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Editorial on the Research Topic
 Smart Hydrogels in Tissue Engineering and Regenerative Medicine



Tissue engineering, consisting of scaffolds, cells, favorable growth factors, and biomechanical stimulation, has been a most promising therapeutic strategy for tissue reconstruction and regenerative medicine. In general, an ideal tissue-engineered scaffold should be porous, non-toxic, with a matched biodegradable rate, high mechanics, and diffused nutrients and metabolite properties, which can effectively benefit the cell growth, proliferation, and migration, as well as the tissue vascularization process to promote tissue generation. Hydrogels, occurring abundantly with characteristics such as high-water absorption, biodegradation, adjustable porosity, and biocompatibility like that of the natural extracellular matrix (ECM), have been recognized as one of the most suitable scaffold biomaterials for tissue engineering and regenerative medicine. In addition, these scaffold-oriented hydrogels can also be utilized as idea carriers for embedding living cells, transporting tissue cells and growth factors, controlling degradation profiles and releasing stimulatory growth into the specific tissues at different time scales. Due to this, many researchers have been greatly interested in hydrogels with hierarchical structures to mimic the complex interaction of cells with their microenvironment at multiple length scales.

In this Research Topic, we have brought together 9 articles written by 60 authors containing 3 reviews and 6 original research articles. Review articles presented several up-to-date aspects of smart hydrogels in biomedical applications, such as the promoted tissue engineering (Liu et al.), improved transcatheter arterial chemoembolization (Chen Y.-P. et al.), and localized cancer therapy (Fan et al.) by means of their flexibly structural fabrications and functional organizations. As for the original research papers, many researchers were also focused on controllable hydrogel within a wide range of biomedical fields. For example, Bao et al. had prepared a self-assembled nanogel in solutions with a precise design of hierarchical structures using the feasible UV triggers for the potential drug carriers. Also, Hu et al. reported an injectable and compatible hyaluronic acid-based composite hydrogel with pH sensitive behaviors, which exhibited the low toxicity and acceptable mechanical property for liver cancer therapy and scaffolds for biomedical fields. In addition, Shi et al. reported a thermogelling system comprising poly(ω-pentadecalactone) (PPDL), poly(ethylene glycol) (PEG), and poly(propylene glycol) (PPG). The thermogels showed excellent thermal stability, fast response to temperature change, remarkable self-healing property and good biocompatibility, which showed high potential as a drug reservoir for a sustainable release profile of anti-tumor DOX payloads, and exhibited significant inhibition on the growth of tumor (Shi et al.). The other original research papers are covering important aspects of various hydrogels on tissue repair and regeneration, such as bone, hyaline cartilage, and osteoarthritis treatments. Zhang et al. demonstrated a controlled aspirin-sustained release system based on the uniform tetra-PEG hydrogels, which exerted favorable effects on the periodontal ligament stem cells-mediated bone regeneration, providing a new way of thinking about bone regenerative therapy. Wang et al. prepared a kartogenin-grafted PLGA-PEG-PLGA thermogel for achieving the cartilage regeneration and inhibiting the joint inflammation of arthritic knees in a rabbit model for osteoarthritis treatment. Chen Y.-R. et al. had synthesized a low-molecular-weight heparin-functionalized chitosan-chondroitin sulfate hydrogel, which could control the TGF-β3 release and promote the in vitro neocartilage formation for construction of tissue-engineered cartilage.

Therefore, the grand aim of this Research Topic is to underpin the importance of preparation, modification, and application of the various hydrogels for tissue engineering and regenerative medicine, which has been achieved by presenting a promising avenue in various fields and postulating real-world respective potentials. Collectively, owing to the intricate nature of emotions, studies aiming at its connection with the high performance of hydrogels are necessarily complex and multifocal. We sincerely hope that you will enjoy reading all the papers in this special edition.
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Transcatheter arterial chemoembolization (TACE), aiming to block the hepatic artery for inhibiting tumor blood supply, became a popular therapy for hepatocellular carcinoma (HCC) patients. Traditional TACE formulation of anticancer drug emulsion in ethiodized oil (i.e., Lipiodol®) and gelatin sponge (i.e., Gelfoam®) had drawbacks on patient tolerance and resulted in undesired systemic toxicity, which were both significantly improved by polymeric beads, microparticles, or hydrogels by taking advantage of the elegant design of biocompatible or biodegradable polymers, especially amphiphilic polymers or polymers with both hydrophilic and hydrophobic chains, which could self-assemble into proposed microspheres or hydrogels. In this review, we aimed to summarize recent advances on polymeric embolization beads or hydrogels as TACE agents, with emphasis on their material basis of polymer architectures, which are important but have not yet been comprehensively summarized.

Keywords: hydrogel, polymeric beads, drug delivery, TACE, cancer therapy


INTRODUCTION

Transcatheter arterial chemoembolization (TACE), which aimed to block the hepatic artery to inhibit the blood supply of solid tumor and to achieve localized chemotherapy, has now been popularly applied for liver cancer patients who were at a middle or late stage and were not suitable for surgical resection (Schwartz and Weintraub, 2008; Hyun et al., 2018). TACE was firstly proposed by Yamada et al. (1983), who showed that the interruption or reduction of hepatic artery blood supply during chemotherapy process was found to induce tumor necrosis or shrinkage without adverse reaction (Tsurusaki and Murakami, 2015). Since then, TACE has been widely applied in clinical practice, because this localized direct injection of chemotherapeutic drugs could lead to more than a 200 times local drug concentration increase and could achieve a fast curative effect, as well as a minimal side reaction (Varela et al., 2007).

The success of TACE was heavily reliant on the design of embolization reagents (Aliberti et al., 2017). Ideal embolization reagents should be able to (1) quickly and effectively block the blood supply upon intra-arterial injection; (2) release the embedded anticancer drugs for localized chemotherapy; (3) degrade after treatment for preventing thrombus; (4) potentially impair the angiogenesis. Initially, Lipiodol® (ethiodized oil, in form of iodinated fatty acid esters of seed oil) was utilized to emulsify the anticancer drugs due to its lipophilic feature for intra-arterial chemotherapy, which was followed by Gelfoam® (gelatin sponge) embolization and was recognized as conventional TACE. However, the manual fabrication of Gelfoam®,as well as its heterogeneous feature, led to the embolization effect of <3 days. Even worse, the injection time interval between Lipiodol® and Gelfoam® might lead to diffusion, systematic toxicity, and impaired patient tolerance of anticancer drugs, indicating the urgent need for better embolization agent designs.

Recently, polymers, especially amphiphilic polymers or polymers with both hydrophilic and hydrophobic chains which could self-assemble into microspheres, beads, or hydrogels (Hu et al., 2017a,b; Wu et al., 2017; Cai et al., 2018; Cheng et al., 2018b; Javanbakht and Namazi, 2018; Luo et al., 2018, 2019; Liu et al., 2019; Xu et al., 2019), have been successfully designed as a new generation of TACE embolization reagents, due to their ability to increase chemotherapeutic treatment efficiency and patient tolerance in comparison with traditional TACE by the formulation of Lipiodol® and Gelfoam® (Chen et al., 2016, 2018; Cai et al., 2017; Ding and Li, 2017; Fan et al., 2017a,b; Li and Loh, 2017; Li et al., 2017; Liu et al., 2017; Morimoto et al., 2017; Xiang et al., 2017; Yang et al., 2017; Zheng et al., 2017; Chan et al., 2018; Cheng et al., 2018a, 2019; Gao et al., 2018). In this report, we aim to summarize the current design of new generation embolization beads or hydrogels as illustrated in Figure 1, with emphasis on their material basis of polymer architectures, which are important but have not yet been comprehensively reviewed.
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FIGURE 1. Schematic illustration of design of transarterial chemoembolization (TACE) agents, in terms of polymeric beads or hydrogels, to occulate the blood supply of liver tumor and to synergically achieve localized chemotherapy to reduce its side effects on surrounding healthy tissues.





POLYMER BASED BEADS OR MICROPARTICLES AS TACE REAGENTS

Polymeric microspheres or beads with an ability to encapsulate chemotherapeutic reagents were developed as drug-eluting beads (DEB) and served as a significant advance. In comparison with traditional TACE formulation of Lipiodol® and Gelfoam®, DEB with drug encapsulation in polymeric beads could effectively prevent the systematic diffusion of chemotherapeutics, especially at its first injection with high concentrations, and slowly release the embedded drug in a controllable manner to improve patience tolerance. As the first commercial DEB, DC Bead® was fabricated by free radical polymerization of poly(vinyl alcohol) (PVA) with modification of N-acryloyl-aminoacetaldehyde (NAAADA), 2-acrylamido-2-methylpropane sulphonate sodium salt (AMPS), and cellulose acetate butyrate. DC Bead® with sulfonate groups was able to encapsulate chemotherapeutic Doxorubicin (DOX), Irinotecan, Topotecan, or Epirubicin with H+ ions, by electron attraction. It was worth mentioning that a clinical study was conducted in 104 hepatocellular carcinoma (HCC) patients receiving treatments of DC Bead® as DEB-TACE reagents by Bruix group (Burrel et al., 2012). The results showed that patients with DEB-TAC treatments could obviously receive a high dose of DOX without considering the undesired systematic circulation of injected drugs in comparison with conventional TACE formulation. This improvement might be beneficial for localized drug concentration increase and for overcoming drug resistance, indicating the great advantages on the safety of DEB-TACE. Furthermore, Gupta et al. (2011) demonstrated that chemotherapeutic DOX loaded superabsorbent microparticles could effectively increase the DOX intention concentration and increase the therapeutic effect in a liver tumor rabbit model. More importantly, Seki et al. (2011) explored the therapy procedure of 135 patients receiving TACE treatments with chemotherapeutic epirubicin-embedded superabsorbent polymer microparticles. The clinical results revealed that over 90% of patients receiving these treatments were not found to have hepatic artery damage and their 1- or 2- year survival rates were around 70 or 60%, respectively, indicating the practical value of drug eluting polymeric beads for patients with non-resected HCC.

Due to the non-bioresorbable nature of DC beads, many researchers have developed bioresorbable DEB by using a biocompatible and biodegradable polymer, to achieve long-term delivery of chemotherapeutics without considering the removal of the device after use. As a typical case, Golzarian's group designed a series of biodegradable DEB with a size of 300–700 μm by using chitosan and carboxylmethyl cellulose (Weng et al., 2011). Thanks to the carboxyl groups in these microspheres, DOX could be effectively loaded in DEB by electron interactions, with an efficiency of up to 0.3–0.7 mg DOX/sphere. Furthermore, this DEB exhibited a lysozyme dependent polymer degradation, which demonstrated a promising safe DOX carrier for transcatheter embolization application.

Recent endeavors also revealed that poly(lactic-co-glycolic acid) (PLGA), hydrophobic as well as biocompatible macromolecules, approved by the food and drug administration (FDA), could also serve as potential TACE reagents due to the high biodegradability. As a typical example, Choi et al. (2015) developed DOX embedded PLGA microspheres by the emulsion approach. Furthermore, they further trapped hyaluronic acid-ceramide (HACE) into the PLGA microspheres (MS) during the emulsion process (as shown in Figure 2A), to render TACE reagents with active liver cancer cell targeting ability (Lee et al., 2018). It was worth mentioning that intra-arterial injection of this tumor targeting DOX/HACE MS, with size of 13–44 μm, could significantly inhibit liver tumor growth in a McA-RH7777 liver cancer cell implanted rat tumor model, in comparison with the microspheres without targeting ability (as shown in Figure 2B).
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FIGURE 2. (A) Schematic illustration of tumor targeting HACE modified DOX/PLGA microsphere fabrication and treatment process as TACE reagent. (B) DOX/HACE MS (HACE modified DOX/PLGA microsphere) treatment could significantly decrease tumor size in McA-RH7777 tumor-implanted rat model, in comparison with control or DOX MS (DOX/PLGA microsphere) treatments. The tumor was recorded by magnetic resonance imaging. Scale bar is 1 cm. [Reproduced with permission from Lee et al. (2018), Copyright 2018 Taylor & Francis].



It was worth mentioning that current commercial biodegradable microspheres still had their limitations. For example, Embocept®, a starch based microspheres with size of <100 μm, was only suitable for vessel embolization for a short time (<1 h) due to size limitation, which was not efficient for tumor necrosis (Yamasaki et al., 2012). Another case of Occlusin 500®, poly(lactide-co-glycolide) (PLGA)/collagen core/shell microspheres with size of 150–210 μm, required long degradation time (several months) with undesired inflammatory reactions (Owen et al., 2012). Ideal biodegradable microspheres should: (1) be able to induce vessel blockage for several hours to a few days, which is sufficient for tumor necrosis induction; (2) be able to degrade with non-harmful product and quick elimination; (3) be of uniform size ranging between 100 and 1,000 μm for board vessel embolization; (4) be easy in drug loading and be made of soft polymeric materials for micro-catheter injection (Hidaka et al., 2011). To achieve this design, Louguet et al. (2014) synthesized biodegradable polymeric microspheres with a size of 300–500 μm, which was made of amphiphilic poly(ethylene glycol) methacrylate (PEGMA) and biodegradable PEG-PLGA. These PEGMA/PEG-PLGA microspheres could be degraded in a few days with minimal toxicity effects induced by degradation products in fibroblast L929 cells and with a mild inflammatory reaction in an in vivo animal model, which showed promising application as safe biodegradable microspheres for TACE utilization.



AMPHIPHILIC POLYMER AS CROSS-LINKER OF MICROBEADS

To achieve a better embolization effect, material scientists tried to further conjugate microbeads into a polymeric mesh, using amphiphilic polymers. As a typical example, Arya et al. (2017) designed biopolymer chitosan-glutaraldehyde (chitosan-GA) microbeads with surface modification, i.e., having sulfated α-cyclodextrin (α-CD) as host molecules on the microbead surfaces, by taking the advantages of electronic attraction between cationic chitosan-GA microbeads and anionic sulfated α-CD (Figure 3, upper panel). Furthermore, the reaction between hydrophilic chitosan and hydrophobic n-dodecyl aldehyde rendered amphiphilic chitosan derivatives, whose hydrophobic segments could form an inclusion complex with α-CD due to its hydrophobic inner cavity nature. The experimental results showed that the addition of these amphiphilic chitosan derivatives with α-CD/chitosan-GA microbeads could lead to the bridging occurrence between microbeads and further formation of a polymeric mesh outside the microbeads (Figure 3, lower panel). Potentially, these amphiphilic macromolecule based microspheres with cluster formation ability could be utilized for reliable embolization and blood supply blockage.
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FIGURE 3. Schematic illustration of using amphiphilic hydrophobically modified chitosan (hmC) as cross-linking reagents for chitosan-glutaraldehyde (chitosan-GA) microbeads with surfaced modification of sulfated α-cyclodextrin (α-CD), as well as the self-assembly between hydrophobic chain of hmC and α-CD cavity, which could lead to formation of polymeric mesh outside microbeads for clotting applications. [Reproduced with permission from Arya et al. (2017), Copyright 2017 American Chemical Society].





COMPOSITE MICROBEADS MADE OF MAGNETIC NANOPARTICLES AND POLYMER MATRIX

It was also worth mentioning that the materials or polymeric basis of artery embolization agents were important, but it was not the only criteria for embolization design. For example, the size, homogeneity, and specific delivery of microbeads also served as key factors affecting the artery embolization efficiency. Typically, microspheres with size of 40–100 μm were suitable for hepatic artery end branch blockage; microspheres with a size of around 300 μm were utilized for tumor proximal vascular occlusion; while microspheres with size of 500–900 μm were applied for uterine arteries blockage for fibroid treatments; indicating that the size of embolization agents depended on the diameter of the target vessel (Maluccio et al., 2008). Furthermore, particles with undesired homogeneity might attribute to end organ damage or un-predictable distribution of microspheres, indicating the importance of controling the narrow size distribution or geometry of embolization agents (Stampfl et al., 2007). Last but not least, non-specific distribution of embolization agents after intra-arterial injection might induce undesired damage of healthy tissue (Hagit et al., 2010; Pouponneau et al., 2014).

In order to overcome this problem, Nosrati et al. (2018) embedded magnetic iron oxide nanoparticles in a poly(lactic-co-glycolic acid) (PLGA) microsphere matrix using droplet microfluidics technology (as shown in Figure 4A), to fabricate homogeneous magnetic microbeads in a size range of 130–700 μm (as shown in Figure 4B). This gave potential to precisely monitor and control the accumulation of microbeads at disease vessel sites. Similarly, Liang et al. (2017) fabricated PLGA based magnetic microspheres (PLGA-MMs) by emulsion of PLGA polymer matrix and iron oxide nanoparticles. More interestingly, upon exposure to alternating magnetic field, these PLGA-MMs could not only act as embolization agents to block the blood supply in the VX2 liver tumor model of rabbit, but could also elevate the synergetic local temperature for magnetic ablation of liver tumors, as shown in Figure 4C. Last but not least, Hagit et al. (2010) synthesized composite microparticles using the copolymerization of hydrophobic 2-methacryloyloxyethyl (2,3,5-triiodobenzoate) (MAOETIB) and hydrophilic glycidyl methacrylate (GMA) as a core and a γ-Fe2O3 thin layer for shell coating, which were successfully explored as magnetic resonance imaging (MRI) as well as computed tomography (CT) contrast reagents to visualize the embolization procedure in a real-time pace. In short, composite microbeads, made of magnetic nanoparticles and polymeric matrix microspheres, demonstrated great advantages for targeted accumulation of embolization microbeads, thus might induce more desirable tumor ablation effects upon application of alternating magnetic field.
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FIGURE 4. (A) Schematic illustration of fabricating magnetic microbeads by using micro-fluid technique, to fabricate magnetic nanoparticle embedded PLGA microparticles. (B) Scanning electron microscopy observation of magnetic microparticles embedding (b-1) 50 wt% magnetic iron oxide nanoparticles and (b-2) 60 wt% magnetic iron oxide nanoparticles. [Reproduced with permission from Nosrati et al. (2018), Copyright 2018 American Chemical Society]. (C) Fabrication of magnetic PLGA-MMs (PLGA-magnetic microspheres) by emulsion of PLGA polymer and iron oxide magnetic nanoparticles, which was utilized as liver arterial embolization agent in VX2 liver tumor of rabbit. PLGA-MMs could block the local blood supply and induce local temperature increase upon exposure to alternating magnetic field, which could cause synergetic magnetic ablation of tumor. [Reproduced with permission from Liang et al. (2017), Copyright 2017 American Chemical Society].





POLYMER BASED HYDROGELS AS TACE REAGENTS

Due to the size limitation, microspheres or DEB were not suitable for large aneurysms, indicating the importance of developing more flexible embolic reagents. As a potential candidate, injectable polymeric hydrogel, with the ability to retain liquid status before injection but to form a solid hydrogel at the desired disease site, was favored and successfully applied to treat hemorrhage, cerebral aneurysms, or used as vessel sealants. For example, Golzarian's group had developed an in situ forming porous chemical crosslinking hydrogel made of carboxylmethyl chitosan and cellulose, with biocompatibility to endothelial cells, hemocompatibility, and bio-degradability in lysozyme solution (Weng et al., 2013). More importantly, the hydrogel precursor solution was injected, via a 5-F catheter, into an aneurysm sac and it successfully formed the solid hydrogel to fill the sac site and to prevent endoleakage. Further microcatheter injection of this hydrogel into rabbit kidney induced immediate renal artery occlusion and less injection volume in comparison with bead formulation (1–2 mL hydrogel vs. 5.5–7 mL microsphere), indicating the advantage of using hydrogels as embolization agents.

Besides to chemical crosslinking hydrogel, physical crosslinking hydrogels with stimulus responsive phase changes were also popular design as TACE reagents. As a typical example, Nguyen et al. (2016) synthesized an amphiphilic anionic PCLA-PUSSM copolymer made of poly(ethylene glycol) (PEG), poly(ε-caprolactone-co-lactide) (PCLA), and poly(urethane sulfide sulfamethazine) (PUSSM), as illustrated in Figure 5A. The PCLA-PUSSM copolymer solution remained liquid status at pH 8.5 and experienced fast phase change and solid status hydrogel formation upon pH decrease. By taking this unique pH responsive phase change process, this PCL-PUSSM hydrogel could be intra-arterially injected into hepatic tumor of VX2 rabbit model, and achieved embolization as well as controllable release of embedded DOX in a sustainable manner, as shown in Figure 5B. Animal model evaluation revealed that this PCLA-PUSSM hydrogel could effectively perform the chemoembolization effect and release DOX in a sustained manner to inhibit the tumor growth, as shown in Figure 5C.


[image: image]

FIGURE 5. (A) Synthesis of amphiphilic anionic PCLA-PUSSM copolymer with pH-dependent hydrogel formation ability. (B) Illustration for the microcatheter mediated intraarterial injection of PCLA-PUSSM hydrogel in rabbit HCC model. (C) CT observations revealed the shrinkage of tumor size when using PCLA-PUSSM hydrogel as TACE agent. [Reproduced with permission from Nguyen et al. (2016), Copyright 2016 Royal Society of Chemistry].



Similarly, Lym et al. (2016) designed a pH-responsive PCL-PEG-SM copolymer by free radical polymerization of PEG, poly(ε-caprolactone) (PCL), and sulfamethazine (SM). More interestingly, the aqueous solution of PCL-PEG-SM copolymer experienced a sol-to-gel transition from pH 8.0 to pH 7.4 at 37°C, and could achieve a sustained release of DOX for up to 4 weeks. It was also worth mentioning that the embolic formulation of PCL-PEG-SM copolymer solution at pH 8.0 could be intra-arterially administrated in rabbit VX2 liver tumor model.

In short, injectable hydrogel with environment responsive ability had been successfully applied in TACE procedure for hepatocellular cancer (HCC) treatment in an animal model, and it exhibited the ability to stably maintain high drug concentration at the tumor site. Hence, the design of biocompatible and biodegradable polymeric hydrogels might serve as a practical TACE agents, which could be further combined with a wide spectrum of chemotherapeutics or X-ray contrast agents to show improved performance compared to traditional Lipiodol® or Gelfoam® formulation.



CONCLUSIONS AND PERSPECTIVES

In conclusion, this review showed the recent progress of polymeric TACE agents, in terms of polymeric beads or microparticles, polymeric meshes by crosslinking beads, polymeric hydrogels, with great potential for treating patients with unresectable HCC. More importantly, the design of these polymeric TAC agents, especially polymer backbone materials, degradability, size, or geometry, was important for safe and efficient tumor blood supply blockage, as well as localized and sustained release of chemotherapeutics to achieve better liver cancer therapy.

It was also worth mentioning that, in addition to the above mentioned formulations of microbeads or microspheres, cross-linked microspheres, and hydrogels, Lipiodol oil embedded PEO-PPO-PEO/PEG (poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)/poly(ethylene glycol) composite capsules containing paclitaxel (PTX) (Bae et al., 2007), poly(ethylene glycol) PEG liposomes containing 5-fluorouracil (5-FU) (Pohlen et al., 2011), methoxy-poly (ethylene glycol)-block-poly(ε-caprolactone) (mPEG-b-PCL) micelles carrying doxorubicin (DOX), as well as radio-active rhenium-188 for combined radiotherapy and chemotherapy, were also actively applied for hepatic artery embolization and cancer therapy (Shih et al., 2015). This demonstrates the wide applications of polymeric materials for TACE applications. Furthermore, besides to polymeric embolization agents, injectable precursor of polar lipid phytantriol at cubic liquid crystalline phase (Han et al., 2010), and drug eluting composite containing pH sensitive lipid-peptides conjugation (octadecylamine–poly (API-L-Asp)10) as shown in Figure 6A (Park et al., 2016), could also be designed for vascular embolization, and to achieve localized drug sustained release. This could also be further combined with polymeric embolization agents for enhanced therapeutic effect. Last but not least, functional peptide could also be conjugated to polymeric microparticles for targeted delivery of embolization beads. As a typical example, Davaa et al. (2017) linked matrix metalloproteinase responsive peptide (MT1-MMP binding peptide) to poly(lactic-co-glycolic acid/poly-(styrene-alt-maleic anhydride) (PLGA/pSMA) microspheres, which exhibited enhanced accumulation in MT1-MMP overexpressing Hep3B cells, as shown in Figure 6B. More interestingly, these peptide conjugated microspheres could accumulate in hepatic vessels for up to 24 h without undesired diffusion to lung, and they significantly inhibited the tumor growth in a Hep3B xenografted mice model. Hence, we can expect great potential for the design of functional polymeric materials with nationally designed stimulus-responsive crosslinking segments or biodegradable groups, for embolizing tumor blood supply in a fast and controllable manner, as well as ensuring biodegradability in order to be safely removed after use. This might significantly broaden the choice of TACE agents for more successful and precise HCC therapy.
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FIGURE 6. (A) Illustration of environment sensitive drug-eluting composite particles, as well as their low pH responsive chemotherapeutics release in hepatic vessels. [Reproduced with permission from Park et al. (2016), Copyright 2016 American Chemical Society]. (B) Synthesis of tumor targeting PLGA/pSMA microspheres with conjugation of MT1-MMP binding peptide and chemotherapeutic doxorubicin, for more precise transarterial chemoembolism therapy. [Reproduced with permission from Davaa et al. (2017), Copyright 2017 American Chemical Society].
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Hydrogels with multifunctional properties attracted intensively attention in the field of tissue engineering because of their excellent performance. Also, object-oriented design had been supposed to an effective and efficient method for material design as cell scaffold in the field of tissue engineering. Therefore, a scaffold-oriented injectable composite hydrogel was constructed by two components. One was pH-sensitive bifunctional nanoparticles for growth factor delivery to improve biofunctionability of hydrogel scaffold. The other was Diels-alder click crosslinked hyaluronic acid hydrogel as matrix. pH dependent release behavior of nanoparticle component was confirmed by results. And, its bioactivity was verified by in vitro cell culture evaluation. In consideration of high-efficiency and effectiveness, low toxicity, controllability and reversibility, dynamic covalent and reversible Diels-alder click chemistry was used to design a HA hydrogel with two kinds of crosslinking points. The properties of hydrogel like gelation time and swelling ratio were influenced by pH value and polymer concentration. Composite hydrogel was formed by in situ polymerization, which exhibited acceptable mechanical property as a scaffold for biomedical field. Lastly, in vitro evaluation from results of viability, DNA content and cell morphology confirmed that hydrogels could maintain cell activity and support cell growth. Compared with pure hydrogel, composite hydrogel possessed better properties.

Keywords: hydrogel, Diels-alder click chemistry, pH-sensitive nanoparticle, cell scaffold, growth factor delivery


INTRODUCTION

Hydrogel, a water-swollen polymer network, is widely used in fields of biomedical fields due to their physiological-like aqueous environment (Bai et al., 2017; Celie et al., 2019; Massaro et al., 2019; Song et al., 2019; Zhao et al., 2019). Among its applications, scaffold-oriented hydrogel for biomedical application has an extra request of biofunctionability besides general characteristic of low toxicty and aqueous environment (Fu et al., 2012; Yu et al., 2013; Fan et al., 2015; Oh et al., 2016; Williams et al., 2017; Thanusha et al., 2018; Wang C. Z. et al., 2018; Zhu et al., 2018; Celie et al., 2019; Massaro et al., 2019; Song et al., 2019; Zhao et al., 2019). In consideration of natural component of extracellular matrix (ECM), hyaluronic acid (HA), as one of main component of ECM, is an optimal material to fabricate hydrogel for tissue engineering (Yu et al., 2013; Williams et al., 2017; Wang C. Z. et al., 2018; Zhu et al., 2018; Massaro et al., 2019). However, HA itself cannot form hydrogel naturally in solution due to absence of reactive groups or physical interactions. In early years, chemical crosslinkers were used to form HA hydrogels. But the toxicity of chemical crosslinker cannot satisfy the request of biocompatibility for cell scaffold, especially for that in situ formation scaffold. Recently, many efforts had been made to introduce function groups to HA main chain, which can be further crosslinked by their reaction though click chemistry, Michael addition and shift base reaction etc. (Yu et al., 2013; Bai et al., 2017). Although these attempts had been made great progress for HA hydrogel as cell scaffold, they could not be satisfied all requests as scaffold for all kinds of cells. Therefore, HA hydrogels with specific functions for specific cells and environment are also needed. Recently, as for crosslinking reaction, diels-alder clickchemistry has showed favorite characteristics for cell scaffold fabrication due to its low toxicity, high efficiency, moderate reaction condition, and reversible characteristic (Franc et al., 2009; Yu et al., 2013; Bai et al., 2017; Banerjee et al., 2017). Herein, HA hydrogel with self-healing property was designed through Diels-alder click chemistry as a cell scaffold to support cell growth.

Besides scaffold matrix properties, bioactive factors play important roles on cell proliferation and function expression (Akuta et al., 2015; Azevedo et al., 2015; Psarra et al., 2015; Muraoka et al., 2018). However, bioactive protein is liable to loss its function due to the transformation of secondary structure, which was induced by external stimuli. Therefore, one objective of our research is to realize the effective and efficient delivery of growth factor into cells, simultaneously maintaining the bioactivity of growth factor. Since heparin is a verified negative polysaccharide to protect the bioactivity of growth factor, it has been used in a great number of scaffold or carriers for growth factor protection (Psarra et al., 2015; Wu et al., 2015; Song et al., 2018). Another challenge is how to realize the precise delivery to cells. Stimulus from difference between intracellular and extracellular environment including pH value, enzyme, biotin-avidin interaction have been applied to carrier design and preparation for growth factor delivery. In view of mild acid condition of intracellular environment (pH 5.5–6.0), low pH responsive nanoparticle would be considered to be an effective carrier for growth factor delivery. Herein, a dual-structural pH sensitive nanocarrier for growth factor delivery was designed using pH-sensitive acetalated β-cyclodextrin (Ac-β-CD) as main body for pH response property and heparin nanogel as interpenetrating component for growth factor protection. The bioactivity of released growth factor was evaluated by in vitro cell behavior indicator like cell viability, DNA content and cell morphology. In the further step, the nanocarrier was incorporated with HA hydrogel to form composite hydrogel as cell scaffold, which was in vitro evaluated by 1-week cell growth.



EXPERIMENT


Material

4-(4,6-dimethoxy triazine)-4-methyl morpholine hydrochloride (DMTMM), furylmethylamine, adipicdihydrazide (ADH), maleimide modified PEG (mal-PEG-mal), 2-morpholinoethane sulfonic acid (MES), heparin (HEP), and 3-aminopropyl methacrylate (AMA) were purchased from Aladdin. Dimethyl sulfoxide (DMSO), dichloromethane (DCM), sodium periodate, ammonium persulfate (APS), N,N,N',N'-tetramethylethylenediamine (TEMED), and gelatin were purchased from Shanghai Chemical Industries Co. Ltd (China). Hyaluronate acid (HA, Mw = 1,000 kDa) was obtained from Shandong Furuida Co., China. Trypsin, Dulbecco's modified Eagle's medium (DMEM) and 3-(4, 5-dimethyl) thiazol-2,5-dimethyl tetrazolium bromide (MTT) were obtained from Sigma. Fetal bovine serum (FBS) was purchased from Sijiqing biotech. Co., China. PicoGreen dsDNA Assay Kit was bought from Thermo Fisher Scientific. Ac-β-CD was synthesized previously. All other reagents and solvents were of analytical grade and used as received.



Synthesis and Characterization of Polysaccharide Derivatives

Synthesized processes of polysaccharide derivatives were shown in Scheme 1. HEP-AMA and HA-furan were synthesized by amidation between polysaccharides and functional chemical containing amine groups (furylmethylamine or AMA). Briefly, about 0.5 g HA or HEP was first dissolved in 150 mL 100 mM MES buffer solution. Seven hundred milligram of DMTMM were successively added into the solution to activate carboxyl groups for 30 min under magnetic stirring. After activation, 1.5 mmol functional chemical (furylmethylamine or AMA) was dropped or added to reaction system, which was continued to react for 24 h under dark at room temperature. Then the final solution was dialyzed with dialysis bag of 10 kDa cut-off molecular weight for 3 days to remove unreacted chemicals and byproduct of small molecule weight. Finally, polysaccharide derivative (HEP-AMA or HA-furan) was obtained by freeze drying at −60°C at a pressure of 7–8 Pa.
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SCHEME 1. Scheme of synthesis for polysaccharide derivatives.



HA-furan-ADH was also obtained by amidation. Briefly, after 700 mg of DMTMM were used to activate carboxyl groups of 150 mL 3.3 mg/mL HA-furan buffer solution containing 100 mM MES for 30 min under magnetic stirring, 1.5 mmol ADH was added to react with HA-furan at room temperature for 24 h. Then HA-furan-ADH was finally obtained after the solution was dialyzed and freeze-dried according to above-mentioned conditions.

HA-furan-CHO was synthesized by oxidation of sodium periodate. Briefly, 5 mL 0.5 mol/L sodium periodate was dropped into 100 mL 5 mg/mL HA-furan solution to oxide HA. After the reaction continued for 2 h, 1 mL ethylene glycol was added to end the reaction. Then HA-furan-CHO was finally obtained after the solution was dialyzed and freeze-dried according to above-mentioned conditions.

These derivatives were characterized by 1H nuclear magnetic resonance (1H NMR, Bruker, AV500) using D2O as solvent. Grafting ratio of functional molecules for polysaccharides derivatives was calculated by 1H NMR spectra except grafting ratio of aldehyde group, which was qualified by the t-butyl carbazate assay.



Preparation and Characterization of pH-Sensitive Bifunctional Nanoparticle

pH-sensitive bifunctional nanoparticles were also fabricated by double emulsion method using previous synthesized pH-sensitive Ac-β-CD as a main material (Chen et al., 2017, 2018; Wang X. et al., 2018). The process of preparation was shown in Scheme 2. Briefly, 200 μL 40% HEP-AMA solution containing 50 mM APS was first emulsified into 1 mL of 10% w/v Ac-β-CD/DCM solution, which was further emulsified into 5 mL of 3% w/v gelatin aqueous solution containing 50 mM TEMED. Either first or second emulsion was formed under the help of sonication dispersion method, which was carried out by ultrasonic probe with 1 kW for 30 s per step. The obtained emulsion was immediately added into 20 mL of 1% w/v gelatin solution to evaporate DCM under magnetic stirring. At the same time, HEP-AMA was crosslinked by radical polymerization to form nanogel structure. Finally, nanoparticles were collected by centrifugation (14,000 rpm, 10 min) after 10 h. The collected nanoparticles were washed several times by basic water (pH 8.0, adjusted by NH3) and lyophilized to obtain dry nanoparticle powder. The pH sensitive nanoparticles were resuspended into basic water (pH 8.0, adjusted by NH3) to form diluted nanoparticle suspension (lower than 100 μg/mL) by ultrasonic probe for 1 min and further characterized by dynamic light scattering (DLS, nano ZS). In morphology investigation, 50 μL of resuspended nanoparticles was dried on silica layer for scanning electron microscope (SEM, S8100), and another 50 μL was dried on copper mesh for transmission electron microscope (TEM, Tecnai 12) at 200 kV.
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SCHEME 2. Scheme illustration to show the formation of nanoparticle.





In vitro Evaluation of VEGF Delivery Property and Bioactivity Performance

VEGF165 was loaded into nanoparticle through absorbance. Briefly, nanoparticle was dispersed in VEGF165 solution. After the mixture was vibrated for 24 h at 4°C to load VEGF165, nanoparticle was centrifuged to remove unloaded growth factor. The loaded amount was calculated by the difference of VEGF165 concentration between before and after growth factor loading, which was determined by ELISA kit. For VEGF165 release assay, 120 mg VEGF165 encapsulated nanoparticle was dispersed in 4 mL PBS under vibration at 37°C. At appropriate intervals, 500 μL released solution was withdrawn after centrifuged and qualified by ELISA kit. Simultaneously, 500 μL fresh solution was supplemented into released solution.VEGF165 concentration of each interval was obtained by referring to the standard curve. The cumulative released VEGF165 was calculated by VEGF165 amount of each interval.

