suarato, Italian Institute of Technology (IIT), Italy
* Correspondence: Bradley K. Weiner, bkweiner@houstonmethodist.org
†These authors have contributed equally to this work
Specialty section: This article was submitted to Nano biotechnology, a section of the journal Frontiers in Bioengineering and Biotechnology
Received: 27 October 2020
Accepted: 29 July 2021
Published: 16 August 2021
Citation: Van Eps JL, Fernandez-Moure JS, Cabrera FJ, Taraballi F, Paradiso F, Minardi S, Wang X, Aghdasi B, Tasciotti E and Weiner BK (2021) Improved Posterolateral Lumbar Spinal Fusion Using a Biomimetic, Nanocomposite Scaffold Augmented by Autologous Platelet-Rich Plasma. Front. Bioeng. Biotechnol. 9:622099. doi: 10.3389/fbioe.2021.622099

Remodeling of the human bony skeleton is constantly occurring with up to 10% annual bone volume turnover from osteoclastic and osteoblastic activity. A shift toward resorption can result in osteoporosis and pathologic fractures, while a shift toward deposition is required after traumatic, or surgical injury. Spinal fusion represents one such state, requiring a substantial regenerative response to immobilize adjacent vertebrae through bony union. Autologous bone grafts were used extensively prior to the advent of advanced therapeutics incorporating exogenous growth factors and biomaterials. Besides cost constraints, these applications have demonstrated patient safety concerns. This study evaluated the regenerative ability of a nanostructured, magnesium-doped, hydroxyapatite/type I collagen scaffold (MHA/Coll) augmented by autologous platelet-rich plasma (PRP) in an orthotopic model of posterolateral lumbar spinal fusion. After bilateral decortication, rabbits received either the scaffold alone (Group 1) or scaffold with PRP (Group 2) to the anatomic right side. Bone regeneration and fusion success compared to internal control were assessed by DynaCT with 3-D reconstruction at 2, 4, and 6 weeks postoperatively followed by comparative osteogenic gene expression and representative histopathology. Both groups formed significantly more new bone volume than control, and Group 2 subjects produced significantly more trabecular and cortical bone than Group 1 subjects. Successful fusion was seen in one Group 1 animal (12.5%) and 6/8 Group 2 animals (75%). This enhanced effect by autologous PRP treatment appears to occur via astounding upregulation of key osteogenic genes. Both groups demonstrated significant gene upregulation compared to vertebral bone controls for all genes. Group 1 averaged 2.21-fold upregulation of RUNX2 gene, 3.20-fold upregulation of SPARC gene, and 3.67-fold upregulation of SPP1 gene. Depending on anatomical subgroup (cranial, mid, caudal scaffold portions), Group 2 had significantly higher average expression of all genes than both control and Group 1–RUNX2 (8.23–19.74 fold), SPARC (18.67–55.44 fold), and SPP1 (46.09–90.65 fold). Our data collectively demonstrate the osteoinductive nature of a nanostructured MHA/Coll scaffold, a beneficial effect of augmentation with autologous PRP, and an ability to achieve clinical fusion when applied together in an orthotopic model. This has implications both for future study and biomedical innovation of bone-forming therapeutics.
Keywords: spinal fusion, platelet-rich plasma, nanomaterials, biomaterials, scaffold, biomimicry, tissue engineering, bone regeneration
INTRODUCTION
A host of medical bone-forming therapeutic applications have emerged to treat pathological conditions in America’s aging and enlarging population, including osteoporosis, fracture healing, and spinal fusion (Johnson et al., 2000; Mundy, 2002). Despite this, no reliable osteogenic agent has been developed and applied clinically with satisfactory cost, efficacy, and safety (Rodan et al., 2000; Yoon and Boden, 2002). Arthritis and degenerative disorders of the cervical and lumbar spine are routinely treated surgically with an arthrodesis procedure designed to produce fusion between adjacent vertebral levels. Conditions necessitating spinal fusion range from degenerative disease to instability from trauma, to spinal pseudoarthroses, or tumors (Sengupta and Herkowitz, 2003; Verlaan et al., 2004; Deyo et al., 2005). Current surgical techniques to accomplish mechanical stabilization across a diseased spinal level commonly utilize a combination of permanent synthetic hardware such as plates, screws, and cages with either autologous bone or bioprosthetic products.
Recombinant Human Bone Morphogenetic Protein-2 (rhBMP-2) was approved for single-level anterior lumbar interbody fusion (ALIF) in 2002 by the US Food and Drug Administration (FDA) (Xiong et al., 2013). Use of rhBMP-2 increased significantly thereafter, extending beyond approved indications to off-label orthopedic usage, and was commonly used to augment posterior lumbar spinal fusion (PLSF) and cervical spine fusion (Mitka, 2011). Although fusion efficacy has never been an issue with rhBMP-2, perhaps due at least in part to the supratherapeutic dosages employed, an under-reporting of side effects associated with its use was demonstrated upon critical data review (Weiner and Walker, 2003; Carragee et al., 2011) and confirmed by the Yale Open Data Access (YODA) project (Krumholz and Waldstreicher, 2016). Such adverse reactions include seroma formation, vertebral osteolysis, ectopic bone formation, retrograde ejaculation, and carcinogenicity (Carragee et al., 2012). The FDA issued a Public Health Notification warning for rhBMP-2 use in the wake of reports of airway edema and respiratory distress associated with its off-label cervical spine applications (Smucker et al., 2006; Carragee et al., 2011). Synthetic or exogenous growth factors like BMP are further limited by their proclivity for degradation or enzymatic deactivation after delivery, short physiologic half-life, and dependence on a finely-tuned carrier mechanism to avoid burst release (De Witte et al., 2018). As such, ongoing research has pursued a plausible alternative to rhBMP-2, but no suitable replacement with an enhanced safety profile and comparable efficacy has yet emerged. Successful development of alternative implantable therapeutics requires improving upon the rudimentary biomaterials (e.g., simplistic collagen sponges) employed or introducing novel, more efficient osteogenic compounds to decrease the requisite dosing to a safer therapeutic window. A plethora of new synthetic bioactive compounds are currently under investigation with a breadth that is, beyond the scope of this discussion (Ho-Shui-Ling et al., 2018). Though promising, such modalities require validation and safety assessment in well-designed human clinical trials.
Platelet-rich plasma (PRP) is most simply defined as a higher than normal concentration of platelets suspended within a volume of remaining platelet-poor plasma (PPP). Activated platelets within PRP not only provide a useful preliminary matrix for cellular population but they also release a host of chemokines and bioactive factors from prepackaged alpha granules that are effective in recruiting cells such as mesenchymal stromal cells (MSC) and fibroblasts to the site of injury and stimulating their subsequent proliferation and biosynthetic activity (Fernandez-Moure et al., 2017a). In prior work, we have fully characterized PRP and demonstrated its capability of inducing significant migration and proliferation of mesenchymal stem cells (MSC) (Murphy et al., 2012). The presence of pro-angiogenic factors such as vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF) along with the fibroblast-stimulating activity of transforming growth factor beta (TGF-β), make PRP an ideal therapy to promote soft tissue wound healing, which we have verified in multiple studies of augmented ventral hernia repair in rodents (Fernandez-Moure et al., 2015; Van Eps et al., 2016; Fernandez-Moure et al., 2017b; Van Eps et al., 2019). The TGF-β superfamily of growth factors is well known to be osteogenic, making the TGF-releasing ability of PRP specifically attractive as a candidate to enhance bone growth (Marx et al., 1998; Ramoshebi et al., 2002). PRP has been implemented successfully as an FDA-approved treatment modality for decades by orthopedic, oromaxillofacial, and plastic surgeons for purposes of implant ingrowth, dermal filling/contracture, and joint tendonopathies (Arora et al., 2009; Fernandez-Moure et al., 2017a). Although there exists an increasing focus on synthetic moieties in recent bioengineering, there is a concurrent clinical emphasis on the future of “personalized” or “precision” medicine whereby an individual’s unique genomic signature is used to tailor a therapeutic drug or implantable device for improved effect (Dugger et al., 2018; Sun et al., 2019). Autologous cell-based approaches have been featured in early forms of such novel platforms and are attractive for the obviated concern over donor-recipient compatibility and perceived ease of overcoming regulatory hurdles to clinical translation.
The gold standard substance employed to augment the success rate and quality of fusion has been autogenous iliac crest bone autograft (ICBG) (Aghdasi et al., 2013) harvested via separate incision site(s) at the time of surgery. As with any additional surgical procedure, utilizing ICBG carries inherent added risks and disadvantages, including increased blood loss, additional sites of mobility-limiting pain, and increased costs associated with longer operating times and hospital stays. Additionally, donor site morbidity from complications such as chronic pain or wound infection, and issues with both ICBG quality in smokers or insufficient graft quantity in multi-level fusions, have motivated the quest for alternative therapeutic interventions to augment fusion using biosynthetic and biopolymer grafting substitutes (Vaccaro, 2002; Di Martino et al., 2005; Rihn et al., 2010).
Several innovative biomaterial strategies are being investigated and show significant early potential, including functional surface modification, nanoparticle controlled drug release, and biohybrid approaches that include precellularization (Armentano et al., 2011; Devgan and Sidhu, 2019; Christy et al., 2020).
