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Editorial on the Research Topic 
Biodegradable Polymers for Biomedical Applications

The introduction of biodegradable polymers has redefined medical treatment in an innovative manner due to their high biocompatibility and biodegradability (Toh et al., 2021). Designing biodegradable polymers for biomedical applications involve numerous essential factors such as mechanical properties, chemical properties, and degradation mechanisms (Song et al., 2018). Enzymatic and non-enzymatic breakdown of biodegradable polymers in vivo, leaving no foreign material inside the human body post-treatment (Fonseca et al., 2014). The articles in this special issue highlight the most recent and promising biomaterial discoveries in controlled drug delivery, tissue engineering, and biomedical applications.
Polymers such as poly (trimethylene carbonate) (PTMC) have gained significant attention in drug delivery systems (Sanower Hossain et al., 2020). Liu et al. featured an article in which ciprofloxacin hydrochloride was used as a drug model whereas PTMC was a drug carrier for treating chronic osteomyelitis. Ciprofloxacin-PTMC implants were studied in vitro and in vivo for their release and antibacterial effects. The efficacy of ciprofloxacin-loaded PTMC inserts in treating severe osteomyelitis was validated in that investigation. When used as the biodegradable long-term contraceptive implant carrier, the incompatibility between morphological stability and degradation rate of PTMC prevents this application. To solve this problem, Cai et al. discussed an article in which ternary self-blending films were produced by applying ternary self-blending films to high, medium, and low molecular weight PTMC. The in vitro influence of ternary self-blending films on the degradation rate of PTMC was also investigated. The study concluded that ternary self-blending film is an effective approach to more accurately manage the degradation behaviour of PTMC.
The Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) scaffold is a potential three-dimensional biodegradable scaffold for cartilage progenitor cell growth and proliferation (Salomez et al., 2019). Xue et al. investigated the effect of incorporating bioglass within PHBV 3-dimensional porous scaffolds. The study concluded that the bioglass added to PHBV three-dimensional porous scaffolds improves the properties of cartilage progenitor cell-based produced cartilage in vivo. Replacing fossil-fuel-derived polymers with biodegradable biobased polymers is essential to the circular bioeconomy method to slow down the dreadful current climate change.
Cyanophycin is a polymer made up of amino acids produced by cyanobacteria and has a wide range of biomedical applications (Kwiatos and Steinbüchel). Kwiatos et al. outlined all in vitro and in vivo studies related to cyanophycin and described their potential applications.
The blending of biodegradable polymers and biodegradable metals can effectively improve or enhance the properties of the parent materials (Martins et al., 2018). It has been reported that the disintegration of PLGA might result in an acidic medium in local tissues, which impairs bone tissue regeneration and delays the material’s degradation rate (Zhao et al., 2021). Metals such as Mg and its alloys have been used in orthopaedic equipment in patients with bone abnormalities. But Mg dissolves rapidly in vivo, and the uncontrolled degradation raises the pH of the local environment, affecting the mechanism of osteogenesis (Jana et al., 2022). Based on the complementary physicochemical properties of PLGA and Mg, Wang et al. prepared biodegradable composite material of PLGA and magnesium for treating the bone defects. The study recommended that the PLGA with 10% Mg had efficient osteogenic characteristics and cytocompatibility, it could be used in a variety of therapeutic applications such as bone graft healing and scaffold-based tissue engineering. Besides Mg, zinc and its alloys are essential in tissue engineering. However, the high proportion of zinc ions collected around zinc-based implants becomes a significant challenge in promoting the transfer of zinc and its alloys to clinical applications, which would decrease implant biocompatibility. Surface treatment is an effective method for improving implant biocompatibility by modulating the rate of zinc ion release (Pezzato et al., 2020). Su et al. developed Ca. P conversion coatings on pure zinc to promote biocompatibility. The study concluded that adding PLA/Li-OCP coatings was a promising coating for improving degradation rate and cytocompatibility.
Hydrogels have acquired a lot of attention in drug delivery studies because of their high biocompatibility, degradation rate, and processability (Ahmad et al., 2019). Huang et al. investigated the safety and feasibility of hydrogel-encapsulated multipotent stem cells (MSCs), as well as the improvement of survival, retention, and targeting along with the augmentation of their therapeutic impact. The state of the stem cells encased in the hydrogel was also discussed. For example, the Achilles tendon is frequently injured during athletic training (Chan et al., 2020). Biomedical materials such as polyglycolic acid (PGA), polylactic acid (PLA), etc., are the potential solution in the treatment and healing of soft tissues, tendons, muscles, etc., Zhang et al. summarized the usage of biodegradable materials in the repair of Achilles tendon injuries. The investigated biodegradable polymers were PLA, PLGA, PTMC, and polydioxanone (PDS). The review concluded that Biodegradable polymers containing stem cells or medicines could significantly enhance the healing effect of Achilles tendon injuries. Gelatin-methacryloyl (GelMA) hydrogel is a photopolymer created by attaching photosensitive groups to the side groups of gelatin (Bhattacharya et al., 2020). The effect of concentration of photo-initiator or GelMA, cooling rates, and temperature gradients on pore size have been demonstrated, but the effect of freezing temperatures and time in GelMA hydrogel solution, which could have a significant impact on pore sizes in hydrogels, appears to be overlooked (Celikkin et al., 2018). Liu et al. (gelatin).pdf. investigated the effects of freezing temperatures and times on pore sizes in GelMA hydrogel. The changes in swelling and mechanical properties due to different pore size was also studied. The study concluded that the GelMA hydrogels could have a tunable microstructure by adjusting the freezing conditions, opening many possibilities for tissue engineering applications. Tissue vascularization has long been a significant concern in tissue engineering, as it is crucial for the application and durability of tissue constructions in vivo.
Biodegradable polymers have been extensively utilized in 3D printing technology. Ze et al. featured a review article in which basic properties of biodegradable materials typically utilized in indirect 3D bioprinting for vascularization, as well as current advancements in using this technology to vascularize various tissues, were highlighted. The study concluded that with the advancement of biodegradable materials in the future, indirect 3D bioprinting could contribute even more to the advancement in the field of tissue engineering.
Esophageal cancer is a malignant tumour that develops in the oesophagus (Xu et al., 2020). Endoscopic submucosal dissection (ESD) has been recognized as a medical therapy in clinics for early esophageal cancer due to the obvious minimally invasive tumour excision and reduced risk of deterioration Cai et al. A common and significant post-ESD consequence is an esophageal stricture. However, there is currently no clear consensus on managing it successfully. Bao et al. reviewed various oesophagal structure strategies in which biomedical polymers and biomedical derived materials were employed. Initially, the mechanism of the esophageal structure was outlined then-novel biomedical materials prevention strategies were elaborated. The review concluded that biomedical materials have the potential to play a critical role in safely and effectively preventing esophageal stricture after ESD. In addition to the biomedical materials mentioned by Bao et al., Janus particles also have great potential in cancer prevention. Janus particles are non-centrosymmetric colloidal materials with non-centrosymmetric shape, composition, and behavior (Tripathy et al., 2022). Because of the changeable dimension, biocompatibility, and low toxicity of Janus particles, these are widely employed in biomedical disciplines, notably in tumour prevention (Zhao et al., 2009). Feng et al. created Janus particles with the phase transition materials (1-tetradecanol, 1-hexadecanol, and lauric acid) along with polymers in a microfluidic system for sequential and planned drug release at a target location such as tumor tissue. The article concluded that such types of heterologous Janus microparticles with each compartment having different degrading properties, can be used for programmed and sequential drug release.
This special issue covers some recent research on biodegradable polymers for biomedical applications. We believe that the current collection of publications will provide thought-provoking ideas to professionals interested in the topic of biomaterials, as well as serve as a foundational lecture for students and researchers just starting in the field of biomaterials.
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Based on the phase separation phenomenon in micro-droplets, polymer-lipid Janus particles were prepared on a microfluidic flow focusing chip. Phase separation of droplets was caused by solvent volatilization and Janus morphology was formed under the action of interfacial tension. Because phase change from solid to liquid of the lipid hemisphere could be triggered by physiological temperature, the lipid hemisphere could be used for rapid release of drugs. While the polymer we selected was pH sensitive that the polymer hemisphere could degrade under acidic conditions, making it possible to release drugs in a specific pH environment, such as tumor tissues. Janus particles with different structures were obtained by changing the experimental conditions. To widen the application range of the particles, fatty alcohol and fatty acid-based phase change materials were also employed to prepare the particles, such as 1-tetradecanol, 1-hexadecanol and lauric acid. The melting points of these substances are higher than the physiological temperature, which can be applied in fever triggered drug release or in thermotherapy. The introduction of poly (lactic-co-glycolic acid) enabled the formation of multicompartment particles with three distinct materials. With different degradation properties of each compartment, the particles generated in this work may find applications in programmed and sequential drug release triggered by multiple stimuli.