The released VEGF165 was co-cultured with HUVEC cells for its bioactivity evaluation. Briefly, VEGF165 was released in DMEM medium with 30 mg/mL for 12 h. The released medium was collected for further use. HUVEC cells were incubated in a humidified atmosphere of 95% air and 5% CO2 at 37°C. The used cells were detached using 0.25% trypsin in PBS for the experiment. Then 100 μL (or 1 mL) of the released medium were added into each well of 96-well (or 12-well) culture plate, into which the 100 μL (or 1 mL) cell suspension with cell density of 2*104 cell/mL was subsequently added. Cell viability (MTT assay), DNA content and cell morphology were characterized as a function of cultural time. For MTT assay, 20 μL MTT was supplemented into each well and successively cultured for another 4 h. Then the absorbance of 200 μL MTT/DMSO solution at 560 nm was recorded by a microplate reader (Infinite M200 PRO).For DNA assay, detached cells of each well (12-well culture plate) was digested by 500 μL 10 mg/mL papain solution at 65°C overnight, which was qualified by Quant-iTTM PicoGreen® dsDNA kit. Finally, cells were observed by fluorescence microscope (IX73).



Hydrogel Formation and Characterization

HA-furan-ADH and HA-furan-CHO were dissolved in water, respectively, to obtain two kind solutions with certain concentration from 2 to 10% w/v. The above-mentioned solutions with same concentration were mixed with equal volume, into which equimolar mal-PEG-mal with furan group on HA derivative was added and stirred. Gelation time was obtained by observation method, which was defined as the interval between mixing and loss of fluidity for mixture. The preparation process for composite nanoparticle was shown in Scheme 3. Briefly, nanoparticle was dispersed in HA-furan-CHO solution with final concentration of 10 mg/mL in advance. Composite hydrogel was then fabricated by the same method for pure hydrogel preparation. Composite hydrogel was characterized by rheological measurement in a parallel platemode using a strain-controlled rheometer (MCR102). The self-healing property was recorded by digital photos. Firstly, the formed hydrogel was cut into two parts completely. Secondly, two separated part was put together with complete interface touch for 24 h. Finally, the self-healed hydrogel was recorded by digital photos.
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SCHEME 3. Scheme illustration to show the formation of composite hydrogel.





In vitro Cell Growth in Composite Hydrogel

HUVEC cells was incorporated in situ into composite hydrogel during hydrogel formation. Briefly, detached HUVEC cells were added to 10% HA-furan-ADH solution to form cell/precursor suspension with cell density of 2*106 cell/mL. The cell/precursor suspension was mixed with another 10% w/v precursor/nanoparticle suspension with 10 mg/mL nanoparticle to form composite hydrogel with cells. Into the above-mentioned solution, mal-PEG-mal was added and mixed. Each cell encapsulated hydrogel carrier with final volume of 200 μL was put in each well of 24-well culture plate and incubated in a humidified atmosphere of 95% air and 5% CO2 at 37°C. Cytoviability (MTT assay), DNA content and cell morphology (microscope images) were characterized as a function of cultural time. For MTT assay, 100 μL MTT was supplemented into each well and successively cultured for another 4 h. Then hydrogel was dissolved by 1 mL DMSO, the absorbance of 200 μL above solution at 560 nm was recorded by a microplate reader (Infinite M200 PRO). For DNA assay, each gel with cells was digested by 500 μL 10 mg/mL papain solution at 65°C overnight, which was qualified by Quant-iT™ PicoGreen® dsDNA kit. Finally, cells in hydrogel film were observed by fluorescence microscope (IX73).



Statistical Analysis

Data were analyzed using the t-test for differences. The software of origin was used to calculate these differences for p value. Results were reported as means ± standard deviation, at least 3 replicates (from different samples) formed by above-mentioned method were analyzed in all experiments. The sample size for hydrogel is about 200 mg. The significant level was set at p<0.05.




RESULT AND DISCUSSION


pH-Sensitive Bifunctional Nanoparticle Formation

In order to obtain crosslinkable heparin derivative, HEP-AMA was first synthesized and characterized by 1H NMR spectrum in Figure 1. The details of chemical shift are listed as follows: the chemical shift at 1.6 ppm is attributed to the protons of methyl group of AMA at 8 position, the chemical shifts from 3.0 to 4.2 ppm are attributed to the protons of pyranose ring and -CH2-O from 1 to 6 position, the chemical shifts at 5.6 ppm and 6.2 are attributed to the protons of C = CH2 of AMA at 7 position. The chemical shift at 7 position confirmed successful grafting of AMA onto HEP main chain.
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FIGURE 1. 1H NMR spectrum of HEP-AMA.



pH-sensitive bifunctional nanoparticle was prepared by double emulsion method combined with in situ polymerization (Scheme 2). Final nanoparticle exhibited homogeneous sphere morphology, which was confirmed by SEM image (Figure 2A) and TEM image (Figure 2B). Furthermore, different brightness and obvious boundary was found in the TEM image, which indicated different phase structure. The dark structure might be ascribed to pH sensitive Ac-β-CD, while the light structure might be attributed to HEP nanogel. Simultaneously, slight adhesive structure was also found in the TEM image, which might be due to slight crosslinking of nanogel during the process of in situ polymerization and conglutination in drying process of HEP nanogel. These results indicated that nanogel had been successfully synthesized during the preparation of nanoparticle. Moreover, effective diameters and zeta potentials of prepared nanoparticles in PBS and in acid were recorded by DLS method, which was shown in Figures 2C,D. Effective diameter of nanoparticle in PBS was 304 ± 12 nm, which was larger than that in acid solution of 279 ± 12 nm. However, the difference between them had no significant difference. Since pH sensitive property of the bifunctional nanoparticle come from Ac-β-CD dissolution in acid solution due to degradation of Ac-β-CD, which was confirmed by transparency variation of nanoparticle suspension, only HEP nanogel existed in acid solution (Chen et al., 2017, 2018; Wang X. et al., 2018). Since nanogel was formed in situ during the fabrication of Ac-β-CD nanoparticle, they had similar diameter, which was also confirmed by the TEM image (Figure 2B). The zeta potential for nanoparticle in acid solution was larger than that in PBS due to contribution of negative heparin in acid environment. However, no significant difference was found between them. The nanoparticle possessed similar chemical component with nanogel so that they had similar zeta potential except slight influence of pH value.
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FIGURE 2. (A) SEM image of nanoparticle; (B) TEM image of nanoparticle; (C) Effective diameter; and (D) zeta potential of nanoparticles determined by DLS.





In vitro Evaluation for the Bifunctional Nanoparticle

The growth factor encapsulated capacity and its release behavior in vitro for the bifunctional nanoparticle were investigated in Figures 3A,B. The equilibrium encapsulated growth factor in nanoparticles increased with the initial growth factor's concentration especially when the concentration is lower than 120 ng/mL (Figure 3A). The maximum growth factor encapsulated capacity was about 1.9 ng/mg nanoparticles, which condition was also used for further release behavior investigation. In PBS (pH 7.4), about 65% could be released in 24 h from nanoparticle, about 50% growth factor was burst released in the first 2 h and remaining 15% growth factor was linearly released from nanoparticles in the following 22 h. In mild acid medium (pH 5.5), nearly all the growth factor dispersed homogeneously in the medium after 1 h due to degradation of Ac-β-CD nanoparticle. But it was not sure whether growth factor had been diffused into medium or still incorporated with homogeneous dispersed heparin nanogel.
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FIGURE 3. (A) Loaded VEGF165 weight in every microgram nanoparticle as a function of VEGF165 concentration; (B) Cumulative VEGF165 release in PBS with pH value of 7.4.



The bioactivity of released growth factor was evaluated by in vitro cell behavior using cells without growth factor as a control. Cell viability of the growth factor group increased with culture time just as the control group (Figure 4A). Furthermore, cell viability of the growth factor group was significantly higher than the control group especially after cell had been cultured for 2 days. Since DNA content of each cell is constant, DNA content reflects cell number. DNA content of cells for the two groups increased with culture time, while DNA content of cells for the growth factor group was higher than that for the control group (Figure 4B). However, the increase had no significant difference according to statistical analysis. The space of 2D cell culture for cell growth is limited to a constant value, which may restrict cell proliferation if the space could not accommodate more cells. Moreover, cell morphology was shown in Figure 5. Cell on TCPs exhibited round-like polygon shape regardless culture time and existence of growth factor (Figures 5A–F). It was also found that the number of cells for the growth factor group is larger than that of the control group, which was consistent with results of cell viability and DNA content. Therefore, the released growth factor could promote cell growth from the above-mentioned results, which indicated released growth factor could maintain its bioactivity.
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FIGURE 4. Cell viability (A) and DNA content (B) of cells as a function of culture time. Cell density is 20,000/mL. Two hundred microliter for MTT assay of 96-well TCPs and 2 mL for DNA assay of 6-well TCPs. *p < 0.05.
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FIGURE 5. Optical images of HUVEC cells with (D–F) or without (A–C) growth factor after cultured 1 day (A,D), 2 days (B,E), and 3 days (C,F). Cell seeding density is 4,000/well. Cells were stained by MTT. The scale is 100 μm.





Fabrication and Characterization of Injectable Composite Hydrogel

HA-furan and HA-furan-ADH were synthesized and characterized by 1H NMR spectrum in Figures 6A,B. Since they are both HA derivatives, chemical shifts from 3.0 to 4.2 ppm in both Figures 6A,B are attributed to the protons of pyranose ring. Other chemical shifts for HA-furan (Figure 6A) are listed as follows: the chemical shift at 1.9 ppm is attributed to the protons of CH3-O at 1 position, and the chemical shifts at 6.4, 6.5, and 7.5 ppm are attributed to the protons of furan ring at 2–4 position. The chemical shift at 2–4 position confirmed successful grafting of furan onto HA main chain. Since the H number of 2–4 position in each molecule and CH3-O group every two pyranose rings are fixed, their relative area ratio could be used to calculate the substitute degree of furan group on HA, which was 17%. Besides Figure 6A mentioned, chemical shifts at 1.7, 2.2, and 2.4 ppm for HA-furan-ADH (Figure 6B) are attributed to -CH2 groups at 5–8 position, which confirmed successful grafting of ADH onto HA-furan chain. Similarly, the substitute degree of ADH was calculated to be 17%. In addition, HA-furan-CHO was confirmed and quantified by t-butyl carbazate assay. The substitute degree of CHO was calculated to be 21%.
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FIGURE 6. 1H NMR of HA-furan (A), and HA-furan-ADH (B).



In the hydrogel system, two kinds of crosslinking points were formed to strengthen polymer network, as shown in Figure 7A. One was acyl hydrazone bond formed by CHO and ADH, which was a dynamic covalent and sensitive to pH value. The other was formed by reversible diels-alder click chemistry between furan groups and maleimide groups. Also, properties of hydrogel were related with the double crosslinked network, which was discussed as follows. Gelation time and swelling ratio as a function of polymer concentration as well as pH value were investigated, which was shown in Figures 7B,C. Gelation time decreased rapidly along with polymer concentration, and swelling ratio decreased slightly with increase of polymer concentration (Figure 7B). Just as our previous research discussed, enlarged crosslinking point in definite volume increased percentage of reaction between functional groups and accelerate reaction speed, which influenced gelation time and swelling ratio. Gelation time and swelling ratio decreased significantly with decrease of pH value until pH5.5 (Figure 7C). Since acyl hydrazone bond was formed at high pH value medium and broken at low pH value medium with critical point of pH 4.0, it was easily understood that gelation time prolonged due to lack of one kind of crosslinkings in low pH value and swelling ratio enlarged due to less crosslink points. In summary, adjustable gelation time ensured the injectable property for composite hydrogel.
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FIGURE 7. (A) The mechanisms for the formation of the hydrazine bond and for the Diels-Adler reaction. Gelation time and swelling ratio as a function of (B) polymer concentration and (C) pH value.



Furthermore, the self-healing property was confirmed by Figure 8A. Just as above discussed, the hydrogel was crosslinked by dynamic covalent and reversible Diels-alder click chemistry, which endowed hydrogel flexible and reversible crosslinking points. The characteristic gave self-healing property to hydrogel.
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FIGURE 8. (A) Digital images to show self-healing properties of hydrogel. The process included (1) cutting the formed hydrogel; (2) separating two part of above-mentioned hydrogel completely; (3) putting together of two separated part with complete interface touch for 24 h. (B) Storage modulus and loss modulus of composite hydrogel.



Finally, composite hydrogel was characterized by gelation time and swelling ratio, which possessed similar properties to pure hydrogel. Additionally, viscoelastic behaviors of composite hydrogels were shown in Figure 8B. Storage moduli of hydrogel was around 3 ×103 Pa, which was 100–300 times higher than loss moduli of 100–300 Pa over the frequency range of 10−1-102 rad/s. The result indicated that composite hydrogels had typical characteristics of elastomers. With increasing angular frequency, storage moduli showed little decrease and loss moduli increased gently with no sign of breakage as far as the measured angular frequency range was concerned. The mechanical property ensured its potential application as a scaffold.

Moreover, the degradation of both pure hydrogel and composite hydrogel was about 3 weeks. No significant difference for degradation time was found between hydrogel and composite hydrogel.



In vitro Evaluation for Composite Hydrogel

Cell was incorporated into composite hydrogel to evaluate its biomedical application using pure hydrogel without nanoparticle as a control. Cell viability both in either pure hydrogel and in composite hydrogel increased obviously along with culture time and the increase have statistically significant difference (Figure 9A), which indicated that either pure hydrogel or composite hydrogel can support cell growth. Moreover, cell viability in composite hydrogel was higher than that in pure hydrogel especially after cells were cultured for 3 days (Figure 9A). Especially, for 5 and 7 days, the difference between composite hydrogel and pure hydrogel has obvious statistical significance. Higher cell viability in composite hydrogel was ascribed to encapsulated growth factor. Similarly, DNA content of either pure hydrogel or composite hydrogel increased significantly along with culture time. While DNA content of composite hydrogel was higher than that of pure hydrogel especially after cells were cultured for 3 days (Figure 9B). Just as above discussed, DNA content reflects cell number. Hence hydrogels could support cell proliferation and composite hydrogel could accelerate cell proliferation more. Furthermore, cells in hydrogels exhibited round morphology, which was recorded by microscope in Figure 10. At day 1, some round cells homogenous dispersed in hydrogels (Figures 10A,D); at day 3, homogenous dispersed cells increased (Figures 10B,E); at day 5, cells increased further (Figures 10C,F). Overally, cell number in composite hydrogel (Figures 10D–F) was obvious larger than that in pure hydrogel (Figures 10A–C). Therefore, these results were consistent and confirmed that hydrogels could maintain cell activity and support cell growth, and composite hydrogel possessed better properties.
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FIGURE 9. Cell viability (A) and DNA content (B) of cells in different gels as a function of culture time. cell density is 400,000/gel. *p < 0.05.
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FIGURE 10. Optical images of cells in gels without (A–C) or with (D–F) growth factor encapsulated nanoparticle after cultured 1 day (A,D), 3 days (B,E), and 5 days (C,F). Cell seeding density is 400,000/gel. Cells were stained by MTT. The scale is 100 μm.






CONCLUSION

pH-sensitive bifunctional nanoparticle was successfully prepared by combined W/O/W technique and in situ polymerization. Final nanoparticle exhibited homogeneous sphere morphology and biphase structure. pH sensitive property of the nanoparticle was confirmed by effective diameter change from 314 nm in PBS to 299 nm in acid solution as well as zeta potential change. The growth factor encapsulated capacity in the nanoparticle was influenced by initial growth factor concentration with maximum encapsulated amount of 1.9 ng/mg nanoparticle. Their release behaviors were dependent on pH value of released medium. Detailedly, about 60% could be released in 24 h in PBS; but nearly all the growth factor dispersed homogeneously in pH 5.5 medium after 1 h. In vitro investigation including cell viability, DNA content and cell morphology revealed that the released growth factor could increase cell viability and promote cell growth. In further step, HA-furan, HA-furan-ADH, and HA-furan-CHO were successfully synthesized with furan substitute degree of 17%, ADH substitute degree of 17%, CHO substitute degree of 21%. Hydrogel was crosslinked by dynamic covalent and reversible diels-alder click chemistry, which endowed hydrogel flexible and adjustable properties including self-healing property. Gelation time and swelling ratio were influenced by pH value and polymer concentration. Higher polymer concentration or higher pH value resulted in shorter gelation time and smaller swelling ratio. After nanoparticle was incorporated into hydrogel, composite hydrogel exhibited acceptable mechanical property as a scaffold for biomedical field with storage moduli of 3 ×103 Pa and loss moduli of 100–300 Pa. In vitro evaluation from viability, DNA content and cell morphology results confirmed that hydrogels could maintain cell activity and support cell growth, and further composite hydrogel possessed better properties.
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Traditional intravenous chemotherapy is relative to many systemic side effects, including myelosuppression, liver or kidney dysfunction, and neurotoxicity. As an alternative method, the injectable hydrogel can efficiently avoid these problems by releasing drugs topically at the tumor site. With advantages of localized drug toxicity in the tumor site, proper injectable hydrogel as the drug delivery system has become a research hotspot. Based on different types and stages of cancer, a variety of hydrogel drug delivery systems were developed, including thermosensitive, pH-sensitive, photosensitive, and dual-sensitive hydrogel. In this review, the latest developments of these hydrogels and related drug delivery systems were summarized. In summary, our increasing knowledge of injectable hydrogel for localized cancer therapy ensures us that it is a more durable and effective approach than traditional chemotherapy. Smart release system reacting to different stimuli at different time according to the micro-environment changes in the tumor site is a promising tendency for further studies.

Keywords: smart hydrogels, injectable, localized chemotherapy, stimuli responsive, drug delivery


INTRODUCTION

With the deterioration of the environment, the incidence of cancer is increasing year by year. In 2018, there were 18.1 million new cancer cases worldwide (9.5 million males and 8.6 million females), and the death toll was 9.6 million (5.4 million males and 4.2 million females) (Bray et al., 2018). The global cancer burden is further aggravated. One in five men and one in six women worldwide will develop cancer, and 1 in 8 men and 1 in 11 women will die for cancer (Bray et al., 2018; Sivaram et al., 2018).

Different strategies and methods are applied for cancer patients according to their different diagnose and stage. Possible therapies include chemotherapy, radiation, surgery, immunotherapy, targeted therapy, and gene therapy (Wang et al., 2013; Roy and Trinchieri, 2017; Bykov et al., 2018; Senft et al., 2018). Among those options, chemotherapy plays a pivotal role in tumor control and prevention of recurrence. The anti-tumor activity of chemotherapeutic drugs kill tumor cells with its drug toxicity (Zhou et al., 2017). Without selective or targeted killing, normal tissues could be harmed by chemical drugs along with tumor cells (Andreyev et al., 2014).

With the development of hydrogel, traditional chemotherapy drugs are booming a new life. Drugs are injected within the hydrogel directly into the tumor or adjacent to it (Elias et al., 2015; Ma et al., 2015; Pan et al., 2018). Drugs could be localized in a crosslinked 3D network of hydrophilic polymer chains (Wang et al., 2013, 2017; Bu et al., 2017). In this way, drug toxicity is limited within a localized area where tumor cells lie. Meanwhile, localized hydrogel reveals the ability for continuous efficient drug delivery in the tumor site (Yang Y. Y. et al., 2016; Yang et al., 2018). To enhance this character, a variety of systems have been developed with different composition, including polyphosphazene (PPZ), polyethylene glycol (PEG), and Polylactate glycolic acid PLGA (Bu et al., 2017; Ahmad et al., 2018; Cheng et al., 2018; Gajendiran et al., 2019).

Most of the hydrogel is insoluble in water but excellent in water absorption capacity (from 10% to thousands of times their dry weight) (Bin Imran et al., 2014; Murgia et al., 2018) (Figure 1). The soft, moist surface, and affinity with the tissue greatly reduce the stimulation of the human body. Most materials that make hydrogels are non-toxic (Zhang et al., 2015; Batista et al., 2019; Gajendiran et al., 2019). According to the response to external stimuli, hydrogels can be divided into ordinary hydrogels and smart hydrogels (Gu et al., 2017). Original hydrogels are not sensitive to environmental changes (Castelletto et al., 2019; Kerdsirichairat et al., 2019; Luo et al., 2019). While smart hydrogels could be affected by pH, temperature, and photoelectricity. It results in changeable gel volume and traits for smart hydrogels (Deepa et al., 2012; Chen and Liu, 2016; Chen X. et al., 2016; Milcovich et al., 2017; Chen et al., 2019). These hydrogels are currently widely used in tissue engineering, drug delivery, and other fields (Bae et al., 2013; Del Bufalo et al., 2016; Casey et al., 2017; Castelletto et al., 2019).


[image: Figure 1]
FIGURE 1. Hydrogel forms crosslinked 3D network and shows excellent water absorption capacity. (A) Hydrogel swelling from 129 mg (dry gel) to 80,000 mg (water-swollen gel). (B) Stress-strain curves of different hydrogels (i–v). (C) Schematic of swollen hydrogel (Bin Imran et al., 2014). Reproduced, with permission, from Bin Imran et al. (2014).




THERMOSENSITIVE HYDROGELS

Temperature-sensitive hydrogels are hydrogels that change in volume as the ambient temperature changes (Klouda, 2015; Chen et al., 2018). The gel always has a certain proportion of hydrophobic and hydrophilic groups. Temperature changes can affect the hydrophobic interaction of these groups. The hydrogen bonding between the macromolecular chains causes the gel structure to change, and volume changes occur (Fan et al., 2015). The temperature at which the volume changes is referred as lower critical solution temperature (LCST) (Sapino et al., 2019). Under this temperature, the gel swells in aqueous solution. Once the temperature rises to LCST, the gel shrinks (Lei et al., 2012; Wang et al., 2015). Its unique properties can be used as a drug carrier, which is injected into the body after being combined with a drug at a low temperature (Le et al., 2018). Forming a colloidal state with the help of body temperature makes it a drug sustained-release system, which simplifies not only medical treatment but also patients' suffering (Wang et al., 2015, 2016; Yang Y. et al., 2016). Main thermosensitive injectable hydrogels include chitosan/glycerophosphate (C/GP), hyaluronic acid (HA), PLGA based hydrogel, PEG-based hydrogel, PECE, and PECT (Guo et al., 2012; Klouda, 2015; Huang et al., 2016; Le et al., 2018; Sapino et al., 2019). Their characters and drug delivery systems were summarized in Table 1.


Table 1. Main thermosensitive injectable hydrogel and drug delivery system.

[image: Table 1]

In one study (Huang et al., 2016), injectable thermosensitive doxorubicin (DOX) delivery system was developed with PECT hydrogel. Instead of hydrogel based on free DOX diffusion, which suffered from rapid drug clearance and poor drug penetration in tumor tissue, self-polymerized drug-loaded nanoparticles were encapsulated into PECT hydrogel (Huang et al., 2016). After in vivo injection, PECT gel exhibited a transition phase between sol and gel. The viscosity increased abruptly once the temperature is higher than 28°C. With the highest viscosity at 37°C, the hydrogel turned to gel from sol (Figure 2). Loaded nanoparticles were dissociated from hydrogel and diffused within tumor tissue by EPR effect. Intracellular chemical drug release limited its toxic effects and enhanced its anti-tumor effectiveness. Contrasted with intravenous drug injections (I.V.), a thermosensitive hydrogel with nanomedicine loaded is an efficient drug delivery system, which enabled continuous drug release around tumor tissues (Huang et al., 2016).


[image: Figure 2]
FIGURE 2. The thermosensitive property of hydrogel. (A) State of the thermosensitive hydrogel at different temperatures (25°C, 37°C). (B) Hydrogel viscosity increase of aqueous solution as a function of temperature. Source: Reproduced, with permission, from Huang et al. (2016).


Two or more elements loaded in one thermosensitive hydrogel has emerged as a promising drug delivery system for its superior anti-tumor efficacy. Polo-like kinase 1 (PLK1) gene is recognized as a key regulator of tumor cell meiosis and mitosis (Ma et al., 2014). RNA interference-based on PLK1shRNA can specifically reduce the function of the target gene in the tumor. A strategy of DOX and PLK1shRNA/PEI-Lys co-delivery hydrogel was developed for the treatment of osteosarcoma (Ma et al., 2014). In this method, PLK1shRNA/PEI-Lys in the hydrogel can greatly enhance the anti-tumor effect of DOX. With the synergistic effect from PLK1shRNA/PEI-Lys and DOX, significant osteosarcoma apoptosis was caused by the co-loaded hydrogel (Figure 3) (Ma et al., 2014).


[image: Figure 3]
FIGURE 3. Schematic for synergism of PLK1shRNA/PEI-Lys and DOX from the hydrogel promotes tumor apoptosis on osteosarcoma in nude mice. Reproduced, with permission, from Ma et al. (2014).




PH-SENSITIVE HYDROGELS

Glycolysis of tumor cells can cause acidification in the environment next to tumor tissues, resulting in lower pH value in the extracellular matrix than normal tissues (Kenney et al., 2018; Hu et al., 2019). A pH-sensitive hydrogel is a polymer gel in which the volume of the hydrogel changes depending on the pH of the external environment and the ionic strength (Liao et al., 2017; Liu et al., 2019). Such gels contain a large number of readily hydrolyzable or protonated acids, base groups such as carboxyl groups and amino groups (Lym et al., 2016). The dissociation of these groups is affected by the external pH. When the external pH changes, the degree of dissociation of these groups changes correspondingly, causing the internal and external ion concentration to change (Norouzi et al., 2016). In addition, the dissociation of these groups will destroy the corresponding hydrogen in the gel. The bond reduces the cross-linking point of the gel network, causing a change in the structure of the gel network and the degree of swelling of the hydrogel (Qu et al., 2017; Oroojalian et al., 2018). With this property, the rate of diffusion and release of the drug in the gel can be conveniently adjusted and controlled (Samanta et al., 2015).

A variety of elements for pH-sensitive hydrogel were explored in the past decades. Their characters and drug delivery systems were summarized in Table 2. One of the choices is based on chitosan-grafted-dihydrocaffeic acid (CS-DA) and oxidized pullulan (OP) (Liang et al., 2019). With classical drug for anti-tumor therapy, DOX-loaded hydrogel was tested to explore its reactions for the pH changes in the tumor environment. With glycolysis in the tumor site, a decrease of pH triggered the drug release (Liang et al., 2019). Compared with the morphology of hydrogel at pH 7.4, significant disintegration of hydrogel resulted in larger pore size at pH 5.5 (Figure 4) (Liang et al., 2019). After 60 h at pH 5.5, more than 80% of DOX was released from the hydrogel. The hydrogel was co-cultured with Hct116 cells (colon tumor cells) to test its anti-tumor effect (Liang et al., 2019). DOX is continuously stable released from hydrogel at pH 5.5 and 7.4. In both conditions, DOX can be effectively released for more than 3 days (Liang et al., 2019).


Table 2. pH-sensitive hydrogels and drug delivery system.

[image: Table 2]


[image: Figure 4]
FIGURE 4. Characters of the pH-sensitive hydrogel. (A) pH-responsive drug release. (B) Schematic for pH-sensitive hydrogel. (C) Mucoadhesive strength of different elements. (D) SEM images of the pH-sensitive hydrogel after swelling in PBS with different pH values. *P < 0.05. Reproduced, with permission, from Liang et al. (2019).


In recent years, aspirin has been found to inhibit carbon monoxide synthase, inhibit nitrite-mediated DNA damage, reduce surviving, inhibit nuclear transcription factors, proteasomes, and calcium-activated neutral proteasome genes by inhibiting cyclooxygenase (Lu et al., 2008; Choi et al., 2013). The expression and other mechanisms play an anti-tumor effect. After loading aspirin into the hemicellulose hydrogel, it was found that 85% of the drug could be released continuously for 5–6 h under pH 7.4 (Choi et al., 2013). Sun et al. successfully prepared a series of acrylic acid and acrylamide copolymer grafted hemicellulose hydrogels by free radical polymerization (Sun et al., 2013). The combination of aspirin and the drug showed that the release rate of the drug in the simulated gastric juice was slower, and the release rate in the simulated intestinal fluid was significantly faster than that of the simulated gastric juice. When the release time was 12 h, the cumulative release rate reached 90%, which shows excellent sustained release properties (Sun et al., 2013).

In addition, Wang et al. first inserted dexamethasone phosphate into molecularly imprinted polymer nanospheres and loaded the polymer onto a pH-sensitive hydrogel, making it a biosensor that inhibits inflammation (Wang et al., 2010). Since the inflammatory reaction can lead to an acidic environment, this pH-sensitive hydrogel can rapidly release the drug at pH 6.0~7.4 to inhibit the inflammation (Wang et al., 2010). This different method is resistant to pH-sensitive hydrogels. The application of oncology drugs has brought new ideas.



PHOTOSENSITIVE HYDROGELS

The mechanism of a light-sensitive hydrogel is divided into two types according to the properties of the photosensitive material (Chang et al., 2019). One is to directly add the photosensitive molecular material to the temperature-sensitive gel, and convert the light energy into heat energy to make the temperature inside the gel reach the phase transition temperature. In this way, hydrogel produces photosensitivity. Another kind of chromophore is introduced into the gel structure (Norouzi et al., 2016). The physicochemical properties of the chromophore are changed when subjected to light stimulation. By changing the network structure, hydrogel macroscopically exhibits photosensitivity. Usually, a structure such as azobenzene, spiropyran, o-naphthoquinone, anthracene, nitrophenyl, and coumarin is introduced into the gel (Tam et al., 2017). Among them, ruthenium, nitrophenyl, and coumarin compounds mainly take advantage of photo-cleavage photosensitive groups, which are bonded to the hydrophobic end through an aryl methyl bond (Norouzi et al., 2016; Tam et al., 2017). Under ultraviolet light or near-infrared light, the ester group is broken. The photosensitive reaction is caused. The hydrophobic end is converted to a hydrophilic end, causing the gel to dissociate. The azobenzene compound is controlled by the conversion of the cis-trans structure. Their characters and drug delivery systems were summarized in Table 3.


Table 3. Photosensitive hydrogels and drug delivery system.
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One of the applications for photosensitive hydrogels is the platform for cell culture and 3D tumor micro-environment studies. With advantages of its photosensitive character, cell detachment on the surface of hydrogel was done layer-by-layer to form a 3D cell culture medium (Figure 5) (Wang et al., 2014). Photoinitiated copolymerization of P (OEGMA-co-VDT-co-SPAA) (POVSP) hydrogels happened with UV irradiation. The compressive strengths of hydrogels were up to 5.1 MPa, which is strong enough for cell culture (Wang et al., 2014). It is revealed that photosensitive hydrogel is suitable for 3D cell culture model, which is vital for the study of the mechanism for tumor development.


[image: Figure 5]
FIGURE 5. Schematic structure and mechanism of the photosensitive hydrogel. (A) Schematic molecular structure of hydrogel. (B) UV irradiation triggers the detachment of cells from the surface of the hydrogel. Reproduced, with permission, from Wang et al. (2014).


To achieve the same purpose, a photocleavable terpolymer hydrogel was developed as the basic technique for 3D bio-printing. This hydrogel is capable of self-shaping directly to the UV irradiation. It is designable by using selective illumination to UV light with the specific area covered with darkness (Figure 6) (Liao et al., 2015). The printable hydrogel is an inspiring design for controlled drug delivery with district distribution. It is a key technique for the realization of 4D drug delivery with both dimensions of time and space. With drugs loaded in the 3D space of hydrogels, dynamic drug release can be realized. In this process, different drug could be controlled to be released in different time with purpose (Xu et al., 2015; Chen Y. et al., 2016; Kim et al., 2017; Guo et al., 2018). This is the typical way of 4D drug delivery with additional dimensions of time.


[image: Figure 6]
FIGURE 6. Photoactive self-shaping hydrogel spontaneous swelling caused by UV irradiation. (A) Hydrogel shaped by selected UV irradiation to form a designed pattern. (B) 3D image of a square unit for the design of UV irradiation. Reproduced, with permission, from Liao et al. (2015).




DUAL-SENSITIVE HYDROGELS

With the increasing requirements for the precision of controlled release of drugs, multi-sensitive hydrogels have received more and more attention (Bardajee et al., 2017). In particular, co-sensitive hydrogels for temperature and pH is widely researched. Temperature and pH are two important factors in physiological, biological, and chemical systems (Bardajee et al., 2017; Fathi et al., 2019). The temperature-pH double-sensitive hydrogel consists of a temperature-sensitive and pH-sensitive two-part hydrophilic polymer network (Lym et al., 2016). Usually formed with two or more monomers or polymers, which respond to temperature and pH, respectively.

The combination of temperature and pH sensitivity is crucial for the management of locoregional tumor recurrence (Mackiewicz et al., 2019). A novel pH-sensitive thermosensitive hydrogel loaded with modified doxorubicin-based prodrug nanoparticles (PDNPs), which is more efficient for tumor management than free DOX (Liu et al., 2019). Good biocompatibility and anti-tumor activity were verified by in vitro uptake and cell toxicity. For in vivo experiment, 4T1 cells with luciferase-tagged expression were implanted into mice. Management by temperature and pH co-sensitive hydrogel was remarkable (Figure 7) (Liu et al., 2019). It is a promising strategy for preventing the locoregional recurrence of the tumor.


[image: Figure 7]
FIGURE 7. In vivo luciferase-tagged tumor model with the management of hydrogel. (A) Experiment process. (B) Bioluminescence images of mice treated with different formulations, (C) Quantified bioluminescence for tumors in mice. (D) Mice weight changes. (E) Survival rates of mice treated with different methods. Reproduced, with permission, from Liu et al. (2019).


Co-sensitive hydrogel with dual photoluminescence was developed with PL and PNIPAM (Zhao et al., 2016). This hydrogel contains a core which was made up of a red-emission complex and a blue-emission d-TPE. This nanoparticle is sensitive to the change of temperature and pH (Zhao et al., 2016). This hydrogel is stimulated by both temperature and pH and is more adaptable to the complex environment of human body fluids. In addition, the application of two or more materials, through their interaction, not only can improve the mechanical strength of the hydrogel, but also improve the precision of controlled release. With this character, the stimuli-responsive hydrogel has a wide application in medical imaging, cancer diagnosis, and advanced antitumor drug delivery (Zhao et al., 2016).



CONCLUSIONS

The unique character of hydrogel makes it an efficient functional medium for drug delivery (Zhang et al., 2018; Fathi et al., 2019; Mackiewicz et al., 2019). Given the limits from chemical drug toxicity for normal tissue and organs, localized drug delivery system by hydrogel has been a crucial method for cancer management. Related studies mainly focused on the delivery function and the methods of stimuli-response (Lym et al., 2016; Bardajee et al., 2017; Wei et al., 2017; Fathi et al., 2019). The smart hydrogel was developed with accurate responses to tiny changes in temperature, pH, and light. For now, drugs can be easily delivered to cancer tissue at the right time point. In the future, co-loaded drugs, including DNA, RNA, protein, and related products, would be a key point. The constantly accurate drug delivery system can realize anti-tumor drugs release followed by tissue repair factors. In this way, demission of time and space for drug delivery would be mixed in one hydrogel, making it a 4D functional hydrogel. It can make hydrogel a perfect choice for local chemotherapy and cancer management.
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Bone defects, massive bone defects in particular, is still an issue clinically. Acetylsalicylic acid (ASA), also known as aspirin, has been proven to be conducive for mesenchymal stem cells osteogenic differentiation, which may be benefited for bone regeneration. In order to achieve a more appealing prognosis of bone defect, here we develop a well-defined tetra-PEG hydrogel sealant with rapid gelation speed, strong tissue adhesion, and high mechanical strength. After in-situ encapsulation of aspirin, this drug-loaded tetra-PEG hydrogel possessed a sustained release, anti-inflammation, and osteoinductive properties. In vitro experiments showed that the cell proliferation was slightly facilitated, and the osteogenic differentiation was notably augmented when periodontal ligament stem cells (PDLSCs) were co-incubating with the hydrogel materials. Moreover, in vivo study manifested that the aspirin sustained release system significantly facilitated the PDLSCs mediated bone defect regeneration. Overall, tetra-PEG hydrogel-based aspirin sustained release system is applicable not only for enhancing the osteogenesis capacity of PDLSC but also providing a new thought of bone regenerative therapy.