Bone is a natural composite material, mostly consisting of the calcium phosphate “hydroxyapatite” (HA) and type I collagen (Lyons et al., 2020). For this reason, both HA and collagen have been extensively used in orthopedic surgery, mostly as powders and sponges, respectively (Lyons et al., 2020). Numerous HA/collagen composites have also been proposed and tested, but all current formulations used in clinical practice are significantly lacking in osteoinductivity (Driscoll et al., 2020), still requiring the combination with ICBG and/or rhBMP-2 (Nickoli and Hsu, 2014). Nanostructured bioceramics and biocomposites have become increasingly attractive due to their ability to mimic the chemical-physical and morphological cues of bone at the nanoscale (Uskoković, 2015). Among these, nanostructured bio-hybrid composites offer novel capabilities to stimulate and enhance the bone regenerative process (Avitabile et al., 2020). Toward this end, we recently developed a biomimetic composite scaffold recapitulating the human trabecular bone niche at the nanoscale that proved effective at promoting osteogenesis in both an ectopic (Minardi et al., 2015) and orthotopic (Minardi et al., 2019) model of bone regeneration in the rabbit without the use of any biologics.
Although PRP has been used clinically since the 1980s and there exists a sizable body of literature supporting its utility in augmenting wound healing, diminishing pain and inflammation, and promoting tissue regeneration, conflicting reports regarding its efficacy to augment bone regeneration applications have left clinicians and scientists without a clear consensus (Hokugo et al., 2005; Albanese et al., 2013; Cinotti et al., 2013; Elder et al., 2015; Liu et al., 2017). One impetus for our study was to help answer once and for all whether autologous PRP has a role in improving bone regeneration platforms. For our purposes, PRP served as an easily attainable, surrogate source of growth factors for use on our novel, composite scaffold. The following study aims to contribute to the discovery and use of novel osteogenic therapeutics and test the in vivo osteogenic potential of a nanocomposite, multiphase scaffold when used alone or in concert with autologous platelet-rich plasma (PRP). Our hypothesis was that the biohybrid use of our novel nanocomposite scaffold with autologous PRP would be sufficient to induce bridging osteogenesis and fusion in an orthotopic rabbit model of lumbar spinal fusion.
MATERIALS AND METHODS
Biohybrid Scaffold Synthesis
MHA/Coll was fabricated through a bioinspired mineralization process, as extensively described elsewhere (Minardi et al., 2015; Minardi et al., 2019; Avitabile et al., 2020; Mondragón et al., 2020). Briefly, bovine type I collagen (Viscofan Collagen United States Inc.) was dissolved in an aqueous acetic buffer solution (pH 3.5) at a concentration of 10 mg/ml. An aqueous solution of H3PO4 was added to the acetic collagen suspension and dropped into a basic solution of Ca(OH)2 and MgCl2·6H2O, all at equal 1:1 ratio of acetic collagen gel weight (40 g) to molar (40 mM) solution. The resulting mineralized collagen slurry was crosslinked in an aqueous 2.5 mM solution of 1,4-butanediol diglycidyl ether (BDDGE). The slurry was finally poured in plastic cylindrical molds (4 cm × 1 cm) and freeze-dried through an optimized freezing-heating ramp: the materials were frozen from +20°C to −20°C over 3 h, followed by reheating to +20°C over 5 h, under vacuum (20 mTorr).
Scaffold Characterization and Biomimicry
Prior to implantation, MHA/Coll were fully characterized as previously reported (Minardi et al., 2015; Minardi et al., 2019). Characterization modalities included: scanning electron microscopy (SEM) and confocal fluorescent imaging after PRP-staining to evaluate overall morphology/topography with or without PRP, Fourier-transformed infrared spectroscopy (FTIR) to evaluate the chemical interactions between the functional groups of the mineral phase and organic template, and universal machine compression testing to distinguish mechanical properties. Briefly, empty MHA/Coll scaffolds, and MHA/Coll scaffolds with platelets alone or treated with 10% calcium chloride solution were dehydrated by graded ethanol solutions (30, 50, 75, 85, and 95% for 2 h each) and placed overnight in a dryer at room temperature before being coated by 12 nm of Pt/Pl for scanning electron microscopy (SEM; Nova NanoSEM 230, FEI, Hillsboro, OR, http://www.fei.com). PRP was isolated by the technique described below in detail for use in confocal microscopy. Pre-staining was performed of PRP alone or after treatment with 10% calcium chloride solution using PKH26 Red Fluorescent Cell Linker Kit for General Cell Membrane Labeling (Sigma Aldrich) before PRP seeding on MHA/Coll scaffolds. Imaging was performed using a Nikon A1 Confocal Imaging System. Collagen fiber autofluorescence emission was recorded in the DAPI channel. For FTIR analysis, samples were analyzed in ATR mode at 4 cm−1 resolution 256 times over the range of 500–2,000 cm−1 using a Nicolet 6,700 spectrometer. The ATR/FTIR spectra were reported after background subtraction, baseline correction and binomial smoothing (9 points). For compression analysis, empty MHA/Coll scaffolds, MHA/Coll scaffolds with platelets alone, and MHA/Coll scaffolds with platelets treated with 10% calcium chloride solution were loaded on a UniVert Mechanical Test System. A Load Cell of 10 N was calibrated and used to perform a compression test with stretch magnitude of 50% and a stretch duration of 60 s. The machine was setup with an appropriate load of 0.1 N specimens and a cross speed of 1 mm/min between two steel plates up to a strain level of approximately 50%. A minimum of three samples was used for each test.
PRP Isolation, Quantification, and Activation
To obtain PRP for use in our study, 10–12cc of whole blood was harvested prior to surgery from each animal subject of Group 2 via standard auricular venipuncture into collection vials containing acid citrate dextrose (ACD) anticoagulant. A double centrifugation technique similar to that previously reported was used to isolate the PRP (Alsousou et al., 2009; Foster et al., 2009; Fernandez-Moure et al., 2015). Whole blood was spun initially at 200 g for 15 min to isolate the plasma fractions. The red blood cell (RBC) and buffy coat components were carefully removed manually by aspirating with a pipette and the remaining plasma was centrifuged a second time at 1600 g for 10 min. This second spin separates the platelet pellet from residual platelet-poor plasma (PPP). Following the manufacturer’s instructions, a Multisizer Coulter Counter (Beckman Coulter, Pasadena, CA) was used to quantify the platelets, which were appropriately diluted to prepare a strictly standardized final dose concentration of 1 × 106 platelets per microliter of plasma in the therapeutic PRP delivered. Preoperative absorbency testing of our material revealed that 2 ml of aqueous solution is required to saturate the standardized 2.36 cm3 scaffold. The average platelet yield from each animal was limiting, at less than the 2 × 109 required for a 2 ml volume of PRP at the above standardized concentration. Thus, a total of 1 × 109 total platelets were diluted in 2 ml of PPP, for an effective dose concentration of 5 × 105 platelets/microliter applied to each experimental scaffold. Group 1 animals received an identically sized MHA/Coll scaffold soaked with sterile phosphate buffered saline (PBS). A myriad of factors encompassing both extrinsic forces or chemicals and inherent factors within a traumatic/surgical wound itself are known to activate PRP, such as exposed tissue factor, type I collagen, shear forces and even platelet coagulation itself (Alberio et al., 2000; Kamath et al., 2001; Ruggeri, 2002). To ensure full release of the platelets’ alpha granule growth factor cargo, PRP activation occurred via a mixture of 10% calcium chloride solution and bovine thrombin (1000 U/mL, Sigma-Aldrich, St. Louis, MO) as previously reported (Everts et al., 2006; Araki et al., 2012; Fernandez-Moure et al., 2015).
Study Design
Guidelines from the American Association for Laboratory Animal Science (AALAS) and the National Institute of Health (NIH) Guide for the Care and Use of Laboratory Animals and were strictly enforced for invasive animate procedures and all work was supervised and ethically approved by the Houston Methodist Research Institute (HMRI) Institutional Animal Care and Use Committee (IACUC, AUP-0115-002). Female New Zealand White rabbits (N = 8/group, Charles River Labs, Houston, TX) weighing an average of 3.8 kg were allowed at least 72 h of acclimation time upon arrival and were housed individually with free ambulation and food/water ad libitum before any invasive operation. Group 1 rabbits received our nanocomposite MHA/Coll scaffolds + PBS after decortication and Group 2 rabbits received nanocomposite scaffold + autologous PRP. To obtain baseline image density in vivo and prevent false positive quantification of novel bone deposition, one additional rabbit underwent subcutaneous placement of three scaffolds alone for 24 h prior to DynaCT imaging. In total, five rabbits required replacement in the study due to complication. Representative histology of untreated, implanted MHA/Coll scaffolds have previously been published (Minardi et al., 2019), so one animal from each group was allocated for representative histology, making a total of N = 24 rabbit subjects utilized in the study (Figure 1). A time point of 6 weeks postoperatively was chosen for euthanasia and specimen harvest. Although we recognize that further bone maturation occurs after this time, this should allow adequate time for an objective measure of novel collagen/osteoid deposition and evidence of scaffold remodeling. All 16 animals taken to the end of the study period had implanted specimens evaluated by molecular analysis.
[image: Figure 1]FIGURE 1 | Study design.
Orthotopic Surgical Model
The nanocomposite MHA/Coll scaffold utilized in this study has previously demonstrated osteoconductive potential by recapitulating a bone marrow-like 3-dimensional niche and has been exhaustively characterized (Minardi et al., 2015; Minardi et al., 2019). Here we applied PRP to evaluate the ability of autologous factors to augment bone regeneration within these osteoconductive scaffolds via a truly osteogenic remodeling process. To that end, we implanted MHA/Coll scaffolds unilaterally in an orthotopic model of single-level, posterolateral lumbar spinal fusion in similar fashion to established models described elsewhere (Boden et al., 1995; Morone and Boden, 1998). Ethylene oxide was used to sterilize MHA/Coll scaffolds (4 × 1 cm) prior to surgical implantation using an AN74ix chamber (Andersen, Haw River, North Carolina). Much work has been done previously using simplistic collagen scaffolds and osteoregenerative therapeutics, including PRP, some failing to show significant regenerative effect (Sarkar et al., 2006). Decortication is a known impetus to quicken healing and promote bone generation (Yamauchi et al., 2015). We elected to use a decortication-alone control on the anatomical left rather than simplistic collagen scaffold atop decortication.