Keywords: microfluidics, phase separation, Janus particle, phase change material, degradation
INTRODUCTION
Janus particles are a kind of colloidal materials with non-centrosymmetric characteristics in morphology, composition and properties. It was first proposed by De Gennes, a French scientist, when he won the Nobel Prize in 1991 (de Gennes, 1992). The word “Janus” originated from the ancient Roman double-faced God, a reflection of its asymmetry. In recent years, as typical multifunctional materials, Janus particles have emerged in the fields of chemistry, physics, life sciences and so on (Hu et al., 2012; Kaewsaneha et al., 2013). The morphology of Janus particles is diverse including dumbbell, rod, snowman or any of a variety of other shapes, in addition, Janus particles assembled from block polymers or small molecules can also be divided into dendritic, vesicular, and other structures. According to the composition of particles, Janus particles can be divided into polymer type, inorganic type and polymer inorganic hybrid type (Su et al., 2019). Janus particles with nano/micron size have not only complex morphology, but also possess the inherent optical, magnetic and electronic properties in each part (Jin and Gao, 2009). It is well recognized that properties and applications of Janus particles are highly dependent on their morphology and chemical composition. Janus particles with adjustable size, biocompatibility, and low toxicity are widely used in biomedical fields, especially in the fields related to living cell research and tumor inhibition, such as cell encapsulation (Zhao et al., 2009; Maeda et al., 2012), cell imaging (Yi et al., 2016; Li et al., 2019), drug delivery (Xuan et al., 2014; M. El-Sherbiny and Abbas, 2016; Feng et al., 2019; Severino et al., 2019) and so on. At present, Janus particles have covered the whole range from nano scale to micron scale. Micron or submicron Janus particles can be prepared by a series of methods, the conventional preparation methods of Janus particles mainly include emulsion method, interface protection method, phase separation method, surface nucleation method and self-assembly method (Du and O’Reilly, 2011). These methods usually have high preparation throughput, and can realize the preparation of nano-sized Janus particles, some of these technologies have successfully prepared small-size Janus particles (Walther and Müller, 2013). However, the inherent limitations of conventional preparation methods are that it is difficult to achieve accurate control of particle morphology and to prepare particles with complex structure. In addition, the monodispersity and reproducibility of the particle production are relatively poor (Ali et al., 2021).
In recent years, microfluidic technology has gradually become a research hotspot, it is reported to have substantial applications in biology and medical research, for it can integrate a variety of complex biological and chemical reactions on a tiny chip, which greatly saves resources and costs (Hansen and Quake, 2003). Microfluidic platform is robust in producing polymer-based Janus particles. The main methods include droplet-based method and flow-lithography method. Among them, the droplet based method uses the micro-droplets with asymmetric morphology formed by shear force, electric field and centrifugal force in microfluidic system as the templates of Janus particles, combined with appropriate curing methods (Yu et al., 2021). While the flow-lithography method is a micro projection technology based on photo-polymerization of multiphase laminar flow. The fluid in the microfluidic chip is exposed to an ultraviolet beam with preset shape, causing the irradiated fluid to partially polymerize according to the beam shape to obtain Janus particles. The whole preparation process can be completed with the help of a commercial fluorescence microscope (Chizari et al., 2020; Sun et al., 2014). Microfluidic method can endow Janus particles with complex structure (such as three-dimensional asymmetric structure) or sophisticated morphology (such as graphic coding morphology) and the control of particle size, which greatly expands the design and application scope of Janus particles (Shepherd et al., 2006). However, the materials used in Janus particle preparation by microfluidic method are limited to polymers, which greatly restricts their application (Shakeri et al., 2021). Especially in drug delivery, the integration of a variety of materials is desired to achieve different degradation characteristics in a single carrier, so as to realize programmed, sequential or triggered release of different drugs.
In the present work, we fabricated Janus particles with temperature and pH triggered degradation characteristics by integration of pH sensitive polymers and phase change lipids in a microfluidic device. In addition, fatty alcohols, and fatty acids were also employed to produce the particles in order to achieve more controllable temperature triggered degradation. The triple-phase structure was also explored by adding a third material in order to realize a more programmed degradation mode. These particles are expected to have application potential in personalized and programmed drug delivery.
MATERIAL AND METHODS
Reagents
Poly (butyl methacrylate-co-(2-dimethylaminoethyl) methacrylate-co-methyl methacrylate) (p (BMA-co-DAMA-co-MMA), Eudragit E100) was perchased from Shanghai Dexiang Medicine Tech. Co., Ltd. Poly (lactic-co-glycolic acid) (PLGA) (50:50, Mw 10,000) was purchased from Jinan Daigang Biomaterial Co., Ltd., China. Hydrogenated coconut glyceride lipid (HCG lipid, Softisan 100) was purchased from Sasol (China) Co., Ltd., Nanjing, China. Dimethyl carbonate (DMC, >98%) was purchased from TCI (Shanghai) Development Co., Ltd., China. Polyvinyl alcohol (PVA, Mw 1750 ± 50), 1-tetradecanol, 1-hexadecanol, lauric acid, sodium dodecyl sulfate (SDS), Span 80 and dichloromethane (>99.5%) were purchased from Sinopharm Chemical Reagent Corporation, Shanghai, China. EM 90 was purchased from Evonik Industries, Shanghai, China. All of the above reagents were used as received without further purification, and deionized water was used throughout the experiment.
Preparation of Microfluidic Chip
A flow-focusing sheath and winding channels were designed on a chip to fabricate the templet droplets, the schematic diagram is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of the microfluidic chip.
The whole device was made from polydimethylsiloxane (PDMS), consisting a channel layer and a substrate layer. The microfluidic channel was designed with flow focusing and winding structures. The flow focusing structure was used for the formation of oil-in-water droplets (Figure 2), and the downstream winding structure was used for the on-line solvent volatilization. The channel structure consists of a dispersed phase inlet, a continuous phase inlet and an outlet collection pool, and the phase separation process of droplets happened in the collection pool. The width of the winding channel for introducing the continuous and dispersed phase is 50 μm. The width of the main winding channel is 100 μm. The cross section of all channels is rectangular with a depth of 75 μm. The microfluidic chip was fabricated with the method of SoftLithography. Hydrophilic modification was carried out to produce oil-in-water droplets. 0.3 wt% PVA solution was applied to wash the channel for 0.5 h (flow rate 0.5 μl/min) to form a hydrophilic coating on the channel wall.
[image: Figure 2]FIGURE 2 | Schematic diagram of the droplets formed in the cross-section.
Preparation of Solutions and Microparticles
A mixed solution of polymer and lipid (both concentrations were 5 mg/ml) in DMC with 0.5% (v/v) Span 80 was used as the dispersed phase. 0.3 wt% PVA solution with 0.1 wt% SDS was employed as the continuous phase. To prepare the particles, the solutions were injected into the microchip by syringe pumps (pump11 Elite, Harvard, United States) with glass syringes (Hamilton, Switzerland). The flow rates of dispersed phase and continuous phase were set at 1 μl/min and 2 μl/min, respectively. And the resulted particles were collected into a sample cell using a pipettor. The collected particles were afterwards placed in a refrigerator at 4°C for 5 min to cure the lipid, and then stirred under room temperature (around 25°C) for 2 h for complete removal of the solvent. The droplets and particles were observed by using a stereomicroscope with digital camera (MC-D500U, Phenix, China).
RESULTS
Formation of Janus Droplets and Particles
Janus particles composed of materials with different physicochemical properties, have advantages when used as drug carriers in two main aspects: firstly, it is conducive to realize the segmented release control of drug loaded by particles, secondly, it is beneficial to realize the loading of different drugs. In this work, we focus on the p (BMA-co-DAMA-co-MMA) and HCG lipid which are approved by the U.S. Food and Drug Administration (FDA) to be used as drug additive (Mullard, 2020). p (BMA-co-DAMA-co-MMA) is widely used in gastric coating, enteric coating, sustained and controlled release coating, protective and isolation coating, sustained release matrix material and matrix adhesive material for transdermal drug delivery. p (BMA-co-DAMA-co-MMA) is formed by emulsion polymerization, it does not dissolve in neutral condition, but dissolves rapidly in the environment where the pH is lower than 5. HCG lipid has a melting point of 35 ± 1°C, and when it is used as a drug carrier, physiological temperature triggered phase transition and drug release will occur, thus it is often used in ointments, skin care product and drug microcarriers. Therefore, when the properties of these two materials are given to one Janus particle simultaneously, not only the segmented release control according to different temperatures and pH values can be realized, but also the sequential release when loading different drugs may be achieved.