Keywords: hydrogel, drug delivery system, periodontal ligament stem cell, bone regeneration, aspirin


INTRODUCTION

Autologous and allogenic bone grafts are currently the most common used therapeutic strategies for treating bone defect (Miller and Chiodo, 2016; Panagopoulos et al., 2017). However, the high cost of the bone harvesting procedures accompanied with donor site inflammation, pain, and hematomas limited its therapeutic usage. In comparison to currently available treatment modalities, mesenchymal stem cells (MSCs) based bone tissue engineering was indicated as an advantageous alternative therapeutic option for bone tissue regeneration (Botelho et al., 2017; Confalonieri et al., 2018), including high-quality regeneration capacity, low risk of autoimmune rejection, and no donor-site harvesting procedure.

Mesenchymal stem cells are existing in multiple tissue types, including the craniofacial, and dental tissues. It has been reported that orofacial tissues derived MSCs obtained superior proliferation, immunomodulation, and multiple-lineage differentiation abilities when compared with bone marrow derived mesenchymal stem cells (BMMSCs) (Gronthos et al., 2000; Seo et al., 2004; Zhang et al., 2009). Moreover, the neural crest origin of these MSCs makes them attractive for craniofacial regeneration strategies (Zheng et al., 2009; Xuan et al., 2018). Among the dental derived MSCs, periodontal ligament stem cells (PDLSCs) is of particular interest. It was reported that ex vivo-expanded PDLSCs was capable of achieving better bone regeneration capacity compared with other types of dental derived MSCs (Moshaverinia et al., 2014), and they could be easily collected in dental clinic from discarded tissue samples.

Mesenchymal stem cells biological behaviors can be affected by various factors, the recipient local microenvironment in which immune cells and cytokines may modulate MSCs mediated bone regeneration capacity (Liu et al., 2011). Acetylsalicylic acid (ASA) is one of the most widely used non-steroidal anti-inflammatory drugs (NSAIDs) that affects multiple biological process. It has been reported that ASA could be used in rodent osteoporosis treatment through activated osteoblasts and inhibited osteoclasts (Yamaza et al., 2008). When treated on MSCs, ASA is capable of elevating BMMSCs-mediated bone regeneration (Liu et al., 2011) and improving stem cells from human exfoliated deciduous teeth (SHED) osteogenic differentiation capacity (Liu et al., 2015). However, as ASA possessed a rapid dissolution profile and short half-life in vivo (Bliden et al., 2016), fabricating a suitable scaffold and delivery system to carry and sustain ASA efficacy at the site of bone repair is essential.

Among the biomaterials, hydrogels possess great potential in utilizing as delivery scaffolds for bone regeneration (Tan et al., 2019; Xu et al., 2019). Unlike other sustained release drug delivery systems, nanoparticles, for instance, hydrogels are comprised of a large amount of water within their 3D networks, which are excellent biomimicry for extracellular matrix. As tissue engineering scaffolds, hydrogels compose variable molecules which endue hydrogels diverse mechanical and biological properties (Seliktar, 2012), which have attracted great attentions in applications of drug release matrices, tissue-engineering scaffolds and coating biomaterials. However, most of hydrogels are generally mechanically soft or brittle, significantly limiting their scope of applications. A series of high-tough hydrogels like nanocomposite (NC) hydrogels, sliding-ring (SR) hydrogels, tetra-polyethylene glycol hydrogels (tetra-PEG hydrogels), ionically cross-linked hydrogels, and double-network (DN) hydrogels were well-developed in recent years (Tao et al., 2009; Yang et al., 2016, 2018; Bu et al., 2017). Wherein, tetra-PEG hydrogels were recognized as an ideal homogeneous biomaterial on account of the essentially non-immunogenic, antifouling, and biocompatible properties. In addition, tetra-PEG hydrogels have more advantages on facilely functional modification for construction of more-functional biomaterials in a convenient and practical way. In the present study, we investigated whether tetra-PEG hydrogels loaded with aspirin (PEG-ASA) complex is a suitable scaffold for delivering aspirin locally, and we hypothesized that the PEG-ASA complex might serve as an ideal approach for PDLSCs-mediated bone regeneration. We established the critical sized cranial bone defect on mice and analyzed the capability of the PEG-ASA complex to promote PDLSCs-mediated bone repair. The data may provide a new therapeutic strategy for achieving anti-inflammation and bone regeneration in repairing cranial bone defects.



MATERIALS AND METHODS


Human PDLSCs Isolation and Cultivation

Periodontal ligament tissues were acquired from healthy premolars due to orthodontic treatment. The donors were aged from 18 to 25 years without any history of periodontitis or tooth decay. The protocol of PDLSCs isolation and cultivation was in accordance with previous publication (Seo et al., 2004). P3 cells are used in all experiments. The experiment procedure was approved by the Ethical Guidelines of Peking University (PKUSSIRB-201311103).



In vitro Osteogenic Differentiation Assay

2 × 104 PDLSCs were seeded per well in 12-well plates (Corning Incorporated, USA). The cells were cultured in growth medium (GM) containing α-modified Eagle's medium (Corning Incorporated), 15% fetal bovine serum (FBS, Biological Industries, Israel), and 1% penicillin/streptomycin (Solarbio Life Sciences, China) at 37°C and humidified 5% CO2. Then growth medium was replaced by osteogenic differentiation medium (ODM) containing α-modified Eagle's medium (Corning Incorporated), 15% FBS (Biological Industries), 1% penicillin/streptomycin (Solarbio Life Sciences), 0.01 μM Dexamethasone sodium phosphate (Sigma-Aldrich, USA), 1.8 mM KH2PO4, 0.1 mM L-ascorbic acid phosphate (Sigma-Aldrich), and 2 mM glutamine (Gibco, USA) when the cell confluence reached 70–80%. The ASA (Cat. A2093, Sigma-Aldrich) and hydrogel degradation (HD) was added into medium at the same time to reach a specific concentration (ASA: 0, 50, 100, 200, and 400 μg/mL; HD: 0 μg/mL, 10 μg/mL). The medium was replaced every 2 days. Alizarin red s staining was conducted at day 14 after osteogenesis induction. The cells were fixed by 60% isopropanol. After rehydrated in distilled water, 1% Alizarin red s (Sigma-Aldrich) solution was used to stain. The stain was removed. Cells were rinsed by distilled water 3 times and dried at room temperature. ImageJ (ver. 1.8.0; NIH, USA) were used to quantify the stained areas and shown as a percentage of the total area.



Real-Time PCR

PDLSCs were cultivated in ODM with specific concentration of ASA (0, 50, 100, 200, and 400 μg/mL) and HD (0 μg/mL, 10 μg/mL) for 7 days. The total RNA was extracted following manufacturer's instruction by TRIzol reagent (Cat. 15596026, Invitrogen, USA). RNA concentration was measured by NanoDrop 8000 (Thermal Fisher Scientific, USA). 1 μg total RNA was reverse-transcribed to cDNA by PrimeScript RT Reagent Kit (Cat. RR037A, Takara Bio Inc., Japan). Quantitative PCR (qPCR) was performed by FastStart Universal SYBR Green Master (Cat. 04913914001, Roche, Swiss) on ABI Prism 7500 Real-Time PCR System (Applied Biosystem, USA). The gene expression was normalized by GAPDH. The result was analyzed by [image: image] method. The primers sequences are listed in Table 1.


Table 1. Sequences of quantitative polymerase chain reaction primers.

[image: Table 1]



Synthesis of Tetra-PEG-SG

The tetra-PEG-SG was prepared in two steps. Firstly, the intermediate product tetra-armed poly (ethylene glycol) glutarate acid was prepared as follows: tetra-PEG-OH (0.1 mmol, 10 g), glutaric anhydride (4 mmol, 456 mg), and DMAP (4 mmol, 488 mg) were dissolved in anhydrous CH2Cl2 (150 mL). After reaction for 24 h, the solution was washed with brine for three times. The organic layer was collected, dried with MgSO4, and concentrated under vacuum, which was further precipitated twice in excess diethyl ether to give the tetra-armed poly (ethylene glycol) succinic acid. Then the tetra-armed poly (ethylene glycol) succinic acid (0.05 mmol, 5 g), EDCI (2 mmol, 384 mg), and NHS (2 mmol, 230 mg) were dissolved in dry CH2Cl2 (100 mL). The system was stirred at 37°C for 24 h and then directly washed with brine (3 × 100 mL). The organic layer was collected and dried with MgSO4 to obtain the white solid under vacuum. The structures of the compounds were confirmed by 1H NMR and 13C NMR measurement in CDCl3. Yield: 62.5%.



Preparing of Tetra-PEG Hydrogel and ASA-Loaded Tetra-PEG Hydrogel

Precursor solution of tetra-PEG-NH2 (8 wt%) and precursor solution tetra-PEG-SG (8 wt%) were prepared in two different sample bottles. By simultaneously injecting them into the molds using dual syringe, the tetra-PEG hydrogel was obtained at room temperature within 1 min. The ASA-loaded hydrogel was obtained by mixing the tetra-PEG-NH2 (8 wt%) and tetra-PEG-SG (8 wt%) including the appropriate amount of ASA (100 μg/mL for each experimental sample) into the molds at room temperature with the same methods.



In vitro Release Profile of Aspirin From the Hydrogel

The hydrogel was prepared in a container with the diameter of 10 mm and height of 2 mm, and aspirin was encapsulated inside the hydrogel. Then, the ASA-contained hydrogel was immersed into the PBS and the solutions were collected at the appointed intervals of time. The collected solution at different time were tested using the UV-visible spectroscopy.



Scanning Electron Microscopy (SEM) Observation of the Hydrogel

The hydrogel samples(φ 14 mm × h 2 mm) were lyophilized by SPEX 6770 freeze drier (Labconco, USA). To characterize the internal microstructure of hydrogels, the freeze-dried samples were cut and observed under a scanning electron microscopy (SEM, Hitachi S-4800, Japan).



Cell Viability and Cell Proliferation Assay

Cell Counting Kit-8 (CCK-8, Cat. CK04, Dojindo, Japan) was applied under manufacturer's protocol. PDLSCs were seeded in 48-well plate (Corning Incorporated), 6,000 cells per well. GM was replaced, HD was added 24 h after seeding. Briefly, the cells were incubated with CCK-8 for 2 h, and OD value (450 nm) was detected. 24 h cell viability was defined as OD ratio between treated and untreated groups.

Cell live and dead viability was determined by Live/Dead Viability/Cytotoxicity Kit (Cat. L3224, Invitrogen) according to the manufacturer's instruction. PDLSCs were seeded and incubated in GM for 24 hours, HD was added and incubating for further 24 hours. IX53 fluorescence microscope (Olympus, Japan) was used to observe green (live) and red (dead) cells after staining.

PDLSCs were seeded on φ 20 mm slides (NEST, China), 1 × 104 cells per slide. Cell treatments were the same as live and dead assay above. Then, PDLSCs were treated 12 h with 1:200 BrdU antibody (Cat. MA3-071, Invitrogen) after incubating the cells with 1:100 BrdU labeling reagent (Cat. 000103, Thermal Fisher Scientific) for 12 h. Then, irrigated cells were treated by Alexafluoro 568 conjugated secondary antibody for 1 h at room temperature. Finally, the slides were mounted by Vectasheild mounting medium containing DAPI (Vector Laboratories, USA). Zeiss Axio Observer Z1 (Zeiss, Germany) was used to examine the BrdU-positive cells.



Toxicity Assay of Hydrogels in vivo

All the in vivo studies were approved by Peking University Biomedical Ethics Committee (LA2019074). Aged 8 weeks, female BALB/c nude mice were purchased from Weitonglihua (China). The nude mice were randomly divided into three groups: (1) control group; (2) tetra-PEG hydrogel group; (3) tetra-PEG hydrogel loaded with ASA group (for each group, n = 6), the materials were placed subcutaneously on the dorsum of the mice. The mice were euthanized 2 weeks postoperatively, the skin and subcutaneous implants were fixed by 4% neutral-buffered formaldehyde immediately after harvest for 2 days. All the samples were gradually dehydrated and embedded, sections (3 μm) were prepared and stained with hematoxylin and eosin (H&E) to evaluate the toxicity of the hydrogels in nude mice.



Mouse Calvaria Bone Defects and Transplantation Treatment

Hydrogel samples (φ 5 × h 2 mm) were incubated in GM with PDLSCs for 48 h at 37°C, 5% CO2. The hydrogels were rinsed by PBS before implantation. Female C57BL/6 mice aged 8 weeks were purchased from Weitonglihua (China). Human PDLSCs used in this experiment were cultivated from one donor sample. Φ 5 mm calvaria bone defect was made by stainless-steel trephine. The mice are blindly randomized into 3 groups with the following: (1) control group, defects were not filled; (2) hydrogel-PDLSCs group, defect areas were filled by pretreated hydrogel matrix; (3) hydrogel-ASA-PDLSCs group, defect areas were filled by pretreated hydrogel with ASA loaded on. Then the mice were sacrificed at 8 weeks after operation. The calvaria bone was isolated and fixed with 4% neutral-buffered formaldehyde for 2 days. Then, the specimens were decalcified, dehydrated, and embedded. Serial sections 4 μm thick were prepared and stained with H&E and Masson to assess new bone formation. Local interferon-γ (IFN-γ) was assessed by immunofluorescence. IFN-γ antibody (Cat. sc-373727, Santa Cruz Biotechnology, USA) and goat-anti-mouse IgG-FITC (Cat. ZF-0312, ZSGB bio, China) was used in this experiment. Laser confocal microscopy (LMS710, Zeiss) was used to observe green and blue fluorescence emitted by FITC and DAPI.



Micro Computed Tomography (Micro-CT) Analysis

Mice calvarial samples were radiographed with a micro-CT system (SkyScan 1174; Burker) at 53 kV and 810 μA. 3D image were reconstructed by using NRecon and CTvox software (Burker). The CTAn (Burker) software was used to analysis the volume of new bone.



Statistics Analysis

All the results are presented as mean and standard deviation (mean ± S.D.) of 3–6 independent experiments. The statistics were analyzed by SPSS software (ver. 13.0; SPSS Inc., USA). Independent unpaired two-tailed Student's t-tests were used for comparing between two groups. One-way ANOVA was applied for more than two groups. p < 0.05 was considered to be significant.




RESULT


ASA Promotes the Osteogenic Differentiation of PDLSCs in vitro

In order to investigate the effect of ASA on osteogenic differentiation of PDLSCs and select an appropriate concentration to encapsulate ASA in the tetra-PEG hydrogel, we set up a series doses of ASA to treat PDLSCs and analyzed its osteogenic potential. ARS staining was performed 14 days post-treatment. The result demonstrated that osteogenic differentiation of PDLSCs was enhanced with the increase of ASA from 0 to 100 μg/mL. However, the augmentation was attenuated with ASA concentration reached 200 and 400 μg/mL, in a dose-dependent manner. The measurement of mineralization areas approved that mineralized nodule formation capacity of PDLSCs peaked when treated with 100 μg/mL ASA (Figure 1A). Next, to further confirm the functional effect of ASA, the mRNA levels of osteogenic markers were evaluated 7 days after osteogenic induction as assessed by qPCR. The result demonstrated that there was a significant increase of runt-related transcription factor 2 (RUNX2), alkaline phosphatase (ALP), and Osteocalcin (OCN) at the dose of 100 μg/mL treated group when compared with control group (p < 0.001, Figure 1B). The mRNA expression profiles were consistent with those obtained from ARS staining. These data suggested that ASA is able to promote PDLSCs' osteogenic differentiation capacity, and 100 μg/mL might be an ideal concentration for ASA to be encapsulated during scaffold construction.


[image: Figure 1]
FIGURE 1. Aspirin promotes the osteogenic differentiation capacity of PDLSCs in vitro. (A) PDLSCs were treated with gradient concentration of aspirin (0, 50, 100, 200, and 400 μg/ml) for 14 days, the mineralized nodule formation was assessed by alizarin red staining. Scale bar, 200 μm. *p < 0.05, **p < 0.01, ***p < 0.001. (B) qPCR analysis showed the RUNX2, ALP, and OCN expression levels after 7 days gradient concentration of aspirin treatment under osteogenic induction condition. *p < 0.05, **p < 0.01, ***p < 0.001.




Synthesis and Characterization of Hydrogels Loaded With ASA

Hydrogel and hydrogel loaded with ASA were fabricated with good accessibility by simply mixing the tetra-PEG-NH2 solution and the tetra-PEG-SG containing ASA solution (100 μg/mL) at room temperature. The synthesis procedures for PEG hydrogels were shown in Figure 2A. By the use of a dual syringe method, the tetra-PEG hydrogels can be formed in any mold with desired shape, exhibiting the injectable materials of in-situ free-shapeable properties. The topography and roughness of the hydrogels were investigated by the SEM technique as observed in Figure 2B. SEM images showed a varied of inner porous microstructure of the tetra-PEG hydrogels. It reveals that the pores diameters were ranging from 40 to 80 μm in the lyophilized state, which provided good chance to enable the sustained release of the encapsulated ASA drugs, cell entry and substance exchange intra-extra of the tetra-PEG hydrogels. As our expectation, we encapsulated ASA in PEG hydrogel without changing its appearance characteristics. Images of PEG and PEG-ASA co-cultured with PDLSCs manifested the excellent cell adhesion capacity of the hydrogels.


[image: Figure 2]
FIGURE 2. Scheme illustration and characterization of PEG hydrogels. (A) Scheme of the synthesis procedure for ASA-PEG hydrogels. (B) SEM images of PEG, PEG-ASA, and hydrogels co-cultured with PDLSCs. White arrowheads pointed out the cells. Scale bar, 100 μm.


After the characterizations of hydrogels, we detected the release profile of ASA loaded in tetra-PEG hydrogel in vitro. As shown in Figure 3, constant and sustained release of ASA was observed up to 14 days. In the first 2 days, cumulative release of ASA quickly reached round 40%. This initial burst release of ASA could afford sufficient stimuli to the defect areas. Then the release rates of ASA approached its plateaus at day 8, and the cumulative release rate of ASA reached 80% at day 14. This result indicated a sustained release profile of ASA loaded within tetra-PEG based hydrogel.


[image: Figure 3]
FIGURE 3. The releasing curves of aspirin from PEG hydrogels.




Cell Viability and Proliferation

As we have manufactured a feasible tetra-PEG based hydrogel scaffold loaded with ASA. In order to investigate its biocompatibility, series of cell proliferation, and cytotoxicity assays were set up. Live/dead assay confirmed that in the early stages of the culture (24 h), as it demonstrated in Figure 4A, PDLSCs manifest high viability. Quantitatively, PEG-ASA and PEG not only maintained but also improved cell viability vs. control group at 24 h (p < 0.01, Figure 4B). These results demonstrated hydrogels exerted low cytotoxicity on PDLSCs. To investigate if PEG-ASA and PEG are able to support the proliferation of PDLSCs. The BrdU assay was carried out, the result showed that the percentage of BrdU positive cells were elevated significantly in group PEG-ASA and group PEG after 24 h incubation (p < 0.01, Figure 4C). In addition, to observe a long-term proliferation profile on PDLSCs, CCK8 assay was conducted and OD value at 450 nm was measured at 48, 72, and 120 h after treatment with PEG and PEG-ASA. Interestingly, no significant difference between groups at these time point (Figure 4D) was found. These results indicated that the cell proliferation rate was promoted at early phase (24 h) of co-culturing with PEG and PEG-ASA, and it was not significantly inhibited at later phase (48, 72, and 120 h).


[image: Figure 4]
FIGURE 4. Cytotoxicity of hydrogels in vitro. (A) Live/dead staining of PDLSCs. Cells in green manifest living PDLSCs, while cells in red manifest dead ones. Scale bar, 100 μm. (B) Cell viability was detected by Cell Counting Kit-8 after 24 h cultivation. **p < 0.01. (C) The proliferating PDLSCs was labeled in red and the percentage of Brdu-positive cells was calculated. Scale bar, 200 μm. **p < 0.01. (D) Cell proliferation was detected at specific time points (24, 48, 72, 120 h) by using CCK-8. **p < 0.01. NC, negative control.




PEG-ASA Promote Osteogenic Differentiation of PDLSCs in vitro

In the previous studies, we manifested that PEG-ASA possessed a low cytotoxicity characteristic and was able to sustain the proliferation of PDLSCs. Next, to investigate its osteoinduction ability, ARS staining and qPCR assay were used to examine. As shown in Figure 5A, the result indicated that PEG-ASA significantly increased the calcification nodules formation ability of PDLSCs after 14 days osteogenic induction. The expression levels of osteogenesis markers RUNX2, ALP, and OCN was significantly leveled up at day 7 in ASA sustained release system (p < 0.001, Figure 5B). These data verified our hypothesis that PEG-ASA exhibited osteoinductive ability on PDLSCs in vitro.


[image: Figure 5]
FIGURE 5. PEG-ASA promote osteogenic differentiation of PDLSCs in vitro. (A) PDLSCs incubated with hydrogels degradation for 14 days, the mineralized nodule formation was assessed by alizarin red s staining. Scale bar, 200 μm. ***p < 0.001. (B) qPCR analysis showed the RUNX2, ALP, and OCN expression levels after 7 days hydrogels degradation treatment. ***p < 0.001.




Toxicity of PEG-ASA Hydrogels in vivo

To validate the toxicity and degradation of hydrogels in vivo, subcutaneous implant assay on BALB/c nude mice was carried out (Figure 6A). Two weeks after surgery, both PEG and PEG-ASA hydrogels were almost absorbed in vivo from the general observation (Figure 6B). Macroscopically, the surrounding tissues of PEG groups displayed a slight inflammation response with mild local redness and swelling (Figure 6C). However, the surrounding tissues located around implanted PEG-ASA displayed no obvious inflammation response, with no significant redness, and exudate (Figure 6D). Since the nude mice lack of immune organs, BALB/c mice were used as an ideal animal model for the toxicity evaluation in vivo. The hydrogels along with surrounding tissues were collected and analyzed using H&E staining. From the histological examination, we observed that both PEG and PEG-ASA were biodegradable in 14 days, with no scaffold structures were found subcutaneously. Moreover, an increase amount of the inflammatory cells was detected located at epithelium tissues in PEG groups compared with no treatment control group (Figure 6E). The PEG-ASA displayed an inhibitory effect on aggregation of inflammatory cells which may attribute to the sustained release of aspirin. These results indicated that PEG hydrogel is a biodegradable scaffold and is not able to initiate severe inflammation response in vivo. PEG hydrogels loaded with or without ASA can be serve as a biocompatible scaffold for further therapeutic usage.


[image: Figure 6]
FIGURE 6. In vivo evaluation of the toxicity and degradation of the hydrogels. (A) Hydrogels cuboids were placed subcutaneously in BALB/c nude mice. The gross view (B–D) and subcutaneous tissue histology (E) of implant sites 2 weeks post-surgery. Scale bar, 200 μm. Implant sites of hydrogels were circled by dotted lines. The arrowhead indicated the inflammatory cells.




PEG-ASA Improves PDLSCs-Mediated Bone Regeneration in Calvaria Bone Defect Model

According to the results above, PEG-ASA displayed a remarkable osteoinduction effect on PDLSCs in vitro. Thus, we hypothesized that the scaffold may also promote PDLSCs-mediated bone regeneration in vivo. Herein, we established the critical sized calvaria bone defect mice model and transplanted PDLSCs with hydrogels to the bone defect region. 8 weeks post-transplantation, Micro-CT images illustrated that PEG-ASA group obtained the newest bone regeneration than PEG alone group (Figures 7A,C,E,G). Statistical analysis showed that the area of new bone formation in the PEG and PEG-ASA group were much higher than no treatment control group. The PEG-ASA treated group displayed a significant elevation of new bone formation than the PEG group (Figure 7I).


[image: Figure 7]
FIGURE 7. PEG-ASA improved PDLSCs-mediated critical-sized calvaria bone-defect bone formation. (A) Microcomputed tomography (micro-CT), (B) H&E (upper) and Masson staining (lower) images of unmanipulated wild-type C57BL/6 mice calvaria bone structure. (C) Micro-CT, (D) H&E (upper), and Masson staining (lower) images of untreated experimentally-induced calvaria bone defects. (E) Micro-CT (left), (F) H&E (upper), and Masson staining (lower) images of calvaria bone defects after transplantation of PDLSCs and PEG hydrogels. (G) Micro-CT (left), (H) H&E (upper), and Masson staining (lower) images of calvaria bone defects after transplantation of PDLSCs and PEG-ASA hydrogels. The yellow arrows in (A,C,E,G) indicate the margins of bone defects, the white arrows indicate the new bone. White dotted line defines the bone defect area. (I) Semiquantitative analysis of bone formation via micro-CT images from the groups described in (A,C,E,G). (J) Immunofluorescence staining of IFN-γ positive cells. Scale bar, 1,000 μm (micro-CT), 200 μm (H&E and Masson), 25 μm (immunofluorescence). *p < 0.05, **p < 0.01.


To evaluate the amount of bone tissue regeneration, the histological section of the experimental region was made and stained by hematoxylin and eosin (H&E) and Masson's trichrome (Figures 7B,D,F,H). The PEG and PEG-ASA groups showed an increased PDLSCs-mediated bone formation compared to the untreated group, and PEG-ASA group displayed the most efficient treatment on mediating new bone formation. Immunofluorescence (Figure 7J) reveals relative low local inflammation status which might attribute to ASA laden. These results indicated that PEG-ASA could abate the inflammatory response during bone regeneration, and exerts beneficial effects on directing PDLSCs osteogenesis in vivo.




DISCUSSION

Massive bone defects, especially occurred in craniofacial area, make impacts on patients' aesthetics as well as function. Utilizing stem cells, biocompatible scaffolds and growth factors, tissue engineering provides more opportunities for bone tissue reconstruction. In this study, the viability and osteogenesis capability of PDLSCs cultured with tetra-PEG based hydrogel scaffold were measured for the first time. The tetra-PEG hydrogels established here is biocompatible, fully degradable, and capable of sustaining release of drug, which provided a promising scaffold for bone tissue engineering.

It has been reported that host proinflammatory T lymphocytes inhibit MSCs-mediated bone regeneration which induces cell apoptosis (Liu et al., 2011). Gibon et al. revealed that prolonged or aberrant immune activation is deleterious for bone regeneration (Gibon et al., 2017). These findings remained us that the host local immune response during calvaria bone defect repairment might play an important role in control MSCs-mediated bone tissue regeneration. Aspirin (ASA), widely used as analgesic and antipyretic for decades, is able to augment MSCs osteogenic potential through activate telomerase reverse transcriptase (Liu et al., 2015) (TERT) or inhibit tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-γ) pathways (Liu et al., 2011). It is reported that MSCs osteogenesis was improved when exposed to relative low dosage (10–100 μg/mL) of ASA. Nevertheless, ASA shows significantly higher cytotoxicity and lower osteoinductivity when reached higher dosage (Cao et al., 2015; Liu et al., 2015; Yuan et al., 2018). In our study, we demonstrated that 100 μg/mL of ASA is the most efficient concentration for inducing PDLSCs toward osteogenic differentiation. Based on the beneficial effect of aspirin and our current findings, these evidences provide us the basis for fabricating a suitable delivery system for a sustained release of ASA to facilitate bone regeneration.

To achieve high-quality tissue regeneration, biomaterials have been used to control and manipulate the fate of stem cells (Engler et al., 2006; Fitzsimmons et al., 2018). In calvaria bone tissue engineering, the biomaterial plays an essential role to provide suitable microenvironment for supporting MSCs viability, proliferation, and directing the cells toward osteogenic differentiation (Moshaverinia et al., 2014). In our study, the viability of PDLSCs was significantly improved in both PEG and PEG-ASA hydrogels at 24 h, and the proliferation rate of PDLSCs was maintained as control group at 48, 72, and 120 h, which indicated the hydrogels we fabricated obtained a superior biocompatibility to support PDLSCs. Moreover, PEG hydrogel possesses a unique advantage as a drug carrier and contains almost no any harmful organics or crosslinking agents (Payyappilly et al., 2014). In our study, ASA loaded PEG hydrogels displayed a slowly release profile that could promote osteogenic differentiation of PDLSC both in vivo and in vitro. According to the previous reports, depending on the cell type and animal model, the most suitable concentration of ASA is between 50 and 200 μg/mL (Liu et al., 2011; Cao et al., 2015; Yuan et al., 2018). In our mice calvaria bone defect model, 100 μg/mL ASA were loaded on PEG hydrogels and located in the distinct bone defect area, the inflammation factors were inhibited along with the long-term release of ASA, which provide a suitable microenvironment for PDLSCs-mediated bone regeneration. Our result indicated that the area of new bone formation was largest with PEG-ASA hydrogel compared to PEG alone or the group with no treatment. These data suggest that PEG-ASA is safe and beneficial as a therapeutic method for clinic use.



CONCLUSION

In this study, we fabricated a tetra-PEG hydrogel based aspirin sustained release system and demonstrated that the scaffold possesses an appropriate microenvironment for supporting PDLSCs' viability and proliferation. The in vivo study showed that both PEG and PEG-ASA hydrogels were capable of promoting PDLSCs-mediated calvaria bone regeneration in mice, and the effect of the PEG-ASA was more efficient than PEG alone. We anticipated that this finding may provide a new strategy for bone regenerative therapy.
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A polyurethane based thermogelling system comprising poly(ω-pentadecalactone) (PPDL), poly(ethylene glycol) (PEG), and poly(propylene glycol) (PPG), termed as PDEP, was synthesized. The incorporation of PPDL lowers critical micelle concentration (CMC) as well as critical gelation concentration (CGC) of the novel copolymers compared to commercial Pluronic® F127. The thermogels showed excellent thermal stability at high temperature up to 80°C, fast response to temperature change in a time frame of less than second, as well as remarkable self-healing properties after being broken at high strain. In vitro drug release studies using docetaxel (DTX) and cell uptake studies using doxorubicin (DOX) show high potential of the hydrogel as drug reservoir for sustainable release profile of payloads, while the in vivo anti-tumor evaluation using mice model of hepatocellular carcinoma further demonstrated the significant inhibition on the growth of tumor. Together with its excellent biocompatibility in different organs, the novel PDPE thermogelling copolymers reported in this work could potentially be utilized as in situ-forming hydrogels for liver cancer therapy.

Keywords: hydrogel, drug formulation, polymer synthesis, cancer therapy, self-healable, temperature responsive hydrogel, biodegradable (co)polymers


INTRODUCTION

Thermoresponsive hydrogels, also known as thermogels, are an important class of physically crosslinked hydrogels whose aqueous polymer solution undergoes reversible sol-gel transition upon temperature change depending on the delicate balance between hydrophilicity and hydrophobicity (Liow et al., 2016). Especially, considerable attention has been drawn to thermogel systems with gelation temperature range of 10–40°C for biomedical applications such as minimally invasive drug delivery, injectable tissue engineering, wound healing, 3D cell culture and prevention of post-surgical adhesion (Moon et al., 2012).

Pluronic, a triblock copolymer of PEG and PPG, is a well-known thermogelling system which has been approved by Food and Drug Administration (FDA) for decades and attractive for in situ drug delivery and wound healing due to its excellent biocompatibility and tunable transition temperature (Wu et al., 2016a). However, Pluronic gels have been reported to demonstrate poor mechanical properties and be prone to erosion, usually persisting for <1 day in vivo. Meanwhile, they are not biodegradable and generally require high critical gelation concentration (CGC), which may result in side effects from accumulation (Yu et al., 2009). These disadvantages limited the potential application of Pluronic systems, and thus, much efforts have been devoted to the modification of Pluronic copolymers. Jeong et al. coupled Pluronic® F127 with diphenylalanine which could form coordination bonds with metal ions Zn2+, and obtained thermogels with modulus increasing from 15–21 to 24–28 kPa and durability of gel against water-erosion prolonging from 24 to 60 h at 37°C (Kim et al., 2017). Park et al. modified triblock PEG-PPG-PEG copolymers with D-lactide or L-lactide oligomers on both sides. The hydrogels formed from the two-component copolymer solution not only exhibited sol-gel transition between 10 and 40°C, but much lower CGC value, greatly enhanced mechanical strength and improved stability in aqueous environment due to the stereocomplex formation between D-lactide and L-lactide oligomers (Chung et al., 2008). Besides, incorporation of another hydrophobic block via step growth polymerization to drive the self-assemble of amphiphilic block copolymers by hydrophobic interactions has been a popular strategy nowadays to give polyurethane based Pluronic derivates with enhanced mechanical properties and decreased CGC values. Biodegradable polyesters including poly(lactic acid) (PLA) (Loh et al., 2008; Wu et al., 2016c), polycaprolactone (PCL) (Li et al., 2012; Zheng et al., 2017; Liu et al., 2019), and polyhydroxyalkanoate (PHA) (Li Z. et al., 2008; Wu et al., 2016b; Wee et al., 2017; Zhu et al., 2018; Jiang et al., 2019) are mostly selected as the third segment to produce desired thermogelling copolymers, while some cases based on polycarbonates (Loh et al., 2012a; Chan et al., 2018) are also reported.

Cancer is a leading cause of death worldwide, among which liver cancer ranks as the sixth most common type of cancer and contributes to the second largest percentage of cancer mortality (McGlynn et al., 2015). Chemotherapy is one of the most important means in cancer treatment nowadays, killing cancer cells by using cytotoxic drugs such as docetaxel (DTX) and doxorubicin (DOX) (Norouzi et al., 2016; Li et al., 2017; Yang D. P. et al., 2017). A major drawback of traditional chemotherapy is the non-specificity, which often results in low drug efficacy and damages to normal cells and tissues. Alternatively, localized chemotherapy based on various drug delivery system such as hydrogels (Xing et al., 2016), nanoparticles (Sun et al., 2014), micelles (Amjad et al., 2017), and liposomes (Eloy et al., 2016) have been widely investigated in recent years. Thermogels are regarded as one of the most promising candidates as they can simply be administrated via subcutaneous injection and form gels in situ quickly at physiological temperature which could increase the solubility and stability of drugs in vivo and serve as a sustaining drug delivery depot to targeted tumor site (Liow et al., 2016).

In this work, we design a novel polyurethane based thermogelling copolymer by copolymerizing poly(ω-pentadecalactone) (PPDL), which has been reported to possess good biocompatibility as well as excellent mechanical properties (Xiao et al., 2018), with PEG and PPG. The molecular properties, micellar properties and gel properties of the synthesized copolymers were investigated. Furthermore, the potential of the developed thermogels as anti-tumor drug delivery carrier were further explored through a series of in vitro and in vivo biological experiments.



EXPERIMENTAL SECTION


Materials

Poly(ethylene glycol) (PEG, Mn = 2,000), poly(propylene glycol) (PPG, Mn = 2,050), dibutyltin dilaurate (DBT) (95%), 1,6-hexamethylene diisocyanate (HDI) (98%), ω-pentadecalactone (98%), ethylene glycol (99.8%), dibutyltin oxide (DBTO) (98%), 1,6-diphenyl-1,3,5-hexatriene (DPH), Pluronic® F127 (PEG100PPG70PEG100 triblock polymer), phosphate buffered saline (PBS), docetaxel (DTX), and doxorubicin (DOX) were purchased from Sigma-Aldrich (Singapore). Organic solvents including anhydrous toluene, diethyl ether, isopropanol (IPA), tetrahydrofuran (THF) and ethanol were of ACS grade and obtained from commercial sources. Dulbecco's modified Eagle's medium (DMEM), penicillin, streptomycin sulfate and fetal bovine serum (FBS) were purchased from Life Technology Co., Ltd. (Waltham, MA, USA). Thiazolyl blue tetrazolium bromide (MTT), hematoxylin and eosin staining kit were purchased from Yeasen Biotechnology Co., Ltd. (Shanghai, China). Dialysis tubing (MWCO 3,500 Da) was purchased from Spectrum Laboratories (USA). PEG, PPG, ω-pentadecalactone and ethylene glycol were dried under vacuum overnight before use. PBS buffer (0.01 M, pH = 7.4) were prepared by dissolving PBS powder in deionized water. Other materials were used as received.