We followed identically the surgical fusion procedure as previously reported (Minardi et al., 2019). While in the prone position, general anesthesia was provided by HMRI veterinary personnel using a combination of inhaled isoflurane anesthesia and intravenous ketamine and midazolam. Under sterile conditions, an 8 cm dorsal midline incision was made over adjacent lumbar spinous processes through the skin and subcutaneous tissues (Figure 2A) followed by bilateral 6 cm incisions lateral to the palpable mammary bodies from the L4-L7 vertebrae (Figure 2B). The transverse processes (TPs) of L5-L6 were exposed by mostly blunt dissection between the paraspinal (longissimus, multifidus, and ileocostalis) muscles (Figure 2C) and cleared using a periosteal elevator (Figures 2D,E) prior to decortication with a high-speed cone burr (Figure 2F) until punctate bleeding was visualized—a known stimulus for bone growth (Canto et al., 2008). The neurovascular bundle exiting the spinal foramen at the superior edge of the vertebral body (VB)-TP junction was carefully preserved. The anatomical left side served as an internal control, receiving decortication alone. The anatomical right side received a scaffold trimmed to 3 cm in length to bridge the adjacent decorticated TPs, soaked with an equivalent 2 ml dose of PBS or autologous PRP, depending on the experimental group. Incisions were approximated with absorbable suture, and after 6 weeks in vivo, animal subjects were euthanized by carbon dioxide inhalation, for harvest of the biomaterial samples. Under the effects of anesthesia under similar sterile conditions, a control animal received three subcutaneously implanted scaffolds in the dorsal tissue after creation of a subcutaneous pocket using blunt dissection in the supramuscular space through separate 3 cm incisions at least 5 cm apart from one another, approximated using an absorbable subcuticular suture and skin glue prior to CT and euthanasia 24 h later.
[image: Figure 2]FIGURE 2 | Operative technique of posterolateral lumbar spinal fusion. Dissection through the skin and intermuscular planes (A) exposes adjacent lumbar vertebral bodies and transverse processes (B) which are prepared by decortication (C, D) for fusion using a customized 3 cm nanocomposite MHA/Coll scaffold (E) either alone (F) or soaked in autologous PRP (G). The tissues are closed with absorbable suture and skin glue (H, I) and harvested at 6 weeks postoperatively (J, K).
DynaCT Imaging Analysis and New Bone Mass Quantification
To visualize and quantify new bone formation within scaffolds over time, advanced 3-dimensional (3D) computed tomography (DynaCT) imaging was utilized using a Siemens Axiom Artis C-arm (d)FC (Siemens Healthcare, Erlangen, Germany) scanner with a 48 cm × 36 cm flat-panel integrated detector under the following acquisition parameters: 70 kV tube voltage, automatic tube current of 107 mA, 20 s scan. With one image taken every 0.5 degrees of 270 total degrees of rotation, each acquisition generates 540 individual images for reconstruction. Lumbosacral DynaCT scans were obtained at 2, 4, and 6 weeks postoperatively with experimental animals lightly anesthetized using Midazolam (1 mg/kg) and inhaled isoflurane (2–3%). Individual scans were rendered for 3D reconstruction using proprietary Siemens software. After defining the surgical site region of interest, the density threshold of displayed tissues was manually set to that of bony structures, allowing automatic removal of all extraneous non-bony soft tissues from view (Supplementary Video S1, 2).
Raw Digital and Imaging Communications in Medicine (DICOM) files from the DynaCTs were loaded into Inveon Research Workplace 4.2 Software (Siemen Medical Solution, United States, Inc.) and identically-sized regions of interest (ROIs) that encompassed the implanted scaffold or the decorticated area (control) were manually selected for quantification of new bone growth according to established densitometric thresholds for trabecular (200 Hounsfield Units, HU) and cortical bone (500 HU) respectively (Rho et al., 1995; de Oliveira et al., 2008; Hartmann et al., 2010). New bone volume at either density was calculated according to the formula: New Bone Volume (mm3) = Experimental Side ROI—Control Side ROI. To both prevent a false positive postoperative interpretation and acquire an accurate baseline density measurement, saline-hydrated scaffolds were assessed extracorporeally and 24 h after subcutaneous implantation by DynaCT and Inveon Workplace quantification. Mean subcutaneous scaffold density at 200HU and 500HU was then subtracted from quantified values obtained in experimental subjects at 2, 4, and 6 weeks postoperatively.
Clinical Assessment of Fusion
At the time of euthanasia at 6 weeks, success of fusion was assessed by a blinded orthopedic surgeon observer using manual palpation to test for segmental motion of the lumbar spine as previously reported (Miyazaki et al., 2008). Motion was expected on the anatomical left side decortication control, but any motion detected on the experimental right side between transverse processes was considered a failure of fusion. Successful fusion was signified by the absence of right-sided motion.
Molecular Gene Expression Analysis
Implanted scaffolds were harvested at 6 weeks postoperatively for molecular expression analysis by RT-qPCR (reverse transcription quantitative polymerase chain reaction) compared with a control of native bone from rabbit transverse process. Extracted specimens were treated in 1 ml of Trizol reagent (Life Technologies) prior to homogenization and RNA extraction using RNeasy column (Qiagen) according to the manufacturer’s stated protocol. A NanoDrop ND1000 spectrophotometer (NanoDrop Technologies) was used to calculate the purity and total concentration of RNA present. Using 1,000 ng of total of RNA and the iScript retrotranscription kit (Bio-Rad Laboratories), we synthesized cDNA. Finally, we analyzed the transcribed cDNA product on a StepOne Plus real-time PCR system (Applied Biosystems) using Taqman® fast advanced master mix and the probes (Thermo-Fisher Scientific) of interest signifying osteoblastic differentiation with Runt-related transcription factor 2 (RUNX2, Oc02386741_m1), and osteogenesis with bone matrix remodeling and mineralization with osteonectin (secreted protein acidic and rich in cysteine, SPARC, Oc03395840_m1) and osteopontin (secreted phosphoprotein 1, SPP1, Oc04096882_m1). We hypothesized that the microenvironment was sufficiently different along the length of the implanted scaffold (hypoxia, cell density, cellular cues, etc.) that it warranted investigating separately the cranial (Cr), middle (M), and caudal (Ca) portions of explanted PRP-treated samples in Group 2 for molecular expression. Mean relative-fold expression of the genes of interest was calculated for both groups compared to a transverse process bone control. To control for the effect of PRP treatment, expression in Group 1 was also directly compared to that of Group 2.
Histomorphometry
All specimens were transported and received in ethanol solution. After additional minor tissue trimming to prepare the specimens for processing into methyl methacrylate (MMA, Sigma-Aldrich, St. Louis, MO) resin, specimens were post-fixed in 10% neutral buffered formalin (NBF) for 24–48 h at ambient temperature (RT) before transfer to a 70% ethanol solution while under gentle, constant agitation. Using an automated tissue processor (ASP300S, Leica, Germany), tissues were sequentially dehydrated with increasing ethanol concentration (70–100%) over several days. Specimens were transferred to 100% methyl salicylate (Sigma-Aldrich, St. Louis, MO) manually cycled over 48–72 h between gentle agitation and vacuum chamber, periodically observing tissues for translucence to confirm dehydration. Tissue clearing was completed with 100% xylenes (Sigma-Aldrich, St. Louis, MO) using the automated tissue processor. Specimens underwent resin infiltration using multiple exchanges of freshly prepared MMA and dibutyl phthalate (Sigma-Aldrich, St. Louis, MO) solution at RT over multiple days while cycling between gentle agitation and vacuum chamber. Samples were transferred to pre-polymerized base molds within sealable containers, where a fourth and final resin solution was added with a benzoyl peroxide-based catalyst to initiate a curing, exothermic polymerization reaction of each specimen into a clear MMA block over several days. Microtomy was performed at 5 microns using a motorized SM2500 sledge microtome (Leica, Germany) and d-profile (sledge) tungsten-carbide knives (Delaware Diamond Knives). Each individual 50 mm × 75 mm glass microscope slide (Fisherbrand) was coated with an in-house prepared gelatin-based solution and covered with a plastic protective strip and heated overnight at 55°C. Goldner’s Trichrome staining were used to visualize contrast between bone soft tissue morphology and differentiate newly formed bone, dense collagen, or osteoid from native mineralized bone. Metachromatic MacNeal’s Tetrachrome stain with a pre-staining Von Kossa reaction was used to demonstrate osteoclastic and osteoblastic activity laying down dense collagen and osteoid and standard hematoxylin and eosin (H and E) was used for cellular detail.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism Software (San Diego, CA, United States). All experiments were performed at least in triplicate (see individual paragraphs for specific number of replicates). A repeated-measures ANOVA (analysis of variance) was performed to compare new trabecular and cortical bone growth volume over time in Groups 1 and 2. Paired t-tests were done to compare differences in molecular expression of genes of interest using trabecular bone expression as control. A similar analysis was performed comparing Group 1 scaffold alone expression with Group 2 PRP-treated samples. A one-way ANOVA with Tukey’s multiple comparisons test was also performed for each gene of interest to evaluate for differences in expression amongst all groups including Group 2 subsets. In all cases, an alpha of 0.05 was used and significance was represented as follows: * was used for p < 0.05, ** for p < 0.01, *** for p < 0.001 and **** for p < 0.0001.