However, it is difficult to prepare heterologous Janus particles by conventional methods, for the size and structure of the prepared particles are difficult to control. Microfluidic droplet technology can meet the demand of controllable preparation of heterologous Janus particles. Due to the difference in properties, the phase separation phenomenon in the droplet can be used to construct the Janus morphology. The typical process is that under the conditions of solvent volatilization, different components in droplets are separated spontaneously and gathered in different areas of the droplets respectively. We used the continuous phase to shear the dispersed phase to form the oil in water type droplets, and in the downstream a continuous winding channel was designed to allow for sufficient flow time for solvent evaporation. The permeability of PDMS allowed the solvent to evaporate into gas to avoid a large number or volume of bubbles. In general, the shape and aspect ratio of the channel had no significant effect on the droplet formation and phase separation. At the same time, due to the decrease of the flow rate (the flow rate of the dispersed phase would slow down when entering a wider channel from a narrow one), the droplets were easier to accumulate in the channel. However, if the flow time of the droplets in the chip was too short, the solvent evaporation of the droplet would be insufficient. Therefore, it is a necessity to maintain a reasonable width of the winding channel. After optimization, 100 μm was selected as the width of the winding channel. And after continuous test, 1 μl/min and 2 μl/min were chosen as the flow rates of the dispersed phase and the continuous phase, respectively. The process of droplet phase separation is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Schematic diagram of droplets phase separation.
In the process of droplet phase separation, the droplet size decreased with solvent volatilization, 100 μm (long diameter) at the beginning, while after 30 s in the pool, it dropped to 50 μm. After collecting the droplets and volatilizing the solvent, the short diameter of Janus particles was 20 μm and the long diameter was 40 μm. The droplet size decreased by 20% after another 2 h of the solvent evaporation. The results indicated that the efficiency of solvent evaporation was higher in the first 30 s in the collection pool. The rapid evaporation and phase separation can be attributed to the following aspects: firstly, the droplets formed in the microfluidic system are small in volume, usually in the order of pL or nL. Secondly, the design of the winding channel intensified the disturbance of the components in the droplet, thirdly, the selected solvent has good volatility. Figure 4 exhibits the whole process of the Janus particle formation. The droplets were formed at the flow focusing structure under the action of shear force. With solvent evaporating, the droplets shrunk and the concentrated contents started to separate from each other to minimize the Gibbs free energy (Min et al., 2016). When the droplet size decreased, the internal components of the droplet were stratified. This phenomenon was caused by the difference of affinity between polymer and lipid. With the solvent volatilizing, the two components in the droplet were gradually exposed to the water phase, and they had different solubility in the water phase, thus forming different solidification regions. In the final form of the Janus droplet, the interface between polymer and lipid was clear. What is more, the following off-chip quick-freezing and stirring were necessary to maintain the regular shape of the lipid compartments and to minimize the solvent residual.
[image: Figure 4]FIGURE 4 | Microscopic images of the phase separation process of droplets (A) The initially formed droplet (B) The droplet size decreased with size decreased with solvent volatilization (C) The formation of the Janus particles. Scale bars represent 100 µm in all images.
Degradation of the Lipid and Polymer Compartments
The lipid we selected would experience phase transition from solid to liquid under human body temperature. Therefore, we simulated the degradation process of particles at body temperature (37°C). Phase transition from solid to liquid of the lipid hemisphere is shown in Figure 5. The particles were heated at 37°C for 60 s, the lipid hemisphere began to melt and deform (Figure 5A). After incubation for 120 s, the lipid fraction was completely melted and adhered around the polymer hemisphere. However, from the aspect of appearance, the polymer hemisphere did not degrade. For the polymer hemisphere was able to dissolve in acid environment, we subsequently adjusted the environmental pH to 4, and observed that the remaining polymer dissolved completely (Figure 5B). On the contrary, when the pH was adjusted to 4, the appearance of lipid did not change significantly at room temperature (Figure 5C, Supplementary Video S1). After complete dissolution of the polymer, the left particles were heated to 37°C and maintained for a period of time, and the lipid then melted (Figure 5D, Supplementary Video S2).
[image: Figure 5]FIGURE 5 | Microscopic images of the particles dissolving at different conditions (A) The HCG lipid melted in 37°C, PH 7.4 (B) The p (BMA-co-DAMA-co-MMA) dissolved when the environment pH was adjusted to 4,37°C (C) the p (BMA-co-DAMA-co-MMA) dissolved when the environment pH was 4,25°C (D) the HCG lipid melted when the temperature was raised to 37°C. Scale bars represent 100 µm in all images.
This degradation mode plays an important role in many drugs delivery schemes. For example, in the therapy of some gastric diseases or tumor (Wang et al., 2021), local high-dose administration is a necessity to maintain the efficacy under acidic conditions. The release mode triggered by physiological temperature and environmental pH does not need the usage of photo-thermal materials. What is more, the whole preparation process of the particles is simple and fast. For all the materials we used are safe and non-toxic, which can be excreted from the body fluid circulation after administration. Due to the small mass and volume of particles, the effect of lipid on cardiovascular and cerebrovascular system can be ignored (Pardridge, 2012). Moreover, the dosage of drug carrier can be reduced by reasonably increasing the drug loading, so as to reduce the possible impact of drug carrier on human body. Although the lipid selected in our research has a low melting point, it can remain solid at normal room temperature. After being made into drug loaded particles, it can also be stored at a lower temperature. The time required for complete melting is enough to complete the delivery of particles to the therapeutic target by injection. Because the pH of tumor or some organs of the body is different from that of the surrounding (Ramsay and Carr, 2011), targeted drug delivery can be achieved in this mode.
Control of Particle Phase Ratio
Firstly, we explored the Janus particles and droplets formed by different proportions of lipid and polymer. Figure 6 shows the structure diagram and micrographs of droplets and particles with different compositions. When the particles were dispersed in water, they tended to be vertically arranged due to the low density of lipid, thus some of the particles in some photos do not show biphasic morphology. After phase separation, the proportion of two phases in the droplet was basically the same as that in the dispersed phase solution, and the particles could also maintain the present proportion of the two phases. Single phase polymer or lipid particles can be obtained by volatilization of solvent in droplets containing a single material. These particles also have high uniformity. Multiphase laminar flow can achieve the same goal, the volume ratio of different phases in the droplet is usually controlled by adjusting the flow rate ratio of different phases in laminar flow (Gao and Chen, 2008). However, it is difficult to accurately control the volume ratio of two phases and the mass ratio of two phases in solidified particles. Moreover, when the velocity difference between two phases is large, the phase with low velocity may not flow into the channel and form multiphase laminar flow with the other phase. In the method proposed here, the phase separation based preparation method does not need the formation of laminar flow. Only by fixing the component ratio of the solution, the volume ratio of the two phases in a droplet and a particle can be accurately controlled without adjusting the flow rate. Flexible control of phase ratio of Janus particles is quite essential when used as drug carriers and therapeutic factors. For example, when this kind of particle is used as a drug carrier, the phase ratio can be adjusted according to the actual application to regulate the release amount at different release stages or the loading ratio of two drugs.
[image: Figure 6]FIGURE 6 | Schematic diagrams and microscopic images of droplets and particles with different phase ration. Scale bars represent 100 µm in all images.
Structure Control
In addition to the phase ratio, the effect of other factors on the morphology of Janus particles were also explored. In fact, the final morphology of the droplet is determined by the interfacial tension between different phases, and the wettability between different phases is reflected by the spreading coefficient (Si) (Sun et al., 2019). Under our experimental conditions, when the concentration of Span 80 is 0.5% (v/v), the Janus (dumbbell) shape formed. As is well accepted that surfactant is pivotal to regulate the interfacial tension, we further investigated the role of Span 80 in this system. The concentration of Span 80 affected the degree of particle separation, as is shown in Figure 7. When the concentration of Span 80 was varied from 0 to 0.5% (v/v), the lipid and polymer hemispheres became apart from each other gradually. But when we increased the concentration to 2% (v/v), the law was broken. Janus particles were no longer formed. Lipids and polymers had no independent solidification areas. Instead, a whole droplet was wrapped with many small particles. With the evaporation of the solvent, the particles became unstable and broke up spontaneously. This phenomenon may attribute to the fact that high concentration of Span 80 surfactant led to tardy separation of the two phases, as well as a low interfacial tension between the organic phase and the aqueous phase, which resulted in an increased Si of the aqueous phase and therefore completely separated lipid and polymer.
[image: Figure 7]FIGURE 7 | Schematic diagrams and microscopic images of droplets and particles with different Span 80 concentration Scale bars represent 100 µm in all images.