Synthesis of Poly(ω-Pentadecalactone) Diol (PPDL-Diol)

PPDL-diol was synthesized by the ring opening polymerization of ω-pentadecalactone (Kratz et al., 2009). Twenty gram ω-pentadecalactone (83.2 mmol) was heated to 130°C and then 0.17 g ethylene glycol (2.7 mmol) and 0.07 g DBTO (0.28 mmol) were added under argon atmosphere as initiator and catalyst, respectively. The reaction mixture was dissolved in THF after stirring for 21 days and precipitated in a 5-fold excess of an ethanol/water mixture (50/50 vol%). The resultant PPDL diol was washed with ethanol and vacuum dried at room temperature with a yield of 85% and an average molecular weight of Mn = 6,310 g·mol−1.



Synthesis of Poly(PPDL/PEG/PPG Urethane) (PDEP) Copolymers

A series of poly(PPDL/PEG/PPG urethane)s were synthesized through a process similar to Chan's study (Chan et al., 2018). The molar ratio of segments PEG and PPG was fixed at 2:1 and the feed weight percentage of PPDL content was set at 2, 5, and 8 wt%, respectively. The resultant copolymers were denoted as nPDEP copolymers, where n represents for the feed weight percentage of PPDL component, PD for PPDL, E for PEG, and P for PPG. Typically, 10 g starting materials in total, including 6.53 g of PEG (Mn = 2,000, 3.3 mmol), 3.27 g of PPG (Mn = 2,050, 1.6 mmol), and 0.2 g of PPDL-diol (Mn = 6,310, 3.2 × 10−5 mol) were charged into a 250 mL round bottom flask. Dissolve reactants with 100 mL of anhydrous toluene and remove most of the solvent by rotary evaporation with about 10 mL of toluene left. The mixture was stirred and heated up to 110°C under argon atmosphere and then 1.25 mL of HDI (7.8 mmol) and two drops of DBT was injected into the flask as chain extender and catalyst, respectively. The mixture turned viscous gradually and extra 20 mL of anhydrous toluene was added each time when it was hard for the magneton to rotate. After 24 h reaction, products were precipitated from diethyl ether, re-dissolving in IPA and followed by dialysis in deionized water for 72 h. The final pure 2PDEP was obtained by freeze dry. 5PDEP and 8PDEP were prepared through this method, too. Copolymer yields were 70–75%.



Molecular Characterization

1H nuclear magnetic resonance (NMR) and 13C NMR spectra were conducted on JEOL 500 MHz NMR spectrometer (Tokyo, Japan) at room temperature. Deuterated chloroform (CDCl3) was used as solvent for all the samples and chemical shifts were referenced to the solvent peaks at 7.3 and 77 ppm, respectively. Fourier transform infrared (FT-IR) spectra of the copolymer films dissolved in the chloroform coated on KBr tablets were conducted on Spectrum 2000 Perkin Elmer FT-IR spectrophotometer at room temperature. FT-IR spectra were obtained by signal averaging 32 scans at resolution of 4 cm−1.



Thermal Analysis

Thermogravimetric analysis (TGA) was performed on TA Instruments TGA Q500 analyzer (USA) with a heating rate of 20°C·min−1 from room temperature to 800°C under a dynamic nitrogen stream (flow rate = 60 mL·min−1). Differential scanning calorimetry (DSC) thermal analysis was performed on photo differential scanning calorimeter (PDSC, Q100, TA Instruments, USA) and indium was used for calibration. The sample was equilibrated at −80°C for 5 min and heated up to 200°C at the rate of 20°C·min−1, then equilibrated at 200°C for 2 min and cooled down to −80°C at the rate of −20°C·min−1. Measurement was conducted twice and data from the second run were used for analysis in case of thermal history in the first run.



Critical Micelle Concentration (CMC) Determination

Aqueous copolymer solution (10 mg·mL−1) was prepared and gradient diluted to obtain samples with a series of concentration. Twenty microliter DPH methanol solution (0.6 mmol·L−1) was added into every 1 mL aqueous copolymer solution and incubated equilibrated at 4°C overnight. UV-vis spectra of the copolymer/DPH solution in the range of 320–460 nm were measured by UV-Vis spectrophotometer (UV-2501 PC, Shimadzu, Japan) at 25°C. Difference in absorbance at 378 and 400 nm (A378-A400) vs. the logarithmic concentration was plotted to determine the CMC value.



Particle Size Analysis

Dynamic light scattering (DLS) measurements were conducted on Zetasizer Nano ZS (Malvern Instruments, Southborough, MA) at 633 nm laser light and 173° scattering angle. Particle size and size distribution were characterized by intensity. Aqueous copolymer solutions (1 mg·mL−1) were passed through a 0.45 μm pore-sized syringe filter before measurements. Reversibility of micelle was evaluated by reversible transition test at 25 and 70°C for 5 cycles, with 15 min equilibration time between each measurement run.



Sol-gel Transition Phase Diagram Determination

Two milliliter aqueous copolymer solution of a given concentration ranging from 6 to 20 wt% were prepared in 4 mL vials and placed at 4°C for 24 h to achieve full dissolution. The samples were equilibrated in water bath with designated temperature for 5 min ranging from 4 to 80°C at interval of 2°C. Critical gelation temperature were defined by the formation of firm gels which kept intact when inverted the vials for a while.



Rheological Studies

The rheological measurements of the thermogels were conducted on TA Instruments Discovery DHR-3 hybrid rheometer (New Castle, DE, USA) fitted with a flat-plate geometry (SST ST 40 mm diameter) and a temperature-controlled peltier base plate. Storage modulus (G') and loss modulus (G”) were measured under different types of oscillatory tests. Amplitude sweeps (strain of 0.01–100% and frequency of 1 Hz) and frequency sweeps (frequency of 0.1–100 Hz and strain of 1%) were both performed at 37°C. Temperature ramps were performed between 25 and 37°C and temperature sweeps were performed from 4 to 80°C at a heating rate of 5°C·min−1, both with strain fixed at 1% and frequency fixed at 1 Hz. Self-healing properties of the thermogels were evaluated by amplitude sweep test at two predetermined strain for 10 cycles, 300 s at low strain and 120 s at high strain, with temperature fixed at 37°C and frequency fixed at 1 Hz.



In vitro DTX Release From PDEP Thermogel

One milligram docetaxel was dissolved in an acetone solution together with 10 mg polymer material, dispersed in a phosphate buffer solution, and self-assembled in water to form micelles. The acetone was removed by dialysis, and the micelle solution was added to a polymer-containing PBS solution (2 mL) under low temperature conditions, stirred at a low temperature until thoroughly mixed, and then gelatinized at 37°C. Transfer it to a 15 ml tube, add 10 ml of PBS solution pre-warmed to 37oC, place in a shaker, release the drug at 100 rpm, collect 500 μl of solution per day, and re-add the same volume of fresh PBS solution. The collected solution was detected by high performance liquid chromatography (HPLC) with a mobile phase of 50% acetonitrile and a detection wavelength of 227 nm.



Cytotoxicity Analysis

Hepatoma cells HepG2 cells (American type culture collection, ATCC) were cultured in high glucose medium containing double antibody and 10% fetal bovine serum at 37°C, 5% CO2 (MacDiarmid et al., 2009). Cytotoxicity analysis was performed using the classical MTT method. HepG2 cells in good growth state were seeded in 96-well plates at a density of 5,000 cells per well, and cultured at 37°C, 5% CO2 for 24 h. The cells were treated with different samples (PDEP group with the concentration of PDEP from 0 to 1,000 μg·mL−1, DTX group with the concentration of DTX from 0 to 50 μg·mL−1 and DTX/PDEP groups with the concentration of DTX from 0 to 50 μg·mL−1 and the concentration of PDEP from 0 to 250 μg·mL−1), and after 24 h, the configured MTT solution was added and incubated for 4 h. The results were detected by a microplate reader.



Cell Uptake Analysis

HepG2 cells were placed in a 24-well plate containing glass slides at a density of 20,000 cells per well, and cultured at 37°C, 5% CO2 for 24 h, and the prepared sample solution (DOX group with the concentration of DOX at 1 μg·mL−1 and DOX/PDEP groups with the concentration of DOX at 1 μg·mL−1 and the concentration of PDEP at 5 μg·mL−1) was added for 2, 6, and 12 h, respectively. After that, the samples were washed away with PBS and fixed with 4% paraformaldehyde for 15 min, then mounted with a DAPI containing sealer and photographed with a confocal microscope Zeiss LSM5.



In vivo Antitumor Effect

All animal experiments were carried out in accordance with the Animal Care Guidelines of Xiamen University under Protocol Number: XMULAC20190033. HepG2 cells in good condition were inoculated to the dorsal side of Balb/c nude mice at a density of 4 million cells per tumor. After the tumor has grown to the appropriate size, the mice are treated with PBS, 2PDEP (12 wt%), 5PDEP (14 wt%), 8PDEP (20 wt%), DTX (1 mg·ml−1), DTX (1 mg·ml−1)/2PDEP (12 wt%), DTX (1 mg·ml−1)/5PDEP (14 wt%), and DTX (1 mg·ml−1)/8PDEP (20 wt%) with three nude mice randomly divided into each group. The PBS group and DTX group were given twice a drug (5 mg·kg−1) every 2 weeks, and the hydrogel groups were given drug (5 mg·kg−1) once a week. The size of the tumor was recorded with a vernier caliper every other day, and the body weight was weighed. The tumor volume was calculated according to the formula of 1/2 × length × width2. After 2 weeks, the mice were sacrificed and the relevant tumor tissues were collected for the next step analysis.



H&E Staining Analysis

The collected tissues and organs were subjected to gradient dehydration for 24 and 12 h with high glucose solutions of 15 and 30%, respectively, and frozen sections were cut at a thickness of 6 μm, followed by staining with hematoxylin and eosin staining for observation and analysis.



Statistical Analysis

All charts and data processing were processed using origin 8 analysis software, the experimental data were expressed as mean and variance, and the significance analysis was analyzed using GraphPad 5.0.




RESULTS AND DISCUSSION


Synthesis and Characterization of PDEP Copolymers

As shown in Scheme 1, PPDL-diol was first prepared via ring opening polymerization of ω-pentadecalactone at the presence of initiator ethylene glycol and catalyst DBTO. Then a series of random multiblock PDEP copolymers with different amounts of PPDL incorporated were synthesized via co-condensation of the macrodiols of PPDL, PEG, and PPG using an aliphatic diisocyanate HDI as coupling reagent in the presence of catalyst DBT linker.
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SCHEME 1. Synthetic routes of PDEP copolymers.


The chemical structure of the ω-pentadecalactone, PPDL-diol and PDEP copolymers were verified by 1H NMR and 13C NMR spectroscopy. According to Figures 1A,B, the specific peaks of PPDL-diol are almost consistent with its monomers except the signals at 4.3 ppm that belong to the methylene of ethylene glycol. And by comparing their integration values, the polymerization degree is estimated to be 26 and the average molecular weight of PPDL-diol is ~6,310 g·mol−1.
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FIGURE 1. Five hundred megahertz 1H NMR spectrum of (A) ω-pentadecalactone, (B) PPDL-diol, (C) 2PDEP (a', b' represent protons on terminal unit of PEG and PPG segments which reacted with HMDI) and (D) 13C NMR spectrum of 2PDEP in CDCl3.


Figure 1C and Figure S1 show the typical 1H NMR spectrum of PDEP in CDCl3 with all proton signals belonging to PEG, PPG, and PPDL segments confirmed (Jiang, 2011; Li et al., 2012). In details, the signals corresponding to methyl protons of PPG are presented at 1.1 ppm while the signals corresponding to protons attached to backbone carbons in PPG are observed at 3.4 and 3.5 ppm. The signals at 3.6 ppm are assigned to methylene protons in repeated unites of PEG segments while the signals at 1.2 ppm are attributed to methylene protons in repeated unites of PPDL segments. The compositions of each component in the PDEP copolymers could be calculated from the integration ratio of distinguishable proton signals at 1.2, 3.4, and 3.6 ppm, and the results are shown in Table 1.


Table 1. Molecular characteristics and properties of PDEP copolymers.
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13C spectrum of 2PDEP is shown in Figure 1D. The signals at 17.3, 73.4, and 75.4 ppm are ascribed to methyl, methylene and methine carbon of PPG segments, respectively, and the signals at 70.6 ppm are attributed to methylene carbon of the PEG segments (Li et al., 2012). The signals at 174.0 and 34.5 ppm are attributed to the carbonyl carbon and methylene carbon alpha to the carbonyl group of PPDL segments, respectively, while the signals corresponding to the rest methylene carbon could be found between 25 and 30 ppm (Jiang, 2011). Meanwhile, the spectrum also presents signals generated from the HDI junction unit at 26.4, 30.0, 41.0, and 156.5 ppm, indicating that the polycondensation reaction was successful (Li et al., 2012).

FT-IR spectra of a series of PDEP copolymers and macrodiols of PEG, PPG and PPDL further confirm the successful synthesis of copolymers (Figure 2A). The FT-IR spectrum of PPDL-diol is typical of the stretching vibration of C=O in ester group whose absorption band is strong and sharp at 1,730 cm−1 (Pilate et al., 2018). Both PEG and PPG precursors present an intensive absorption band at 1,102 cm−1 due to the stretching vibration of C-O-C in the repeated unites (Loh et al., 2007). Absorption band for stretching vibration of saturated C-H in three macrodiols are exhibited at 2,875 and 2,918 cm−1. All these characteristic absorption bands are clearly observed in the FT-IR spectra of PDEP copolymers, confirming the presence of PPDL, PEG, and PPG segments. Additionally, the characteristic absorption band of HDI between 2,260 cm−1 and 2,280 cm−1 attributed to the stretching vibration of NCO disappears while a new small absorption band corresponding to the deformation vibration of N-H appears at 1,534 cm−1 in the FT-IR spectra of copolymers (Pilate et al., 2018), which gives evidence of the successful reaction between hydroxy groups in polymer precursors and isocyanate groups in HDI.
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FIGURE 2. (A) FT-IR spectra of PDEP copolymers and macrodiols, (B) TGA curves of PDEP copolymers, (C) DSC heating curves of PDEP copolymers and (D) DSC cooling curves of PDEP copolymers.


The thermal analysis of PDEP copolymers are conducted as well to understand the influence of the incorporation of PPDL and confirm the suitability of temperature for biomedical applications. The TGA curves shown in Figure 2B represent similar profile with F127 (Qin et al., 2013), but better thermal stability measured by decomposition temperature. Compared to commercial Pluronic® F127 which starts to lose weight at around 220°C, all the synthesized copolymers are thermally stable below 300°C. Defined as the onset temperature at 5% weight loss, the decomposition temperature (Td) for 2PDEP, 5PDEP, and 8PDEP is 335.48, 313.98, and 304.59°C, respectively. The incorporation of the urethane linkages and the hydrophobic PPDL segments enhances the rigidity of the backbone as well as the intermolecular forces, contributing to the improvement in thermal performance for the copolymers together (Wang et al., 2015). But meanwhile, the addition of PPDL might compromise the regularity of the polymer chains to some extent, which counteracts the positive effects and makes the Td of the copolymers decline with the increasing amount of PPDL (Yang S. et al., 2017).

As for the DSC results of PDEP copolymers, two melting peaks in heating curves (Figure 2C) and two crystallization peaks in cooling curves (Figure 2D) are observed for all copolymers, which might be attributed to the presence of two different types of crystalline domains rich in PPDL and PEG segments, respectively (Araneda et al., 2012). Meanwhile, the copolymers exhibit a single glass transition in heating curves, suggesting that the PPDL segments are likely to be thermodynamically miscible with PEG and PPG segments (Yeo et al., 2018). The crystalline temperature (Tc), melting temperature (Tm) and glass transition temperature (Tg) of the copolymers are tabulated in Table 1. Compared with the value of Tc and Tm for PEG (35 and 53°C) and PPDL (85 and 90°C) in reference to literature (Martino et al., 2012; Kuru and Aksoy, 2014), Tc and Tm of the copolymers are both lowered as copolymerization depresses the regularity of polymer chains and reduces the crystallinity (Li B. et al., 2008). However, the influence of PPDL content on Tc, Tm, and Tg are not evident, probably because the PPDL content is too low and close to make a difference.



Micellar Properties of Aqueous Copolymer Solutions

The PDEP copolymers are amphiphilic and able to form micelles in aqueous solution above the critical micelle concentration (CMC). The CMC values for these copolymers were determined by dye solubilization method at 25°C. The absorption coefficient of hydrophobic dye DPH in a hydrophobic environment is higher than that in a hydrophilic environment. When micelles are formed with increasing copolymer concentration, DPH molecules are incline to entering the hydrophobic core of the micelles and thus the absorbances of the aqueous copolymer solutions at 344, 358, and 378 nm increased (Figure 3A, Figures S2A,C) (Alexandridis et al., 1994). The point where the absorbance values display a sharp increase is defined as the CMC at which micelle formation occurs. As shown in Figure 3B and Figures S2B,D, the difference of absorbance at 378 nm and 400 nm (A378-A400) is plotted vs. the logarithmic concentration of the copolymers to determine the CMC values, which are tabulated in Table 1. In view that the CMC value for commercial Pluronic® F127 with similar mass fraction of PEG and PPG is reported to be 2.5 × 10−3 g·mL−1 at 25°C by literature (Perry et al., 2011), the incorporation of hydrophobic PPDL segments makes a remarkable decrease of the CMC values for PDEP copolymers to around 7 × 10−4 g·mL−1 as a result of the enhanced hydrophobic interaction as well as driving force for self-assembly to achieve a state of minimum free energy. Nonetheless, the CMC values for the copolymers show no significant change with the increasing of the PPDL content, which might be ascribed to the relatively close PPDL content and the wide molecular distribution.
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FIGURE 3. (A) UV–vis spectra of aqueous copolymer solution with concentration ranging from 0.005 to 10 mg·mL−1 at 25°C and (B) CMC determination for 2PDEP. (C) Real images and hydrodynamic diameter distribution by intensity of micelles at 25 and 70°C and (D) reversible transition in mean hydrodynamic diameter distribution of micelles between 25 and 70°C for 2PDEP aqueous solution with concentration of 1 mg·mL−1.


The micelles formed from PDEP copolymers are typically composed of a hydrophobic core and hydrophilic corona (Nakashima and Bahadur, 2006). The presence of PPG segments, well-known for exhibiting hydrophilicity at lower temperature and hydrophobicity at higher temperature, endows the copolymer micelles with thermal sensitivity (Shinohara et al., 2014). To investigate this property, the hydrodynamic diameter distribution by intensity for 2PDEP micelles in aqueous solutions (1 mg·mL−1) were investigated by DLS at two different temperatures (25 and 70°C). As shown in Figure 3C, at lower temperature, there are double peaks with partially overlap, one peak value of which is at around 60 nm and the other is at around 340 nm. The corresponding mean diameter and PDI of the micelles are 293.1 nm and 0.512, respectively. According to literature, hydrodynamic micelle diameter for commercial Pluronic® F127 at 25°C has been observed as 30 nm or so with a single peak in size distribution (Desai et al., 2001). Thus, this result indicates that the incorporation of hydrophobic PPDL segments might lead to an increase in micelle size as well as aggregation of micelles to provide a favorable hydrophilic and hydrophobic balance. At higher temperature, the size distribution curve tended to be unimodal with the peak value at around 190 nm. The corresponding mean diameter and PDI of the micelles are 185.6 and 0.306, respectively. With elevated temperature, the PPG chains become more hydrophobic and tend to pack more tightly into the micelle core, resulting in smaller micelles, but meanwhile, the percentage of micellar aggregates increase since the PPG units are more liable to dehydrate and collapse with each other, supported by the significantly decreases in the optical transmittance of the copolymer solution from 25 to 70°C. The integration of these two effect makes the double peaks come closer and brings out one merged peak with an overall decrease in mean diameter by intensity eventually.

The reversibility of the hydrodynamic micelle size change triggered by temperature was characterized by DLS too. The transition of 2PDEP aqueous solution were conducted between 25 and 70°C for five cycles with 15 min for equilibrium before measurement each time. As shown in Figure 3D, the mean hydrodynamic diameter by intensity of the micelles decreases from 293 ± 10 nm at 25°C to much smaller value of 198 ± 10 nm at 70°C, exhibiting good reversibility upon temperature change due to the reversible hydrophilicity and hydrophobicity transition of PPG segments.



Thermo-Responsive Sol-gel Transition and Gel Properties

Similar to thermogelling systems we have reported previously (Loh et al., 2012b; Wu et al., 2016c; Wee et al., 2017), PDEP copolymers in aqueous solutions render an increasing tendency to successively form micelles, micellar aggregates, and gels with temperature and copolymer concentration going up as a result of enhancing intra- and inter-micellar interactions. To investigate the gel formation ability of PDEP copolymers in aqueous, the tube inverting method was employed to determine their phase diagrams which underwent a monotonic increase of temperature from 4 to 80°C at interval of 2°C. Instead of typical sol-gel-sol transition with increasing temperature for many reported thermogelling systems resulted from the collapse of hydrogel networks, PDEP thermogels exhibit good stability at high temperature and demonstrated sol-gel-turbid gel transition (Figure 4A), which might be attributed to the strong association between hydrophobic PPDL and PPG segments and is supported by the thermal analysis results (Chan et al., 2018). Reverse phase transition were observed when the samples were cooled down from 80 to 4°C as well. Moreover, CGC values for 2PDEP, 5PDEP, and 8PDEP are around 7, 9, and 13.5 wt%, respectively, all lower than the CGC value for commercial Pluronic® F127 which is around 17 wt% on account that the incorporation of hydrophobic PPDL provides greater driving force for the copolymers to self-assemble into gels at certain concentrations (Figure S3). However, it also appears that the raise of PPDL content in the copolymers causes the CGC values to increase. The reason is probably because that the increasing amount of PPDL gives rise to high viscosity of the copolymer solutions and impede segmental motions in the process of self-assembly, and thus increase inhomogeneity and defects in the networks, which are not firm enough to be regarded as gels for low concentration groups (Barshtein et al., 1995).
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FIGURE 4. (A) Phase diagrams of 2PDEP in aqueous solutions. Storage modulus (G') and loss modulus (G”) of (B) amplitude sweep (0.01–100%, 1 Hz, 37°C), (C) frequency sweep (1%, 0.1–100 Hz, 37°C), (D) temperature sweep (1%, 1 Hz, 4–80°C) and (E) temperature ramp (1%, 1 Hz, 25 to 37°C) for 2PDEP aqueous solution (12 wt%) obtained from dynamic rheological analysis. (F) Self-healing cycle amplitude sweep (0.01 and 50%, 1 Hz, 37°C) for 8PDEP aqueous solution (16 wt%) obtained from dynamic rheological analysis.


The rheological behaviors of PDEP thermogels were measured to investigate their thermo-responsiveness. Amplitude sweep between the strain range of 0.01–100% was conducted at 37°C first to determine the linear viscoelastic regime. The storage modulus (G') and loss modulus (G”) for 2PDEP aqueous solution with the concentration at 12 wt% are almost constant at all test strain, in which G' is much greater than G” and suggests the copolymer solution behaves a solid-like property at 37°C (Figure 4B). When the applied strain are higher above 100%, both G' and G” decline rapidly and a reversal of their relative position is observed at strain of around 180%, indicating the deformation of the thermogels (Figure S6A). Similar changes of G' and G” with increasing strain were observed for 5PDEP and 8PDEP (Figures S4A, S5A). Frequency sweep was also conducted between the frequency range of 0.1–100 Hz at 37°C and the results show positive dependence of G' and G” on oscillation frequency, where the copolymer solution is at gel state all the time and become stronger and stronger (Figure 4C, Figures S4B, S5B). This tendency could be explained by the time-temperature superposition principle for the viscoelastic behavior of polymers. Given that the intramolecular associations in thermogels would be strengthened and raise the value of both G' and G” at high temperature, which are supported by the result of temperature sweep (Figure 4D, Figures S4C, S5C), the increase of frequency is equivalent to the increase of temperature within certain range and therefore brings out the concomitant rise of G' and G”. The thermogelling transition of the copolymer solutions was verified by consecutive temperature sweeps between 4 and 80°C. With temperature varying from low to high, the G' and G” of the copolymer solutions keep increasing, resulting in a transition from liquid-like property to solid-like property. Gelation temperature for 2PDEP copolymers at the concentration 12 wt% is determined by the crossover of G' and G” curves. As the copolymer solution at this point actually presents a semi-solid state which is not yet firm, it is justified for the gelation temperature obtained from rheological studies (26.5°C) to be a bit lower than the value obtained from tube inverting method (32°C). Besides, it's noteworthy that PDEP thermogels demonstrate fast sol-gel transition in a time frame of less than second upon the change of temperature (Figure 4E, Figures S4D, S5D). As shown in Figure 4E, 2PDEP aqueous solution performs as liquid-like state (G' < G”) at 25°C and immediately converts to stable solid-like state (G'>G”) as the temperature was raised to 37°C, the fast responsiveness of which makes it advantageous in biomedical application such as minimally invasive in situ delivery system.

The self-healing properties of the thermogels were also evaluated by dynamic rheological analysis. Though the non-covalent interactions in the thermogels are strong enough for the formation of a gel, they were actually weak for the network when the gel is exposed to external force which is possible to break then. Thus, the ability of the materials to self-heal to original gel structure by the same physical interactions when the external stress is removed is practical in applications (Karim and Loh, 2015). As shown in Figure 4F, the thermogels formed from 8PDEP present rapid sol-gel transition and regular changing profile of G' and G” with the strain alternately varying between 0.01 and 50%, and are able to recover original strength gradually after being damaged by high strain. Similar phenomena are observed in the thermogels of 2PDEP and 5PDEP (Figures S6B,C), offering them prolonged lifetime as biomaterials in vivo.



DTX Release From PDEP Thermogels in vitro

Some chemotherapeutic drugs with good anticancer effect are often limited in clinical use due to their poor water-solubility. Improving the water solubility and stability of some hydrophobic drugs is of great significance for improving their anti-tumor effects. As is apparent from Figure 5, PDEP-wrapped DTX can significantly increase the water solubility of the hydrophobic DTX drug. Compared with the commonly used surfactant Tween-80, DPEP loaded DTX showed more stability, and no obvious DTX precipitation was observed after 1 week at room temperature
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FIGURE 5. In vitro drug release profile of DTX released from PDEP micelle-hydrogel system.


In order to verify whether the micelle-hydrogel system loaded with DTX drugs could continuously and effectively release the drug, we conducted a 14 day in vitro release experiment, and the experimental results are shown in Figure 5. There is a burst release of DTX occurred in the first 5 days, and then the drug release from the three hydrogels tends to be stable. As can be seen from the figure, after 14 days of drug release, the maximum drug release of 2PDEP, 5PDEP, 8PDEP thermogels was 25, 27, and 32%, respectively. All three hydrogels were able to release the drug continuously and effectively, and the drug release profile was similar.



Cytotoxicity Analysis

The killing ability of PDEP micelles loaded with DTX drugs for liver cancer HepG2 cells was verified by using the classical MTT method. From Figure 6A, it could be seen that when the concentration of the PDEP copolymers reaches 1 mg·mL−1, the cell survival rate still has nearly 80% of cell survival. This shows that our material itself is not significantly toxic to cells. From Figure 6B, we can see that compared with individual DTX group, the killing ability of the drug against HepG2 cells in the DTX/PDEP group could be significantly improved. It might be because the formation of DTX/PDEP micelles could increase the solubility and stability of the drug and the amount of drug entering the tumor cell. Therefore, when the drug-loaded micelles are encapsulated into the PDEP thermogels, continuous drug delivery in the form of micelles and increasing amount of drug taken by tumor cells could be achieved, resulting in better anti-tumor effects.
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FIGURE 6. Cytotoxicity of different drug forms for HepG2 cells. (A) Different PDEP micelle forms; (B) different DTX drug forms.




Cell Uptake Analysis

To explore the ability of HepG2 cells to take in micelles, fluorescent DOX instead of DTX was used. Figure 7 shows the confocal images of hepatoma cell HepG2 incubated with DOX/PDEP micelles. Red fluorescence represents the drug DOX and blue fluorescence represents the DAPI stained nuclei. It could be seen that at 2 h, the HepG2 cells of individual DOX group shows obvious red fluorescence while the red fluorescence in the DOX/PDEP group was dim. It might be because that individual drug enters the cell mainly through diffusion while the drug encapsulated in copolymer micelles enters the cell mainly through endocytosis. The rate of the former manner is faster and brings about stronger red fluorescence in early period. At 12 h, the intensity of red fluorescence for DOX/PDEP group is significantly stronger than that of the individual DOX group, but there is no significant difference among three groups of PDEP. This might be due to the fact that the amounts of DOX that is swallowed into the cells are more than the drugs that are diffused alone, and the material might be able to increase the stability of the drug within the cell. From the confocal images, we could see that the cells are able to ingest the material well, and the material could increase the amount and stability of the drug into the cells, which is potential to be a good drug delivery carrier.
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FIGURE 7. Confocal images of HepG2 cells incubated with DOX (1 μg·mL−1) and PDEP micelles (5 μg·mL−1) loaded with DOX (1 μg·mL−1) after 2 or 12 h.




Antitumor Effect in vivo

To explore the in vivo anti-tumor effects of DTX-loaded micelle encapsulated in PDEP thermogels, we established a subcutaneous HepG2 liver cancer xenograft model for exploration. In initial stage, intratumoral injection of DTX/PDEP thermogels were implemented. When the tumor size on the back of the mouse reached 40 mm3, we started subcutaneous administration. The therapeutic effect after 14 day treatment is shown in Figure 8. It could be seen that the size of the tumor in PDEP alone group is close to that of controlled PBS group, and the final tumor size is about 900 mm3, indicating that a single material does not have the effect of inhibiting the tumor. Compared to the DTX alone group whose final tumor size is about 300 mm3, the DTX/PDEP group is able to significantly inhibit tumor growth. Among three copolymers, 2PDEP and 5PDEP work best and there is no significant difference between each them, both the final tumor size of which is about 15 mm3. The final tumor size of the DTX/8PDEP group is about 120 mm3, whose inhibition effect is relatively poor in comparison with other two copolymers. It might be because the rate of drug release in 8PDEP thermogels faster and imbalanced with the retention ability of drug in tissue, resulting in lesser release of the drug in later stage and thus poorer inhibition effect. As 2PDEP and 5PDEP thermogel systems could effectively achieve sustained drug release and effectively inhibit the development of HepG2 tumors, they are considered to have a good prospect in clinical application.
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FIGURE 8. The therapeutic effect of the DTX-loaded micelle-PDEP thermogel system on xenograft tumor mice established with HepG2 cells. (A) Tumor in the body of mice. (B) Tumor isolated from mouse. (C) Tumor volume size curve.




H&E Staining Analysis

To further explore the effects of different drug forms on tumor tissues and other tissues and organs, we analyzed sections of tumor tissues and major organs by H&E staining. From the results shown in Figure 9, we could see that the tumor tissue sections of the PDEP alone group did not differ significantly compared with the PBS controlled group, further verifying that the individual materials could not kill the tumor cells. In the drug-administered group, it is obvious that there is a large area of tumor cell apoptosis in the tumor tissue section, and the number of tumor cells was significantly reduced, especially for DTX/2PDEP and DTX/5PDEP group. As for other organs (heart, liver, spleen, lung, and kidney) sections, all the groups have no significant difference compared with the PBS controlled group, further indicating that the hydrogel has a good biosafety.


[image: Figure 9]
FIGURE 9. HandE staining analysis of the effects of different drug forms on tumors and major organs (heart, liver, spleen, lung, and kidney).





CONCLUSION

In this work, a series of multiblock poly(PPDL/PEG/PPG) urethane polymers were synthesized with good thermal stability and miscibility. The dilute PDEP copolymer aqueous solutions self-assembled into micelles with lower CMC values (~7 × 10−4 g·mL−1) compared to commercial Pluronic® F127, which shrank and aggregated at elevated temperatures and exhibited good reversibility as characterized by DLS. In certain concentration and temperature, the PDEP copolymer aqueous solutions could form thermogels and kept stable even at temperature as high as 80°C. The CGC values of PDEP copolymers were related to the composition of PPDL segment and all lower than that of commercial Pluronic® F127, among which 2PDEP copolymer gave the best gelation performance with CGC at 7 wt%. According to rheological results, the PDEP based thermogels presented fast response to temperature change and good self-healing properties after being broken by high strain. As for biocompatibility, individual PDEP copolymers displayed low toxicity both in vitro and in vivo. In vitro drug release studies showed continuous release of DTX from PDEP based thermogels for about 5 days with the cumulative amount up to 32%, and cell uptake studies demonstrated that the DOX loaded PDEP based micelles could increase the amount and stability of the drug entering the cells by endocytosis. Through in vivo anti-tumor effect studies, the growth of xenograft HepG2 tumor on mice was proved to be significantly inhibited by DTX loaded PDEP thermogel system, especially for 2DPEP and 5PDEP, while no damage were caused to other normal tissues. As all these results shown, the PDEP copolymers are promising to be a good drug delivery depot for chemotherapeutic applications.
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To provide a vehicle for sustained release of cartilage-protective agent for the potential application of osteoarthritis (OA) treatment, we developed a kartogenin (KGN)-incorporated thermogel for intra-articular injection. We fabricated a poly(lactide-co-glycolide)-block-poly(ethylene glycol)-block-poly(lactide-co-glycolide) (PLGA–PEG–PLGA) thermogel as a KGN carrier for IA injection. OA chondrocytes were cultured in thermogel with or with no KGN to investigate the effect of KGN thermogel on cartilage matrix. The in vivo effect of KGN thermogel on OA was examined in a rabbit OA model. The KGN thermogel showed a sustained in vitro release of KGN for 3 weeks. OA chondrocytes proliferated well both in thermogel and KGN thermogel. In addition, OA chondrocytes produced higher amount of [type 2 collagen (COL-2) and glycosaminoglycan (GAG)], as well as lower level of matrix metalloproteinase 13 (MMP-13) in KGN thermogel that those in thermogel with no addition of KGN. The gene analysis supported that KGN thermogel enhanced expression of hyaline-cartilage specific genes Col 2 and AGC, and inhibited the expression of MMP-13. Compared with intra-articular injection of saline or thermogel containing no KGN, KGN thermogel can enhance cartilage regeneration and inhibit joint inflammation of arthritic knees in a rabbit ACLT-induced OA model at 3 weeks after the injection. Therefore, the KGN-incorporated PLGA–PEG–PLGA thermogel may provide a novel treatment modality for OA treatment with IA injection.

Keywords: chondrocytes, osteoarthritis, cartilage regeneration, kartogenin (KGN), thermogel


INTRODUCTION

Osteoarthritis (OA) is a common degenerative joint pathology affecting 151 million people worldwide. Direct intra-articular injections of drugs are commonly used to improve the joint bioavailability while minimizing systemic complications. Recently a small molecule, kartogenin (KGN), has been reported to promote collagen synthesis (Johnson, 2012). Intra-articular injection of KGN has been reported to enhance cartilage regeneration (Kang et al., 2014; Mohan et al., 2016; Fan et al., 2018). However, KGN cannot provide long-term therapeutic effects due to fast clearance and short retention of KGN in joints, posing a disadvantage in its clinical application. In order to improve residence time of treatment agents in joints, researchers have employed hydrogels for drug delivery and drug control release (Seliktar, 2012).

Poly(lactide-co-glycolide)–poly(ethylene glycol)-poly(lactide-co-glycolide) (PLGA–PEG–PLGA) triblock copolymer has been used as a potential matrix of thermogel, and can dissolve in water at low temperature (e.g., 4°C), and the solution gels around body temperature (i.e., 37°C) (Yu et al., 2011; Li et al., 2012; Wang et al., 2016c, 2019; Zhang et al., 2019). Given the advantages of possessing and minimally invasive way of delivering bioactive molecules, in the current study we used PLGA–PEG–PLGA copolymer to fabricate thermogel incorporated with therapeutic concentration of KGN for intra-articular injection. KGN thermogel system was evaluated both in vitro and in vivo to examine the potential for OA treatment. We cultured chondrocytes pre-treated with IL-1β to mimic OA chondrocytes (Cui et al., 2016) in to investigate the effect of KGN thermogel on OA chondrocytes in terms of cartilage matrix production and degradation. Then the PLGA–PEG–PLGA thermogel with or without KGN was injected in to OA knees in rabbits to examine the effects of KGN thermogel on OA.