RESULTS
Scaffold Characterization and Biomimicry
MHA/Coll scaffolds alone have wide fibers completely filled and covered by hydroxyapatite nanoparticles causing a range of smaller, anisotropic pores (Figures 3A,B). Consistent with what we previously reported (Minardi et al., 2015; Minardi et al., 2019), the collagen fibers appeared fully and homogenously mineralized (Figures 3C,G,K). These fibers autofluoresce under confocal microscopy (Figure 3D). The addition of PRP did not significantly alter the topography of the scaffold material, with similar pore sizes and homogeneous fibril mineralization seen on SEM (Figures 3E–G). Platelets adhered to the surface of scaffold fibrils in variable-sized clusters on confocal imaging (Figure 3H). The addition of CaCl2 to activate PRP did not affect either the scaffold porosity/topography witnessed by SEM (Figures 3I–K), nor the distribution of PRP along fibrils (Figure 3L).
[image: Figure 3]FIGURE 3 | Material Characterization. SEM was used to characterize surface topography, pore size, and uniformity of our MHA/Coll scaffold alone (A–C), MHA/Coll + PRP (E–G), and MHA/Coll + PRP + CaCl2 (I–K). Confocal microscopy was used in a DAPI channel to characterize collagen fibril autofluorescence including on MHA/Coll scaffolds alone (D), and distribution of labeled PRP alone (H) or after CaCl2 activation (L). FTIR analysis was used to assess differences in spectra from MHA/Coll scaffolds alone or with the addition of PRP (M). Changes in compression/stretch were also characterized (N).
FTIR spectra reported in Figure 3M show the typical peaks of HA present in the area of 1000cm−1. The amide bands in the region 1,500–1700 cm−1 are more intense when the PRP (red line in Figure 3M) has been added to the scaffold confirming the presence of more proteins and cell components that increase the intensity of vibrational modes. Amide I (1,700–1,600 cm−1) and amide II (1,600–1,500 cm−1) are related to the stretching vibration of C = O bonds and to C–N stretching and N–H bending vibration, respectively—chemical components well known to be densely present in protein structure.
Lastly, compressive tests were carried out to evaluate the influence of PRP content on the strength and stiffness of the scaffold. Figure 3N summarizes the very weak resistance to compression observed as expected for spongy scaffolds, as has been previously demonstrated for this type of work (Ghodbane and Dunn, 2016). In comparison with the empty baseline scaffold (0.278N ± 0.082), the mean compression resistance significantly increased in the presence of native PRP without CaCl2 (0.937N ± 0.369). However, that difference in mean compression resistance disappears when PRP activated by calcium chloride (0.259N ± 0.095) is used in similar fashion to what was used in our in vivo model, perhaps due to platelet lysis and or release of its alpha granule cargo, effectively changing the composition of the PRP. This is a phenomenon that requires further study.
Operative Outcomes
MHA/Coll scaffolds and autologous PRP were easy to handle and customize operatively and the PRP was consistently adsorbed fully by the scaffold. Rabbits are notoriously fragile surgical subjects, particularly when general endotracheal anesthesia is required. Five rabbits in total suffered complications of surgery requiring replacement in the study—four died from respiratory complications of general anesthesia and one rabbit was humanely euthanized at the 2-weeks time point due to surgical site infection.
Clinical Assessment of Fusion
Both experimental groups formed prominent, hardened growth at the surgical site of implantation, but Group 2 growth was consistently more robust. PRP-treated Group 2 rabbits displayed a superior clinical rate of fusion at 75% (6/8 animals) compared to 25% (2/8 animals) in Group 1. These findings correlated well with radiographic data with an overall rate of accuracy of 93%.
DynaCT 3D Imaging
No implanted scaffolds migrated from the surgical site and all remained in direct contact with adjacent decorticated transverse processes. Both Group 1 (Figures 4A–C) and Group 2 (Figures 4D–F) specimens displayed increased bony density and prominence of the implanted scaffold over the time period of the study as expected. By 6 weeks, both groups demonstrated some degree of bridging bony remodeling of the nanocomposite scaffold approaching native spinal bone density albeit with variable homogeneity. CT imaging confirmed fusion in 1/8 (12.5%) of Group 1 animals—slightly less than predicted by clinical assessment. However, PRP-treated Group 2 scaffolds consistently showed earlier, more homogeneous and a larger amount of bony replacement compared to Group 1 with bridging bone formation in 100%, and fusion confirmed in 6/8 animals (Figure 4, Figure 5A).
[image: Figure 4]FIGURE 4 | Evaluation of fusion by DynaCT with 3D reconstruction. Representative 3D reconstructions of spinal DynaCT are shown at 2, 4, and 6 weeks for Group 1 nanocomposite scaffold alone (A–C) and Group 2 PRP-treated (D–F). Areas of increased bone growth and fusion were seen at 6 weeks most prominently in Group 2 specimens (arrowheads).
[image: Figure 5]FIGURE 5 | Volumetric quantification of osteogenesis. Areas of bridging bone and fusion (arrowheads) were clearly appreciated on axial, coronal, and sagittal CT views where identically sized ROI’s were selected (A) on the experimental right and control left sides for volumetric new bone quantification. Newly formed trabecular (200HU) and cortical (500HU) bone was quantified and compared between the two experimental groups over time (B), *p < 0.05.
Quantitative Analysis of New Bone Volume
As expected, with a density slightly higher than that of air, extracorporeal scaffolds displayed no quantifiable volume at the requisite densities. At 24 h post-implantation, the average volume of a hydrated scaffold at 200HU threshold was 69 mm3 (± 9.8), which was used as baseline and all subsequent measurements had this value subtracted from the total. As expected, the volume at 500HU threshold at 24 h was zero.
The ROI volume captured was identical on the anatomic left and right of each animal (Figure 5A). Group 1 animals generated a significant amount of novel bone over time compared to controls, but Group 2 animals produced more of both trabecular (200HU) and cortical (500HU) bone at all time points than Group 1 animals (Figure 5B). At 2 weeks, this increase trended toward but did not reach statistical significance. By 4 weeks, PRP-treatment produced significantly higher mean trabecular bone volume than scaffold alone Group 1 specimens (1,196.3 versus 531.6mm3, *p = 0.0295). At 6 weeks, PRP treatment generated significantly more of both trabecular (895.6 versus 453.2 mm3, *p = 0.020) and cortical bone (412.3 versus 200.6 mm3, *p = 0.027). Repeated measures ANOVA demonstrated significant differences between groups for both 200HU trabecular bone (*p = 0.045) and 500HU cortical bone (**p = 0.0034).
Molecular Analysis
The ability of the MHA/Coll nanocomposite scaffold to promote osteogenic gene upregulation both in vitro and in vivo has previously been established (Minardi et al., 2019). Both Group 1 and Group 2 specimens using the nanocomposite scaffold displayed significant upregulation of all three genes of interest as compared to expression in native bone control. Group 2 animals consistently displayed the highest relative fold expression and generally speaking, expression was higher at the terminal cranial and caudal ends of the implanted scaffold than the mid portion.
For RUNX2, both experimental groups displayed significant upregulation compared to vertebral bone control (Figure 6A). Group 1 animals averaged 2.21-fold higher expression (± 0.24, ****p < 0.0001). PRP-treated Group 2 animals had even higher expression—cranial (19.74-fold ± 5.48, ***p = 0.0002), mid (8.23-fold ± 0.50, ****p < 0.0001), caudal (17.08-fold ± 0.38, ****p < 0.0001). Group 2 animals also had significantly higher upregulation when compared to Group 1 at all three subsites (****p < 0.0001). Expression at cranial and caudal sites was not significantly different from one another but both showed significant upregulation compared to the mid portion of the PRP-treated scaffold (****p < 0.0001). A one-way ANOVA also demonstrated a significant difference among all subgroups (F = 57.87, ****p < 0.0001).
[image: Figure 6]FIGURE 6 | Molecular analysis of osteogenesis. Group 1 specimens were compared with separate cranial, mid, and caudal regions of Group 2 specimens for expression of osteogenic genes: RUNX2 (A), SPARC (B), and SPP1 (C).
The degree of upregulation was even more striking for SPARC (Figure 6B). Compared to bone control, Group 1 animals averaged 3.20-fold higher expression (± 0.07, ****p < 0.0001). All three subsites in Group 2 displayed very significant (****p < 0.0001) upregulated expression—cranial (40.14-fold ± 6.66), mid (18.67-fold ± 0.37) and caudal (55.44-fold ± 4.90). Once again, Group 2 animals had significantly higher expression compared to scaffold alone Group 1 animals as well at all three subsites (****p < 0.0001). A significant difference was also seen on one-way ANOVA among all subgroups (F = 213.7, ****p < 0.0001).
Lastly, for SPP1 all experimental groups displayed significant upregulation (****p < 0.0001) compared to bone control—Group 1 (3.67-fold ± 0.09), Group 2 cranial (90.65-fold ± 16.97), mid (54.04-fold ± 2.03), and caudal (46.09-fold ± 4.60) (Figure 6C). One-way ANOVA exhibited significant differences (F = 107.2, ****p < 0.0001) amongst groups. Within Group 2 subgroups, PRP cranial had significantly higher (****p < 0.0001) expression than both PRP mid and caudal subgroups, which had a non-significant difference from one another.
Bone Histomorphometry