EM 90 was also tested as the surfactant in the organic phase, when 0.5% (v/v) EM 90 was applied, the particles turned into an eccentrically encapsulated core-shell structure with the lipid compartment as an inner core (Figure 8A). Solvent also has a significant impact on the particle morphology. When we used DCM as the solvent for dispersed phase, most of the lipid formed a complete sphere and gathered in the center of the polymer shell (Figure 8B). SDS was employed as an aqueous anionic surfactant, and increasing of the concentration of SDS in the aqueous phase to 1 wt.% would allow for the total separation of two compartments, for a higher SDS concentration led to restraint of the interfacial tension between the aqueous phase and the polymer/lipid phase, the Si of the aqueous phase turned to be more positive, leading to complete dewetting of the organic phases (Figure 8C). And the size and shape of particles may be further broadened by optimizing the experimental conditions.
[image: Figure 8]FIGURE 8 | Schematic diagrams and microscopic images of droplets and particles prepared with EM90 as surfactant (A), DCM as solvent (B) and increased SDS concentration (C). Scale bars represent 100 µm in all images.
Exploration of Fatty Alcohol-and Fatty Acid-Based Phase Change Materials
In order to further broaden the application scenarios of Janus particles, we tested more phase change materials to combine with the polymer. The phase change material is a kind of thermosensitive material which can transform into a liquid phase when heated to melting points (Choi et al., 2010). And some fatty alcohols and fatty acids are typical phase change materials. Here, 1-tetradecanol (melting range 38 and 39°C), 1-hexadecanol (melting range 47–49°C) and lauric acid (melting point 49°C) were selected to serve as the temperature sensitive hemisphere in Janus particles. In the case of an elevated body temperature due to fever, inflammation, some other diseases or during thermal-therapies, the lipid compartments would melt and rapidly release the loaded drugs (Hyun et al., 2014). We adopted the same experimental conditions except for changing the phase change materials. The results showed that the 1-tetradecanol (Figure 9) and 1-hexadecanol (Figure 10) exhibited similar Janus (dumbbell) structure with the HCG lipid. The interface of the two phases is clear, where the dark rough hemisphere is polymer, and the white smooth hemisphere is lipid. The degradation of lipid and polymer hemispheres were further investigated, we heated the particles to 39 and 49°C, respectively. The lipid phase melted at the corresponding melting point, while the polymer phase did not show a significant change. Then we adjusted the environment pH of the particles to 4, Similarly, the polymer degraded rapidly and the entire hemisphere collapsed.
[image: Figure 9]FIGURE 9 | Microscopic images of droplets (A), particles (B) composed of 1-tetradecanol and p (BMA-co-DAMA-co-MMA) (C) 1-tetradecanol region melted at 39°C (D) The p (BMA-co-DAMA-co-MMA) degraded in pH 4 environment Scale bars represent 100 µm in all images.
[image: Figure 10]FIGURE 10 | Microscopic images of droplets (A), particles (B) composed 1-hexadecanol and p (BMA-co-DAMA-co-MMA) (C) 1-hexadecanol region melted at 49°C (D) The p (BMA-co-DAMA-co-MMA) degraded in pH 4 environment Scale bars represent 100 µm in all images.
However, different from the previous results, Janus particles made from lauric acid and polymer formed core-shell structure (Figure 11). When we heated the particle dispersing solution to 49°C, the particle surface did not appear any change, but when we adjusted the pH to 4, the particle shell degraded, thus we could infer that the outer layer was the p (BMA-co-DAMA-co-MMA) and the inner layer was the lauric acid. After the outer polymer was completely dissolved, we raised the temperature to 49°C, and the inner layer melted instantaneously. This result confirmed our hypothesis. The exploration of fatty alcohols and fatty acids has expanded the scope of materials that can be introduced to fabricate Janus particles in a microfluidic device, and has also increased more possibilities for further application.
[image: Figure 11]FIGURE 11 | Microscopic images of droplets (A), particles (B) composed of lauric acid and p (BMA-co-DAMA-co-MMA) (C) Lauric acid region melted at 49°C (D) The p (BMA-co-DAMA-co-MMA) degraded in pH 4 environment Scale bars represent 100 µm in all images.
Preliminary Study on Multicompartment Microparticle Generation by Phase Separation
In recent years, the fabrication of double-phasic particle by phase separation method has been gradually improved, but study on multicompartment particle fabrication by this method is rare. Based on the previous study of biphasic Janus particles, we tried to construct multicompartment particles to enrich the function of particles. We applied a third polymer, PLGA, due to its well acknowledged capability in providing sustained drug release. Some studies have indicated that PLGA took 35 days to completely degrade in phosphate buffered saline in vitro (Ding and Zhu, 2018). Therefore, the addition of PLGA in the whole system can achieve sustained release, temperature triggered release and pH triggered release with a same particle. The size of the newly formed droplets containing three components was 150 μm (long diameter), larger than that of the Janus droplets, and the structure of the triple droplets is shown in Figure 12A. As the solvent volatilized, the components in the droplet were gradually exposed to the water phase and because of their different solubility, different solidification regions formed, and then gradually formed multicompartment particles. In the newly formed particles, lipid located on one side, and the core-shell structure formed by the two polymers was on the other side (Figure 12B). When the phase separation process was complete, a final structure with three compartments linking together was observed (Figure 12C). This structure may be desired in programmed drug release, coding, self-assembly, and so on. And a series of triple structure may be fabricated through interfacial tension regulation in the future work.
[image: Figure 12]FIGURE 12 | Microscopic images and the schematic diagrams of multicompartment droplets (A), particles (B, C). Scale bars represent 100 µm in all images.
DISCUSSION
Firstly, we prepared polymer-lipid Janus microparticles based on phase separation of micro-droplets. The microparticles have dumbbell like structure and clear two-phase interface. The lipid hemisphere made from HCG lipid can degrade at physiological temperature, while the polymer hemisphere made from p (BMA-co-DAMA-co-MMA) can degrade in acidic environment, which can meet the demand of drug release at a target site, such as tumor tissue. Moreover, the particles prepared in microfluidic system have high homogeneity and tunability of size and morphology, which makes it easier to achieve effective control of drug release when the particles are used as drug carriers. 1-tetradecanol, 1-hexadecanol and lauric acid were employed to mix with the polymer to produce Janus particles, with an aim to adjust the trigger temperature for degradation of the lipid hemispheres. The development of multicompartment structure by phase separation was also explored. PLGA was added on the basis of HCG lipid and p (BMA-co-DAMA-co-MMA) to achieve sustained drug release property. The triple particles possessed a linear structure with three compartments.
The microfluidic preparation method established in this work is simple and mild, and has universality in a variety of polymer and lipid materials, which provides a path for the preparation of functional heterologous Janus particles. In addition, due to the unique structure of Janus particles, different drugs or other cargoes can be simultaneously loaded in the particles. According to the practical or personalized demands, various types of drug loading particles can be prepared by regulating the particle structure to form a controlled release system with different combinations of synergistic drugs. Compared with using polymers to manufacture Janus particles, the most significant innovation of this work is that phase change materials (1-tetradecanol, 1-hexadecanol and lauric acid) were introduced to phase separation systems, which had different physical and chemical properties from polymers. Integration of polymer and phase change materials had given rise to one Janus particle with different degradation properties. And the two materials were sensitive to different stimuli, enabling triggered degradation of each compartment. The future work can be devoted to the achievement of more advanced phase separation systems and more complex structures, so as to realize programed degradation and drug release in many scenarios (Figure 13).
[image: Figure 13]FIGURE 13 | Schematic diagrams of the function of the Janus particles.
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To more precisely control the degradation rate of poly(trimethylene carbonate) (PTMC), self-blending films were prepared via the ternary self-blending of pure PTMC with a molecular weight of 334, 152, and 57 kg/mol. The in vitro enzymolysis degradation of the ternary self-blending films was performed in lipase solutions. The results showed that ternary self-blending could control the degradation of PTMC by adjusting the mass ratio of high/medium/low molecular weight PTMC in the composition, and the PTMC334/PTMC152/PTMC57 films with a mass ratio of 1/4/16 showed mass loss of 85.96% after seven weeks of degradation, while that of PTMC334/PTMC152/PTMC57 films with a mass ratio of 1/1/1 was 96.39%. The former and latter’s degradation rate constant was 13.263 and 23.981%/w, respectively, and the former presented better morphology stability than the latter. The strategy of ternary self-blending could simultaneously bestow PTMC with a lower degradation rate and good morphology stability, indicating that ternary self-blending is an efficient way to control the degradation performance of PTMC more precisely.