MATERIALS AND METHODS


PLGA–PEG–PLGA Thermogel Preparation

PLGA–PEG–PLGA triblock copolymers were purchased from (Daigang Co., Ltd., Jinan, Shandong, China). The copolymers were synthesized through the ring-opening polymerization (ROP) of L-LA and GA with PEG as a macroinitiator and Sn(Oct)2 as a catalyst as previously reported (Wang et al., 2016c). The Mns of PEG and PLGA were 1,500 and 1,400 g/mol, respectively. The molar ratio of L-LA and GA in PLGA segment is 75:25. PLGA–PEG–PLGA triblock copolymers was dissolved in PBS (pH 7.4) to obtain a 20 wt% gel solution, which was then kept at 4°C before being used in the following experiments. The sol—gel transition behavior of PLGA-PEG-PLGA thermogel was confirmed by incubation at 37°C for 15 min.



Preparation of KGN Thermogel

Ten milligrams of KGN (Selleck Chemicals, Shanghai, China) was dissolved in 0.6 ml dimethyl sulfoxide (DMSO) and then diluted with PBS (pH 7.4) to obtain 5 mM KGN working solutions. KGN thermogel was prepared by mixing 100 μl 5 mM KGN solution with 10 ml PLGA-PEG-PLGA gel solution to obtain KGN gel solution containing 50 μM KGN. PLGA-PEG-PLGA gel solution without KGN was used as control.



In vitro KGN Release

The in vitro sustained release of KGN from the KGN thermogel was determined by an ultra-micro UV spectrophotometer (Nanodrop 2000). Briefly, 1 mL of 20 wt% thermogel or KGN thermogel solution was placed in a vial of a 16 mm inner diameter for gelation at 37°C. Then 2 mL PBS was added on top of the gel. The supernatant was collected at set time intervals (0.0, 1.0, 3.0, 7.0, 11.0, 15.0, and 20.0 days). Another 2 ml PBS was then replaced. Serial concentrations of KGN in PBS solution were used as standards. The measurement was carried out with a detection wavelength of 277 nm. The amount of released KGN at each time point was calculated as percentage of the total KGN content of a 1 mL 20 wt% thermogel or KGN thermogel solution.



Isolation and Culture of Chondrocytes

Two-month-old adult New Zealand White rabbits weighing around 1.5 kg were sacrificed for isolation of chondrocytes as previously mentioned (Wang et al., 2016a). Primary chondrocytes were harvested from the cartilage of knees and shoulders. First, the minced cartilage was digested for 6 h in 10 mL of 0.2% w/v collagenase type 2 (Gibco BRL Co. Ltd.) solutions at 37°C. The resultant cell suspension was centrifuged and resuspended in low-glucose DMEM supplemented with 10% FBS (HyCloneTM, Thermo Scientific, Australia) and 1% penicillin and streptomycin. Isolated chondrocytes were cultured in monolayer cultures in a humidified incubator at 37°C, 5% CO2, and 21% O2. Passage 2 chondrocytes were utilized for subsequent experiment.



Chondrocytes Treated With IL-1β

Passage 2 adherent rabbit chondrocytes reaching 60–70% confluency was cultured with serum-starved medium (DMEM/F12 supplemented with 1% FBS) for 12 h, and then was treated with IL-1β (10 ng/ml) for 2 h for the following in vitro experiments.



Design of Rabbit Knee OA Model

This study was carried out in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Committee on the Ethics of Animal Experiments of Xiamen University. The anterior cruciate ligament transection (ACLT) procedure was performed to induce knee OA model as previously reported (Liu et al., 2016). New Zealand white rabbits (n = 24, age 5 months, weight 2.5–3.0 kg) were then divided into two groups (sham and ACLT). After anesthesia and routine preparation, 18 rabbits were performed ACLT on the left knees and six rabbits were performed a sham surgery. At 3 weeks after ACLT, rabbits were randomly divided into three groups (six rabbits in each group) for intra-articular injection of saline, thermogel, or KGN thermogel. At 6 weeks after the sham surgery or 3 weeks after the intra-articular injection, the left knees in every group were harvested for histological analysis, and synovial fluid was collected for analysis of interleukin-1 (IL-6) and MMP-13, to evaluate the inflammation of knees.



In vitro Culture of IL-1β Treated Chondrocytes in KGN Thermogel

The cell suspension containing 5.0 × 105 IL-1β treated chondrocytes was mixed with 100.0 μL of thermogel or KGN thermogel solution at 4°C and then transferred into a 24-well plate. The mixed cells–copolymer solution was incubated at 37°C for 15 min for gelation and cell initial attachment. 2.0 mL of fresh DMEM supplemented with 10% (V/V) FBS (HyCloneTM, Thermo Scientific, Australia), and 1% penicillin and streptomycin (Invitrogen, Carlsbad, CA, USA) was added.

For cell proliferation assay and DNA content analysis, the cells-laden thermogel was cultured for 1 week in DMEM. The culture medium was changed every 2 days. The proliferation activity of cells was measured at day 1, 5, and 7 using a Cell Counting Kit-8 assay (CCK-8; Dojindo Laboratories, Kumamoto, Japan) according to the manufacturers' instructions. Briefly, cell culture (n = 3) were gently rinsed with PBS and then submerged in a mixed solution of 10.0 μL of CCK-8 reagent with 90.0 μL of fresh medium at 37°C for 2 h. The absorbance readings at 450 nm were observed using a plate reader.



Biochemical Analysis

To reveal the effect of KGN thermogel on OA chondrocytes, we measured the matrix degradation enzyme (MMP-13), extracellular matrix component [type 2 collagen (COL-2) and glycosaminoglycan (GAG)] secreted from OA chondrocytes. Briefly, the specimens were digested in a pre-prepared papain solution containing 0.5 M EDTA, 0.05 M cysteine hydrochloride, and 1.0 mg/mL papain enzyme (Sigma, St. Louis, MO, USA) at 60°C for 12 h. The aliquots of the sample digestion were used for the measurements of DNA and GAG, as previously reported (Wang et al., 2016a). DNA content was measured using a fluorescence assay. Total glycosaminoglycan (GAG) content was determined using a 1,9-dimethylmethylene blue (DMMB; Sigma, St. Louis, MO, USA) dye-binding assay. The culture medium of IL-1β treated chondrocytes was collected after 3 weeks of culture in KGN thermogel. Supernatant was separated from insoluble residues by centrifugation at 12,000 rpm for 10 min. Rabbit MMP-13 and COL-2 ELISA Kits (Cloud-Clone, Corp., Houston, TX, USA) were used to measure the COL-2 and MMP-13 according to the manufacturer's instructions. GAG, COL-2, and MMP-13 concentrations were normalized to DNA content which was determined fluorometrically using Hoechst staining as previously described (Wang et al., 2016a).



Gene Expression Analyses

To evaluate the effect of KGN on OA chondrocytes, we measured the expressions of arthritis -related genes and cartilage-related genes. Gene expressions were detected by real-time polymerase chain reaction (RT-PCR) as previously reported (Wang et al., 2016a). At predesignated time points, samples (n = 3) were homogenized in Trizol Reagent (Invitrogen, Carlsbad, CA, USA) with a tissue grinder and RNA was extracted according to the manufacturer's instructions. Isolated RNA concentration was determined by an ND-2000 spectrophotometer (Nanodrop Technologies). One microgram of RNA from each sample was reverse transcribed into cDNA using the MMLV Reverse kit (Promega, Madison, WI, USA), and RT-PCR analysis was performed using ABI 7300 real-time PCR system (Applied Biosystems, Foster City, CA, USA) with SYBR Green PCR Master Mix (Toyobo, Osaka, Japan). The relative gene expression was expressed by fold difference which was calculated as 2ΔΔCT. The relative expression changes in these target genes were quantified by normalizing their expression to that of housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). PCR primers for: type 1 collagen (COL-1), type 2 collagen (COL-2), aggrecan (AGC), MMP-13, and GAPDH were listed in Table 1.


Table 1. Primer sequences used for real-time PCR.
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Histological Analysis

After intra-articular injection for 3 weeks, each group of rabbits was euthanatized with overdose of pentobarbital sodium. Distal femur was resected for histological evaluation. No joint infection occurred in all knees. To evaluate the inflammation of knee joints, synovial fluid was collected for analysis of interleukin-6 (IL-6) and MMP-13. After dissection and fixation, the samples were decalcified in 15% EDTA (pH 7.2 in PBS) with 5% paraformaldehyde at 4°C. The decalcified medial condyles were then trimmed, dehydrated in a graded ethanol series and embedded in paraffin. Sections were stained with H&E, TB (positive for proteoglycans) and immunohistochemical (IHC) staining (positive for COL-2). The protocols for detection of COL-2 were described in above sections. The histological sections were blindly reviewed for quantitative evaluation of the cartilage destruction using the Osteoarthritis Research Society International (OARSI) scoring system (Pritzker et al., 2006).



Statistical Analysis

All data were expressed as means ± standard deviation and represented at least three independent experiments. All data were analyzed using a two-way ANOVA test. P < 0.05 were considered significant. When ANOVA results were significant, post-hoc analysis was performed via Tukey's multiple comparison test. All analyses were carried out using GraphPad Prism version 6.0 for Windows (GraphPad Software, San Diego, CA).




RESULTS


In vitro Assessments of KGN Release

The PLGA–PEG–PLGA copolymer in PBS (20 wt%) with or without KGN showed stable gelation at 37°C. The sustainably release KGN in vitro from the KGN thermogel determined whether the functionalized thermogel can produce sufficiently chondrogenic effects (commonly used concentration is 100 nM−10 μM in vitro and 10 μM−100 μM in vivo). The KGN concentration in the 20 wt% polymer solution was about 50 μM. Therefore, the KGN thermogel showed an abrupt release (20%) of KGN at day 1 (10 μM), followed by a sustained release (about 3% per day) of KGN per day (1.5 μM /day), as shown in Figure 1.


[image: Figure 1]
FIGURE 1. In vitro sustained KGN release from KGN thermogel (20.0 wt%) in PBS (pH 7.4) at 37°C (n = 3).




Cell Viability and Proliferation

After culture in growth medium for 72 h, CCK assay showed that OA chondrocytes proliferated in both PLGA-PEG-PLGA thermogel and KGN thermogel showed an increased proliferation during 7 days of in vitro culture (Figure 2A). However, the number of OA chondrocytes in thermogel and KGN thermogel on Day 7 did not differ significantly, compared to that on Day 1 (p > 0.05). Notably, the number of MSCs in KGN thermogel slightly surpassed that in the thermogel.


[image: Figure 2]
FIGURE 2. In vitro cell proliferation and matrix component production. (A) CCK-8 assay showed that the proliferation of IL-1β treated chondrocytes in thermogel or KGN thermogel increased over time (B) GAG content was measured by DMMB assay, COL-2, and MMP-13 were determined by ELISA after IL-1β treated chondrocytes were cultured in thermogel or KGN thermogel for 2 weeks (n = 3, *P < 0.05).




Extracellular Matrix Related Component Production

GAG and COL-2 content were detected to quantify cartilaginous matrix production by OA chondrocytes. Increased amount of GAG and COL-2 from OA chondrocytes were found after culture in thermogel or KGN thermogel for 14 days (Figure 2B). Significantly higher amount of GAG and COL-2 was detected in KGN thermogel than that in thermogel group (p < 0.05). On the other hand, increased secretion of MMP-13 was only found in thermogel, whereas minimal increase of MMP-13 was detected in KGN thermogel. These results showed that KGN enhanced the production of COL-2 and GAG and inhibited the production of MMP-13 from OA chondrocytes, suggesting that KGN played an anti-arthritic role in OA chondrocyte-laden thermogel.



Cartilage-Specific Gene Expression Analyses

To compare the chondro-protective capacity of KGN thermogel, we measured gene expressions of COL-1, COL-2, AGC, and MMP-13. Significant differences of gene expression were found between thermogel group and KGN thermogel group at both 14 and 21 days of in vitro culture (Figure 3). Greater upregulation of hyaline-cartilage specific genes COL-2 and AGC were detected in KGN thermogel system that that in thermogel with no KGN (p < 0.05). However, the expression of fibrocartilage-related marker COL-1 was similar between the two groups. In addition, the MMP-13 expression was reduced in KGN thermogel group suggesting KGN could inhibit matrix degradation.


[image: Figure 3]
FIGURE 3. Expression of cartilage-related genes of COL-2 and AGC, COL-1, and MMP-13 of OA chondrocytes within thermogel with or without KGN (n = 3; *p < 0.05).




In vivo Cartilage Regeneration

The histological staining showed that the OA model was successfully established in rabbit knees at 3 weeks after ACLT. Obvious OA changes of cartilage occurred at 6 weeks after ACLT in OA group, OA + Gel group, and OA + KGN gel group, with cartilage fibrillation, surface erosion, fissure, denudation, and deformation (Figure 4). Slight cartilage degeneration was observed in sham group with chondrocyte hypertrophy and clustering. Importantly, we noted a distinct chondroprotective effect of KGN thermogel in OA + KGN gel group which showed shallow vertical fissures of the superficial cartilage, localized proteoglycan depletion, and partial COL-2 loss in limited zones of the cartilage. In comparison, both OA and OA+ thermogel groups showed severe OA changes, with significant cartilage denudation and deformation, as well as marked proteoglycan and COL-2 depletion. These data suggested that IA injection of KGN showed an anti-inflammatory effect and promoted cartilage regeneration, as compared to IA injection of saline or thermogel.


[image: Figure 4]
FIGURE 4. Histological staining of OA knee treated with saline (OA), thermogel (OA + Gel), and KGN thermogel (OA + KGN gel) at 6 weeks after ACLT surgery. (A–D) H&E, (E–H) toluidine blue (TB), and (I–L) immunohistochemistry (IHC) COL-2 staining.


OA knees treated with KGN thermogel injection demonstrated delayed cartilage degeneration and low level of articular inflammation, as indicated by IL-6 and MMP-13 content. In contrast, the IL-6 and MMP-13 levels were significantly higher in OA and OA + Gel groups (p < 0.01; Figure 5).


[image: Figure 5]
FIGURE 5. ELISA method detecting IL-6 and MMP-13 content in synovial fluid of all groups at 6 weeks (n = 8, *p < 0.05, **p < 0.01).


The OARSI scores grade histopathology of OA based on extent of joint involvement and the depth of lesion (Pritzker et al., 2006). As shown in Figure 6, OARSI scores were significantly lower in sham group and OA + KGN group that those of OA and OA + Gel groups (p < 0.001). The OA group treated with saline IA injection displayed progressive cartilage degeneration with extensive and deep involvement of cartilage. The OARSI scores revealed no significant differences between OA gel group and OA group (p > 0.05). These data suggested ongoing arthritis and cartilage destruction in OA group and OA + Gel group, and subsided arthritis and regenerated cartilage in arthritic knees treated with KGN thermogel.


[image: Figure 6]
FIGURE 6. OARSI scores were significantly lower in Sham group and OA + KGN gel group that those of OA and OA + Gel groups (**p < 0.01, ***p < 0.001).





DISCUSSION

OA is characterized by extracellular matrix (ECM) degradation and cell loss. The main components of ECM in cartilage are proteoglycans and collagens, and the loss of AGC and COL-2 in ECM leads to cartilage degradation. Matrix metalloproteinases (MMPs), for example, MMP-13, have been shown to directly cleave collagens and aggrecan (Zhao et al., 2014).

The close articular cavity allows the possibility of IA drug administration for OA patients. IA injection of drugs will avoid or minimize side effects of systematically administered drugs, such as toxicity and gastrointestinal complications (He et al., 2017). However, the low retention time limits the application of IA injection. Hydrogels are physically or chemically cross-linked three-dimensional polymers swollen in water that allows the controlled release of bioactive agents (Park et al., 2009) and possesses the capacity of maintaining chondrocyte phenotype (Chung and Burdick, 2008; Spiller et al., 2011; Liu et al., 2018). Among various hydrogels, the thermo-sensitive hydrogel from PLGA–PEG–PLGA copolymer has been especially attractive, as their spontaneous gelation under physiological conditions presents some advantages: minimal invasive wounds, efficiency of cell encapsulation and controlled release of bioactive molecules (Zhang et al., 2014, 2015; Li et al., 2016).

In the current work, the cartilage-protective molecule KGN was incorporated into the PLGA–PEG–PLGA thermogel with the capacity of sustained release of KGN for as long as 3 weeks. We used IL-1β treated rabbit chondrocytes to investigate the effect of KGN on OA chondrocytes. In vitro experiment showed that KGN thermogel was compatible with cell survival, however with no capacity to promote proliferation of OA chondrocytes. In addition, when cultured in KGN thermogel, OA chondrocytes produced higher amount of GAG and COL-2 than those in thermogel without addition of KGN. These data are consistent with others which showed that KGN promoted cartilage regeneration and induced chondrogenic differentiation of mesenchymal stem cells (Kang et al., 2014, 2016; Wang et al., 2016b; Fan et al., 2018; Han et al., 2019). In addition, the level of MMP-13 produced by OA chondrocytes in KGN thermogel was much less compared to that in thermogel. This is consistent to the increased amount of COL-2 and GAG, which can be directly degraded by MMP-13. Therefore, KGN thermogel system have showed biocompatibility and cartilage-protectiveness. The gene analysis was in line with the above ELISA results, as KGN thermogel group enhanced expression of hyaline-cartilage specific genes COL-2 and AGC, and inhibited the expression of MMP-13. This result is again supported by other researchers (Wang et al., 2015; He et al., 2017; Patel et al., 2019).

To confirmed the feasibility of using KGN thermogel for the treatment of OA, we established knee OA model using ACLT procedure. The OA knees treated with KGN thermogel yielded significantly greater cartilage regeneration and less joint inflammation, as suggested by histological staining, OARSI score and synovial fluid analysis of inflammatory cytokines. These in vivo data strongly indicated that KGN played an anti-arthritic and chondro-protective role in arthritis.

Some limitations remain in the present study. Firstly, the current study is only a preliminary study for the effect of KGN on the early stage OA. However, more time points for IA injection at different OA stages will add more clarification for the effect of KGN on OA treatment. Secondly, the potential molecular mechanism regarding the effect of KGN on OA was not revealed in the current study. Further studies about KGN in anti-inflammation or redifferentiation of OA chondrocytes should be needed in the future.

In summary, we have shown that KGN thermogel can release KGN both in vitro and in vitro. IA injection of KGN thermogel can enhance cartilage regeneration and inhibit joint inflammation in OA knees in a rabbit model. KGN thermogel protects the cartilage by promoting OA chondrocytes to produce COL-2 and GAG, while reducing the secretion of MMP-13.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this manuscript will be made available by the authors, without undue reservation, to any qualified researcher.



ETHICS STATEMENT

The animal study was reviewed and approved by Committee on the Ethics of Animal Experiments of the University of Xiamen.



AUTHOR CONTRIBUTIONS

S-JW and J-ZQ: conception and design, collection and assembly of data, analysis and interpretation of data, and drafting of the manuscript. T-EZ: assistance in analysis and interpretation of data. CX and S-JW: conception and design, critical revision of the manuscript, and final approval of the manuscript.



FUNDING

This work was supported by the National Natural Science Foundation of China (81572189) and Joint Funding of Fujian Science and Technology Department (2015J01525).



ACKNOWLEDGMENTS

The authors thank Dr. Yang Zhou (Ph.D. student of Medical School of Xiamen University) who provided a lot of help and assistance in the current study.



REFERENCES

 Chung, C., and Burdick, J. A. (2008). Engineering cartilage tissue. Adv. Drug Deliv. Rev. 60, 243–262. doi: 10.1016/j.addr.2007.08.027

 Cui, X., Wang, S., Cai, H., Lin, Y., Zheng, X., Zhang, B., et al. (2016). Overexpression of microRNA-634 suppresses survival and matrix synthesis of human osteoarthritis chondrocytes by targeting PIK3R1. Sci. Rep. 6:23117. doi: 10.1038/srep23117

 Fan, W., Li, J., Yuan, L., Chen, J., Wang, Z., Wang, Y., et al. (2018). Intra-articular injection of kartogenin-conjugated polyurethane nanoparticles attenuates the progression of osteoarthritis. Drug Deliv. 25, 1004–1012. doi: 10.1080/10717544.2018.1461279

 Han, Y., Li, X., Zhang, Y., Han, Y., Chang, F., and Ding, J. (2019). Mesenchymal stem cells for regenerative medicine. Cells 8:886. doi: 10.3390/cells8080886

 He, Z., Wang, B., Hu, C., and Zhao, J. (2017). An overview of hydrogel-based intra-articular drug delivery for the treatment of osteoarthritis. Colloids Surf. B Biointerfaces 154, 33–39. doi: 10.1016/j.colsurfb.2017.03.003

 Johnson, K. (2012). A stem cell–based approach to cartilage repair. Science 336, 717–721 doi: 10.1126/science.1215157

 Kang, M. L., Kim, J. E., and Im, G. I. (2016). Thermoresponsive nanospheres with independent dual drug release profiles for the treatment of osteoarthritis. Acta Biomater. 39, 65–78. doi: 10.1016/j.actbio.2016.05.005

 Kang, M. L., Ko, J. Y., Kim, J. E., and Im, G. I. (2014). Intra-articular delivery of kartogenin-conjugated chitosan nano/microparticles for cartilage regeneration. Biomaterials 35, 9984–9994. doi: 10.1016/j.biomaterials.2014.08.042

 Li, X., Ding, J., Zhang, Z., Yang, M., Yu, J., Wang, J., et al. (2016). Kartogenin-incorporated thermogel supports stem cells for significant cartilage regeneration. ACS Appl. Mater. Interfaces 8, 5148–5159. doi: 10.1021/acsami.5b12212

 Li, Y., Rodrigues, J., and Tomas, H. (2012). Injectable and biodegradable hydrogels: gelation, biodegradation and biomedical applications. Chem. Soc. Rev. 41, 2193–2221. doi: 10.1039/C1CS15203C

 Liu, H., Cheng, Y., Chen, J., Chang, F., Wang, J., Ding, J., et al. (2018). Component effect of stem cell-loaded thermosensitive polypeptide hydrogels on cartilage repair. Acta Biomater. 73, 103–111. doi: 10.1016/j.actbio.2018.04.035

 Liu, Z., Hu, X., Man, Z., Zhang, J., Jiang, Y., and Ao, Y. (2016). A novel rabbit model of early osteoarthritis exhibits gradual cartilage degeneration after medial collateral ligament transection outside the joint capsule. Sci. Rep. 6:34423. doi: 10.1038/srep34423

 Mohan, G., Magnitsky, S., Melkus, G., Subburaj, K., Kazakia, G., Burghardt, A. J., et al. (2016). Kartogenin treatment prevented joint degeneration in a rodent model of osteoarthritis: a pilot study. J. Orthop. Res. 34, 1780–1789. doi: 10.1002/jor.23197

 Park, H., Guo, X., Temenoff, J.S., Tabata, Y., Caplan, A. I., Kasper, F. K., et al. (2009). Effect of swelling ratio of injectable hydrogel composites on chondrogenic differentiation of encapsulated rabbit marrow mesenchymal stem cells in vitro. Biomacromolecules 10, 541–546. doi: 10.1021/bm801197m

 Patel, J. M., Saleh, K. S., Burdick, J. A., and Mauck, R. L. (2019). Bioactive factors for cartilage repair and regeneration: improving delivery, retention, and activity. Acta Biomater. 93, 222–238. doi: 10.1016/j.actbio.2019.01.061

 Pritzker, K. P., Gay, S., Jimenez, S. A., Ostergaard, K., Pelletier, J. P., Revell, P. A., et al. (2006). Osteoarthritis cartilage histopathology: grading and staging. Osteoarthr. Cartil. 14, 13–29. doi: 10.1016/j.joca.2005.07.014

 Seliktar, D. (2012). Designing cell-compatible hydrogels for biomedical applications. Science 336, 1124–1128. doi: 10.1126/science.1214804

 Spiller, K. L., Maher, S. A., and Lowman, A. M. (2011). Hydrogels for the repair of articular cartilage defects. Tissue Eng. Part B Rev. 17, 281–299. doi: 10.1089/ten.teb.2011.0077

 Wang, C., Feng, N., Chang, F., Wang, J., Yuan, B., Cheng, Y., et al. (2019). Injectable cholesterol-enhanced stereocomplex polylactide thermogel loading chondrocytes for optimized cartilage regeneration. Adv. Healthc. Mater. 8:e1900312. doi: 10.1002/adhm.201900312

 Wang, S. J., Jiang, D., Zhang, Z. Z., Huang, A. B., Qi, Y. S., Wang, H. J., et al. (2016a). Chondrogenic potential of peripheral blood derived mesenchymal stem cells seeded on demineralized cancellous bone scaffolds. Sci. Rep. 6:36400. doi: 10.1038/srep36400

 Wang, S. J., Yin, M. H., Jiang, D., Zhang, Z. Z., Qi, Y. S., Wang, H. J., et al. (2016b). The chondrogenic potential of progenitor cells derived from peripheral blood: a systematic review. Stem Cells Dev. 25, 1195–1207. doi: 10.1089/scd.2016.0055

 Wang, S. J., Zhang, Z. Z., Jiang, D., Qi, Y. S., Wang, H. J., Zhang, J. Y., et al. (2016c). Thermogel-coated poly(ε-caprolactone) composite scaffold for enhanced cartilage tissue engineering. Polymers 8:200. doi: 10.3390/polym8050200

 Wang, Y., Zhu, G., Li, N., Song, J., Wang, L., and Shi, X. (2015). Small molecules and their controlled release that induce the osteogenic/chondrogenic commitment of stem cells. Biotechnol. Adv. 33, 1626–1640. doi: 10.1016/j.biotechadv.2015.08.005

 Yu, L., Zhang, Z., and Ding, J. (2011). Influence of LA and GA sequence in the PLGA block on the properties of thermogelling PLGA-PEG-PLGA block copolymers. Biomacromolecules 12, 1290–1297. doi: 10.1021/bm101572j

 Zhang, Y., Yu, J., Ren, K., Zuo, J., Ding, J., and Chen, X. (2019). Thermosensitive hydrogels as scaffolds for cartilage tissue engineering. Biomacromolecules 20, 1478–1492. doi: 10.1021/acs.biomac.9b00043

 Zhang, Y. B., Ding, J. X., Sun, D. K., Sun, H., Zhuang, X. L., Chang, F., et al. (2015). Thermogel-mediated sustained drug delivery for in situ malignancy chemotherapy. Mater. Sci. Eng. C Mater. Biol. Appl. 49, 262–268. doi: 10.1016/j.msec.2015.01.026

 Zhang, Y. B., Ding, J. X., Xu, W. G., Wu, J., Chang, F., Zhuang, X. L., et al. (2014). Biodegradable thermogel as culture matrix of bone marrow mesenchymal stem cells for potential cartilage tissue engineering. Chin. J. Polym. Sci. 32, 1590–1601. doi: 10.1007/s10118-014-1551-5

 Zhao, H., Zhang, T., Xia, C., Shi, L., Wang, S., Zheng, X., et al. (2014). Berberine ameliorates cartilage degeneration in interleukin-1β-stimulated rat chondrocytes and in a rat model of osteoarthritis via Akt signalling. J. Cell. Mol. Med. 18, 283–292. doi: 10.1111/jcmm.12186

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 © 2019 Wang, Qin, Zhang and Xia. 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: 01 November 2019
doi: 10.3389/fchem.2019.00745






[image: image2]

Low-Molecular-Weight Heparin-Functionalized Chitosan-Chondroitin Sulfate Hydrogels for Controlled Release of TGF-β3 and in vitro Neocartilage Formation
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Repair of hyaline cartilage remains a huge challenge in clinic because of the avascular and aneural characteristics and the paucity of endogenous repair cells. Recently, tissue engineering technique, possessing unique capacity of repairing large tissue defects, avoiding donor complications and two-stage invasive surgical procedures, has been developed a promising therapeutic strategy for cartilage injury. In this study, we incorporated low-molecular-weight heparin (LMWH) into carboxymethyl chitosan-oxidized chondroitin sulfate (CMC-OCS) hydrogel for loading transforming growth factor-β3 (TGF-β3) as matrix of peripheral blood mesenchymal stem cells (PB-MSCs) to construct tissue-engineered cartilage. Meanwhile, three control hydrogels with or without LMWH and/or TGF-β3 were also prepared. The gelling time, microstructures, mechanical properties, degradation rate, cytotoxicity, and the release of TGF-β3 of different hydrogels were investigated. In vitro experiments evaluated the tri-lineage differentiation potential of PB-MSCs, combined with the proliferation, distribution, viability, morphology, and chondrogenic differentiation. Compared with non-LMWH-hydrogels, LMWH-hydrogels (LMWH-CMC-OCS-TGF-β3) have shorter gelling time, higher mechanical strength, slower degradation rate and more stable and lasting release of TGF-β3. After two weeks of culture in vitro, expression of cartilage-specific genes collagen type-2 (COL-2) and aggrecan (AGC), and secretion of glycosaminoglycan (GAG), and COL-2 proteins in LMWH-CMC-OCS-TGF-β3 group were significantly higher than those in other groups. COL-2 immunofluorescence staining showed that the proportion of COL-2 positive cells and immunofluorescence intensity in LMWH-CMC-OCS-TGF-β3 hydrogel were significantly higher than those in other groups. The LMWH-CMC-OCS-TGF-β3 hydrogel can slowly release TGF-β3 in a long term, and meanwhile the hydrogel can provide a biocompatible microenvironment for the growth and chondrogenic differentiation of PB-MSCs. Thus, LMWH functionalized CMC-OCS hydrogels proposed in this work will be beneficial for constructing functional scaffolds for tissue-engineered cartilage.

Keywords: low-molecular-weight heparin, hydrogel, controlled release, peripheral blood mesenchymal stem cell, tissue-engineered cartilage


INTRODUCTION

Cartilage injury has brought about an increasing social and economic burden as a common joint disease (Everhart et al., 2019). On account of its avascular characteristics and lack of endogenous repair cells, articular cartilage has a limited regenerative and self-healing ability (Armiento et al., 2018). Currently, traditional clinical methods included the osteochondral transplantation, bone marrow stimulation and autologous chondrocyte transplantation, but they still could not achieve the satisfactory therapeutic effect (Redondo et al., 2018). Fortunately, tissue engineering technology has provided a promising therapeutic strategy for cartilage injury (Liaw et al., 2018; Zylinska et al., 2018; Ding et al., 2019). By means of the three elements of tissue engineering methods (biological scaffolds, growth factors, and seed cells), tissue-engineering cartilage possesses unique capacity to repair large tissue defects, avoid donor complications and two-stage invasive surgical procedures and has a wide range of scaffold materials and seed cells sources (Andriolo et al., 2017; Sadlik et al., 2017; Kwon et al., 2019).

For development of desirable tissue engineering program, it is urgent to prepare the functionally specific biomaterials that mimic the components of natural extracellular matrix of cartilage for biomedical applications (Stuckensen et al., 2018). As a typical biological scaffold, hydrogel has been widely utilized on account of their highly hydrated three-dimensional cross-linked soft-wet materials with good biocompatibility (Pan et al., 2013; Liu and Hsu, 2018; Hu et al., 2019). As for construction of tissue-engineered cartilage, hydrogel can provide a suitable microenvironment for cartilage differentiation, and cartilage-specific extracellular matrix (ECM) regeneration (Wang et al., 2019; Zhang Y. et al., 2019). Heparin is a kind of highly sulfated anionic glycosaminoglycan existing in extracellular matrix, which can bind electropositive protein and growth factors into stable complexes by electrostatic interaction to repair and regenerate various tissues (Sun et al., 2018; Thones et al., 2019). Heparin-functionalized hydrogel scaffold can protect proteins or growth factors from degradation and maintain their biological activity in vivo, meanwhile the electrostatic interaction can effectively avoid burst release and realize the sustained release of proteins or growth factors (Kim I. et al., 2018; Kim S. et al., 2018). Compared with unfractionated heparin (UFH), low-molecular-weight heparin (LMWH) has superiority on the long half-life, less bleeding side effects and no need for laboratory monitoring (Ali-Hassan-Sayegh et al., 2016; Robertson and Jones, 2017). Therefore, LMWH-functionalized hydrogel scaffold may be a kind of suitable and promising materials for generating tissue-engineered cartilage.

Incorporation and controlled release of bioactive factor is a universal strategy to promote tissue repair and regeneration (Li X. et al., 2016; Qian et al., 2017). During the process of cartilage repair and regeneration, transforming growth factor-β3 (TGF-β3), as one of the relatively newer isoforms of TGF-β, can effectively promote the differentiation of mesenchymal stem cells (MSCs) into cartilage cell and induce the expression of extracellular matrix of cartilage by regulating the metabolism of articular cartilage and multifunctional proteins in a time-and concentration-dependent manner (Crecente-Campo et al., 2017; Wang et al., 2017). TGF-β3 can inhibit the activity of inflammatory mediators such as IL-1, MMPs, and TNF-α, and meanwhile reduce the body's immune response (Yanagawa et al., 2016; Frangogiannis, 2017). In addition, TGF-β3 plays a vital role in the growth and reconstruction of cartilage in both vitro and vivo, which has been proved by many previous reports (Yang et al., 2017; Deng et al., 2019). MSCs are multipotent precursor cells with multidirectional differentiation, self-renewal and low immunogenicity, which are widely used as seed cells for cartilage repair and regeneration (Liu H. et al., 2018; Han et al., 2019). Compared to frequently-used bone marrow mesenchymal stem cells (BM-MSCs), peripheral blood mesenchymal stem cells (PB-MSCs) possess distinct advantages, for example more minimally invasive, less complications (Wang et al., 2016a). Our previous studies proved that PB-MSCs had similar biological characteristics to BM-MSCs and even better cartilage differentiation tendency in each of monolayer culture and three-dimensional condition (Fu et al., 2011; Wang et al., 2016a). Therefore, PB-MSCs are one better kind of seed cells for repair and regeneration of bone and cartilage in vivo (Fu et al., 2014). In this work, we prepared a low-molecular-weight heparin-functionalized chitosan-chondroitin sulfate hydrogel, which could load TGF-β3 as matrix of PB-MSCs to construct tissue-engineered cartilage (Figure 1). The hydrogel scaffold can be capable of mimicking the biochemical composition of cartilage tissue and providing a bionic environment for seed cells; in this case, the TGF-β3 can be controlled released from the hydrogel in about one month and effectively promote differentiation into cartilage of PB-MSCs. This study will open a new venue for fabricating tissue scaffolds materials and investigating the mechanism/behavior of cartilage differentiation from PB-MSCs.


[image: Figure 1]
FIGURE 1. Schematic illustration of LMWH-CMC-OCS-TGF-β3 hydrogel as matrix of PBMSCs for constructing tissue-engineered cartilage in vitro.




MATERIALS AND METHODS


Materials

Chondroitin sulfate (CS, Mn = 19.9 kDa) was provided by Xingyuan Chemical Reagent Co., Henan. Carboxymethyl chitosan (viscosity of 10 ~ 80 mPa·s, carboxylation degree of 80%) and low-molecular-weight heparin (LMWH, Mn = 5,600–6,400 Da) were obtained from Dalian Meilun Biotechnology Co., Ltd. Dalian, China. Sodium periodate, 1-ethyl-3-(dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were purchased from Sinopharm Chemical Reagent Co., Ltd. Shanghai, China. Recombinant Human TGF-β3 was obtained from PeproTech, Inc. USA. TGF-β3 ELISA kit was purchased from Cloud-Clone Corp, China.



Preparation of Oxidized Chondroitin Sulfate (OCS) and EDC/NHS-activated LMWH

Five gram of CS was reacted with 3.5 g of NaIO4 in 100 mL of distilled water in dark for 6 h, and then OCS was separated by adding 200 mL alcohol to the mixture and stirring for another 15 min (Fan et al., 2017). LMWH solution was prepared at a concentration of 1 mg/mL in PBS (0.01 M, pH 7.4), and carboxylic acid groups of LMWH (LMWH-COOH) were activated using NHS groups at a molar ratio of 10:10:1 (EDC: NHS: LMWH-COOH). The reaction was allowed to proceed for 12 h at 37°C with a pH value of 5.7 (Elahi et al., 2014; Liu Z. et al., 2018). The OCS and EDC/NHS activated LMWH were dialysis against the distilled water for 72 h and further lyophilized to obtain a purified material.