Our prior work demonstrated the osteoconductive properties of MHA/Coll scaffolds when implanted alone in this orthotopic model, promoting scaffold population by osteoblasts and osteoclasts along with generation of mineralized bone matrix and osteoid that closely mimics native trabecular bone (Minardi et al., 2019). On H and E stain, higher density of nuclear material within osteoblasts, osteoclasts and osteocytes makes for a more blue appearance to native and newly formed bone as compared to the heavier cytoplasmic and further spaced nuclei of the more pink surrounding soft tissue and muscle. Implanted PRP-treated scaffolds maintained their close apposition to decorticated bone and displayed a similar degree of hematoxylin staining to native bone due to dense osteogenic cellular infiltration and nuclear stain uptake (Figures 7A,D). MacNeal’s Tetrachrome is a metachromatic stain that highlights cellularity between osteoclastic bone resorbing cells and osteoblasts actively laying down dense collagen to become mineralized trabecular bone (osteoid). This is seen as a black dot or peppering atop a gray-blue background signifying dense collagen/osteoid becoming mineralized as it is integrated with the mature/native trabecular bone, which has a characteristic jet black color appearance from the binding of silver ions to calcium in a pre-staining Von Kossa reaction before MacNeal’s metachromatic counterstain. Serial sectioning demonstrated substantial “peppering” of the PRP-treated scaffold from deposition of osteoid and mineralized bone content (Figures 7B,E). Goldner’s Trichrome staining (Figures 7C,F,I) was used to visualize contrast between bone soft tissue morphology and identify newly formed bone/dense collagen/osteoid (red) as compared to existing mature/native mineralized bone (jade green). Group 1 specimens (Figures 7A–C) displayed an ability to recruit osteoblasts and form dense collagen and osteoid within a remodeled scaffold alone, but not as prominently as Group 2 animals. Group 2 specimens prominently exhibited a greater mixture of osteoid and dense collagen within the remodeled scaffold (Figures 7D–F) and areas of particularly prominent mineralized bony content at areas of fusion with vertebral bone (Figures 7E,F).
[image: Figure 7]FIGURE 7 | Histology. Representative specimens were evaluated for cellularity and mineralized tissue using three different stains. Cellularization of the remodelled scaffold with osteoblasts/clasts was signalled by pronounced hematoxylin staining of the treated scaffold on H and E stain to variable degrees according to treatment group (A, D, G). Mineralized osteoid within the scaffold showed itself as “peppering” similar to native bone on Von Kossa-MacNeal’s Tetrachrome stain (B, E, H) and similar jade green appearance to native bone on Goldner’s Trichrome stain (C, F, I). Group 1 (A–C) displayed significant osteoblast recruitment and mineralized osteoid production, but not as much as PRP-treated Group 2 (D–F). A native control vertebral body-transverse process junction is shown (G–I) for reference.
DISCUSSION
Surgical fusion of the spine remains a fundamental procedure for the aging and trauma population and one primed for improvements by way of biomedical innovation for regenerative bone tissue engineering. Such innovation can come through improved biomaterial, cell-based, or extrinsic bioactive molecule moieties. This study provides valuable in vivo evidence that bone regeneration and spinal fusion is possible using an advanced nanocomposite scaffold and PRP as a source of autologous bioactive factors. The biocompatible, osteoconductive nature of our nanocomposite MHA/Coll scaffold was confirmed, and its moderate osteoinductive activity was significantly enhanced by the addition of autologous PRP, sufficient to induce clinical fusion. This was exemplified by both groups forming trabecular/cortical bone within a remodeled scaffold over 6 weeks, both displaying significant upregulation of key osteogenic genes above a native bone control, and both showing capability to induce clinical and/or radiographic bony fusion. Histomorphometry demonstrated significant osteoid population/replacement of the scaffold without significant immune degradation or foreign body reaction. Compared to Group 1 animals, Group 2 animals treated with PRP regenerated significantly more bone at earlier time points, more mature cortical bone at 6 weeks, displayed significantly higher gene upregulation, and a higher rate of both clinical and radiographic fusion. One can conclude from the results that the optimum implantable combination for bone regrowth should include a mineralized, nanocomposite scaffold with a hierarchical structure of biomimicry and bioactive molecules such as those delivered within autologous PRP.
The biocompatibility of our MHA/Coll scaffold is congruent with existing studies using collagen-based scaffolds (Asghari et al., 2017). Some of the enhanced cellular effects witnessed in our study can be explained by what we know about the effect of structural nanocomposition in combination with matrix components, such as those from PRP, translating to substantial regenerative tissue effects. According to Christy et al., the addition of hydroxyapatite nanocrystals is known to enhance vascularization and osteogenesis, while the freeze-drying process improves bioactivity and mineralization (Christy et al., 2020). Fibrin, obtained from autologous plasma sources like PRP, is a natural bioactive scaffold with several advantages over other tissue engineering moieties besides its hemostasis, biocompatibility and biodegradability. Numerous protein interaction sites on fibrin facilitate improved cellular proliferation, differentiation and growth factor expression, resulting in enhanced angiogenesis and wound healing (Noori et al., 2017; Christy et al., 2020). Platelet-rich fibrin (PRF) or PRP-fibrin applications can stimulate stem cell osteogenic differentiation, increase bone cure rates, and are sufficient to heal rabbit calvarial bone defects (Ahmed et al., 2008; Lalegul-Ulker et al., 2019; Christy et al., 2020). The fibrin-rich, bioactive matrix provided by PRP in Group 2 animals may explain the osteogenic cellularization, robust bone regeneration, and enhanced fusion outcomes witnessed in our study.
These results must be evaluated within the context of a conflicting background of prior literature on PRP’s ability to augment spinal fusion when applied with various regenerative constructs. For example, Li et al. studied fusion in a porcine model using a carbon fiber cage and beta tricalcium phosphate (β-TCP) with or without PRP compared to iliac crest autograft (Li et al., 2004). They witnessed only partial fusion in animals treated by β-TCP with no difference in the PRP group. The early experience of our senior author did not demonstrate improved fusion when PRP was used with autologous ICBG (Weiner and Walker, 2003). In contrast, a recent randomized controlled trial demonstrated improved fusion with significantly higher bone mass and greater bone union with the addition of PRP (Kubota et al., 2019). Liu et al. report 100% fusion in a rabbit model when using PRP embedded within a sheet of bone marrow-derived MSC’s (BMSC) compared to 0% fusion with BMSC alone, and 83% fusion using an ICBG (Liu et al., 2017). These two applications are very unique from one another in their macro/microstructure and mechanisms of action. We know that detailed elements of scaffold design ranging from composite elements, to porosity, to intrafibrillar versus extrafibrillar mineralization technique can have huge implications for bone regenerative efficacy (Uskoković, 2015). It follows then, that the ability for bioactive factors applied in concert with biomaterials to augment bone regeneration could be dramatically affected by dose or method of application (e.g., within scaffold matrix versus topical exogenous application, burst versus timed release, etc.). Recent studies particularly employing the therapeutic combination of PRP and composite biomaterials using porous collagen and apatite have consistently shown a beneficial effect with PRP addition (Oryan et al., 2012; Nosrat et al., 2019). PRP may have a narrower spectrum of biologic materials capable of exploiting its beneficial therapeutic effect when combined, but regardless, the mechanisms behind this inconsistent benefit warrant further study.
Despite the valuable implications of the results of this study, some inherent limitations exist. Although the decortication model has been used widely in published studies as a bone-forming control, in retrospect, using a simplistic, non-functionalized, collagen scaffold without hierarchical structure as a left-sided internal control would have enhanced the power of our results and will be utilized in future studies. Also, although using advanced CT imaging is certainly diagnostic for declaring fusion, quantitative bone histomorphometry is used more commonly in the literature for bone regeneration. Explanted rabbit spines were too large for processing by classic ex vivo quantitative bone histomorphometry, so we will consider using a rodent model in future studies to facilitate use of this modality as previously published (Zhu et al., 2004). Rodents are also a heartier species and their use may avoid the unnecessary morbidity/mortality from anesthesia complications witnessed in our rabbit model. Cost constraints limited the number of histologic specimens we could process only to representative experimental subjects. Despite evidence now of PRP’s efficacy in multiple orthotopic models in multiple species, the ultimate translatability to human patients remains unknown until additional data is obtained from human subjects.
In conclusion, this study provides valuable in vivo feasibility evidence for bone regeneration using a tissue-engineered platform that is, not dependent upon stem cell-based techniques or supratherapeutic doses of an extrinsic growth factor classically employed. These techniques can be both financially limiting or fizzle out during a burdensome clinical approval process. It also provides helpful data on the cell and molecular effects at the intersection of native tissue and an implanted, biohybrid scaffold. In the disputed argument regarding the utility of PRP in regenerative bony applications, this study adds evidence for a beneficial effect and a biomimicry approach to scaffold design. The evidence herein is insufficient to change current spinal surgical practice or standard of care and well-designed, human clinical trials are required to further investigate. With such sizable osteogenesis occurring with only a well-designed, bioresorbable scaffold, and autologous factors, the results suggest that a reliable bone-forming therapeutic capable of nearly 100% fusion success could be feasible by combining our platform with a modest dose of exogenous bioactive molecule, such as BMP2—far less than previously used and well within the therapeutic window of clinical safety. This represents a particular area of subsequent interest for further study.
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Biomedical applications