Keywords: poly(trimethylene carbonate), ternary self-blending, In vitro enzymatic degradation, lipase, degradation rate, form-stability
INTRODUCTION
Biomaterials play a critical role in tissue engineering and drug delivery systems (Woodruff and Hutmacher, 2010; Danhier et al., 2012; Raquez et al., 2013). As one of the essential biomaterials, poly(trimethylene carbonate) (PTMC) has also fascinated the extensive attention of researchers given its excellent biocompatibility and well biodegradation behavior, showing great potential applications in biomedical fields (Li et al., 2020; Mohajeri et al., 2020). Owing to its advantage of no acidic degradation products, PTMC is particularly suitable as a carrier for biodegradable contraceptive implants (Yang et al., 2012; Yang et al., 2013). However, the incompatibility between the morphology stability and degradation rate of PTMC hinders its application in biodegradable long-term contraceptive implants. Specifically, PTMC of low molecular weight presents a slower degradation rate while it deforms easily at room temperature (Zhang et al., 2006), usually causing an explosive release, which is undesirable in the implant systems. The increase in molecular weight can strengthen the morphology stability of PTMC, which also could result in a faster degradation rate (Yang et al., 2015a), leading to a failure in the achievement of long-term applications. Hence, it is necessary to simultaneously endow PTMC with a lower degradation rate and good morphology stability, making it the most promising carrier for biodegradable long-term contraceptive implants.
Significant efforts have been devoted to this aim. Copolymerization is one of the most efficient strategies to improve polymer properties. It has been reported that poly(ε-caprolactone) (PCL) has a slow degradation rate and good mechanical properties in vivo due to its semicrystalline nature. Therefore, it will reduce the degradation rate and heighten the morphology stability of PTMC when introducing PCL segments into the structure of PTMC (Yang et al., 2014a). Similar observations also have been found for the copolymers of trimethylene carbonate (TMC) and 5,5-dimethyl-trimethylene carbonate (DTC) (Hou et al., 2019; Hou et al., 2020). In addition, cross-linking could form a three-dimensional network structure between cross-linking points, which has been demonstrated as an effective strategy to improve the morphology stability and decrease the degradation rate of PTMC (Yang et al., 2014b; Yang et al., 2016; Hou et al., 2017).
Although the strategies mentioned above could tailor the degradation rate and morphology stability, they also influence the comprehensive properties of PTMC. For instance, an undesired late inflammatory response might be evoked by the crystalline fragments formed during the degradation of PTMC copolymers (Bos et al., 1991). Hence, it is necessary to develop a more effective and appropriate method to tailor the degradation rate and morphology stability of PTMC. Blending is another common strategy to improve the performance of polymers (Han et al., 2010; Joy et al., 2020), and the more significant advantage of self-blending is that it does not introduce other components while improving polymer properties, totally remaining the performance advantages of polymer without adverse effects. In our previous work, binary self-blending of PTMC was performed with high molecular weight PTMC and low molecular weight PTMC. The results of in vitro enzymatic degradation showed that the degradation rate and morphology stability of the binary self-blending films could be regulated d by the mass ratio of high molecular weight PTMC to low molecular weight PTMC (Hou et al., 2021), indicating that binary self-blending is an efficient strategy to handle the degradation properties of PTMC.
Ternary self-blending was performed to the high/medium/low molecular weight PTMC in this study to obtain the ternary self-blending films. The in vitro enzymatic degradation of the obtained ternary self-blending films was performed in lipase solutions to investigate the role of ternary self-blending in the degradation rate and morphology stability of PTMC, with the aim of more precisely controlling the degradation behaviors of PTMC to meet the requirements of being a carrier for the biodegradable long-term contraceptive implants.
EXPERIMENTAL SECTION
Materials
TMC monomer was purchased from Daigang Biomaterial Co., Ltd. (Jinan, Shandong, China), recrystallized twice with ethyl acetate before use, and dried under vacuum at 37°C to remove the solvent. Sn(Oct)2 (95%) and lipase solutions (from Thermomyces lanuginosus, ≥100,000 U/g) were purchased from Sigma-Aldrich and used as received without any treatment. All other solvents and reagents were of analytical grade and used as provided except where noted.
Methods
Synthesis of PTMC
PTMC of different molecular weights were prepared as described previously (Yang et al., 2015a). The bulk ring-opening polymerization (ROP) of TMC was carried out in a heat-sealed glass tube under a high vacuum at 130 ± 2°C for 24 h using Sn(Oct)2 as a catalyst. After polymerization, all simple polymers were removed from the glass tube and dissolved in chloroform, precipitated and purified in cold methanol, and dried at 37°C under vacuum. The synthesized homopolymer and TMC monomer conversion were characterized from 1H NMR spectra obtained in CDCl3 on a Bruker ARX 300 (Bruker, Zurich, Switzerland) using tetramethylsilane (TMS) as an internal standard. Number-average (Mn) and polydispersity indices (PDI) of PTMC homopolymers were determined by GPC (Waters, Milford, MA, United States), and the sample was eluted at 35°C with THF at a rate of 1 ml/min. Values are calculated using polystyrene as a standard.
Preparation of PTMC Films and the Ternary Self-Blending Films
PTMC films and the ternary self-blending films were fabricated by solvent casting. In short, PTMC homopolymers of different molecular weights were dissolved separately in chloroform or self-blended according to the preset mass ratios in chloroform and then were transferred to Teflon® dishes. After vacuum drying to constant weight, the films were obtained using a puncher. The thermal properties of the homopolymer and self-blending films were evaluated using Netzsch DSC 200 F3 (Netzsch, Selb, Germany). The test temperature was −100–100°C, with a 10°C/min heating rate under a nitrogen flow.
In Vitro Enzymatic Degradation Study
The enzymolysis degradation of PTMC films and the ternary self-blending films (10 mm diameter; approximately 2 mm thickness) was performed in lipase (from Thermomyces lanuginosus, ≥100,000 U/g). The films were put into glass tubes containing 500 μL lipase solutions and conditioned at 37°C with gentle shaking for 8 h per day. The degradation medium was refreshed twice a week. Two parallel samples were removed at one-week intervals, washed with distilled water, and blotted dry. Subsequently, the related measurements were carried out after drying the films to constant weight under vacuum. The mass loss of the samples was obtained according to the following equations:
[image: image]
wi represents the initial weight of the sample before degradation, and wd represents the dry weight of the piece after degradation.
The microscopic morphologies of film surface were analyzed by SEM (HITACHI SU8010, Chiyoda-ku, Tokyo, Japan) after sputter coating the samples with gold using an ion sputtering apparatus. The pH of the degradation medium was measured using a Toledo-Mettler InLabMicro™ pH meter with a microelectrode (Toledo-Mettler, Zurich, Switzerland).
RESULTS AND DISCUSSION
PTMC Synthesis
As shown in Table 1, PTMC homopolymers of different molecular weights and broad polydispersity indices were prepared by ROP of TMC in this study, and the high/medium/low molecular weight was 334, 152, and 57 kg/mol, respectively. 1H NMR test results indicated nearly complete monomer conversion during polymerization.
TABLE 1 | The characteristics of PTMC homopolymers.
[image: Table 1]Preparation of PTMC Films and the Ternary Self-Blending Films
PTMC films and the ternary self-blending films were fabricated by solvent casting. After drying, the obtained PTMC films were transparent, which was led by the amorphous nature of PTMC, as shown by the DSC curve without melting peak. The glass transition temperature (Tg) increased from −17.8 to −14.4°C as the molecular weight raised from 57 to 334 kDa (Table 2). The ternary self-blending films were also amorphous and transparent, and the Tg values were in the range of −16.0∼−16.8°C and decreased slightly as the mass ratio of low molecular weight PTMC increased in the composition. The low Tg value makes the ternary self-blending films flexible at physiological temperature and more suitable for subcutaneous tissues.
TABLE 2 | Preparation of PTMC films and the ternary self-blending films.
[image: Table 2]In Vitro Enzymatic Degradation
Enzymes such as lipase are capable of degrading polycarbonate polymers. In this study, the degradation behaviors of the ternary self-blending films were investigated in lipase solutions (from Thermomyces lanuginosus, ≥100,000 U/g), with high/medium/low molecular weight PTMC films as a straightforward comparison. Figure 1 shows the changes in mass loss of the ternary self-blending films and PTMC films with degradation time.
[image: Figure 1]FIGURE 1 | The mass loss of PTMC films and the ternary self-blending films as a function of degradation time.