Preparation of Hydrogels

Solutions of CMC (30 mg/mL) and OCS (100 mg/mL) were mixed with each other (volume ratio = 4: 1) in room temperature to obtain the CMC-OCS hydrogel. To prepare CMC-OCS-TGF-β3, LMWH-CMC-OCS and LMWH-CMC-OCS-TGF-β3 hydrogels, EDC/NHS-activated LMWH, and/or TGF-β3 were added to the OCS solution before mixing with CMC solution. EDC/NHS-activated LMWH and/or TGF-β3 were added within hydrogels at concentrations of 1.5 mg/mL and/or 250 ng/mL, respectively. The loading contents of TGF-β3 in hydrogels of CMC-OCS-TGF-β3 and LMWH-CMC-OCS-TGF-β3 were 5.68 and 5.49 ng/mg, respectively. The gelation time of hydrogel was obtained by the vial tilting method (Bu et al., 2016) and rheological measurements (time sweep experiment).



Fourier Transform Infrared Spectra

Hydrogels were lyophilized in freeze dryer at −80°C for 48 h. The film samples of CS, OCS, CMC, LMWH, activated LMWH, LMWH-CMC, CMC-OCS hydrogels, and LMWH-CMC-OCS hydrogels were prepared by the technique of potassium bromide tableting. TENSOR-27 spectrometer (Bruker) was used to obtain the Fourier transform infrared (FTIR) spectra of samples with the method of previous reported (Bu et al., 2017).



Scanning Electron Microscopy

A JSM-7900F scanning electron microscope (SEM, Hitachi, Japan) was used to observe the microstructure of the hydrogels. Briefly, the freeze-dried hydrogels were sliced and bonded to the sample stage with conductive resin, and then coated with a layer of gold and obtain the SEM images at 3 kV acceleration voltage. The pore size of hydrogels was measured with the help of Image-pro® Plus 6.0 (Media Cybernetics, Inc., Rockville, USA) (Yang et al., 2018b).



Porosity Determination

The method of liquid displacement was used to determine the porosities of freeze-dried hydrogels. First, samples with regular form were calculated and weighed the initial volume and weight (V0 and W0). Second, samples hydrogels saturated with absolute ethyl alcohol were weighted again (W1). The equation as below was used to calculate the porosities of four hydrogels (Qin et al., 2018):
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ρ represents the density of absolute ethyl alcohol.



Rheological Measurements

Thermo Haake Rheometer with a cone-parallel plate geometry (d = 35 mm) was used to measure the gelation time and shear modulus of four hydrogels. Time sweeps experiments were performed with a constant strain of 0.05% and oscillatory frequency of 1 rad/s. The samples in solution state (0.5 mL) were placed between two plates and the gap was set at 0.5 mm. Frequency sweep experiment were performed with a constant strain of 0.05% in the frequency range of 0.1–10 rad s−1. The hydrogels (d = 35 mm, h = 3.5 mm) were placed between two plates and tested at a gap of 3 mm (Wu et al., 2010; Wang L. et al., 2016).



Compressive Testing

The mechanical properties of hydrogels were calculated with a universal material testing machine of Instron 3365 (Instron Co., USA). Samples were prepared (diameter 15 mm and height 7.5 mm) and compressive testing was carried out with a rate of 3 mm/min. The fracture strain, fracture compressive stress and compressive elastic modulus were calculated based on the stress-strain curve. Every kind of hydrogels was tested three times (Yang et al., 2016).



Swelling Properties

The swelling properties of hydrogels were measured according to the methods reported in previous literature (Bu et al., 2016). We prepared the dried hydrogel samples (20 mg) and recorded the initial weight (Wd), and then placed samples in 50 mL of PBS (pH 7.4) at 37°C. The samples were weighed again (Ws) after incubation for certain time (0.25, 0.5, 1, 2, 4, 6, 8, 12, 16, 24, 48, 72, 96, 120, 144, and 168 h). The calculational equation of swelling ratio was used as below:
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Degradation in vitro

The weight loss of samples in PBS solution during 21 days were recorded to describe the degradation behaviors of hydrogels. We recorded the initial weight of lyophilized samples (W0), and incubated them in PBS solution at 37°C. After incubating for certain time (1, 4, 7, 14, and 21 days), the samples were lyophilized and weighed again (Wt). The degradation ratio can be obtained by the following equation:
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TGF-β3 Release Experiments

The lyophilized samples (4.4 mg, n = 5) were placed in PBS solution (pH 7.4, 1 mL) at 37°C under the continuous agitation to obtain the release behavior of TGF-β3. After incubation for certain time (1, 4, 7, 10, 14, and 21 days), we withdrawn the PBS solution with released TGF-β3 and added same volume of fresh PBS to maintain the total volume of 1 mL. The released amounts of TGF-β3 was quantified with sandwich enzyme-linked immunosorbent assay (ELISA) using a Human TGF-β3 ELISA Kits (Cloud-Clone, Corp., Houston, TX, USA) (Ariyati et al., 2019).



Isolation and Culture of PB-MSCs

The Animal Care and Use Committee of Peking University Third Hospital approved all of the protocols of animal experiments which were implemented follow the Guide for the Care and Use of Laboratory Animals. Peripheral blood (PB, 20 mL) was isolated from the central auricular arteries of New Zealand White rabbits after mobilizing with granulocyte colony stimulating factor (G-CSF, Qilu Pharmaceutical Co. Ltd.) and AMD3100 (MedChemExpress LLC., USA). Peripheral blood mononuclear cells (MNCs) were collected by using the method of density gradient centrifugation, and cultured in medium of α-MEM with 15% fetal bovine serum, 100 U/mL penicillin and 100 U/mL streptomycin. Culture medium was replaced every 3 days until the confluence of primary PB-MSCs reached around 90%, and then subculture was carried out at ratio of 1:3. PB-MSCs at passage 3 [PB-MSCs (P3)] were used for subsequent experiments (Fu et al., 2011).



Tri-lineage Differentiation Potential

Multilineage differentiation potential of PB-MSCs was assessed with the method of tri-lineage differentiations. Osteogenic medium, adipogenic induction and maintenance medium, and chondrogenic medium (Cyagen Biosciences Inc., Suzhou, China), following the manufacturer's instructions, were used for osteogenesis, adipogenesis, and chondrogenesis of PB-MSCs, respectively. The deposition of calcium nodules, accumulation of lipid vacuoles in cells, and cartilage-specific aggregating proteoglycans were detected with the methods of Alizarin red staining, Oil red O staining, and Alcian blue staining (Fu et al., 2011).



Cytotoxicity Studies of Hydrogels

Cell Counting Kit-8 assay (CCK-8, Dojindo Laboratories, Japan) was applied to evaluate the cytotoxicity of hydrogel by culturing PB-MSCs with the extracting liquid of hydrogels. Rabbit PB-MSCs at passage 3 were seeded into 96-well microplates (2 × 103 cells/100 μL/well), and then 10 μL of hydrogel extracting liquid or PBS was added into cell medium and further incubated for predetermined time. After incubation for 12, 24, and 48 h, we removed the original culture medium and added fresh culture medium (100 μL) with CCK-8 reagent (10 μL). A microplate reader (Thermo, USA) was used to obtain the optical density (OD) value of 450 nm after incubating for another 1 h. The equation as below was used to calculate the cell viability:
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Where the As, Ac, Ab are the optical density (OD) of hydrogels for the extracts group, control group and blank group. It was considered to be cytotoxic if cell viability was <70% after incubation with hydrogel extracting liquid (Bu et al., 2017).



Cell Seeding and Cell-Scaffold Construct Culture

Fifty microliter of PB-MSCs suspension (1 × 107 cells/mL) was carefully seeded on freeze-dried hydrogel (diameter of 6 mm and thickness of 2 mm) with the method of centrifugation as we previously reported (Zhang Z. et al., 2015). The cell-hydrogel composites were incubated for 1 h to facilitate cell adhesion, and then 2 mL fresh chondrogenic differentiation medium (removal of TGF-β3 components, Cyagen Biosciences Inc., Suzhou, China) was added for further culture. Culture medium was replaced every 3 days until cell-hydrogel composites were used in subsequent experiments.



Cell Distribution on Scaffolds

LIVE/DEAD Viability/Cytotoxicity Kit assay (Invitrogen, CA, USA) was used to visualize the cell survival and distribution on hydrogels. After culturing for 7 days, the cell-hydrogel composites were washed with PBS solution to remove culture medium, and immersed in reagents of calcein AM (2 mM) and ethidium homodimer-1 (4 mM) for 1 h at 37°C. Live (green) and dead (red) cells was detected by using a confocal microscopy with excitation wavelength of 568 and 488 nm. Imaris software 7.4.2 (Bitplane, Oxford) was used to create three-dimensional rendering in order to observe and analyze the distribution of PB-MSCs on hydrogels.



Cell Proliferation on Hydrogels

Cell proliferation on hydrogels was assessed by using the method of CCK-8 assay. After incubation for 1, 3, 5, and 7 days, we removed the original culture medium, and added fresh culture medium (100 μL) with CCK-8 reagent (10 μL). A microplate reader (Thermo, USA) was used to obtain the optical density (OD) value of 450 nm after incubating for another 2 h. The cell proliferation curves of each groups obtained by normalizing the OD value at each point against the average value of the first day.



Analysis of Cartilage-Specific and Hypertrophic Genes Expression

After incubation for 7 and 14 days, cell-hydrogel composites were removed from culture medium and washed with PBS. TRIZOL reagent (Invitrogen, Carlsbad, CA, USA) and RevertAid First Strand cDNA Synthesis Kit (K1622, Thermo Scientific, Carlsbad, CA, USA), following the manufacturer's instructions, were used to extract total RNA and reverse-transcribe isolated RNA, respectively. According to the conditions reported in previous literature (Zhang Z. Z. et al., 2019), quantitative Real-time polymerase chain reaction (RT-PCR) analysis was performed to detect the expression of cartilage-specific marker gene (COL-2 and aggrecan, AGC) and hypertrophic marker gene (collagen type-10, COL-10) by using an ABI 7300 real-time PCR system (Applied Biosystems, Foster City, CA, USA) with SYBR® Select Master Mix (4472908, Thermo Scientific, Carlsbad, CA, USA). The value of relative expression in these target genes were plotted as 2−ΔΔCT with the method of previous reported (Zhang Z. Z. et al., 2019). The PCR primers are listed in Table S1.



Quantification of DNA, Collagen Type-2 (COL-2), and Glycosaminoglycan (GAG) Content

Hoechst33258 staining and fluorometric assay was performed to measure the DNA content of cell-hydrogel composites. After culturing for 1, 7, and 14 days, the cell-hydrogel composites were weighed and then digested in a prepared papain solution (Sigma, St. Louis, Missouri, USA) at 60°C for 24 h to obtained aliquots of the sample digestion. Aliquots of the sample digestion (10 μL) were mixed with Hoechst33258 working solution (2 μg/mL, 100 μL) and incubated at 37°C for 1 h. A microplate reader (Thermo, USA) was used to detect the fluorescent intensities with excitation wavelength of 360 nm and emission wavelength of 460 nm. A standard curve of calf thymus DNA (Sigma, St. Louis, Missouri, USA) was used to normalize the content of DNA.

High efficiency RIPA tissue/cell lysis solution (R0010, Solarbio Science & Technology Co., Ltd., Beijing, China) was used to obtain total proteins of the cell-hydrogel constructs. Rabbit COL-2 ELISA Kits (Cloud-Clone, Corp., Houston, TX, USA) and Rabbit GAGs ELISA kit (BlueGene Biotech., Shanghai, China) were applied to measure the COL-2 content according to the manufacture protocol, and the contents of COL-2 and GAG were normalized to DNA content.



Immunofluorescent Staining of COL-2

Immunofluorescent staining was performed to visualize the secretion of COL-2 in cell-hydrogel composites after culturing for 14 days. First, cell-hydrogel composites were washed with PBS to remove culture medium and fixed with 4% paraformaldehyde. Then, 10% bovine serum albumin (BSA), mouse anti-COL-2 primary antibody (CP18, Merck KGaA, Darmstadt, Germany), Alexa Fluor® 594 goat anti-mouse IgG antibodies (ZF-0513, ZSGB-BIO Co., Ltd., Beijing, China) and DAPI (Sigma, St. Louis, Missouri, USA) were used successively to incubate composites, and the immunofluorescence images were obtained by using confocal microscopy. The fluorescent intensity of COL-2 and proportion of COL-2 positive cells were calculated as previously reported (Wang et al., 2016a; Zhang Z. Z. et al., 2019).



Cell Morphology on Scaffolds

Cytoskeleton staining was performed, and confocal microscopy was used to observe the morphology of PB-MSCs in hydrogels at day 7. After removal of culture medium of scaffolds and fixing with paraformaldehyde, rhodamine phalloidin (100 nM; Cytoskeleton Inc., Denver, USA) and DAPI working solution (1 μg/mL, Sigma-Aldrich, Inc., USA) stained the cytoskeleton (30 min) and nuclei (5 min) at 37°C, respectively (Wang et al., 2016a).



Statistical Analyses

All statistical data were expressed as mean ± standard deviation (SD). One-way analysis of variance (ANOVA) was used to distinguish the differences among groups after testing for homogeneity of variances, P < 0.05 was considered statistically significant. When the results of ANOVA results were significantly different, the Least Significant Difference test (LSD-t) was performed. All analyses were carried out using SPSS 25.0 software (SPSS Inc., Armonk, USA).




RESULTS AND DISCUSSION


Synthesis of Hydrogel Scaffolds

The chemical structures of CMC, CS, OCS, CMC-OCS, LMWH, EDC/NHS activated LMWH and the schematic diagram of various cross-linked reaction in hydrogels were illustrated in Figure 2. OCS was obtained by oxidizing the hydroxyl groups of CS into aldehyde groups using sodium periodate. Also, the carboxylic acid groups (-COOH) of LMWH were activated by reacting with EDC/NHS to obtain activated ester group (-COONHS). The CMC-OCS hydrogel was prepared by simply mixing and the crosslinking network was formed by Schiff base reaction. Moreover, LMWH-OCS-CMC hydrogel was obtained by incorporating the activated LMWH into OCS-CMC hydrogel, wherein the NHS groups of LMWH can chemically linked with amino groups of CMC. In addition, TGF-β3 were in-situ encapsulated into CMC-OCS and LMWH-OCS-CMC composites to obtain CMC-OCS-TGF-β3 and LMWH-CMC-OCS-TGF-β3 hydrogels.
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FIGURE 2. Chemical structures of CS (A), OCS (B), CMC (C), LMWH (D), EDC/NHS activated LMWH (E) and schematic diagram of various cross-linked reaction in hydrogels (F–H).




FTIR Spectra of Polysaccharide Derivatives and Cross-Linked Hydrogels

The chemical compositions and structures of polysaccharide derivatives and cross-linked hydrogels were testified by the FTIR in Figure 3. On account of the similar composition of CS and LMWH, they almost exhibited the same characteristic peaks. For example, the peak at 1253.2 cm−1 corresponded to S=O stretching vibrations was a characteristic absorption peak of CS and LMWH samples. The peak at 1316.2 cm−1 belonged to epoxide ring stretching vibrations was used as a characteristic absorption peak of CMC sample. OCS showed an absorption signal at 1727.6 cm−1 corresponded to the aldehyde groups (Fan et al., 2017). By comparing with LMWH, the spectrum of EDC/NHS activated LMWH exhibited a new absorption signal at 1732.8 cm−1, which was attributed to the stretching vibrations of C=O of NHS groups (Elahi et al., 2014). For the CMC-OCS hydrogel sample, the coexistence of characteristic absorption peaks of CMC at 1316.2 cm−1 and OCS at 1253.2 cm−1 and the disappearance of the peak at 1727.6 cm−1 revealed that hydrogel cross-linked through Schiff base reaction between CMC and OCS. For the LMWH-CMC sample, the generated characteristic absorption peaks of CMC (1316.2 cm−1), LMWH (1253.2 cm−1) and the disappeared peak at 1732.8 cm−1 demonstrated that EDC/NHS activated LMWH was involved by the formation of amide bonds. The spectra of CMC-OCS, LMWH-CMC, LMWH-CMC-OCS samples were very similar, displaying a absorption signals at 1608.2 cm−1 which corresponded to the amide I band (Elahi et al., 2014).
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FIGURE 3. FTIR spectra of polysaccharide derivatives (CS, OCS, CMC, LMWH, and EDC/NHS activated LMWH) and cross-linked CMC-OCS, LMWH-CMC, and LMWH-CMC-OCS hydrogels.




Morphological Observation of Hydrogels Scaffolds

The CMC, OCS, activated LMWH and TGF-β3 were easily soluble in water and evenly mixed to form a viscous solution. After the extruding and injecting through a conventionally medical syringe, the hydrogels could be generated after several minutes with the colorless and transparence, presenting the injectable property which might be suitable for minimally invasive surgery (Li T. et al., 2018; Chen et al., 2019). After the sufficient cross-linking reaction overnight, the hydrogels were removed from vials and exhibited a clear, slightly brown color as shown in Figures 4A–C. Morphologies of hydrogels were observed in SEM images in Figure 4D, four hydrogels possessed homogeneous porous and interconnected structures. The average pore sizes of CMC-OCS and CMC-OCS-TGF-β3 hydrogels were 31.75 ± 0.91 and 31.58 ± 0.83 μm respectively. After the addition of EDC/NHS activated LMWH, the average pore sizes were decreased to 29.29 ± 0.98 μm (LMWH-CMC-OCS) and 29.49 ± 0.83 μm (LMWH-CMC-OCS-TGF-β3), which may be ascribed to improvement of solid content and crosslinking degree (Figure 4E). Porosities of hydrogels were measured by method of liquid displacement. The porosities of the CMC-OCS, CMC-OCS-TGF-β3, LMWH-CMC-OCS and LMWH-CMC-OCS-TGF-β3 were 86.30 ± 5.16, 87.63 ± 5.03, 79.31 ± 2.80, and 79.21 ± 4.56%, respectively (Figure 4F). The average pore sizes (n = 3) and porosities (n = 5) of LMWH-CMC-OCS and LMWH-CMC-OCS-TGF-β3 groups were lower than CMC-OCS and CMC-OCS-TGF-β3 groups, with significant difference (*P < 0.05). The gelation time of hydrogel was obtained by the vial tilting method in Figure 4G (Bu et al., 2016). The gelation time of CMC-OCS and CMC-OCS-TGF-β3 was 269.11 ± 18.07 and 271.71 ± 10.27 s, respectively. No statistical difference was found between the two groups (n = 5, P > 0.05). Upon adding the EDC/NHS activated LMWH, the gelation time decrease to 224.24 ± 17.80 and 223.98 ± 14.13 s for LMWH-CMC-OCS and LMWH-CMC-OCS-TGF-β3 hydrogels, respectively. The gelling rate is obviously faster than groups of CMC-OCS and CMC-OCS-TGF-β3 (n = 5, *P < 0.05). The gelation time of hydrogels was also determined by the method of rheological measurements. Figure S1 showed that storage modulus G′ of samples increased with time and exceeded dissipative modulus G″, the intersection of G′ and G indicated a gel point. Compared to CMC-OCS and CMC-OCS-TGF-β3 hydrogels, a shorter gelation time was observed in the hydrogels of LMWH-CMC-OCS and LMWH-CMC-OCS-TGF-β3. The faster gelation time was attributed to the much more reactive groups and the higher crosslinking degree in the gelation system.
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FIGURE 4. (A) Morphologies of hydrogels before gelation. (B) The extrusion of four hydrogels from medical syringes to show injectable properties. (C) Photographs of gross view. (D) Scanning electron micrographs of hydrogels illustrating the porous and interconnected microstructure. (E) The average pore sizes of four hydrogels (n = 3, *P < 0.05). (F) The porosities of four hydrogels (n = 5, *P < 0.05). (G) Gelation time of four hydrogels (n = 5, *P < 0.05).




Mechanical Properties

Compressive performances of hydrogels were shown in Figures 5A–C. The fracture compressive stresses of CMC-OCS, CMC-OCS-TGF-β3, LMWH-CMC-OCS, and LMWH-CMC-OCS-TGF-β3 hydrogels were 76.44 ± 11.49, 75.23 ± 9.19, 102.41 ± 3.94, and 100.41 ± 6.34 kPa, respectively. The compressive modulus of these hydrogels were 3.80 ± 0.23, 3.93 ± 0.43, 7.61 ± 0.53, and 7.62 ± 0.80 kPa, respectively. There were no statistical differences of the fracture strain (79-83%) among four hydrogels (n = 3, P > 0.05). The higher compressive properties of LMWH-CMC-OCS and LMWH-CMC-OCS-TGF-β3 hydrogels was due to the denser crosslinking structure and higher solid content compared to CMC-OCS and CMC-OCS-TGF-β3 hydrogels (n = 3, *P < 0.05). Oscillatory frequency sweeps experiments were also performed to confirm the mechanical properties of hydrogels (Figure S2). Storage modulus G′ of all hydrogels was higher than dissipative modulus G″, and showed a frequency-independent characteristic. A higher storage modulus G′ was observed in the hydrogels of LMWH-CMC-OCS and LMWH-CMC-OCS-TGF-β3 compared with hydrogels of CMC-OCS and CMC-OCS-TGF-β3, and LMWH-CMC-OCS and LMWH-CMC-OCS-TGF-β3 hydrogels might be more suitable for cartilage repair and regeneration since they were closer to the mechanical strength of native cartilage (Wang et al., 2016b).
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FIGURE 5. (A) Fracture compressive stress (n = 3, *P < 0.05), (B) fracture strain (n = 3, P > 0.05), and (C) compressive elastic modulus (n = 3, *P < 0.05) obtained by unconfined compressive mechanical tests. (D) Swelling kinetics of hydrogels in PBS at each time point (n = 5). (E) In vitro degradation of hydrogels in PBS at each time point (n = 5). (F) Cumulative release of TGF-β3 from CMC-OCS-TGF-β3 and LMWH-CMC-OCS-TGF-β3 hydrogels after incubation for 1, 4, 7, 10, 14, and 21 days (n = 5).




Swelling Property of Hydrogels

The curves of swelling ratio of four hydrogels were illustrated in Figure 5D. All of four hydrogels could reach the swelling equilibrium after incubating at PBS for 72 h. Compared with CMC-OCS and CMC-OCS-TGF-β3 hydrogels, the LMWH-CMC-OCS, and LMWH-CMC-OCS-TGF-β3 hydrogels showed higher swelling ratio (3,100 and 2,600%) and basically maintained their stable swelling behaviors even after 96 h in water, resulting from the higher crosslinking degree of hydrogels. Due to the slight degradation of CMC-OCS and CMC-OCS-TGF-β3 hydrogels after 96 h, the swelling ratio curves displayed a decline trend.



Degradation Behavior in vitro

The degradation behavior of hydrogels was observed in PBS at 37°C. As shown in Figure 5E, the incorporation of LMWH in hydrogels increased their cross-linked density and enhanced the internal structural compactness, therefore the hydrogels containing LMWH showed a slower degradation rate than the hydrogels without LMWH. after incubation for 21 days, the degradation ratio of LMWH-CMC-OCS and LMWH-CMC-OCS-TGF-β3 hydrogels (56.30 ± 3.09 and 55.91 ± 1.40%) was lower than that of CMC-OCS and CMC-OCS-TGF-β3 (60.21 ± 4.04 and 62.62 ± 4.36%). The addition of TGF-β3 into hydrogel had negligible effect on the physical properties of hydrogels. The incorporation of EDC/NHS activated LMWH was beneficial to maintain the structural stability of hydrogel scaffolds and had a significant influence on degradation rate and release rate for a long period of time. Structurally stable hydrogels would facilitate cell adhesion, proliferation and extracellular matrix production in vitro (Wang et al., 2019).



Release of Growth Factors

The release behavior of TGF-β3 was determined by ELISA assay. Figure 5F showed that the release ratio of TGF-β3 from the CMC-OCS hydrogel was quicker than that of functionalized LMWH-CMC-OCS hydrogel. The release ratio of TGF-β3 from CMC-OCS and LMWH-CMC-OCS hydrogel achieve 92.97 ± 3.73 and 63.75 ± 4.50% after 10 days with a sustainable release plateau. The reason was mainly attributed to that the heparin can combine with growth factors (TGF-β3) to form stable complex through electrostatic interaction; in this case, LMWH-CMC-OCS hydrogel displayed a much lower release rate of TGF-β3. In addition, the dense structures and the slow degradation rate of LMWH-CMC-OCS hydrogel may also contribute to the slow continued release behavior with the 90.85 ± 5.48% after 3 weeks. These results confirmed that LMWH incorporated in hydrogel had enough effect on controlling the release of TGF-β3, and that would effectively promote the chondrogenic differentiation of MSCs and induce the expression of cartilage extracellular matrix since TGF-β3 regulated the metabolism of articular cartilage and multifunctional proteins in a time-and concentration-dependent manner (Wang et al., 2017). Therefore, the physicochemical property of hydrogels demonstrated that the LMWH-CMC-OCS hydrogels had shorter gelling time, higher mechanical strength, smaller porosity, higher and more stable swelling ratio, slower degradation rate and lower release rate of growth factors, compared with CMC-OCS hydrogels.



Isolation, Culture, and Identification of PB-MSCs

A number of PB-MSCs clusters began to appear after the culture of initial 12–14 days, and then transformed into typical spindle morphology. After incubation for 21 days, these primary cells achieved the confluence about 80–90%. PB-MSCs exhibited a relative homogeneity at passage 3 (Figure 6A-a).


[image: Figure 6]
FIGURE 6. (A) The morphological characteristics and multilineage differentiation potential of PB-MSCs. a. PB-MSCs showed a typical spindle shape at passage 3 in vitro (×100). b. Osteogenic differentiation was assessed by Alizarin red staining. c. Adipogenic differentiation was detected by Oil Red O staining. d. Chondrogenic differentiation was confirmed by Alcian Blue staining. (B) LIVE/DEAD staining of PB-MSCs on various hydrogels. a–d. Cell viability of four groups in hydrogels was demonstrated by using Live/Dead staining after 7 days of culture in vitro. Green represented live cells and red represented dead cells. e–h. 3D renderings of PB-MSCs to show distribution of live and dead cells in hydrogels after 7 days of culture. (C) Detection of cytotoxicity of hydrogels using CCK-8 assay (n = 5, P > 0.05). (D) CCK-8 assay detected the cell proliferation of four groups over time, the cell proliferation curves of each groups obtained by normalizing the OD value at each point against the average value of the first day.


Multilineage differentiation potential of PB-MSCs was identified with the method of tri-lineage differentiations.

Alizarin red staining was used to detect the deposition of calcium nodules to confirm osteogenic differentiation after 14 days (Figure 6A-b).

Oil red O staining showed the accumulation of lipid vacuoles in cells at 21 days, which suggested adipogenic differentiation of PB-MSCs. (Figure 6A-c). A spherical pellet formed under the condition of micromass culture at 3 days. Alcian blue staining detected cartilage-specific aggregating proteoglycans and determined the chondrogenic differentiation potential of PB-MSCs after incubation for 21 days (Figure 6A-d).

An increasing number of literatures reported that the peripheral blood was a potential alternative source of MSCs and recognized as a similar potential for the proliferation and chondrogenic differentiation as BM-MSCs both in vitro and in vivo (Fu et al., 2014; Wang et al., 2016a). Based on this, we isolated PB-MSCs with the methods reported above. The PB-MSCs adhered to the bottom of plastic culture dishes and displayed a typical spindle morphology, and differentiated into the osteoblasts, adipocytes and chondroblasts in appropriate conditions in vitro.



LIVE/DEAD Staining of PB-MSCs on Hydrogel Scaffolds

After 7 days of culture in growth medium, LIVE/DEAD Viability Kit assay showed that majority of seeded cells survived in the scaffolds with few dead cells, further confirming the low toxicity of four biocompatible hydrogels (Figure 6B,a–d). Three-dimensional rendering of the cell-scaffolds composites showed that PB-MSCs were evenly distributed on the surface and inside of the hydrogel (Figure 6B,e–h) with the method of centrifugal seeding which could significantly improve the distribution and proliferation of MSCs on scaffolds (Zhang Z. et al., 2015).



Cytotoxicity of Hydrogel Scaffolds

To detect the cytotoxicity of hydrogels, PB-MSCs were cultured in medium containing extracting liquid of four hydrogels for 12, 24, and 48 h. As shown in Figure 6C, the CCK-8 assay demonstrated that the cell viability could remain over 93%, indicating good biocompatibility of all of the four hydrogels. No statistical differences were found among the four groups (n = 5, P > 0.05).



CCK-8 Assay

The CCK-8 assay demonstrated the proliferation of PB-MSCs on four hydrogels during the first week (Figure 6D). There was no statistical difference among the four groups at day 1, 3, and 5 (n = 5, P > 0.05). However, compared to CMC-OCS and LMWH-CMC-OCS groups, PB-MSCs cultured on CMC-OCS-TGF-β3 and LMWH-CMC-OCS-TGF-β3 hydrogels showed slower proliferation rate at day 7 (n = 5, *P < 0.05). It has been reported that the proliferation rate of chondrocytes is slower than that of mesenchymal stem cells (Yang et al., 2018a). Therefore, we concluded that the stronger chondrogenic differentiation of PB-MSCs with these two groups could result in the slower proliferation of PB-MSCs.



Analysis of Cartilage-Specific and Hypertrophic Genes Expression

We analyzed the expression of cartilage-specific genes COL-2 and AGC, and hypertrophic gene COL-10 (Figure 7). LMWH-CMC-OCS-TGF-β3 showed the highest expression of COL-2 among the four groups at day 7 and 14 (n = 3, *P < 0.05). The expression of COL-2 in CMC-OCS-TGF-β3 hydrogel was lower than LMWHH-CMC-OCS-TGF-β3 hydrogel at any time points, although more TGF-β3 released at day 7. We believed that LMWH in hydrogels can protect TGF-β3 from degradation and maintain their biological activity, which might explain the results of the expression of COL-2. AGC expression in the group of CMC-OCS-TGF-β3 peaked at day 7 (n = 3, *P < 0.05), but decreased at 14 days. However, the expression of AGC in the hydrogel of LMWH-CMC-OCS-TGF-β3 up-regulated continuously as time extends, and reached its highest expression at day 14 that was obviously higher than the other three hydrogels at any time points (n = 3, *P < 0.05). No significant differences of the expression of hypertrophic gene COL-10 was found among the four groups (n = 3, P > 0.05), and it suggested that four hydrogels could support cell growth and effectively inhibit cell aging.
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FIGURE 7. (A) Expression of cartilage-specific genes COL-2 and (B) AGC (n = 3, *P < 0.05). (C) Expression of hypertrophic gene COL-10.




Extracellular Matrix Deposition on Hydrogels

The DNA contents continued to increase over time during 2 weeks of culture (Figure 8A). The average DNA contents in groups of LMWH-CMC-OCS and LMWH-CMC-OCS-TGF-β3 groups were higher than CMC-OCS and CMC-OCS-TGF-β3 groups at day 1, which was due to the better structural stability and cell adhesion on the LMWH-functionalized hydrogels compared to non-LMWH-functionalized hydrogels. The LMWH-CMC-OCS showed highest average DNA contents at 2 weeks, but no statistical difference was found among four groups (n = 3, P > 0.05). The contents of GAG and COL-2 in four hydrogels were quantitatively evaluated through ELISA analysis (Figures 8B,C). GAG synthesis in the group of CMC-OCS-TGF-β3 peaked at day 7 (n = 3, *P < 0.05), but decreased at day 14. Content of GAG and COL-2 in the hydrogel of LMWH-CMC-OCS-TGF-β3 increased continuously as time extends, and reached its highest amount at day 14 that was obviously higher than the other three hydrogels at any time points (n = 3, *P < 0.05). The COL-2 content in the CMC-OCS and LMWH-CMC-OCS groups increased slowly, but the GAG secretion almost remained unchanged.
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FIGURE 8. (A) DNA contents of four cell-hydrogel composites increased over time (n = 3, *P < 0.05). (B) GAG and (C) COL-2 deposition on four hydrogels by PB-MSCs at different time points (n = 3, *P < 0.05).




Immunoflurorescent Staining of COL-2 and Cell Morphology on Scaffolds

The production of COL-2 protein in cell-hydrogel composites were detected through the immunofluorescent staining after culturing for 2 weeks as shown in Figures 9A,B. COL-2 expression in LMWH-CMC-OCS-TGF-β3 group was stronger than that in the other three groups. In terms of the fluorescence intensity of COL-2 (Figure 9D) and the percentage of COL-2 positive cells (Figure 9E), the LMWH-CMC-OCS-TGF-β3 group showed highest intensity among the four groups (n = 3, *P < 0.05). These results of COL-2 immunofluorescence detection were similar to those of ELISA analysis. This is related to the excessive release of TGF-β3 in the early stage and the lack of growth factor in the later stage in the CMC-OCS-TGF-β3 group. Therefore, the long-term slow release of TGF-β3 is more conducive to the expression of cartilage-specific genes and the secretion of extracellular matrix in PB-MSCs, which can be explained by the concentration and time dependence of TGF-β3 on mesenchymal stem cells, and many studies have demonstrated that TGF-β3 stimulate chondrogenesis of mesenchymal stem cells through intracellular pathways involving small mothers against decapentaplegic proteins (Smads) (Chen et al., 2016). As for CMC-OCS scaffold, about 17% of PB-MSCs were positive cells of COL-2 after culturing in vitro for 14 days, and COL-2 content also increased as time extended, indicating that CMC-OCS hydrogel could partly promote chondrogenic differentiation of PB-MSCs. The chondroitin sulfate in hydrogels probably contribute to the proliferation and chondrogenic differentiation of seed cells and the synthesis of extracellular matrix (Meghdadi et al., 2019).


[image: Figure 9]
FIGURE 9. (A) Diagrams of four hydrogels before and after freeze-drying, and seeding with PB-MSCs for in vitro culture. The redder the cytoplasm represented the higher the degree of chondrogenic differentiation of PB-MSCs in hydrogels. (B) Immunoflurorescent staining visualized the production of COL-2 in the PB-MSCs-hydrogel composites after 14 days of in vitro culture. (C) Cytoskeleton staining revealing morphology of PB-MSCs on hydrogels (a–d) and in culture dish (e) after 7 days of culture. (Red, cytoskeleton; blue, nuclei). (D) LMWH-CMC-OCS-TGF-β3 group showed the highest fluorescence intensity of COL-2 (n = 3, *P < 0.05) and (E) the highest percentage of COL-2 positive cells (n = 5, *P < 0.05) among the four groups.


Cytoskeleton staining was used to show the morphology of PB-MSCs in four hydrogel scaffolds after culturing for 7 days. PB-MSCs shifted from a spindle-like morphology in the 2D dish (Figure 9C-e) to a similar rounded chondrocyte-like shape in 3D hydrogel scaffolds (Figure 9C,a–d), fully demonstrating the significant effects of CMC-OCS, CMC-OCS-TGF-β3, LMWH-CMC-OCS, and LMWH-CMC-OCS-TGF-β3 hydrogel scaffolds on inducing the chondrogenic differentiation of PB-MSCs.

Although we have constructed a new tissue engineering cartilage scheme with CMC-OCS hydrogel, LMWH controlled-release TGF-β3 and PB-MSCs, there are still some limitations in this study. First, the optimal concentration of LMWH in hydrogel was not further explored. It has been reported that the release rate of growth factor can be regulated by the concentration of heparin in hydrogel. Second, this study was a preliminary research focused on the applicability in vitro, the future studies will be conducted on in vivo.