Tissue engineering and regenerative medicine-

Gold: Minimize tumor recurrence, monitoring cancer
relapse thru cell targeting, enhance cell differentiation, and
wound healing appiications.

Siiver: Prevent antimicrobial infections (wound healing).
Ceramics: Enhancement of cellular activity, control of
biomechanical properties, imaging, antimicrobial agents.
Polymeric: Delivery of bioactive agents, imaging.

Polymeric: Drug delivery, antibacterial meshes, wound
dressing, ECM mimicking for tissue engineering.
Peptide: 3D cell culture, tissue repair, rapid hemostasis.

Gold: Photothermal and photodynamic therapy, contrast
agent for imaging (laser optoacoustic, two-photon,
photoacoustic and dual molecular imaging), biosensors,
drug delivery.

Calcium phosphates: Nanofilers for bone tissue
engineering, drug delivery.

Carbon: Biosensors, contrast agents for imaging (MRI and

NRI imaging), drug delivery (cancer and neurodegenerative
diseases), and neuron scaffolds.

Metal oxides: Nanofillers for antibacterial films.
Bioactive glass: Implant coating for improved bone
mineralization.

Inorganic: Contrast agents for MR,
magnetothermal-chemotherapy, biosensors, photothermal
and photodynamic therapy, bright field detection.
Polymeric: Scaffolds for tissue engineering, drug delivery,
imaging, wound dressing, homeostatic agents, and
biosensors.
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Average concentration values and standard deviations of the calcium and strontium ions and of rhBMP2 measured in the different sponges.
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Primer Catalog number

NORMALIZATION PRIMER
185 Mm03928990_gl
STEM CELL RECRUITMENT PRIMER

Nanog Mm02384862_gl
CHONDROGENESIS PRIMERS.

Sox9 MmO00448840_ml
Col10A1 Mm00487041_mi
Acan Mm00545794_m
OSTEOGENIC- ASSOCIATED PRIMERS

BGlap Mm03413826_mH
Runx2 MmO00501578_ml
Dmp1 Mm00803833_g
Sp7 Mm04209856_s!
Iosp Mm00492555_mi
OSTEOCLASTS- ASSOCIATED PRIMERS

Acp5 Mm00475698_mi
Rankl MmO00441908_ml
Ctsk Mm00484039_mi
OSTEOCYTES- ASSOCIATED PRIMERS

Sost MmO0470479_m

List of primers used during the in vivo investigation of genes crucial for the differentiation
and activity of cells residing in the bone. The genes are divided over their specificity and
their catalog number is reported beside.
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Loaded drug

Tadalafil

Triptolide
Teriflunomide
Bevacizumab

Sorafenib

Carboplatin

Terflunomide
Artemether

Lumefantrine

Bleomycin

Doxorubicin hydrochloride

Resveratrol

Topotecan
Vincristine

Doxorubicin

Doxorubicin and
Phosphatidylethanolamine

Main target

Wound healing and scar
formation including
reepithelization and angiogenesis

Vascular endothelial cells
Rheumatoid arthritis
Ocular disorders

Liver cancer therapy

Brain cancer cell lines

Rheumatoid arthritis
Parenteral delivery
Parenteral delivery
Tumor cells

Head and neck squamous cell
carcinoma

Head and neck squamous cell
carcinoma

Tumor cells
Tumor cells

Specific cells or tissue targeting
Specific cells or tissue targeting

Animal model

Yes (Sprague-dawley female rats)

Yes (C57BL/6J wild-type male mice)
Yes (Female Wistar rats)
No

Yes (Balb/c-nu mice) Nude mice
bearing tumors
No

Yes (Female Wistar rats)
Yes (Swiss albino mice)
Yes (Swiss albino mice)
No
No

No

Yes (NUDE-Hsd:Athymic mice)
Yes (NUDE-Hsd:Athymic mice)
Yes (rats)
Yes (rats)

Drug release
(%)

478+£565

More than 90
732121
20.6 +2.42

248

86.33 +8.86
65

51
34.57£3.94
84

Less than 80

Upto75
Upto 60

69.91% + 1.05
77.07% = 1.02

Release
time (h)

24

480
24
40

36

24
30
30
48

96

388
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Mahtab et al., 2019
Shakeel et al., 2019
Shakeel et al., 2019
Chiani et al., 2018
Mohan et al., 2016

Mohan et al., 2016

Zucker et al., 2012
Zucker et al., 2012
Rudra et al., 2010
Rudra et al., 2010
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Generic name

Doxorubicin HCL liposome injection

Amphotericin B lipid complex

Liposomal amphotericin B

Liposomal amphotericin B

Daunorubicin citrate iposome injection

Antihemophilic factor with liposome diluent

Cytarabine liposome
Cytarabine: daunorubicin liposome
injection

Gentamicin liposome injection

Liposomal nystatin
Cisplatin in liposomal formulation

Doxorubicin liposorme

Cytarabine liposomal

Adeno-associated vector ipoprotein lipase

protein
Amphotericin B lipid complex

GNE Lipoplex
HLA-B7/Beta2M DNA Lipid
(DMRIE/DOPE) Complex
Liposomal cisplatin
Liposomal cyclosporin A

Liposornal N-Acetyiglucosminyl-N-
Acetyimuramly-L-Ala-D-isoGin-L-Ala
~gylcerolidpalmitoyl

Liposome encapsulated recombinant
interleukin-2

Liposomal-cis-bis-neodecancato-trans-R,

R-1,2-diaminocyclohexane-Pt (1)
Bupivacaine liposome injectable
suspension

Trade name

Doxil

Abelcet

AmBisome

AmBisome
DaunoXome
Kogenate() FS
DepoCyt

NA

Maitec
Nyotran

SLIT Cisplatin for
inhalation

Doxil

DepoCyt

NA

Abelcet

N/A
Allovectin-7
LipOva-Pt
Liposomal

cyclosporin A
ImmTher

N/A

Aroplatin

Exparel

Designated indication

Multiple myeloma

Invasive fungal infections.

Cryptococcal meningitis.

Visceral leishmaniasis.
HIV-associated Kaposi's sarcoma.

Hemophilia A
Gliomas
Myeloid leukemia

Mycobacterium avium-intracellulare
infection.

Invasive fungal infections.

Osteogenic sarcoma metastatic to
the lung

Ovarian cancer

Neoplastic meningitis

Lipoprotein lipase deficiency

Invasive protothecosis,
sporotrichosis, coccidioidomycosis,
2ygomycosis and candidiasis

Hereditary inclusion body myopathy-2
Metastatic melanoma (Stages Il Il
and V).

Ovarian cancer

Lung allograft and pulmonary
rejection

Osteosarcoma
Ewing’s sarcoma

Brain and central nervous system
(ONS) tumors.
Cancers of kidney and renal pelvis

Malignant mesothefioma.

Nerve Block for Regional Analgesia

Marketing approved
indication

Patients with multiple
myeloma.

Patients intolerant to
conventional amphotericin B
therapy.

Treatment of cryptococcos

Treatment of visceral
leishmaniasis.

Advanced, HIV related
Kaposi's sarcoma.
NA

NA

NA

NA

NA
NA

Refractory disease to
pacitaxel- and platinum
Intrathecal treatment of
lymphomatous meningitis
NA

NA

NA

NA

NA
NA

NA

NA

NA

NA

Sponsor

Johnson and Johnson
Pharmaceutical Research
and Dev.

Liposome Gompany, Inc.

Bristol-Myers Squibb
Pharmaceutical Research
Institute

Fujisawa USA, Inc.

NeXstar Pharmaceuticals,
Inc

Bayer HealthCare LLG
Bruce Frankel, MD
Celator Pharmaceuticals,
Inc.

Liposome Company, Inc.

The University of Texas
Transave, Inc.

Alza Corporation
Pacira Pharmaceuticals, Inc.
Amsterdam Molecuiar
Therapeutics BV

The Liposome Company,

Inc.

Gradalis, Inc.
Vical Incorporated

Transave, Inc.
Vernon Knight, M.D.

Endorex Corp.

Oncothyreon Canada, Inc

Antigenics Incorporated

PaciraPharmaceuticals, Inc.
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Fabrication
technique

Thin fim
hydration—sonication
method

Ethanol injection

Reverse phase

evaporation

SAS

RESS

SuperLip

DELOS-SUSP

PGsS

DESAM

Heating method

Mozafari method

Advantages

Economic
Easy to perform

Simple procedure
Good stability profile

Simple design
Decent percentage of
encapsulation efficiency
Low organic solvent
consumption

Absence of liquid organic
solvents

Mid processing
temperatures

Control of particle size
High encapsulation
eficiency

Easy scale up production
Uniform particle size

High encapsulation
efiiciency

Larger particle sizes

Fast and simple for bulk
nanoliposome formation
Alternative to current gas
dense technologies

Avoid the use of toxic
solvents and detergents
Easy to perform

Brief protocol for industrial
scalability

Disadvantages

Use of organic solvents.
Exposure to mechanical
stress

Low encapsulation
efiiciency

Time consuming

Large amount of organic
solvent

Use of sophisticate
machinery, expensive
Implementation of complex
apparatus

Requirement of high
pressures

Use of high pressures

Use of CO2

Low entrapment efficiency
Use of solvent and
necessity to produce an
expanded solution

Use of expensive
instrumentation

Low stabiity

Use of organic solvent
Mult step procedure

Use of inert atmospheres
(Aror N2)

Use of inert atmospheres
and polyols
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Synthesis technique

Thin-fim
hydration—sonication

Ethanol injection

Reverse phase
evaporation

Supercritical fiuid
technology

Supercritical assisted
Liposome formation
(SuperLip)
Depressurization of an
Expanded Liquid
Organic Solution
(DELOS)

Particles from gas
saturated solution
PGSS

Depressurization of an
Expanded Solution into
Aqueous Media
(DESAM)

Heating method

Mozafari method

Encapsulated agent

calothrixin B

Black seed oil(Nigella sativa)

Pomegranate extract

Melatonin

Amoxicillin

«-Galactosidase-A

Plasmid DNA

Polyunsaturated fatty
acids (PUFAS): docosahexaenoic
acid (DHA) and
eicosapentaenoic acid (EPA)

Objective

To test anticancer activity against lung
and breast cell lines A549 and MCF-7

To enhance oral bioavailabiity and
improve therapeutic activity in small
animal studies of analgesia

To carry an efficient amount of
pomegranate extract to sperm via
lecithin nanoliposome to protect
‘sperm against lipid peroxidation

To load melatonin in nanoliposomes
as a delivery system in order to
increase ts oral bioavailability

Encapsulation of an antimicrobial
agent for intravenous application

To produce protein-nanoliposome for
the treatment of Lysosomal storage
disorders (LSD)

To investigate the effect of pressure,
depressurization rate and
temperature on the characteristics of
the final formulation

To design and validate a new process
for bulk liposome formation

To prepare anionic nanoliposomes
without using any volatile organic
solvent or detergent in order to test
their morphology, stability and DNA
incorporation efficiency

To investigate the oxidation of bulk
DHA and EPA incorporated into
liposomes during cold (4 °C) storage

Results

High entrapment efficiency,
Control size distribution, increased
stabilty

Improvement of analgesic activity and
oral bioavailabilty. Sucrose and
cholesterol exhibited to improve the
encapsulation efficiency of black seed
ail

Protection of ram sperm during
cryopreservation without adverse
effects. Pomegranate formulation
improved the quality of ram semen
after thawing

Uniform size distribution.