As shown in Figure 1, the mass loss of the ternary self-blending films and PTMC films presented an excellent linear relationship with the degradation time. The high molecular weight PTMC334 films gave the fastest degradation with a mass loss of 97.95% after four weeks of degradation, and the medium molecular weight PTMC152 films showed relatively slower degradation than PTMC334 films and lost their initial mass of 85.36% after four weeks of degradation. The low molecular weight PTMC57 films degraded slowest, displaying a mass loss of 26.46% in eight weeks. Obviously, the higher the molecular weight, the more significant degradation of PTMC films. The result was in coincidence with that of our previous work (Yang et al., 2015a). As for the ternary self-blending films, the mass loss was related to the mass ratio of high/medium/low molecular weight PTMC in the composition. The PTMC334/PTMC152/PTMC57 films with a mass ratio of 1/1/1 showed a mass loss of 96.39% after four weeks of degradation, while those with a mass ratio of 1/4/16 displayed much slower degradation with a mass loss of 85.96% after seven weeks of degradation (Figure 1).
The degradation rate constant k was calculated from the slope of the linear fitting curve of mass loss (Yang et al., 2015b). The k values of PTMC films and the ternary self-blending films were listed in Table 3, as the mass fraction of high molecular weight PTMC334 raised in the composition from 4.76 and 33.3 to 100%, the k value increased obviously from 13.263 and 23.981 to 26.085%/w, respectively, for the PTMC334/PTMC152/PTMC57 films with a mass ratio of 1/4/16, 1/1/1, and 1/0/0, while the k value significantly decreased from 23.981 and 13.263 to 3.664%/w (Table 3) as the proportion of low molecular weight PTMC57 in the ternary self-blending films increased from 33.3 and 76.19 to 100% for the PTMC334/PTMC152/PTMC57 films with a mass ratio of 1/1/1, 1/4/16, and 0/0/1. The degradation rate constant k of the ternary self-blending films enlarged obviously with the fraction increase of high molecular weight PTMC334 and reduced with that of low molecular weight PTMC57 in the composition, confirming again that the molecular weight has an important impact on the degradation rate of PTMC. The results showed that the degradation rate of PTMC could be controlled by ternary self-blending via the regulation of the composition. In our previous work (Hou et al., 2021), the binary self-blending films were prepared using high molecular weight PTMC334 and low molecular weight PTMC57, and the PTMC334/PTMC57 self-blending films with a mass ratio of 1/1 showed a k value of 19.4645%/w, which was similar to that of PTMC152 films (k = 20.052%/w) in this study. Interestingly, the k value of PTMC334/PTMC152/PTMC57 films with a mass ratio of 1/1/1 was increased to 23.981%/w after introducing PTMC152 into the PTMC334/PTMC57 binary self-blending films. Furthermore, the k value of PTMC334/PTMC57 self-blending films with a mass ratio of 1/16 was 5.219%/w (Hou et al., 2021), which significantly increased to 13.263%/w for PTMC334/PTMC152/PTMC57 films with a mass ratio of 1/4/16. It was attributed to the decrease in the content of low molecular weight PTMC57 in the composition caused by the introduction of PTMC152 into the PTMC334/PTMC57 self-blending films because the molecular weight plays a vital role in the degradation of PTMC; the lower the molecular weight, the much slower the degradation of PTMC (Yang et al., 2015a). The results indicated that the degradation rate of PTMC films could be tailored more precisely via ternary self-blending as compared with binary self-blending.
TABLE 3 | The degradation rate constant k of PTMC films and the ternary self-blending films.
[image: Table 3]In addition to the controllable degradation rate, good morphology stability is also a desired property for PTMC to be applied as the carrier of biodegradable implants. The macroscopic morphology of PTMC films and the ternary self-blending films with degradation time was recorded to observe the morphology stability during degradation, displayed in Figure 2. As shown in Figure 2, the film of low molecular weight PTMC57 had poor morphology stability and changed the initial shape to spherical at week 1, while the PTMC152 film could retain its initial appearance in two weeks and became irregular after four weeks of degradation. High molecular weight PTMC334 film presented better morphology stability, and it can still maintain the film shape after three weeks of degradation, although there were visible holes on the surface. The higher the molecular weight, the much better the morphology stability. As for the ternary self-blending films, the PTMC334/PTMC152/PTMC57 films with a mass ratio of 1/4/16 showed better morphology stability than those with a mass ratio of 1/1/1, which remained the initial shape with no deformation last for four weeks and could keep the film-like form after six weeks of degradation. The morphology stability and degradation rate results indicated that ternary self-blending of high/medium/low molecular weight PTMC could make PTMC have a slower degradation rate and better morphology stability simultaneously during the degradation periods. More specifically, the degradation cycle of the PTMC334/PTMC152/PTMC57 films with a mass ratio of 1/4/16 was long enough, and it could retain good morphology stability during the degradation process, making it a promising candidate for long-term implants in vivo.
[image: Figure 2]FIGURE 2 | The macroscopic observation of the PTMC films PTMC films and ternary self-blending films at different times in 37°C lipase.
It has been reported that the enzymes can play a role as a surfactant to disperse the degradation products into the surrounding media (Yang et al., 2015a). The surface of PTMC samples would be changed accordingly with holes and pits during the degradation periods. Figure 3 shows the morphology changes of PTMC films and the ternary self-blending films before and after degradation in lipase solutions. As a representative, the surface morphology changes of PTMC334/PTMC152/PTMC57 films with a mass ratio of 1/4/16 were described in detail. The film surface was flat and smooth before the degradation, and it became rough with cracks as the degradation occurred after one week, and then small holes and pits emerged on the sample surface after three weeks of degradation, indicating the loss of degradation products. As the degradation prolonged to week 5, the erosion became prominent, and the sample surface became much rough, as noted in the number increase of holes. The results indicated that more degradation products were dispersed to the medium with the aid of lipase.
[image: Figure 3]FIGURE 3 | The surface morphology of PTMC films and the ternary self-blending films after degradation in lipase solutions.
Figure 3 also shows the surface morphology of the PTMC films and the ternary self-blending films with different compositions after three weeks of degradation. The surface morphology changed with the design of the resulting films. After three weeks of degradation, more prominent and bottomless pits were observed on the surface of PTMC334 and PTMC334/PTMC152/PTMC57 films with a mass ratio of 1/1/1, indicating that more severe degradation occurred. The size of pits on the surface of PTMC152 and PTMC334/PTMC152/PTMC57 films with a mass ratio of 1/4/16 became much smaller, resulting in minor roughness. The PTMC57 presented a relatively smooth surface with cracks rather than pits or holes. The SEM results were coincidental with that of mass loss.
It has been reported that PTMC does not produce acidic products during degradation (Yang et al., 2015a). For the ternary self-blending films, the degradation products also should be nonacidic due to their polycarbonate structure. In Figure 4, the pH of the lipase solution as a function of the degradation time was displayed. As expected, no acidification was observed when the degradation of ternary self-blending films occurred, powerfully demonstrating that the ternary self-blending films degraded without acidic products. It is beneficial to eliminate the inflammatory evoked by the acidic degradation products (Zhu et al., 1991; Karp et al., 2003; Sachlos et al., 2003). In addition, the accelerated degradation caused by the autocatalysis (Bergsma et al., 1995) will not occur during the degradation of the ternary self-blending films, promoting the more widespread application of the ternary self-blending films in the biomedical fields.
[image: Figure 4]FIGURE 4 | The pH of lipase solutions of PTMC films and the ternary self-blending films during enzymatic degradation.
CONCLUSION
In this study, PTMC with high/medium/low molecular weight of 334, 152, and 57 kg/mol, respectively, was prepared, and ternary self-blending of high/medium/low molecular weight PTMC was performed to obtain the self-blending PTMC films. The in vitro enzymatic degradation behavior of the ternary self-blending films was carried out in lipase solutions compared to that of the pure high/medium/low molecular weight PTMC films to investigate the effect of ternary self-blending on the degradation behaviors of PTMC. The results showed that the ternary self-blending films presented glass transition temperature lower than physiological temperature, making them more suitable for application in vivo. The results of mass loss and degradation rate constant indicated that ternary self-blending could lower the degradation rate of high molecular weight PTMC and enhance that of low molecular weight PTMC. The composition also influenced the degradation of the ternary self-blending films. The higher the content of the low molecular weight PTMC in the composition, the lower the degradation rate of the ternary self-blending films, as shown by the results of degradation rate constant and SEM. The PTMC334/PTMC152/PTMC57 film with a mass ratio of 1/4/16 showed a lower degradation rate constant of 13.263%/w, which also displayed better morphology stability to make the initial shape last for six weeks, with no acidic degradation products formed during degradation periods. The results indicated that ternary self-blending of high/medium/low molecular weight PTMC could more precisely control the in vitro enzymatic degradation of PTMC to meet the requirement as carriers for the biodegradable long-term contraceptive implants.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
GC and ZH performed the experiments, GC collected and analyzed the data and wrote the initial draft; LY and QY conceived and designed the experiments; WS and PL reviewed and edited the draft; JG performed the tests.