CONCLUSION

In summary, the LMWH functionalized CMC-OCS hydrogels were facilely prepared through Schiff base and amidation reactions at physiological temperature as biological scaffolds. The hydrogels had highly interconnected porous microstructure with appropriate swelling ratio and degradation ratio, which could favor the ingrowth and proliferation of living cells, as well as water convection. The presence of EDC/NHS activated LMWH within the hydrogel can not only improve the crosslinking degree and enhance the stability of scaffolds in PBS, but also the LMWH can complex the TGF-β3 and realize the long-term controlled release of TGF-β3 by means of electrostatic interaction. In vitro experiments proved that PB-MSCs had good tri-lineage differentiation potential and can be used as a suitable seed cell in tissue-engineered cartilage. Live/Dead staining, CCK-8 and extracellular matrix deposition assay displayed that the LMWH-CMC-OCS-TGF-β3 hydrogels had no obvious cytotoxicity and can provide a biocompatible microenvironment for PB-MSCs to growth, chondrogenic differentiation and ECM production. As a new kind of construction strategy for tissue-engineered cartilage, the future studies conducted on in vivo are worthy for cartilage repair and regeneration.
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Recent advances in self-assembled nanogel carriers have allowed precise design of hierarchical structures by a low-cost solution-phase approach. Typically, photochemical strategy on the tailor of morphology and dimension has emerged as a powerful tool, because light-trigger has exceptional advantages of an instant “on/off” function and spatiotemporal precision at arbitrary time. Herein, we report a tunable manipulation of sequentially morphological transition via a “living” thiol-disulfide exchange reaction from a UV-tailored hierarchical self-assembly strategy. By varying the irradiation time, the photochemical method can easily fabricate and guide a series of attractively architectural evolution in dilute aqueous solutions, by which the improving hydrophobicity and sensitive redox-responsiveness endowed these disulfide-linked nanoparticles with remarkable capacities of abundant encapsulation, effective separation, and controlled release of hydrophobic cargoes. Notably, once the exchange reaction is suspended at any point of time by removing the UV lamp, these active sites within the nanogel carriers are instantaneous deactivated and the correspondingly structural transformations are also not conducted any more. However, if the stable inert sites are reactivated as needed by turning on the UV light, the interrupting morphology evolution can continue its previous steps, which may provide a simple and novel approach to fabricating the desired self-assemblies in solutions. With regard to this advanced functionality, various nanogel carriers with customizable structures and properties have been yielded and screened for cancer therapy. Thus, this “living” controlled self-assembled method to program morphology evolution in situ is a universal strategy that will pave novel pathways for creating sequential shape-shifting and size-growing nanostructures and constructing uniform nanoscopic functional entities for advanced bio-applications.

Keywords: nanogel, morphology evolution, UV-trigger, redox-responsive, drug carrier


INTRODUCTION

Hydrogel particles (microgels and nanogels), composed of a series of microsized or nanosized cross-linking networks, own the high water contents, satisfying structural stability and desirable mechanical property, which has great potentials in applications of biosensing and drug delivery (Stefik et al., 2015; Palivan et al., 2016). Although frequently used methodologies have been reported to prepare hydrogel particles by the polymer polymerization, self-assembly, template-assisted nanofabrication, and microfluidic techniques, the precise and successive fabrication of microgels/nanogels is still challenging because of the difficult design and complex process for tailoring the structures and properties.

The solution self-assembly of nanogels offers an efficient and bottom-up approach on creating various well-defined nanoparticles with significant fields of drug delivery, nanoreactors, photonic detectors, etc. (Lee et al., 2016; Yang et al., 2018). Fabrication of shape-shifting and size-growing architectures appears as an important approach on improving the nanoscience and nanotechnology, because a number of functional nanogel carriers are directly determined by their shapes and sizes. Various approaches on generation of uniform morphologies and desire dimensions are always relied on the fine control of special architectures (chemical composition, geometry, hydrophobic/hydrophilic ratio, surface chemistry, and flexibility), external environments (pH, temperature, light, stress, photon, ultrasound, and ionic strength), and selective cosolvent mixtures (Gröschel et al., 2013; Newkome and Moorefield, 2015; Tan et al., 2015; Hunt et al., 2016; Mason et al., 2016; Zhang et al., 2018). Whereas, these methods are still difficult to delicately manipulate the self-assembled system and veritably observe all kinds of solution-assemblies or pre-assemblies because of the complexity in precise control of intrinsic properties (hydrophobic/hydrophilic ratio, architecture, rigidity, size, etc.) for amphiphiles at any moment once trigging the self-assembly system at the beginning, and hence the simple management of in-situ morphology evolution with an instant “on/off” function to tailor the solution-assemblies at arbitrary time is of the utmost importance. Therefore, it is urgent and important to develop some manipulative reactions to regulate the self-assembly systems with a vital criteria that the self-assembly behaviors could be controllably activated, terminated, and interrupted at any time, and should also be reinitiated by trigger of the external stimuli whenever needed. Although the pH-triggered “living” morphology evolution and controlled hydrogels are well-researched based on a thiol-disulfide exchange reaction in our previous works (Wu et al., 2010; Zhang et al., 2012; Wang et al., 2013, 2018a), consequences of harsh pH environments on the modulation of thiol-disulfide exchange reaction and the corresponding self-assembled nanogels are typically overlooked for the biomedical applications.

Alternatively, a photochemical reaction is a powerful tool to modulate the thiol-disulfide reaction, which possess unique advantages like remote trigger, variable light intensity, smart on-off function and spatiotemporal precision, realizing the real-time control over the whole photochemical process. Inspired from this intriguing concept, we demonstrate a “living” controlled strategy on successful regulation of the self-assembled evolution in situ by manipulating UV switcher to turn on/off thiol-disulfide exchange reaction for an amphiphilic POSS-(SS-PEG)8 polymer in dilute aqueous solutions. Scheme 1 illustrated the possible mechanism of UV-triggered thiol-disulfide exchange that can cause the spontaneous dissociation of PEG shells and linkage of POSS cores along with the continuous reaction progress; in this case, the hydrophobic territory was gradually enlarged and topological architecture was continuously evolved. Thus, we found that the rational control of UV trigger and thiol-disulfide reaction time could easily adjust the hydrophobic/hydrophilic ratios and topological structures, thus generating time-dependent morphology transition and size growth during the continuous exchange reaction. Notably, this self-assembled evolution behavior can be interrupted at any time by turning off the UV light and restarted by turning on the irradiation. The rigid POSS backbone and its strong aggregation ability endow the POSS-containing hybrid polymers with hierarchically self-assembly behaviors in selective solvents, presenting the multifarious morphologies and in situ assembling process (Zhang and Muller, 2013; Li et al., 2015; Ni et al., 2015; Wang et al., 2015, 2016, 2018b; Dong et al., 2016; Qian et al., 2019). More importantly, unlike previously reported shape-shifting organic nanostructures by tediously adjusting conditions, the morphology conversion in this “living” controlled system, relied on the stimuli-responsive “on/off” reaction, was tunable, continuous, and diversified, by which high-throughput synthesis and fabrication of polymeric colloids are well-realized for biomedical applications. Thus, it is worth carrying out the scientific studies to systemically understand the fundamental principles governing the slow-growth and morphology transition of nanostructures based on such inherent advantages and facile strategies.


[image: Scheme 1]
SCHEME 1. Schematic representation of controlled thiol-disulfide exchange reaction via a UV switcher.




MATERIALS AND METHODS


Materials

POSS-(SS-PEG)8 (Mn,PEG = 750 g/mol) was prepared according to the previous work (Wang et al., 2013), DMEM was purchased from Beijing BioDee Biotechnology Co. Ltd. Cell counting kit-8 was purchased from Beyotime Biotechnology. MCF-7 cell lines were purchased from the American type Culture Collection (ATCC, Rockville, MD). Other chemical reagents were commercially purchased and directly used without any further purifications.



Characterizations

Infrared spectrum was performed on an Excalibur Series FT-IR spectrometer (DIGILAB, Randolph, MA) by drop-casting sample films on the KBr plate. The polymeric compositions were determined by NMR spectra using a Bruker DRX-400 spectrometer with CDCl3 as the solvent and tetramethylsilane (TMS) as the internal standard. Transmission electron microscopy (TEM) images were obtained on a JEM-2200FS microscope (JEOL, Japan). A 5 μL droplet of assembled solution was dropped onto a copper grid (300 mesh) coated with a carbon film, followed by drying at room temperature. Scanning electron microscopy (SEM) images were obtained at acceleration voltage of 5 kV on a JSM-6700F microscope (JEOL, Japan). The samples were sputter-coated with a thin layer of Pt for 90 s to make the samples conductive before testing.



Preparation of POSS-(SS-PEG)8@TPE Aggregates

POSS-(SS-PEG)8@TPE aggregates were self-assembled as follows: 5 mg of POSS-(SS-PEG)8 polymers and 1 mg of TPE-CHO molecules were firstly dissolved in 1 mL of THF, then 4 mL of ultrapure water were added dropwise at the rate of 0.05 mL/min via a syringe pump. After addition of the IR2959 and cysteamine, the exchange reaction and self-assembly behavior were triggered by turning on/off the UV irradiation (365 nm, power density of 3 mW/cm2) at a predetermined time.



Preparation of POSS-(SS-PEG)8@DOX Aggregates

POSS-(SS-PEG)8@DOX aggregates were self-assembled as follows: 5 mg of POSS-(SS-PEG)8, a predetermined amount of DOX·HCl and 1.5 molar equiv of triethylamine were dissolved in 1 mL of DMF at room temperature for 2 h. Then 4 mL of ultrapure water were added dropwise at the rate of 0.05 mL/min via a syringe pump. The stable morphology can be facilely yielded by turning on/off the UV irradiation at a predetermined time, and the various dried DOX-loaded aggregates were finally obtained after dialyzing against deionized water for 24 h (MW cutoff, 4 kDa) to remove the unencapsulated DOX molecules and byproducts.



CCK-8 Assay

The cytotoxicity of POSS-(SS-PEG)8 polymers and DOX-loaded aggregates (after exchange reaction under UV irradiation for 4 and 24 h, respectively) was investigated by CCK-8 assay. Specifically, MCF-7 cells were seeded onto a 96-well plate with a density of 1 × 104 cells per well in 180 μL of DMEM containing 10% fetal bovine serum (FBS) and incubated for 24 h (37°C, 5% CO2). The medium was replaced by 90 μL of fresh DMEM medium and then 20 μL of samples with 2–10 mg/mL of the aggregate suspensions in PBS (pH 7.4) were added. After incubation for another 24 h, the culture media were removed from cell culture plates, and 100 μL of fresh culture media and 10 μL of CCK-8 kit solutions were immediately poured into and homogeneously mixed with another 4 h of incubation in a CO2 incubator. Finally, 100 μL of self-assembled solutions were put into 96-well plate. The optical density of each well at 450 nm was read using a microplate reader. Cells cultured in DMEM medium containing 10% FBS (without exposure to polymers or aggregates) were used as controls.




RESULTS AND DISCUSSION

The precursor of POSS-(SS-PEG)8 was yielded according to our previous work (Wang et al., 2013). IR spectrum give an intuitive observation with the shark peak of 2,887 cm−1 attributed to C-H stretching of CH2 at PEG and strong signal of 1,115 cm−1 belonged to the Si-O-Si at POSS. 1H NMR spectrum showed a preferable assignment of all characteristic peaks (Figure 1), demonstrating uniform disulfide-crosslinked core/shell structure with a POSS core and eight peripheral PEG shells.


[image: Figure 1]
FIGURE 1. FT-IR and 1H NMR spectra of POSS-(SS-PEG)8.


As a representative dynamic bond, disulfide bond could undergo the thiol-disulfide exchange reaction with thiol groups by an anion-mediated or a radical-mediated mechanism under the alkali solutions or irradiation conditions (Xia et al., 2016). Compared to the harsh pH solution to tailor the exchange reactions, UV-triggered radical-mediated behaviors possessed remote manipulation, variable light intensity, smart on-off function and spatiotemporal precision capacities, which could easily achieve the real-time control over the whole photochemical process. Thus, we utilized the IR2959 as a photo-initiator to adjust the radical-centered disulfide exchange reaction by varying the irradiation time followed with concomitant changes in the morphology. On account of high-effective UV-triggered thiol-disulfide exchange reaction, 1 mg/mL concentration of POSS-(SS-PEG)8 polymers was applied to reduce the thiol-disulfide exchange reaction without the gelation process in dilute solutions. As shown from Figures 2a,b, the emergence and growth of cylindrical micelles were observed under UV irradiation within 1 h. Shortly, the close-grained networks were generated because the UV-triggered multiple reactive sites were guided by the simultaneous multi-thiol-disulfide exchange reactions in Figure 2c. The existence of intermediates indicated the impossibly homogeneous exchange reaction and ongoing self-organization process (Figure S1a). The increase of fiber clusters in length and width proved the oriented morphology transformation toward the minimization of overall free energy of system during the self-assembly process, in which the strong POSS aggregation capacity to assemble into layered crystals may drive the chain-like structures to evolve into ellipsoids, so the oligomer micellar linkages and junctions could preferentially grow into the long and narrow cylinders at the lowest state of free energy. Then, the thick cylinder-linked networks were slowly dissociated and transferred into vesicles with distinct size gradient distribution (Figure 2d and Figure S1b). After the morphological fusion stage (Figure S1c), the shuttle-shaped sheets were born and grown up, as observed in Figure S1d. Prolonging the irradiation time for cluster fusion, some intermediates and rhombus-shaped nanosheets were inconceivably obtained in Figure 2e and Figure S1e. After UV irradiation for 24 h, the square sheets collapsed and gestated into the triangle-shaped plates in Figure 2f and Figure S1f. The formation of well-defined 2D nanosheets may ascribe to the ordered arrangement of rigid POSS-embedded macromolecules into layers driven by hydrophobic forces. In addition, the fractured segments may also be induced by the degradable nanoparticles under the long periods of irradiation, because the irradiation had more chances to break down the high-density disulfides; in this case, the thicker cluster aggregates could degrade into the shuttle-shaped sheets and other small chips. When the hydrophobic/hydrophilic ratio was substantially increased for a longer time, the morphology evolution come to an end, ultimately forming the silkworm particles with augmented dimension and density (Figures 2g,h, and Figures S1g,h). Overall, the morphology evolution in situ from cylindrical micelles to vesicles to clusters to various 2D nanosheets and finally to silkworm particles was well-programmed in sequence with the gradually increased dimensions based on ongoing UV-triggered exchange reaction and ever-changing self-assembled environments.


[image: Figure 2]
FIGURE 2. TEM images showing morphology and size evolution with a concentration of 1 mg/mL aqueous media under UV irradiation at (a) 0.5, (b) 1, (c) 4, (d) 8, (e) 24, (f) 32, (g) 40, and (h) 48 h.


SEM images in Figure 3A gave additional evidence to testify this UV-controlled morphology evolution. UV-controlled self-assembled transition possessed instant a “on/off” function that can facilely obtain the desired shape and size with high stability in the aqueous solutions only by simple removal of the UV illumination within a predetermined time. Figure 3B vividly depicted the summary representation of morphology and size evolution, intuitively presenting this traceable morphological growth, fusion and transition. It was mentioned that although the size of nanogel is enlarged theoretically, the UV-triggered multiple reactive sites could lead to the simultaneous multi-thiol-disulfide exchange reaction, which may make the random thiol-disulfide exchange, poor-selective core/shell separation and ill-defined size evolution. In addition, UV irradiation could destroy the high-density disulfides incidentally so that the size variation was basically irregular though the morphological transition was well-performed thermodynamically in dilute aqueous solutions. More importantly, once the thiol-disulfide exchange reaction was suspended at any point of time by turning off the UV switcher, the thiyl radicals of self-assemblies were quickly deactivated into the thiols and no further exchange reaction and morphology evolution were conducted any more. However, these stable inert thiols could be reactivated whenever restarted the UV lamp, and the trapped morphology evolution could return back on its right track. For example, when the polymer solution was exposed to the UV irradiation in Figure 4, the short cylindrical micelles were formed around 1 h later. Once removing the irradiation, the inactivation of thiol-disulfide exchange could interrupt the morphology evolution and keep the cylinders for a long time. After turning on the UV irradiation, the reactivation of exchange reaction impelled the morphology transformation to reboot the following process as before. Similarly, stable triangle-shaped plates and other morphologies of nanogels could also be achieved by the suspension of the self-assembled evolution within a predetermined time. Mentioned that the interrupted nanogels could basically maintain their shapes and sizes for more than 3 days in mild environments, which provided a simple and universe approach to yield the conceivable self-assembled nanogels with customized structures and properties through manipulation of the UV switcher within the appointed irradiation time.


[image: Figure 3]
Figure 3. (A) SEM images showing morphology and size evolution with a concentration of 1 mg/mL aqueous media under UV irradiation at (a) 1, (b) 2, (c) 4, (d) 8, (e) 12, (f) 24, (g) 36 and (h) 48 h; (B) Schematic representation of morphological evolution.
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FIGURE 4. TEM images of in situ morphology evolution with UV-responsive “on/off” reaction function.


The thiol-disulfide exchange mechanism can be utilized to interpret the morphology evolution as a “living” controlled process as depicted in Scheme 2. For the disulfide-linked star-shaped POSS-(SS-PEG)8 molecule, UV irradiation could active the thiyl radicals to attack the disulfide linkages within the polymer chains and trigger the exchange reaction in extramolecular disulfides or inner radical combinations, which resulted in the connection of two isolated polymers along with the escape of two well-soluble PEG chains that were regarded as good leaving groups in aqueous solutions. The driving force ascribed to the shifting of the equilibrium toward the stable cross-linked nanogels by the detachment of hydrophilic PEG shells. After a greater degree of thiol-disulfide exchange reactions, more and more crosslinking POSS cores rupturing of PEG segments were induced so as to sustainably decrease the star-shaped polymeric hydrophilicity and cause the regular morphological transition simultaneously. Notice that unlike the flexible hydrophobic polymers to tangle with each other, the POSS-linked cores were rigid and not easy to deformation to decline the free energy of system. So once the re-arrangement of hydrophilic and hydrophobic segments was launched, the repulsive force would compel the multi-architectonical rigid cores to keep spatial distance with adjacent giant POSS molecules, which inevitably enlarged their own hydrophobic spatial areas in spite of no alteration of the hydrophobic components. In other words, although the hydrophilic/hydrophobic ratios had not been changed severely in a period of time, the spatial conformational cores may produce great self-enhancement of hydrophobicity. Therefore, a slight variation of hydrophobic POSS contents and geometries was apt to result in a distinct morphology transition that was consistent with Yan's work (Jin et al., 2012). Besides, the unique POSS aggregation ability brought about the liable axial growth of assemblies, resulting in the emergence and growth of cylinders initially. However, longer UV irradiation may destroy the disulfide linkages so that the cluster nanostructures could dissociate into some kinds of shuttle-shaped sheets or small fragments. Therefore, under the synergistic effects of random thiol-disulfide exchange and photodegradation, many unusual and inconceivable morphology of nanogels came along successively like square, triangle-shaped, rhombus-shaped and silkworm nanoparticles. Based on the above analysis, we concluded that the effects of such unique self-assembly behaviors were mainly depended on below four key factors: ever-changing hydrophobic/hydrophilic ratio, rigid POSS-embedded topology, strong POSS aggregation ability and unpredictable degradation.


[image: Scheme 2]
SCHEME 2. Possible self-assembled mechanism of morphology evolution of nanogels by a UV-switched thiol-disulfide exchange reaction.


High loading efficiency and stimuli-responsive property of the nanogel carriers were two pivotal factors for creation of a robust biomedical platform in targeted drug delivery (Guan et al., 2016). On account of the thiol-disulfide exchange reaction that can induce the ever-improving hydrophobicity of the assemblies, TPE-CHO, as a hydrophobic AIE probe, was employed to quantitatively assess the encapsulation and separation efficiency, as schemed in Figure 5A. When the TPE-CHO molecules were added into the THF/H2O mixture containing the POSS-(SS-PEG)8 molecules, the solution emitted weak fluorescence due to that the TPE-CHO has not efficient capacity to achieve the critical aggregate state of AIE effects. Along with the activation and process of morphology evolution, more and more hydrophobic molecules were gradually encapsulated and aggregated into the self-assembled nanogels due to the strong hydrophobic interactions, leading to the enhancement of fluorescent intensity with obvious AIE attributes (Figure 5B-a). After incubation for more than 24 h, the hydrophobicity of aggregates was dramatically increased and thus the precipitates were slowly formed as observed in Figure 5B-f, which meant the full encapsulation of TPE-CHO molecules into the polymeric nanogels, exhibiting the excellent encapsulation ability for hydrophobic molecules. More importantly, these encapsulated hydrophobic molecules can be separated from the aggregates by resolution of precipitates into good solvents (THF or CHCl3) and further recycled by precipitation and centrifugation methods.


[image: Figure 5]
Figure 5. (A) Schematic mechanism of the encapsulation, separation and release of TPE-CHO molecules in the process of self-assembled morphology evolution. (B) TPE-encapsulated aggregates in the THF/H2O mixture containing 10 mM concentration of reductive DTT with the various soaking time.


The formation of nanogels was attributed to the POSS cores connected by built-up disulfide linkages; therefore, these self-assembled nanoparticles were biodegradable since disulphide bonds could be cleaved by dithiothreitol (DTT). Here, we further evaluated the degradation behavior of the eventually disulphide-linked nanogels in THF/H2O mixture containing 10 mM of DTT. On account of the numerous disulfides throughout the backbone of self-assembled nanogels, high concentration of reductive DTT can quickly damage the disulfide bonds to thiol groups and lead to the rapid disruption of aggregates (Figure 5B). As the TPE-loaded aggregates were under high level of reductive solutions, TPE molecules escaped from the disulfide-linked assembled nanogels and the aggregates transferred into the fiber clusters and small vesicles along with the bankrupt of AIE phenomenon, which was intuitively observed from the fluorescent solution (0 h) to turbid solution (3 h) and then to the clear solutions (24 h). Based on the above analysis, we found that although these new molecular constitutes were different from the previous amphiphiles, DTT-induced structural variation can still be understood as a disassembly-induced morphology and size evolution, after all, it triggered the disassembled morphology transition, which would be promising for developing advanced materials for sustained drug delivery system, diagnostic sensor, sensitive detector and opto-electronic transmission.

Similarly, the antitumor DOX drugs were also encapsulated into the nanogels. For example, to overcome the incompatible alkaline environments for living cells, we utilized the in situ light-triggered thiol-disulfide exchange reaction with irradiation time of 4 and 24 h. As the exchange reaction induced the continuous improvement of hydrophobic/hydrophilic ratio and variation of architectural topology, the drug loading efficiency could achieve 38.1 and 57.8%. Cytotoxicity of POSS-(SS-PEG)8 nanogel carriers (exchange reaction for 4 and 24 h) was investigated by the MCF-7 cells following 24 h of incubation. These two groups exhibited low toxic to MCF-7 cells on account of their biodegradable behaviors with the exposure into high levels of reductive agents. Figure 6A showed that the cell viability was more than 87% even in a concentration of 1.0 mg/mL, presenting the good biocompatibility of nanoparticles. In addition, the viability was also evaluated with two typical POSS-(SS-PEG)8@DOX aggregates (exchange reaction for 4 and 24 h) and free DOX as a function of DOX dosage using the MCF-7 cells. Figure 6B displayed that these DOX-loaded nanoparticles possessed high efficiency in cancer cell inhibition. In a low concentration, two DOX-loaded nanoparticles had a similar toxicity as free DOX, but a high concentration of self-assembled nanogel carriers had to be endocytosed to enter the MCF-7 cells, which made free DOX molecules rapider than DOX-loaded aggregates in the whole internalization process.


[image: Figure 6]
Figure 6. (A) Cytotoxicity of two typical kinds of POSS-(SS-PEG)8 nanoparticles (after exchange reaction under UV irradiation for 4 and 24 h) to MCF-7 cells following 24 h incubation (n = 5 per group). (B) Viability assessment of MCF-7 cells with POSS-(SS-PEG)8@DOX aggregates (after exchange reaction under UV irradiation for 4 and 24 h) and free DOX as a function of DOX dosages. All the data were presented as the average ± standard deviation.




CONCLUSIONS

In conclusion, we reported a feasible manipulation strategy of self-assembled evolution of nanogels in situ using the “living” controlled thiol-disulfide exchange reaction and hierarchically self-assembly behaviors of amphiphilic POSS-(SS-PEG)8 polymer. Careful tailoring UV-triggered exchange reaction, the optimal morphology and size evolutions were well-performed, exhibiting the unimolecular, spherical, cylindrical and worm-like micelles, vesicles, rhombus, triangle and square-shaped nanosheets, cluster fibers, hollow spheres and dense nanospheres as well as the gradually dimensional growth process, which ascribed to the sequentially increscent hydrophobic/hydrophilic ratio, variably rigid POSS-embedded topologies and specific POSS aggregation ability. Notably, this morphology and size evolution could be suspended and reactivated as needed at any point of time by simple removal of external UV switcher, and thus the desirable nanogels with various morphologies and sizes were easily gained with good long-term stability in dilute aqueous solutions. The improvement of hydrophobic/hydrophilic ratio endowed these variational assembled nanogels with excellent loading and separation capacities of hydrophobic molecular cargoes. Besides, a large number of disulfide bonds could be degraded under the highly reductive environments, by which the encapsulated molecules were quickly released and the aggregates performed a disassembly-induced morphology evolution. Based on this artificial process technologies, these screened redox-responsive colloidal nanogels have been enabled to fabrication of polymeric nanogel carriers in applications of cancer therapy. This intriguing “living” controlled assembled strategy on fabrication of morphology and size evolution of nanogels is also applicable for other disulfides-linked amphiphilic polymers, which will provide a useful guidance for delicately spatiotemporal control over the artificial superstructures and desired properties of disulfide-crosslinked nanogel carriers. We believe that these simple and smart drug delivery systems could bring about a thorough understanding of complex dynamic process for the amphiphiles nanogels.
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Tissue engineering is a promising strategy for the repair and regeneration of damaged tissues or organs. Biomaterials are one of the most important components in tissue engineering. Recently, magnetic hydrogels, which are fabricated using iron oxide-based particles and different types of hydrogel matrices, are becoming more and more attractive in biomedical applications by taking advantage of their biocompatibility, controlled architectures, and smart response to magnetic field remotely. In this literature review, the aim is to summarize the current development of magnetically sensitive smart hydrogels in tissue engineering, which is of great importance but has not yet been comprehensively viewed.

Keywords: magnetic particle, magnetic hydrogel, magnetic field, tissue engineering, functional recovery


INTRODUCTION

Tissue engineering, a branch of regenerative medicine, refers to the application of supporting cells, material scaffolds, bioactive molecules, or their combinations to repair and reconstruct tissues and organs. Hydrogels have been shown to be one of the most applicable biomaterials in tissue engineering (Kabu et al., 2015; Madl et al., 2017, 2019; Deng et al., 2019) mainly attributed to their inner 3D network microstructures, moderate biocompatibility, and good water content feature, which are analogous with those of the natural tissue (Cui Z.K. et al., 2019; Zhu et al., 2019). Meanwhile, hydrogel-based drug delivery systems for numerous therapeutic agents, with high water content, low interfacial tension with biological fluids, and soft consistency, have been shown to be more stable, economical, and efficient in comparison with conventional delivery systems (Li and Mooney, 2016; Moore and Hartgerink, 2017; Cheng et al., 2019; Fan et al., 2019; Zheng et al., 2019). Considering the above advantages, hydrogels have been conducted into the biomedical application to provide a tunable three-dimensional scaffold for cell adhesion, migration, and/or differentiation, and they could also be designed as the platform for the controlled release of cytokines and drugs in tissue engineering and drug delivery (Huang et al., 2017; Jiang et al., 2017; Hsu et al., 2019; Wei et al., 2019; Zheng et al., 2019).

Hydrogel first appeared in a literature as early as in 1894 (Van Bemmelen, 1894); however, the “hydrogel” described at that time was not the same form of hydrogels used nowadays; it was a type of a colloidal gel made from inorganic salts. Later on, the term “hydrogel” was applied for describing a 3D network of hydrophilic native polymers and gums by physical or chemical crosslinking approaches, and its application heavily relied on water availability in the environment (Lee et al., 2013). The current generation of hydrogel in the biological field was first performed by Wichterle and LÍm (1960), indicating that glycoldimethacrylate-based hydrophilic gels exhibited adjustable mechanical properties and water content. From then on, more and more hydrogels have been developed, and the smart hydrogels were then introduced in different fields of biological science, such as drug delivery, bioseparation, biosensor, and tissue engineering. Smart hydrogels are described as they respond directly to the changes of environmental conditions (Wichterle and LÍm, 1960), and numerous studies of smart hydrogels in the applications of nanotechnology, drug delivery, and tissue engineering have been put into effect in the last few decades (Li X. et al., 2019; Li Z. et al., 2019; Zhang Y. et al., 2019).

Recently, magnetically responsive hydrogel, as one kind of smart hydrogels, has been introduced into biomedical applications in improving the biological activities of cells, tissues, or organs. This is mainly attributed to its magnetic responsiveness to external magnetic field and obtaining functional structures to remotely regulate physical, biochemical, and mechanical properties of the milieu surrounding the cells, tissues, or organs (Abdeen et al., 2016; Antman-Passig and Shefi, 2016; Rodkate and Rutnakornpituk, 2016; Bannerman et al., 2017; Omidinia-Anarkoli et al., 2017; Xie et al., 2017; Silva et al., 2018; Tay et al., 2018; Wang et al., 2018; Bowser and Moore, 2019; Ceylan et al., 2019; Luo et al., 2019). Recent studies have represented that magnetic hydrogel could act as an excellent drug release and targeting system. For example, Gao et al. (2019) fabricated a magnetic hydrogel based on ferromagnetic vortex-domain iron oxide and suggested that this unique magnetic hydrogel could significantly suppress the local breast tumor recurrences. Manjua et al. (2019) developed magnetic responsive poly(vinyl alcohol) (PVA) hydrogels, which could be motivated by ON/OFF magnetic field and non-invasively regulated protein sorption and motility, indicating a promising application for tissue engineering, drug delivery, or biosensor system. Moreover, a composite magnetic hydrogel prepared by a combination of a self-healing chitosan/alginate hydrogel and magnetic gelatin microspheres could be used as a suitable platform for tissue engineering and drug delivery (Chen X. et al., 2019a). In comparison with magnetic hydrogels, various kinds of smart biomaterials (e.g., scaffolds, biofilms, other smart hydrogels), which are activated by external stimuli, such as light, pH, temperature, stress, or charge, have great potential in biomedical applications (Chen H. et al., 2019; Cui L. et al., 2019; Wu C. et al., 2019; Zhao et al., 2019; Yang et al., 2020). However, the long response time and less precisely controlled architectures of these stimuli-responsive smart biomaterials are the two main limitations.

Magnetic hydrogels are usually made of a matrix hydrogel and a magnetic component that was incorporated into the matrix. Recently, superparamagnetic and biocompatible iron oxide-based magnetic nanoparticles (MNPs) are most commonly incorporated into polymer matrices to prepare magnetically responsive hydrogels for their application in tissue engineering, such as γ-Fe2O3, Fe3O4, and cobalt ferrite nanoparticles (CoFe2O4) (Zhang and Song, 2016; Rose et al., 2017; Ceylan et al., 2019). Magnetite (Fe3O4) is a compound of two kinds of iron sites with 1/3 of Fe2+ and 2/3 of Fe3+. The intervalence charge transfer between Fe2+ and Fe3+ induces absorption throughout the ultraviolet–visible spectral region and the infrared spectral region, which generates a black appearance in color (Barrow et al., 2017). Maghemite (γ-Fe2O3), with a brown-orange color pattern, is an oxidative product of magnetite (Fe3O4) when the temperature is below 200°C (Tang et al., 2003). In terms of CoFe2O4, previous studies have shown that the concentration of 20% was toxic, whereas at 10% the toxicity was insignificant. Moreover, 10% (w/w) of CoFe2O4 could maximize magnetic response because of numerous amounts of nanoparticles, developing biocompatible biomaterials (Goncalves et al., 2015; Brito-Pereira et al., 2018). For example, Hermenegildo et al. (2019) designed a novel CoFe2O4/Methacrylated Gellan Gum/poly(vinylidene fluoride) hydrogel, which created a promising microenvironment for tissue stimulation.

In this literature review, we aim to summarize the preparation methods and current development of magnetically sensitive smart hydrogels in tissue engineering, especially in bone, cartilage, and neural tissue engineering, which are of great importance but have not yet been comprehensively reviewed.



THE FABRICATION PROCESSING OF MAGNETIC HYDROGELS

Magnetic hydrogels are made of composite materials that possess biocompatibility, biodegradation, and magnetic responsiveness. The characteristics of magnetic hydrogels depend upon several issues, including the magnetic particles and the component of hydrogels used, the magnetic particles and hydrogels' concentration, and the size and uniformity of magnetic particles within the hydrogels. There are mainly three preparation methods of fabricating magnetic hydrogels: (i) blending method; (ii) in situ precipitation method; (iii) grafting-onto method (Table 1). The scheme for the main three syntheses of the magnetic hydrogels is shown in Figure 1.


Table 1. The preparation methods of magnetic hydrogels and the parameters of magnetic field in representative references.
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FIGURE 1. The schematic diagram of the main three routes for the synthesis of the magnetic hydrogels. (A) The blending method. (B) The in situ precipitation method. (C) The grafting-onto method (Created with BioRender.com).



The Blending Method

In the blending approach, magnetic particles, and hydrogels are fabricated separately. The magnetic particles are normally synthesized using a coprecipitation process. The resulting magnetic particles are then stored in an aqueous or oily liquid to prevent aggregation and oxidization. Finally, the solution of magnetic particles is mixed with the hydrogel solution for crosslinking, and the magnetic particles are encapsulated into the hydrogels. Tóth et al. (2015) modified the surface of MNPs (magnetite) with biocompatible chondroitin-sulfate-A (CSA) to develop CSA-coated MNPs. Then, CSA-coated MNPs were dispersed into hyaluronate (HyA) hydrogel to prepare the HyA-based magnetic hydrogel. It was found that the HyA-based magnetic hydrogel could be conducted in the treatment of osteoarthritis by the intra-articular injection approach. Shi et al. (2019) fabricated bisphosphonate (BP)-modified hyaluronic acid (HA)/Fe3O4 magnetic hydrogel. This novel magnetic hydrogel showed outstanding compatibility and slow degradation in vivo and held the expectation of safety in clinic usage.

The blending method has several advantages in the preparation of magnetic hydrogels. Firstly, magnetic particles (e.g., MNPs, micrometer-iron oxides) with homogenous size in hydrogels can be obtained by modifying the stirring speed, the concentration of the substances, and the fabrication period. Secondly, the preparation process is easy to be performed since the preparation and crosslinking of magnetic particles are conducted separately. However, there are also some limitations that could be addressed in the future, including the asymmetric distribution of magnetic particles within the hydrogels and the diffusion of magnetic particles when the magnetic hydrogels were submerged in a solution.



In situ Precipitation Method

In the process of the in situ precipitation, the network of the hydrogels acts as a chemically reactive substance, within which the iron ions from inorganic salts in hydrogels react with alkali solutions (e.g., NH3·H2O, NaOH; Arias et al., 2018; Liu et al., 2019) to prepare the magnetic particles. In detail, the hydrogels are firstly prepared through polymerization, temperature change, or a crosslinking reaction. Then, magnetite precursors containing iron(III) and iron(II) at a molar ratio of 1:2 are added into the hydrogels to obtain a homogenous solution. Finally, the mixture is immersed in an alkali solution to induce the crystallization of magnetite. The magnetic particles are incorporated into the hydrogels according to the following hydrolytic reaction (2 Fe3+ + Fe2+ + OH– → Fe3O4 + 4 H2O). Wang et al. (2018) designed a magnetic chitosan hydrogel by adding MNPs via in situ synthesis during chitosan hydrogel formation. The resulting magnetic hydrogel showed a magnetic response and improved morphological and mechanical features, including the homogenous distribution of MNPs and excellent wettability. Moreover, the mechanical properties (such as the compression strength, the yield strength, and the probe displacement) of the magnetic hydrogel was enhanced with the rising concentration of MNPs from 0 to 15 wt%, which was attributed to the crosslinking role of MNPs in the process. Under low-frequency alternating magnetic field (LAMF) exposure, the magnetic hydrogel laden with drugs exhibited a pulsatile drug release profile. In addition, the in situ fabricated MNPs in the magnetic hydrogel had excellent biocompatibility and no acute toxicity on MG-63 cells (human osteosarcoma cell line). Liu et al. (2019) fabricated polydopamine (PDA)-chelated carbon nanotube (CNT)-Fe3O4 (PFeCNT) nanohybrids into the acrylamide hydrogel via an in situ precipitation method to generate the PFeCNT hydrogel. This magnetic hydrogel formed an anisotropic morphology under a low static magnetic field (SMF) (30 mT) and showed conductive and mechanical features. Interestingly, under external electrical stimulation, the myoblasts cultured on the magnetic hydrogel exhibited oriented outgrowth. Arias et al. (2018) designed a magnetic bacterial cellulose (MBC) hydrogel by an in situ synthesis approach that mixed the dextran-coated Fe3O4 nanoparticles with bacterial cellulose pellicles. The resulting MBC hydrogel could be activated with saturation magnetization and exhibited a moderate Young's modulus (200−380 kPa), which was appropriate for vascular tissue engineering. Under an external magnetic field (0.3 T) stimulation, the produced gradient magnetic fields resulted in higher cell retention for the magnetically activated MBC hydrogel.