Slow release feature in early digestive
stages and more thorough
characteristics in later stages of
simulated digestion

Inhibition growth of . coll bacteria
Encapsulation efficiency up to 84%

Enhanced enzymatic activity and
intracellular penetration.
Entrapment efficiency of 40%

Quality of the vesicles depends on the
dispersion of the phospholipid
molecules prior to their reorganization
during the processing

Range size from 50 to 200 nm
Polydiispersity index below 0.29

Good reproducibity, long-term
stability and potential nano liposome:
production in large quantities.

Enhancement of the oxidative stability
of DHA and EPA in aqueous media
when compared with bulk systems
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2016
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Drug/compound

Amphotericin B (AmB)

Bexarotene

Econazole

Fluconazole

Fluconazole

Voriconazole (VCZ)

Fungal infection

Systemic fungal
infections and
leishmaniasis

Psoriasis

Tinea pedis

Aspergillosis

Candida albicanis

Candida albicanis

Findings

Higher accumulation values in human skin of AmB nanoliposomes and lower MIC
values than as commercial product AmBisome.

Deeper penetration in epithelial layers.

Reversion of psoriasis.

Safety compatibilty profile.

Controlled release for over a period of 24h.

High percentage of entrapment efficiency.

Superioriy in clinical and mycological parameters of efficacy.

Better tolerabiity compared with

econazole cream and dlotrimazole cream treatment groups.

Nano-fluconazole had better antifungal effects than the common form of drug on A.

flavus and A. fumigatus species.
Controlled and sustained release. Chemical stability enhancement.

Controlled particle size and appropriate drug loading.

Superior Fluconazole entrapment and lower constant drug release compared to
nanoethosome formulation.

Potential application to prevent fungal biofiim formation

Effective, biocompatible, biodegradable and safe antifungal for intravenous delivery.
Protection from premature metabolism.
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Fungal strain Co-agent/Drug Method Antifungal activity References

Candida albicans (ATCC 10231) cPo Evaporation Up to 288" Karimunnisa and
Atmaram, 2013
Candida albicans Uconazole Thin layer hydration method 4.0 (w/m)° Mehrdad et al., 2016
Candida parapsilosis Uconazole Thin layer hydration method 3.0 (w/miP Mehrdad et al., 2016
Candida glabrata Uconazole Thin layer hydration method 8.0 (wm)° Mehrdad et al., 2016
Candida krusei Uconazole Thin layer hydration method 64.0 (/i Mehrdad et al., 2016
Candida albicans PC:Ch:Span 60 at a molar ratio Thin film hydration 31.08+1.52 (mm)® Salem et al., 2016
of 1:1:1
Candida albicans PC:Ch:Span 60:SAat amolar  Thin fim hydration 34.66::2.80 (mm)° Salem et al, 2016
ratio of 1 15
Candida albicans PC:Ch:Span 60:0CP atamolar  Thin fim hydration 29.52::1.85 (mm)® Salem et al, 2016
ratio of 1:1:1:0.15
Aspergilus niger PEGylated curcumin Hydrating thin lipid fim followed by~ 13.0 (nm)° Mittal et al., 2019
sonication and extrusion
Candida albicans PEGylated curcumin Hydrating thin lipid film followed by 11.5 £ 0.5 (hm)® Mittal et al., 2019
sonication and extrusion
Fusarium oxysporum PEGylated curcumin Hydrating thin lipid film followed by~ 10.5 0.5 (nm)° Mittal et al., 2019
sonication and extrusion
Candida parapsilosis (TCC 22019)  AEO Film hydiration method >10.00 (mg/mi)® Risalii et al., 2020
Candida krusei (ATCC 6258) AEO Film hydration method 8.33 + 2.90 (mg/mi)° Risaliti et al., 2020
Candida albicans (ATCC 90028) AEO Film hydration method 10.00 £ 0.00 (mg/mi)?  Risaliti et al., 2020
Candida glabrata (ATCC 90030) AEO Film hydration method 8.33 + 2.90 (mg/mi)° Risaliti et al., 2020
Candida albicans (ATCC 10231) AEO Film hydration method 10.00 £ 0.00 (mg/mif?  Risaliti et al., 2020
Candida dubliiensis (CBS 8501) AEO Film hydration method 10.00 £ 0.00 (mg/mi)®  Risaliti et al., 2020
Candida krusel AEO Film hydration method 750351 (mg/m)®  Risalit et al,, 2020
Candida glabrata AEO Film hydration method >10.00 (mg/mi)® Risalii ot al., 2020
Candida norvegensis AEO Film hydration method 5.00+0.00 (g/m)®  Risalit et al., 2020
Candida tropicalis AEO Film hydration method 10.00 = 0.00 (mg/mi)® Risaliti et al., 2020

2Reduction in number of colonies, °MIC, ©Zone of inhibition, IMFC.
MIC, Minimum inhibitory concentration; MFC, Minimum Fungicidal Conentration, AEO, Artemisia annua essential oi; SD, standard deviation; CPO, Ciclopirox olamine; PC,
Phosphatidylcholine; Ch, Cholesterol: DCP. dicety! phosphate.
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Advantages

LIPOSOMES

v/ Entrapment of hydrophilic and
hydrophobic compounds
separated or simultaneously.

v The increase in number of layers
(e.g. kinetic constraints) may be
beneficial to prevents o delays the
release of active molecules.

v Made of natural ingredients

v Simple fabrication process

functionalization
v Cost-effectiveness

NANOLIPOSOMES

/ Entrapment of hydrophilic and
hydrophobic compounds
separated or simultaneously.

v Reduced toxicity and side-effects

V Greater stabiity when incorporated
into real products

v Higher surface area-to-volume
ratio

V Better solubility and accurate
targeting

¥ Delayed body clearance and better
sitability for chemotherapeutics
delivery

Disadvantages

X Reduction in encapsulation
efficiency due to size enlargement

X Higher physical instabilty during
storage.

x Susceptibilty to fast clearance from
the bloodstream

X Drug leakage

X Higher susceptibity to be capture
by RES

X Reduced bioavallabilty compared
to nanoliposomes

X Manufacturing process usually
involves mechanical energy (e.g.,
sonication, homogenization,
microfluidization, etc.) that may
degrade the lipid structure.

X Aggregation and coalescence can
occur due to stronger electrostatic
interactions.

X More clinical trials are stil
necessary

X In some cases, the use of
surfactants as stabilizers is needed.

x Reduced drug storage capacities

x The in vivo fate is still not fully
understood





OPS/images/fbioe-09-832487/crossmark.jpg
©

|





OPS/images/fbioe-08-592008/fbioe-08-592008-g009.gif
R

NONOate i ) —_ Q}g = Loss of NO Activity

o TR e, &
@

Og = %
¢

9 No

o
Long-Lasting
= N Activity

sm.mmung p.m.mmav Sustained
Micellar Depots  Breakdown of NO  NO Release





OPS/images/fbioe-08-592008/fbioe-08-592008-g005.gif
20

Dinitrosy! Iron Thiol Complex (DNIC)





OPS/images/fbioe-08-592008/fbioe-08-592008-g006.gif





OPS/images/fbioe-08-592008/fbioe-08-592008-g007.gif
=g erogerim et Dense Film,

Wet Gel
Dense Ceramic
Contiog
Hydrolysis
Polymerisation
l Uniform partcles Acrogel

Furnace






OPS/images/fbioe-08-592008/fbioe-08-592008-g008.gif





OPS/images/fbioe-08-592008/fbioe-08-592008-g001.gif
Inflammatory phase Repair phase Remodeling phase

()Hematoma  (2a) Fibrocartlagenous  (2b) Bony cllus. e
e "callus formation ‘formation ‘remodeling





OPS/images/fbioe-08-592008/fbioe-08-592008-g002.gif





OPS/images/fbioe-08-592008/fbioe-08-592008-g003.gif





OPS/images/fbioe-08-592008/fbioe-08-592008-g004.gif
Low levels of NO

inos.

upsegoned
P @~ \.
R e Soncresorsion

Wa s o formaton

stimulated

induced \ Sone formation
bied
o wos @

upreguisted

High levels of NO





OPS/images/fbioe-08-592008/crossmark.jpg
©

2

i

|





OPS/images/fbioe-08-00922/fbioe-08-00922-i000.jpg





OPS/images/fbioe-08-00922/fbioe-08-00922-i001.jpg





OPS/images/fbioe-08-00922/fbioe-08-00922-i002.jpg





OPS/images/fbioe-08-00922/fbioe-08-00922-t001.jpg
Advantages Disadvantages References

Nanostructured Bioceramics

Nano-bioglasses Biocompatible Suboptimal Vallet-Regi et al., 2003; Izquierdo-Barba
Biodegradation et al., 2013; Ducheyne, 2015; Islam
et al., 2017; Mancuso et al., 2017
Enhanced bone integration Poor mechanical
properties
Improved biodegradation
Hydroxyapatite High biocompatibility Poor mechanical Liou et al., 2004; Capuccini et al.,
properties 2008; Boanini et al., 2010; Tampieri

et al., 2012; Zofkova et al., 2013
Resembles mineral phase of bone

Can be doped with multiple ions to closely mimic Slow degradation rates
bone mineral in vivo
Osteoconductive

Can be used in a plethora of formulations (e.g., Limited osteoinductivity

powder, solid scaffold, cement, coatings)
High biocompatibility
Tricalcium phosphate Provides main bulding blocks for new matrix Poor mechanical Shepherd and Best, 2011;
deposition properties Sadat-Shojai et al., 2013; Vahabzadeh
and Bose, 2017; Sergi et al., 2018