FUNDING
This work was supported by the National Key Research & Development Program of China (2016YFC1000902), the National Natural Science Foundation of China (No. 81872125), the Liaoning Revitalization Talents Program (XLYC1807142), the Department of Science & Technology of Liaoning Province (2018225079), the Educational Department of Liaoning Province (ZF2019040), the Shenyang Science and Technology Bureau (RC190426), and the Outstanding Scientific Fund of Shengjing Hospital (No. 201704).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article or claim that may be made by its manufacturer is not guaranteed or endorsed by the publisher.
REFERENCES
 Bergsma, J., De Bruijn, W. C., Rozema, F. R., Bos, R. R., and Boering, G. (1995). Late Degradation Tissue Response to Poly(?-Lactide) Bone Plates and Screws. Biomaterials 16 (1), 25–31. doi:10.1016/0142-9612(95)91092-d
 Bos, R. R. M., Rozema, F. B., Boering, G., Nijenhius, A. J., Pennings, A. J., Verwey, A. B., et al. (1991). Degradation of and Tissue Reaction to Biodegradable poly(L-Lactide) for Use as Internal Fixation of Fractures: A Study in Rats. Biomaterials 12 (1), 32–36. doi:10.1016/0142-9612(91)90128-w
 Danhier, F., Ansorena, E., Silva, J. M., Coco, R., Le Breton, A., and Préat, V. (2012). PLGA-Based Nanoparticles: An Overview of Biomedical Applications. J. controlled release 161 (2), 505–522. doi:10.1016/j.jconrel.2012.01.043
 Han, J., Branford-White, C. J., and Zhu, L.-M. (2010). Preparation of Poly(ε-Caprolactone)/poly(trimethylene Carbonate) Blend Nanofibers by Electrospinning. Carbohydr. Polym. 79 (1), 214–218. doi:10.1016/j.carbpol.2009.07.052
 Hou, Z., Hu, J., Li, J., Zhang, W., Li, M., Guo, J., et al. (2017). The In Vitro Enzymatic Degradation of Cross-Linked Poly(trimethylene Carbonate) Networks. Polymers 9 (11), 605. doi:10.3390/polym9110605
 Hou, Z., Zhang, W., Guo, J., Chen, Z., Hu, J., and Yang, L. (2019). The In Vitro Enzymatic Degradation of Poly(trimethylene Carbonate-Co-2, 2′-dimethyltrimethylene Carbonate). Eur. Polym. J. 112, 51–59. doi:10.1016/j.eurpolymj.2018.12.027
 Hou, Z., Li, P., Guo, J., Wang, J., Hu, J., and Yang, L. (2020). The Effect of Molecular Weight on thermal Properties and Degradation Behavior of Copolymers Based on TMC and DTC. Polym. Degrad. Stab. 175, 109128. doi:10.1016/j.polymdegradstab.2020.109128
 Hou, Z., Chen, S., Li, Z., Chen, Z., Hu, J., Guo, J., et al. (2021). Controllable Degradation of Poly (Trimethylene Carbonate) via Self-Blending with Different Molecular Weights. Polym. Degrad. Stab. 189, 109596. doi:10.1016/j.polymdegradstab.2021.109596
 Joy, J., Aid-Launais, R., Pereira, J., Pavon-Djavid, G., Ray, A. R., Letourneur, D., et al. (2020). Gelatin-Polytrimethylene Carbonate Blend Based Electrospun Tubular Construct as a Potential Vascular Biomaterial. Mater. Sci. Eng. C 106, 110178. doi:10.1016/j.msec.2019.110178
 Karp, J. M., Shoichet, M. S., and Davies, J. E. (2003). Bone Formation on Two-Dimensional poly(DL-Lactide-Co-Glycolide) (PLGA) Films and Three-Dimensional PLGA Tissue Engineering Scaffoldsin Vitro. J. Biomed. Mater. Res. 64A (2), 388–396. doi:10.1002/jbm.a.10420
 Li, X., Chen, H., Xie, S., Wang, N., Wu, S., Duan, Y., et al. (2020). Fabrication of Photo-Crosslinkable Poly(Trimethylene Carbonate)/Polycaprolactone Nanofibrous Scaffolds for Tendon Regeneration. Int. J. Nanomedicine 15, 6373–6383. doi:10.2147/IJN.S246966
 Mohajeri, S., Chen, F., de Prinse, M., Phung, T., Burke-Kleinman, J., Maurice, D. H., et al. (2020). Liquid Degradable Poly(trimethylene-Carbonate-Co-5-Hydroxy-Trimethylene Carbonate): An Injectable Drug Delivery Vehicle for Acid-Sensitive Drugs. Mol. Pharmaceutics 17 (4), 1363–1376. doi:10.1021/acs.molpharmaceut.0c00064
 Raquez, J. M., Habibi, Y., Murariu, M., and Dubois, P. (2013). Polylactide (PLA)-Based Nanocomposites. Prog. Polym. Sci. 38 (10-11), 1504–1542. doi:10.1016/j.progpolymsci.2013.05.014
 Sachlos, E., Czernuszka, J. T., and Czernuszka, J. (2003). Making Tissue Engineering Scaffolds Work. Review: The Application of Solid Freeform Fabrication Technology to the Production of Tissue Engineering Scaffolds. Eur. Cel Mater 5 (1), 29–40. doi:10.22203/ecm.v005a03
 Woodruff, M. A., and Hutmacher, D. W. (2010). The Return of a Forgotten Polymer-Polycaprolactone in the 21st century. Prog. Polym. Sci. 35 (10), 1217–1256. doi:10.1016/j.progpolymsci.2010.04.002
 Yang, L.-Q., Yang, D., Guan, Y.-M., Li, J.-X., and Li, M. (2012). Random Copolymers Based on Trimethylene Carbonate and ε-Caprolactone for Implant Applications: Synthesis and Properties. J. Appl. Polym. Sci. 124 (5), 3714–3720. doi:10.1002/app.35355
 Yang, L.-Q., He, B., Meng, S., Zhang, J.-Z., Li, M., Guo, J., et al. (2013). Biodegradable Cross-Linked Poly(trimethylene Carbonate) Networks for Implant Applications: Synthesis and Properties. Polymer 54 (11), 2668–2675. doi:10.1016/j.polymer.2013.03.059
 Yang, L., Li, J., Meng, S., Jin, Y., Zhang, J., Li, M., et al. (2014). The In Vitro and In Vivo Degradation Behavior of Poly (Trimethylene Carbonate-Co-ε-Caprolactone) Implants. Polymer 55 (20), 5111–5124. doi:10.1016/j.polymer.2014.08.027
 Yang, L., Li, J., Jin, Y., Zhang, J., Li, M., and Gu, Z. (2014). Highly Efficient Cross-Linking of Poly(trimethylene Carbonate) via Bis(trimethylene Carbonate) or Bis(ε-Caprolactone). Polymer 55 (26), 6686–6695. doi:10.1016/j.polymer.2014.10.072
 Yang, L., Li, J., Zhang, W., Jin, Y., Zhang, J., Liu, Y., et al. (2015). The Degradation of Poly(trimethylene Carbonate) Implants: The Role of Molecular Weight and Enzymes. Polym. Degrad. Stab. 122, 77–87. doi:10.1016/j.polymdegradstab.2015.10.016
 Yang, L., Li, J., Jin, Y., Li, M., and Gu, Z. (2015). In Vitro enzymatic Degradation of the Cross-Linked Poly(ε-Caprolactone) Implants. Polym. Degrad. Stab. 112, 10–19. doi:10.1016/j.polymdegradstab.2014.12.008
 Yang, L., Li, J., Li, M., and Gu, Z. (2016). The In Vitro and In Vivo Degradation of Cross-Linked Poly(trimethylene Carbonate)-Based Networks. Polymers 8 (4), 151. doi:10.3390/polym8040151
 Zhang, Z., Kuijer, R., Bulstra, S. K., Grijpma, D. W., and Feijen, J. (2006). The In Vivo and In Vitro Degradation Behavior of Poly(trimethylene Carbonate). Biomaterials 27 (9), 1741–1748. doi:10.1016/j.biomaterials.2005.09.017
 Zhu, K. J., Hendren, R. W., Jensen, K., and Pitt, C. G. (1991). Synthesis, Properties, and Biodegradation of Poly(1,3-Trimethylene Carbonate). Macromolecules 24 (8), 1736–1740. doi:10.1021/ma00008a008
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Cai, Hou, Li, Sun, Guo, Yang and Yang. 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.