With the in situ precipitation method, numerous kinds of inorganic substances could be applied in the fabrication of the hydrogel networks, with good dispersion in the hydrogel matrix. Moreover, the synthesized approach is straightforward and economical. However, this method is only appropriate for limited hydrogels that possess stable networks. This is because the alkali solution used in the process might destroy the hydrogel network and limit the application of cell encapsulation (Wang et al., 2009).



The Grafting-Onto Method

In the grafting-onto methodology, there are covalent bonds formed between the magnetic particles and the hydrogel network. In detail, several functional groups are grafted onto the surface of the magnetic particles, which act as micro- or nanocrosslinkers to generate covalent bonds with the hydrogel monomers. Hu et al. (2019) designed a magnetic hydrogel made from non-toxic polyacrylamide (PAAm) hydrogel and 3-(trimethoxysilyl)propyl methacrylate coated Fe3O4 via the grafting-onto approach. This novel magnetic hydrogel exhibited relatively high mechanical properties, including tensile strength and fracture toughness. In addition, polydimethylsiloxane (PDMS) was introduced to modify the surface of the magnetic hydrogel, and the resulting product exhibited excellent underwater performance. The PDMS-coated magnetic hydrogel kept stability even under fatigue loading, which highlighted significant potentials in the applications of artificial muscles. Messing et al. (2011) firstly fabricated methacrylic groups functionalized magnetic CoFe2O4 nanoparticles. Then the magnetic hydrogels were fabricated by adding this kind of magnetic nanoparticles into a polyacrylamide hydrogel network.

An advantage of the grafting-onto approach is that the covalent bonds are capable of encapsulating the magnetic particles within the hydrogels, which promote the stability of the magnetic hydrogel. However, the long fabrication time, the high-cost protocol, and the complicated fabrication process restrict its broader applications in the biomedical field.




APPLICATIONS IN BONE TISSUE ENGINEERING

The repair of large bone defects caused by traumas, infections, cancers, or other diseases is still a thorny clinical problem (Herberg et al., 2019). Previous studies have shown that osteo-inductive growth factors played a significant role in bone regeneration (Cui L. et al., 2019; Ruehle et al., 2019) however, autologous bone graft remains the gold standard in the treatment of bone defects (Bouyer et al., 2016). Considering the donor site morbidity and limited source of the donor area, the development of bone tissue engineering biomaterials is becoming more and more attractive for researchers. Most endeavors have been applied for the evaluation of MNPs-incorporated hydrogels in bone repair. As hydroxyapatite (HAP) is one of the most important components in natural bone inorganic substances, exhibits excellent biocompatibility and osteo-conductivity, and plays a key role in biomineralization (Moncion et al., 2019; Zhou et al., 2019), the magnetic HAP composite hydrogel was designed. For example, nano-HAP coated γ-Fe2O3 nanoparticles (m-nHAP) were synthesized and then added into poly(vinyl alcohol) (PVA) solution to fabricate m-nHAP/PVA hydrogels. The PVA showed excellent biocompatibility, high mechanical properties, and slow biodegradation, which were crucial for its application (Iqbal et al., 2019; Venkataprasanna et al., 2019). The pore sizes of hydrogels rose gradually followed by the increased content of m-nHAP, which was accessible for nutrient exchange. Meanwhile, the adhesion and proliferation of human osteoblasts were dramatically promoted as the m-nHAP concentration increased (Hou et al., 2013). However, the magnetic field was not introduced in this study, which might be considered as a potential promoter in improving bone tissue regeneration using this magnetic hydrogel.

Cells, such as stem cells, neural cells, and osteoblasts, are an important component in tissue engineering (Cerqueira et al., 2018; He et al., 2018; Ahmad et al., 2019; Chen M. et al., 2019; Midgley et al., 2019); therefore, MNP labeled cells are becoming more and more available in magnetically bioinspired hydrogels. Henstock et al. (2014) first added TREK1-MNPs or Arg-Gly-Asp (RGD)-MNPs into human mesenchymal stem cells (hMSCs) to fabricate MNP labeled cells, which were then seeded into either collagen hydrogels or poly(D, L-lactide-coglycolide) (PLGA) encapsulating bone morphogenetic protein-2 (BMP-2)-releasing collagen hydrogels (as shown in Figure 2A). The RGD-binding sites of cell-surface mechanoreceptors (i.e., integrins) play an important role in transferring the external stimulus into the intracellular cytoskeleton (Cartmell et al., 2002). It was worth mentioning that hydrogels containing TREK1 or RGD-MNP labeled hMSCs showed significantly more mineralization than controls; moreover, hydrogels containing functionalized MNPs and BMP-2 had thicker and more numerous mineralized domains compared to those without BMP-2 (Figures 2B–K). In order to maintain the stem cell phenotype and multiple differentiation potential ex vivo, a magnetic cell levitation method was used to label the MSCs with MNPs and then fabricated multicellular spheroids, which were implanted into type I collagen to form a magnetic hydrogel. Biological analyses showed that the 3D spheroid hydrogel system retained the functionality of MSCs, maintained the expression of stem cell markers, produced hematopoietic factors, and decreased cell-cycle progression genes, which could be able to establish an attractive platform for osteogenesis and drug delivery (Lewis et al., 2017).
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FIGURE 2. The enhancement of hMSCs prelabeled with either RGD-modified or TREK-antibody-modified MNPs in hydrogel for biomineralization. (A) Schematic illustration of the experiment. (A1) The integrins or the TREK1 ion channel modified MNPs were used to label hMSCs. (A2) The MNP-labeled hMSCs were either transplanted into an ex vivo chick femur model (A2i) or incorporated into a hydrogel (A2ii). (A3) BMP-2-releasing PLGA microspheres were fabricated using an emulsion method. (A4) The combined effect of labeled cells and BMP-2-releasing hydrogels was studied. (B–E) Bone mineralization sites (green) within the cartilaginous chick fetal femur (white) were used to express the location and extent of mineralization. The experiments were conducted as follows: sham injection (B), magnetic stimulation alone (C), injection of hMSCs alone (D), and injection of hMSCs followed by magnetic stimulation (E). (F,G) The RGD tripeptide (F) or TREK-antibody (G) modified MNPs led to mineralization. (H,I) The injection of hMSCs prelabeled with either RGD-modified (H) or TREK-antibody-modified (I). MNPs in femurs showed more alkaline phosphatase activity (J) and the greatest extent of mineralization (K). *p < 0.05. Scale bar = 1 mm [reproduced with permission from Henstock et al. (2014), Copyright 2014 John Wiley and Sons].


Critical size bone defects need adequate vascularization for reconstruction (Genova et al., 2016). Therefore, Filippi et al. (2019) designed cell-loading magnetic nanocomposite hydrogels by incorporation of human adipose tissue derived stromal vascular fraction (SVF) cells into polyethylene glycol (PEG)-MNPs-based PEG hydrogels, which were further examined to enhance the activity of alkaline phosphatase (ALP), to increase the expression of osteogenesis-related genes, and to improve the mineralized extracellular matrix (ECM) formation both in vitro and in vivo. The results suggested that magnetically actuated cell-laden hydrogels demonstrated more mineralization and faster vascularization in comparison with MNPs or SMF alone. In addition, the in vitro and in vivo tissue volume examinations showed that this magnetic hydrogel was biodegradable. Further studies are needed to investigate the effect of this construct in an orthotopic bone defect model and in combination with other hard supporting materials (e.g., HAP). Although a previous review has focused on the multifunction of magnetic HAP in nanomedicine application (Mondal et al., 2017), the characteristics involved in the magnetic PEG hydrogels should be tested comprehensively.

Previous studies have shown that the cell activity in the local milieu relies on the spatiotemporal regulation of biophysical and biochemical properties (Lukashev and Werb, 1998), and the ECM plays an important role in this process (Chantre et al., 2019; Ebata et al., 2019; Park et al., 2019; Zhang Z. et al., 2019). The introduction of the ECM into the preparation of hydrogels could mimic the microenvironment for cell behaviors, which is mainly attributed to predetermined hydrogel properties, such as the ultrastructure (Johnson et al., 2011, 2014), stiffness (Massensini et al., 2015; Ghuman et al., 2016), gelation kinetics (Medberry et al., 2013; Wu et al., 2015; Lin et al., 2018), etc. Therefore, the development of mimicked matrices is imperative for the regulation of ECM characteristics that control cellular biology. Abdeen et al. (2016) designed a magnetoactive hydrogel matrix fabricated by incorporating carbonyl iron particles into a polyacrylamide (PAAM) hydrogel, and the elasticity was modulated reversibly by alternating magnetic field from −1.0 to 1.0 T. It was worth mentioning that the storage modulus of the magnetic hydrogel had shown elastic hysteresis. A conditioned medium from MSCs seeded on magnetic hydrogels promoted the tube formation of functional vessels, which provides nutrients, oxygen, and ions for biomineralization (Qiu et al., 2020), suggesting enhanced secretion of proangiogenic factors from MSC loaded hydrogels. Runx2, the most common biomarker as the early osteogenesis, was significantly enhanced when MSCs were seeded on the magnetic hydrogel at day 10.

It is reported that the structural, compositional, and functional complexity of the native interface is present between bone and tendon (Phillips et al., 2008; Seidi et al., 2011), which is particularly mechanosensitive (Klein-Nulend et al., 2005; Chen et al., 2010). Therefore, a magnetic responsive hydrogel containing methacrylated chondroitin sulfate (MA-CS), platelet lysate (PL), and MNPs was fabricated. The preparation of MA-CS MNPs showed a superparamagnetic feature at room temperature and provided methacrylic groups for crosslinking to the hydrogel matrix. Human adipose-derived stem cells (hADSCs) or human tendon-derived cells (hTDCs) were encapsulated into hydrogels, and biological performance was evaluated. It was worth mentioning that the hydrogel possessed a gradient-like 3D structure with two interconnected layers (bone and tendon) and exhibited non-degradation without magnetic field during the testing period (20 days). Both hTDCs and hADSCs were viable within this construct. Interestingly, under magnetic field stimulation, the magnetic hydrogel showed degradation, and the cellular response of hADSCs on bone-mimicking units and hTDCs on tendon-mimicking units was modulated (Silva et al., 2018). Later on, a new gradient material was designed by incorporating continuous gradients of BMP-2 loaded glycosylated MNPs into agarose hydrogels with an external magnetic field via the grafting-onto method. Then hMSCs were included in this MNP-gradient magnetic hydrogel (schematic illustration is shown in Figures 3A,B). After a 28-day culture in vitro, the cumulative release of BMP-2 in hydrogels showed sustained diffusion-driven release kinetics (Figure 3C); osteogenic genes and chondrogenic genes were both significantly increased in comparison with those at day 0 (Figures 3D,E). Moreover, dense calcium-rich nodes (Figure 3F) and two distinct calcium phosphate types (HAP and β-tricalcium phosphate, β-TCP) (Figure 3G) were observed in the bone region of the hydrogel, suggesting that more mineralization could be produced in this new MNP-gradient hydrogel and providing a novel platform for osteochondral tissue engineering (Li et al., 2018). However, this work was performed in vitro, and the overall mechanical properties and the biodegradation rate of this magnetic hydrogel should be tested in vivo in the future.
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FIGURE 3. The improvement of aligned glycosylated MNPs within an hMSC-laden agarose hydrogel in the osteochondral tissue engineering. (A) MNPs were incorporated into heparin to develop a glycosylated group. (B) Aligned glycosylated MNPs within an hMSC-laden agarose hydrogel was fabricated by an external magnetic field. (C) The release of BMP-2 from the magnetic agarose hydrogel was analyzed over 28 days. ΔCt values for the bone region (black), the cartilage region (gray), and a day 0 control (red) for genes associated with (D) cartilage formation and (E) bone formation (mean ± 95% confidence intervals, N = 3, n = 3 for 28 day constructs. N = 3, n = 1 for day 0 control; the COL2A1 gene was only detected in one donor on day 0, but was detected for all 28-day samples). (F) Calcium nodules (red) stained by Alizarin Red S and sulfated glycosaminoglycan (blue) stained by Alcian Blue dying indicated mineralization at the bone end. (G) Roman microscopy of the cells (red), HAP (green), and β-TCP (blue) suggested mineralization at the bone end. Scale bar = 100 μm. *p < 0.05, **p < 0.01, and ***p < 0.001 [reproduced with permission from Li et al. (2018), Copyright 2018 Elsevier].


In order to evaluate various osteoblastic functions such as collagen formation, cell adhesion, and osteocalcin production, MG-63 as an experimental model was conducted by Yuan et al. (2018). In this literature, a multifunctional biomimetic 3D magnetic hydrogel was fabricated by incorporating MG-63 cells and MNPs into native collagen hydrogels. In the presence of SMFs, the proliferation, ALP formation, and mineralization of MG-63 cells were significantly enhanced; moreover, the osteogenic related gene expression of Runx2, BMP-2, and BMP-4 was also increased, indicating that this 3D magnetic hydrogel was a biocompatible platform for osteogenesis.

Due to the promotion of blood supply, regulation of bone metabolism, improvement of osteogenesis, and formation of new bone by appropriate temperature stimulation (Zanchetta and Bogado, 2001; Chen et al., 2013), appropriate hyperthermia on magnetic hydrogels highlights potential treatment for bone regeneration. Cao et al. (2018) designed a magnetic hydrogel containing MNPs and chitosan/PEG hydrogel, which showed excellent biocompatibility. It was worth mentioning that the cell viability of MSCs was decreased when the temperature was from 37 to 46°C; moreover, the MSCs could survive at below 46°C, and the growth and morphology had no significant changes. Intriguingly, when the temperature was at 43°C, the MSCs within magnetic hydrogel exhibited good cell viability and the highest ALP activity, which stands for the osteogenic differentiation capability. These findings indicate that magnetic hyperthermia hydrogel could be considered as a potential therapeutic strategy for bone regeneration after bone cancer excision.



APPLICATIONS IN CARTILAGE TISSUE ENGINEERING

Articular cartilage injury is one of the most usual types of orthopedic disease in the clinic and is challenging for surgeons because of the limitation of self-repair for articular cartilage. Recent endeavors of magnetic hydrogels have been developed to deal with the above issue. A previous study of magnetic hydrogels for potential cartilage tissue engineering was performed by Zhang et al. (2015). In this study, PVA modified Fe3O4 MNPs were first synthesized via the grafting-on method and then mixed with a hybrid hydrogel (MagGel) composed of HA, type II collagen, and PEG by mechanical dispersion. The in vitro degradation test showed that this MagGel lost structure integrity after 21 days' incubation at 37°C. It was worth mentioning that magnetic nanocomposite hydrogel showed similar microstructure and chemical components in comparison with natural hyaline cartilage and was able to support bone mesenchymal stem cells' (BMSCs) behavior in vitro, as shown in Figure 4. However, the combination of magnetic hydrogel and magnetic stimulation on cell functions was not evaluated, and the efficacy of magnetic hydrogels on cartilage tissue engineering in vivo should be further analyzed. Moreover, HA or chondroitin sulfate (CS), the two important biomolecules of polysaccharides, was used to modify the above-mentioned HAP/Fe2O3/PVA hydrogel and demonstrated the promotion of chondrocyte attachment and proliferation (Hou et al., 2015).
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FIGURE 4. The characteristics of the magnetic hydrogel. (A) General view of the magnetic hydrogel. The magnified image was obtained by a scanning electron microscope (SEM). (B) Magnetic responses of the magnetic hydrogel. Blue arrows suggested the hydrogel movement orientation before the next time point. (C) Representative images of F-actin (green) by fluorescence microscopy and magnetic nanoparticles (black) by light microscopy showed the endocytosis of MNPs by BMSCs [reproduced with permission from Zhang et al. (2015), Copyright 2015 American Chemical Society].


Later on, an advanced smart cell-embedded magnetic hydrogel was designed. The commercially available, biocompatible, and dextran-modified MNPs from Micromod® company were integrated into a tri-layered agarose scaffold to fabricate a ferrogel by using a blending method. The resulting magnetic hydrogel exhibited a depth-dependent mechanics and was capable of improving cell viability and sustaining the chondrocytes in culture upon magnetic stimulation (Brady et al., 2017). Furthermore, a multilayered mimicked tissue with mimetic architecture consisted of streptavidin-coated magnetic particles (diameter between 10 and 12 nm), agarose, and type I collagen was printed upon a magnetic field by using 3D bioprinting. The new magnetic hydrogel showed similar architecture to cartilage native tissues in comparison to a conventional, single-layered 3D matrix and expressed markedly more chondrocyte-related gene in vitro (Betsch et al., 2018). These novel magnetic hydrogels highlighted the potential application of location-specific cartilage replacement tissue, and further studies could be needed to assess the concentration of MNPs and the matrix, the intensity and type of magnetic fields, modification of MNPs with biological growth factors, and the repair efficacy of the damaged cartilage in vivo.

The stem cell therapy has been introduced into the treatment of cartilage injury (Toh et al., 2014; Hu et al., 2017); however, the chondrogenic differentiation of BMSCs requires the addition of an important cytokine. The currently available cytokines, such as transforming growth factor-β3 and BMP, have the limitation of short half-life time (Stowers et al., 2013) and less mineralization (Ren et al., 2016), respectively. Kartogenin (KGN) is a small molecule compound and is capable of inducing BMSC differentiation into chondrocytes (Xu et al., 2015). Therefore, KGN was grafted onto the surface of MNPs and then mixed with cellulose nanocrystal/dextran (CNC/Dex) hydrogel. The in vitro and in vivo experiments showed that KGN-MNPs incorporated hydrogel exhibited a long-term sustained release of KGN, recruited host cells, and induced chondrogenic differentiation of BMSCs, thus improving in situ cartilage regeneration (Yang et al., 2019).

Due to the high biocompatibility, strong toughness, and cell adhesive ability of nano-HAP, many kinds of literatures have reported that nano-HAP possessed effective repair capability for articular cartilage (Reddi et al., 2011; Zhou et al., 2015; Zhu et al., 2017). A magnetic nanocomposite hydrogel made of nano-HAP particles, Fe2O3 nanoparticles, and PVA in a ratio of 1:0.5:10 was fabricated by using the ultrasonic dispersion approach and then lyophilized by a freeze–thawing crosslinking process, as shown in Figure 5A. Thanks to the Fe2O3 nanoparticles within the hydrogel, the degradation experiment showed a relatively intermediate and slow mass loss rate. Moreover, the viability of BMSCs in the magnetic hydrogel had no significant change compared to BMSCs alone (Figure 5B), and the expression of chondrocyte-related genes was significantly stimulated, as shown in Figure 5C (Huang J. et al., 2018).
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FIGURE 5. The cell viability and the increased chondrogenesis-related genes in BMSCs within the magnetic hydrogel. (A) Schematic diagram of the fabrication of the magnetic hydrogel with nano-HAP particles, Fe2O3 nanoparticles, and PVA in a ratio of 1:0.5:10. (B) Cell viability of BMSCs alone, BMSCs inside PVA hydrogel, and BMSCs within magnetic hydrogel was analyzed by the CCK-8 experiment. (C) Chondrogenesis-related genes, such as SOX9, Aggrecan, and COL2A1, were analyzed by quantitative real-time polymerase chain reaction (PCR). Data were presented as means ± standard deviations. **p < 0.01 and *p < 0.05 vs. control (BMSCs cultured in medium) [reproduced with permission from Huang J. et al. (2018), Copyright 2018 American Chemical Society].




APPLICATIONS IN NEURAL TISSUE ENGINEERING

Neural tissue damages caused by either neurodegenerative diseases or high-energy trauma greatly affect the patients' quality of life worldwide. The mammalian neuronal cells show the limitation of regrowth performance and functional recovery, presenting a critical clinical challenge for surgeons (Yi et al., 2018; Zhang P.-X. et al., 2019). Most endeavors have been conducted to create a modified microenvironment for improving neural regeneration by supportive tissues and scaffolds. It has been reported that directly guiding the regenerated neurite outgrowth is able to promote neuronal regeneration and functional recovery (Huang L. et al., 2018; Shahriari et al., 2019). A hydrogel matrix containing MNPs and collagen hydrogel was designed, and then an external magnetic field was used to control the alignment of the collagen fibers remotely. After 7-day culture, neurons within a 3D aligned magnetic hydrogel complex exhibited good cell viability and more elongations and more directionality in comparison with those of without fiber alignment, indicating that 3D aligned magnetic hydrogels open up a promising possibility for directional neuronal regeneration (Antman-Passig and Shefi, 2016).

In order to rebuild the anisotropic architectures of the ECM, which support and instruct cells for neural regeneration, most aligned nanofibers with appropriate physical and biological properties have been tailored using electrospinning (Li et al., 2004; Corey et al., 2007; Ginestra, 2019; Hou et al., 2019; Idini et al., 2019; Hazeri et al., 2020). Omidinia-Anarkoli et al. (2017) developed a simple but effective strategy to create a novel “Anisogel” containing short, magnetically inspired poly(lactide-co-glycolide) (PLGA) fibers with evenly distributed elements by using a high-throughput electrospinning/micro-cutting approach, as shown in Figures 6A–E. Nerve cells attached well and extended unidirectionally within the “Anisogel” compared to that without fibers or oriented fibers, as shown in Figures 6F–I. Meanwhile, the neurons within the aligned magnetic hydrogel exhibited spontaneous electrical potential by triggering calcium signals, as shown in Figures 6J,K. Later on, magnetic responsive poly-L-lactic acid (PLLA) fibers were prepared by electrospinning and then injecting into a collagen or fibrinogen hydrogel solution. The resulting alignment of MNPs-PLLA fibers was obtained using an external magnetic field. This aligned electrospun fibers within hydrogels provided directional guidance to neurons, and the average length of neurites from dorsal root ganglions (DRGs) on magnetic fibers was significantly longer than those without MNP addition.
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FIGURE 6. The preparation of the Anisogels and its effect on DRG neurites. (A) Schematic illustration of the Anisogel preparation: step I, aligned fibers were electrospun on a parallel plate; step II, the resulting fibers were rinsed with distilled water to wash off redundant gels; step III, random short fibers were added into the hydrogel precursor; step IV, Anisogels were obtained by applying an external magnetic field. (B) Representative images of aligned PLGA fibers by SEM. Scale bar = 50 μm. (C) The average diameter of 50 μm in short fibers was observed by SEM. Scale bar = 50 μm. Representative images of magnetic fibers within hydrogels by a microscope without magnetic field exposure (D) and with 100 mT of magnetic field exposure (E). Scale bars = 100 μm. (F) DRG extension in Anisogels. Scale bar = 500 μm. (G) A magnified image of DRG extension in Anisogels. Scale bar = 100 μm. (H) The length of neurite extensions was quantified. (I) The angular distribution of neurite extensions of single neuron. (J) Neurons were cultured within the aligned magnetic hydrogel. Red arrows indicated the calcium signal direction, while green arrows represented fibers. A solid circle indicated a maintained or increasing signal. (K) Normalized quantification of the calcium signals in the aligned magnetic hydrogel. *p < 0.05 [reproduced with permission from Omidinia-Anarkoli et al. (2017), Copyright 2017 John Wiley and Sons].


Due to the type, severity, and post-injury time of trauma, an injectable hydrogel matrix with minimal invasion and suitable elasticity for the regeneration of various damaged tissues has been developed (Yu and Ding, 2008; Macaya and Spector, 2012; Cheng et al., 2013; Li et al., 2014, 2015). Therefore, the rod-shaped MNP-incorporated microgels were formed, then dispersed in a biocompatible gel precursor, organized unidirectional alignments under a weak external magnetic field exposure, and finally developed a magnetoresponsive hydrogel “Anisogel.” Primary DRGs inside the Anisogels with 3 vol% microgels revealed a clear difference in the orientation of neurite outgrowth in comparison with those random microgels. In addition, fibroblasts cultured on this Anisogel showed no significant difference in cytotoxicity compared with that cultured in a medium (Rose et al., 2017). These findings were performed in vitro; therefore, further studies are needed to be conducted in vivo to evaluate the efficacy of neurite regeneration and functional recovery in vivo by the injection of the magnetic hydrogel system.

Due to the similar biophysical and biochemical features of HA to the natural ECM of the spinal cord and brain (Bignami et al., 1993), a 3D magnetic HA hydrogel was synthesized by the magnetic microparticles, 4-arm-PEG-vinylsulfone, and thiolated HA. The resulting hydrogels had similar storage modulus as the spinal cord, and primary DRG neurons inside the magnetic hydrogels with magnetic fields showed healthy morphology, with no significant difference in cell viability compared to other groups. Interestingly, the calcium influx in DRG neurons was activated via mechanosensitive TRPV4 and PIEZO2 channels under acute magnetic exposure, and the expression of PIEZO2 was reduced when DRG neurons were stimulated by chronic magnetic exposure. This tailored magnetic biomaterial provided a general strategy for the regulation of different types of cells under remote magnetic stimulation (Tay et al., 2018). Moreover, a recent study has demonstrated that a biomimetic spinal cord structure was printed by a microscale continuous projection printing method (Figure 7), and this hydrogel loaded with neural progenitor cells was capable of promoting axon regeneration in a complete spinal cord injury model in vivo (Koffler et al., 2019), providing a promising strategy in the design of novel magnetic hydrogels in the neural tissue engineering.
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FIGURE 7. Schematic diagram of 3D printing by a microscale continuous projection printing method [reproduced with permission from Koffler et al. (2019), Copyright 2019 Springer Nature].




APPLICATIONS IN OTHER ORGANS

Besides the bone, cartilage, and nerve organs, magnetic hydrogels are also introduced into other organs, such as the heart, skin, and muscle, in order to evaluate the therapeutic potential. Namdari and Eatemadi (2017) designed a magnetic hydrogel by dissolving Fe3O4 and curcumin into the N-isopropylacrylamide-methacrylic acid (NIPAAM-MAA) hydrogel. The resulting magnetic hydrogel nanocomposite was able to reduce the doxorubicin-induced cardiac toxicity and hold the cardioprotective capability. Cezar et al. (2016) fabricated a ferrogel scaffold by using RGD peptides modified alginate and iron oxide. The magnetic ferrogel showed fatigue resistance and in combination with magnetic stimulation (6,510 Gauss, 5 min at 1 Hz every 12 h) could mechanically activate and promote severely injured muscle tissue regeneration. Rose et al. (2018) developed a magnetic hybrid hydrogel by blending the MNPs into the Gly-Arg-Gly-Asp-Ser-Pro-Cys (GRGDSPC) modified six-arm-PEG gel for fibroblast alignment, which is crucial for the wound healing.



INJECTABLE MAGNETIC HYDROGEL'S APPLICATION IN TISSUE ENGINEERING

Recently, the magnetic hydrogels as injectable systems have displayed great potential for tissue repair and magnetic drug targeting. Various kinds of cells and molecules can be encapsulated homogeneously into the magnetic hydrogels and then targeted to the pathological sites with minimal invasiveness (Wu et al., 2018; Chen X. et al., 2019b; Shi et al., 2019; Wu H. et al., 2019; Xu et al., 2019). Several polymers, including ionic-response polymers (e.g., sodium alginate), natural biocompatible polymers (e.g., chitosan), and synthetic polymers (e.g., polyacrylic acid), conjugated with the magnetic particles have been used to fabricate the injectable hydrogels for therapeutic applications (Jalili et al., 2017; Hu et al., 2018; Amini-Fazl et al., 2019). These magnetic hydrogels could be guided to the diseased sites via external magnetic fields and exert a drug release influence there. Meanwhile, this kind of magnetic hydrogel is mainly targeted for the cancer therapy due to the hyperthermia effect under the applied magnetic field.



THE METABOLISM OF MAGNETIC PARTICLES FROM THE MAGNETIC BIOMATERIALS

Although numerous studies have shown that magnetic biomaterials exhibited biocompatibility both in vitro and in vivo, the cytotoxicity and long-term fate of magnetic particles embedded within the magnetic hydrogels in vivo must be taken for consideration. No identical criteria have been made to evaluate this important issue of magnetic hydrogels since the fabrication process and physicochemical properties vary in many aspects. The Food and Drug Administration (FDA) in the United States had approved several MNPs in the clinical applications, such as the treatment of anemia caused by chronic kidney disease and the magnetic resonance imaging, and these MNPs could be removed quickly by the liver (Laconte et al., 2005; Ventola, 2017). The clearance of magnetic particles in vivo depends on the size of the particle. In detail, particles smaller than 5.5 nm could be removed quickly through the kidney (Sun et al., 2008), particles up to 200 nm could be sequestered by phagocytes of the spleen (Chen and Weiss, 1973), and particles larger than 5 μm could be cleared via the lymphatic system (Arruebo et al., 2007). In addition, magnetic fields have proven to control the anisotropic feature, constitution, and the degradation rate in the magnetic hydrogels (Huang J. et al., 2018; Silva et al., 2018). All these factors are crucial for the released amounts of magnetic particles from the magnetic constructs and the impact on organs. More efforts are needed to develop more controllable magnetic hydrogels for in vivo applications.



CONCLUSIONS AND PERSPECTIVES

The magnetically responsive smart hydrogels have emerged as an immensely potential biomaterial for developing bioaligned actuators. Benefiting from their intriguing features, including but not limited to quick response, mimetic native tissues, appealing mechanical properties, and biocompatibility, magnetic hydrogels have undergone unparalleled advances in biomedical fields, such as bone, cartilage, nerve, heart, muscle tissue engineering, and so on. However, the properties of magnetic particles, such as size, shape, composition, crystallinity, and so on, should be further modified in order to avoid overheating when cell-laden hydrogels are assembled. Meanwhile, the hydrogel matrices used in magnetic hydrogels need to be further evaluated by mimicking the native architectures of tissues and organs, which holds great potential for the preclinical treatment. Therefore, combined strategies should be developed to create more and more smart hydrogels in tissue engineering (Figure 8).


[image: Figure 8]
FIGURE 8. Schematic illustration of combined strategies for the development of magnetic hydrogels in tissue engineering (Created with BioRender.com).


Future perspectives should focus on dealing with the existing difficulties. In addition, more attention should be taken into consideration in evaluating the magnetic hydrogels' pharmacokinetics/toxicokinetics, metabolism, biodegradation in vivo, and so on, which are of great significance in the applications of tissue engineering.
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Gene  Forward primers (§/-3) Reverse primers (5/-3')

COL-1 TGGCAAGAACGGAGATGACG GCACCATCCAAACCACTGAA
CoL-2 CCACGCTCAAGTCCCTCAAC AGTCACCGCTCTTCCACTCG
AGC CGTGGTCTGGACAGGTGCTA GGTTGGGGTAGAGGTAGACG

MMP-13  TTGACCACTCCAAGGACCCAG ~ GAGGATGCAGACGCCAGAAGA
GAPDH  CCATCACCATCTTCCAGGAG GATGATGACCC' ‘GGCTC

Col-1, type 1 collegen; Col2, type 2 collagen; AGC, aggrecan; MMP-13, matrix
metalloproteinase 13; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Gene  Forward primer (5/-3) Reverse primer (5/-3)

GAPDH  GGAGCGAGATCCCTCCAAAAT  GGCTGTTGTCATACTTCTCATGG
RUNX2 ~ TGGTTACTGTCATGGCGGGTA  TCTCAGATCGTTGAACCTTGCTA
ALP AACATCAGGGACATTGACGTG ~ GTATCTCGGTTTGAAGCTCTTCC
OCN CACTCCTCGCCCTATTGGC CCCTCCTGCTTGGACACAAAG

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RUNX2, runt-related transcription
factor 2; ALP, alkaline phosphatase; OCN, osteocalcin.
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Copolymer Feed ratio/g Composition in copolymer/wt%®  Copolymer characteristics Thermal properties

PPDL PEG PPG PPDL PEG PPG CMCP (g-mL~1) Ta/oC® Tm/oCd
2PDEP 02 6.53 327 29 683 288 7.24 x 1074 335.48 30.57/-263 86.83/41.43 -57.12
5PDEP 05 633 317 50 67.1 279 7.85 x 1074 31398 80.12/-0.83 86.27/37.71 —-58.26
8PDEP 0.8 6.13 3.07 95 63.8 26.7 7.10 x 1074 304.59 31.04/2.46 86.34/36.82 —58.58

aCalculated from 'H NMR spectroscopy results.
®Determined by the dye solubilzation technique at 25°C.
“Obtained from TGA analysis.

dQbtained from DSC analysis.
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POR-PEG-PCL

PCL-PTSUO-
PEG

PEG-PCL-
PEG,
PECE

PECT

Drug

Indocyanine
green (ICG)

DOXorubicin
(DOX)

DOXorubicin
(DOX) and
Docetaxel

(DOC)
PLK1ShRNA/PEI-
Lysand

DOX

Paclitaxel

(PTX)

fluorescence
tag
TNP/DOX/ZnPC

PTX

PTX

Cell line
(in vitro)

Hepatocellular
carcinoma
(HCO)

H22 and SMMC
7721 (hepatoma)

CT-26 (colorectal
carcinoma)

Saos-2 and
MG63
(osteosarcoma)
M234-p
(mammary
tumor)

HepG2
(hepatoma)
5637 (bladder
cancer cells)

4T (breast
cancer)

MCF-7

Cancer
(in vivo)

Hepatoma

Colorectal
carcinoma

Osteosarcoma

mammary
tumor

hepatoma

Bladder
carcinoma

Breast cancer

Breast cancer

Characteristics and applications

Hydrogel loaded with ICG s a feasible agent for
fluorescence imaging and drug delivery. It forms in
situ compact gel and has a good ability for filing
vessels

This in situ geling thermosensitive hydrogel is
capable of drug delivery to tumor tissue constantly
and efficiently

Thermosensitive hydrogels loaded with DOX and
DOX has a good potential for dual drug delivery,
which efficiently enhanced cancer management with
minimal side effects

Localized hydrogel with RNA and DOX co-loaded is
promising for efficient clinical management of
osteosarcoma

Four times the efficacy of existing commercial drugs

Good safety and biocompatibilty in vitro and in vivo

Double insurance from TNP/ZnPC and TNP/DOX
loaded in hydrogel for the management of bladder
carcinoma

Great antitumor effect and wound healing
promotion.

High concentration in tumor tissue for 21 days
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Chitosan DOX and Het116 cells Colon tumor DOX and amoxicilln co-loaded hydrogel response Liang et al,

Dihydrocaffeic Amoxicilin (colon tumor cells) and infection to pH decrease. The hydrogel is an ideal system for 2019

Acid (CS-DA) and e. Coli mucosa-localized tumor and infection management
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Characteristics and applications

Biomimetic 3D cell culture model for cancer
researches.

Controlled release with DNA crosslinked inside the
photo-responsive hycrogel

DOX and amoxicilin co-loaded hydrogel response
to pH decrease. The hydrogel is an ideal system for
mucosa-localized tumor and infection management

References

Tam et al., 2017

Kang et al.
2011

Guoetal.,, 2018





OPS/images/fchem-07-00682/crossmark.jpg
©

2

i

|





OPS/images/fchem-07-00675/fchem-07-00675-g007.gif