Can be doped with multiple ions to tune bioactivity
and degradation

Osteoconductive

Can be used in a plethora of formulations (e.g.,
powder, solid scaffold, cement, coatings)

Faster in vivo degradation

Nanocomposites
Ceramic/polymer High biocompatibility May have limited Kim et al., 2005; Miao et al., 2005;
composites (e.g., osteoinductivity Tampieri et al., 2005; Heo et al., 2009;
HA/PLGA, HA/Alginate) Akman et al., 2010; Bernstein et al.,
2010; Cruz, 2010; Bhumiratana et al.,
2011; Wang Z. et al., 2016; Zhu et al.,
2017; Bian et al., 2019
Ease of fabrication Fabrication requires
organic solvents
Can be used to prepare scaffolds with complex 3D
architecture
Improved mechanical properties of scaffolds
Tunable degradation rate
Bio-hybrid composites High biocompatibility Poor mechanical Tampieri et al., 2008; Tampieri et al.,
properties (not load 2011; Minardi et al., 2015a; Minardi
bearing) etal., 2019

Fabrication not requiring organic solvents
Highly biomimetic
Excellent bioactivity
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Nanoparticles

PLA NPs

PLA NPs

BSA NPs

BSA NPs

BSA NPs

Poly (ethylene glycol)-b-poly
(y-benzyl L-glutamate)

(PEG-b-PBLG)
ROS-responsive NPs

Target

Degraded elastin layer

Defect (disruption and
degeneration) in the
aneurysm wall

ROS

Loaded cargo

DIR

BB-94

EDTA

EDTA and PGG

PGG

RAP

RAP

Animal model

CaCl,-induced rat
model

PPE-induced mice
model
elastase-induced rat
model

CaCl,-induced rat
model

Application

Locating diseased vessels and avoiding normal areas
(Sinha et al., 2014)

Suppress MMP activity and development of aorta
(Nosoudi et al., 2015)

Remove calcification in aneurysm (Lei et al., 2014)
Reduced macrophage recruitment, MMP activity,
calcification, and elastin degradation (Nosoudi et al.,
2016)

Reversed the inflammatory marker (Dhital and
Vyavahare, 2020)

AAA formation and wall inflammation were suppressed
(Shirasu et al., 2016)

Reduced aneurysm diameter and removed calcification
(Cheng et al., 2018)
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Nanoparticles

EL-GNP

FDG-NPs

USPIO-NPs
CNA-35 NPs
Iron oxide NPs

Iron oxide NPs

Target

Degraded elastin

macrophages

type 1 collagen

Integrin

MMPs

Measurements

micro-CT

micro-PET/CT

MRI

Animal model

Angll-induced AAA mice

Human patients
Angll-induced AAA mice

Application

Predict the level of elastin injury and the possibility of rupture (Wang
etal, 2019)

NPs absorption was associated with aorta expansion (Nahrendorf
etal., 2011)

Predict expansion rates (Richards et al., 2011)
Predict its risk of rupture (Klink et al., 2011)

detect high-risk atherosclerotic and aneurysmal vascular diseases
(Kitagawa et al., 2012)

Predict its risk of rupture (Yao et al., 2020)
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Advantages

Nanostructured piezoelectic materials

Piezoelectric Ceramics  Robust piezoelectric characteristics
(e.g., BT, BN, ZnO) Desirable osteoinductive potential

Piezoelectric Polymers  Biocompatibility and non-toxicity

(e.g., PVDF and its Manufacturing flexibility
copolymers, PLLA, High strength and impact

PHBV) resistance

Piezoelectric Ability to tailor and enhance several
Polymer-Ceramic properties of the composite
Composites construct: mechanical properties,

piezoelectric coefficient,
biodegradability, bioactivity
Nanostructured electrically conductive materials

Conductive Excellent mechanical properties
Nanomaterials High electrical conductivity ensuring
(non-polymeric, e.g., reliable delivery of bioelectric signals
graphene, gold

nanoparticles)

Conductive Improved biocompatibility and
Nanopolymers (e.g., biodegradability

polyheterocycle family ~ Manufacturing flexibility
of conductive polymers)

Nanostructured Magnetically Responsive Materials
Magnetic Nanoparticles Superparamagnetic properties

(MNPs) and Ability to deliver cues via remote
Magnetoelectric (external) stimulation
Composites

Disadvantages

Potential for cytotoxicity

Unfavorable biodegradability

Lack of data regarding the
piezoelectric properties of certain
composite materials

Non-degradability
Questions/concerns regarding
biocompatibility and long-term
safety

Unfavorable mechanical properties
and processability

Relative lack of animal studies
evaluating in vivo performance

Uncertain biocompatibility and
long-term safety

References

Maeder et al., 2004; Boccaccini and Blaker, 2005; Opoku et al.,
2015; Panda and Sahoo, 2015; Rocca et al., 2015; Fernandes
et al., 2016; Li X. et al., 2016; Zhang et al., 2016; Brambill et al.,
2017; Damaraju et al., 2017; Ribeiro et al., 2017; Tajbakhsh and
Hajiali, 2017; Ehterami et al., 2018; Kao et al., 2019

Kim S. et al., 2011; Otero et al., 2012; Bitounis et al., 2013; Liu
et al., 2013; Nurunnabi et al., 2015; Sridhar et al., 2015; Assaf
etal, 2017; Kim J.W. et al., 2017; Silva et al., 2017; Wang et al.,
2017; Zhou et al., 2017; Chan et al., 2018; Cheng et al., 2018;
Lalegul-Ulker et al., 2018

Pisanic et al., 2007; Hafeli et al., 2009; Huang et al., 2009; Bock
et al., 2010; Wu et al., 2010b; Wu Y. et al., 2010; Wei et al., 2011;
Zhu et al., 2011; Panseri et al., 2012; Tampieri et al., 2012; Alarifi
et al,, 2014; Singh RK. etal.,, 2014; Shen et al., 2015; Li X. et al.,
2016; Ribeiro et al., 2016; Yun et al., 2016
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Advantages

Inorganic nanostructured delivery systems

Ceramics (e.g., HA,
TCP)

Metallic or metalloid
oxides (e.g., silica)

Intrinsic osteoconductivity
Surface functionalization
Widely available

Tailorable mesoporous structure
Surface functionalization with
and/or encapsulation of bioactive
molecules

Modifiable architecture and
topography

Optimization of cell adhesion and
proliferation

Organic nanostructured delivery systems

Synthetic polymers
(e.g., PLA, PLGA)

Natural polymers (e.g.,
gelatin, chitosan)

Widely available

Overall favorable biocompatibility
Many modifiable properties: e.g.,
L/G ratio, molecular weight.
Modifiable with cross-linkers or
surface functionalization

Widely available

Favorable biocompatibility and
biodegradability

Biomimetic properties
Modifiable with cross-linkers or
surface functionalization

Composite nanostructured delivery systems

Composites

High loading efficiency

Highly tunable release kinetics
Sustained release

Optimization of unique properties of
each material

Disadvantages

Unfavorable biodegradability profile
Low yield of payload loading

Cytotoxicity at certain particle sizes
and/or concentrations

Low yield of payload loading
Burst release

Difficulty in accomplishing
sustained release

Certain polymers have cytotoxic
degradation products

Low yield of payload loading
Rapid degradation in vivo
Burst release

Difficulty in accomplishing
sustained release

Generally require more complex
syntheses

References
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Bose and Tarafder, 2012; Jeon et al., 2012; Fielding and
Bose, 2013; Fan et al., 2014; Wen et al., 2017

Oh et al., 2005; Raja et al., 2005; Magrez et al., 2009; Lai
et al., 2011; Lallana et al., 2012; Portan et al., 2012; Tang
et al., 2012; Setyawati et al., 2013; Shadjou and
Hasanzadeh, 2015; Zhou et al., 2015; Cui et al., 2018;
Tang et al., 2014; Hu et al., 2012; Huang et al., 2014; Kwon
et al.,, 2017; Liu et al., 2017

Alcantar et al., 2000; Habraken et al., 2007; Li et al., 2009;
Puppi et al., 2010; Anderson and Shive, 2012; Makadia
and Siegel, 2011; Jacob et al., 2018

Friess, 1998; Aframian et al., 2002; Malafaya et al., 2007,
Niu et al., 2009; He et al., 2011; Vo et al., 2012; Farokhi
et al., 2014; Amjadian et al., 2016; Cai et al., 2016; Ding
et al., 2016; Shen et al., 2016; Jacob et al., 2018; Oliveira
etal., 2019

Li et al., 2006; Liu et al., 2009; Niu et al., 2009; Reves et al.,
2011; Fan et al., 2012; Singh et al., 2015; Minardi et al.,
2015b; Kim B.-S. et al., 2018; Wang et al., 2018; Zhang Q.
et al., 2018; Minardi et al., 2020
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Primers

ILto-forward
IL1a-reverse
IL1p-forward
IL1p-reverse
TNFa-forward
TNFa-reverse
IkappaB-a forward
IkappaB- reverse
-actin forward
p-actin reverse

Sequence

5'- CAAGATGGCCAAAGTTCGTGAC 3

&'~ GTCTCATGAAGTGAGCCATAGC 3'

&'~ ATGGCAACTGTTCCTGAACTCAACT-3"

5'- CAGGACAGGTATAGATTCTTTCCTTT-3'

&'- TTC TGT CTA CTG AAC TTC GGG GTG ATG GGT CC-3
&'~ GTA TGA GAT AGC AAA TCG GCT GAC GGT GTG G-3'
5'-CATGAAGAGAAGACACTGACCATGGAA-3'

& -TGGATAGAGGCTAAGTGTAGACACG-3'

&'- GTGGGGCGCCCCAGGCACCA-3

§'- CTCCTTAATGTCACGCACGATTTC-3"
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