		MINI REVIEW
published: 19 October 2021
doi: 10.3389/fbioe.2021.763804


[image: image2]
Cyanophycin Modifications—Widening the Application Potential
Natalia Kwiatos* and Alexander Steinbüchel
International Center for Research on Innovative Biobased Materials (ICRI-BioM)—International Research Agenda, Lodz University of Technology, Lodz, Poland
Edited by:
Liqun Yang, China Medical University, China
Reviewed by:
Li Li, Guangdong Medical University, China
Stephan Klähn, Helmholtz Centre for Environmental Research (UFZ), Germany
* Correspondence: Natalia Kwiatos, natalia.kwiatos@p.lodz.pl
Specialty section: This article was submitted to Biomaterials, a section of the journal Frontiers in Bioengineering and Biotechnology
Received: 24 August 2021
Accepted: 05 October 2021
Published: 19 October 2021
Citation: Kwiatos N and Steinbüchel A (2021) Cyanophycin Modifications—Widening the Application Potential. Front. Bioeng. Biotechnol. 9:763804. doi: 10.3389/fbioe.2021.763804

A circular bioeconomy approach is essential to slowing down the fearsome ongoing climate change. Replacing polymers derived from fossil fuels with biodegradable biobased polymers is one crucial part of this strategy. Cyanophycin is a polymer consisting of amino acids produced by cyanobacteria with many potential applications. It consists mainly of aspartic acid and arginine, however, its composition may be changed at the production stage depending on the conditions of the polymerization reaction, as well as the characteristics of the enzyme cyanophycin synthetase, which is the key enzyme of catalysis. Cyanophycin synthetases from many sources were expressed heterologously in bacteria, yeast and plants aiming at high yields of the polymer or at introducing different amino acids into the structure. Furthermore, cyanophycin can be modified at the post-production level by chemical and enzymatic methods. In addition, cyanophycin can be combined with other compounds to yield hybrid materials. Although cyanophycin is an attractive polymer for industry, its usage as a sole material remains so far limited. Finding new variants of cyanophycin may bring this polymer closer to real-world applications. This short review summarizes all modifications of cyanophycin and its variants that have been reported within the literature until now, additionally addressing their potential applications.
Keywords: cyanophycin, multi-L-arginyl-poly-l-aspartate, polyaminoacid, biopolymer, chemical and enzymatic modifications
INTRODUCTION
Cyanophycin, also referred to as cyanophycin granule polypeptide or multi-L-arginyl-poly-l-aspartate, is a non-ribosomally synthesized amino acid polymer found in cyanobacteria and some heterotrophic bacteria. It serves microorganisms as a temporary storage compound primarily for nitrogen, but also for energy and carbon (Merritt et al., 1994; Li et al., 2001; Frommeyer et al., 2016). It is composed of aspartic acid in the backbone and arginine residues as the side chains (Figure 1 Figure 1A). Typically, these amino acids are present in equimolar amounts. Cyanophycin is synthesized by the enzyme cyanophycin synthetase (CphA), which requires a primer, Mg2+, K+, ATP and two amino acids for its catalytic action (Simon, 1976). CphA uses a short peptide as a primer and then extends it to produce cyanophycin (Berg et al., 2000; Sharon et al., 2021). The α-carboxylic group of aspartic acid in the backbone is activated by phosphorylation, whereby ATP is converted to ADP. Then, the next aspartic acid is bound by peptide bond to the C-terminus of the backbone. Next, the γ-carboxylic acid is activated by phosphorylation and arginine is attached at this position by an isopeptide bond (Forchhammer and Watzer, 2016; Frommeyer et al., 2016; Du et al., 2019).
[image: Figure 1]FIGURE 1 | Cyanophycin and its modifications. (A) The basic structure of cyanophycin–aspartic acid in the backbone and arginine in the side chain; the next drawings present cyanophycin with aspartic acid in the backbone and different side chains: (B) lysine, (C) citrulline, (D) canavanine, (E) ornithine, (F) homoarginine, (G) glutamic acid. (H) glutamic acid in the backbone and arginine in the side chain. The drawings I-K presents the structures of the products of the reactions of cyanophycin with (H) cyanates, (I) acetic anhydride (J) formaldehyde.
Cyanophycin occurs mainly as an insoluble inclusion in the cytoplasm, but is also soluble under certain conditions. Cyanophycin is a polydisperse polymer with molecular masses between 25 and 100 kDa (Frommeyer et al., 2016; Du et al., 2019). The molecular mass range for insoluble cyanophycin is approximately between 20 and 25 kDa, while for soluble cyanophycin this value lies between 8 and 20 kDa. Regular cyanophycin is regarded as insoluble at pH values between 6 and 8, and its solubility decreases with increasing molar mass. Detailed studies revealed that soluble cyanophycin fractions possess a higher lysine to arginine ratio relative to the insoluble form (Khlystov et al., 2017). The 3D structure of cyanophycin is not known, however, circular dichroism studies showed that under acidic conditions it exhibited a defined secondary structure containing β-sheets (Simon et al., 1980). Cyanophycin possesses negatively charged α-hydroxyl groups and positively charged arginine and lysine side chains, therefore, it is a zwitterion. Cyanophycin binds with other cyanophycin chains by charged interactions and hydrogen bonds. In addition, intra-chain interactions also occur.
Purified soluble cyanophycin is a white amorphous powder, while the purified insoluble fraction is a mixture of white and brownish solids. The reason for the occurrence of the brownish solids is unknown. Its mechanical properties are similar to other unplasticized polypeptides–it is rigid and brittle. According to previous studies (Khlystov et al., 2017) its Young’s modulus is 560 MPa, while the ultimate compressive strength is around 78 MPa and strain-at-break is 17 ± 4%. Cyanophycin is thermally stable up to 200°C, being pyrolyzed at > 700 C (Khlystov et al., 2017).
ε-Poly-l-lysine and γ-poly-glutamic acid are other examples of non-ribosomally synthesized polymers consisting of amino acids. They are examples of well-studied polymers, showing more than 3,000 hits for “poly-lysine” and more than 4,000 hits for “poly-glutamic acid” in a Web of Science search, compared to only 320 hits for “cyanophycin”. All have great potential for use in many diverse areas–environmental pollution treatments, food preservation and multiple medical applications (Chen et al., 2021; Nair et al., 2021).
Climate change is a fact (Heesterman, 2020). The European Commission prepared a strategy to slow down the destruction of the Earth (European Comission, 2020), stressing the adoption of a “less waste, more value” policy. Replacing polymers derived from fossil fuels with biodegradable biobased polymers is a crucial part of this strategy. Cyanophycin is a biobased polymer with a great potential for applications in many areas (Frommeyer et al., 2016), including in medicine (Uddin et al., 2020) and food technology (Sallam and Steinbüchel, 2010). Despite the fact that cyanophycin’s features do not allow this polymer to be used as a sole material, as for example polyhydroxyalkanoate (PHA), its biodegradability and environmentally friendly production encourages studies on widening its applicability. The availability of novel analogues of cyanophycin enables the determination of their features which may lead to the fulfillment of an industrial niche or the replacement of an existing but unsatisfactory solution. For instance, the modification of cyanophycin side chains with an alternative amino acid may not only yield novel polymers but may also lead to the production of dipeptides which could find other applications than aspartate-arginine (Sallam and Steinbüchel, 2010).
Cyanophycin Production in Various Microorganisms and Plants
Cyanophycin serves as a storage compound for nitrogen and carbon in cyanobacteria (Li et al., 2001; Du et al., 2019). The first literature data on cyanophycin was published in 1971, describing the isolation and characterization of cyanophycin from Anabaena cylindrica, a nitrogen-fixing cyanobacterium (Simon, 1971). This was followed by the discovery of cyanophycin in many other cyanobacteria, such as Nostoc ellipsosporum, Scytonema, Synechococcus and Synechocystis and also in other microorganisms, for example Acinetobacteria and Bordetella species (Frommeyer et al., 2016; Du et al., 2019). The occurrence of cyanophycin in many microorganisms is discussed in a recent detailed review (Du et al., 2019).
Cyanobacteria are not suitable for the large scale production of cyanophycin because the growth of photosynthetic bacteria is slow and only low cell densities are obtained (Du et al., 2019). In addition, the photoautotrophic growth of cyanobacteria is only possible in photobioreactors. Thus heterologous expression of cyanophycin synthetase genes (cphA) in heterotrophic microorganisms was widely studied. The main sources of the genes were: Synechocystis sp. PCC6803 (cphA6803) (Frey et al., 2002), Synechocystis sp. PCC6308 (cphA6308) (Aboulmagd et al., 2001), and Anabaena sp. PCC7120 (cphA7120) (Voss et al., 2004a). Cyanophycin was heterologously produced for the first time in E. coli using cphA from Synechocystis sp. PCC6803. The genes were amplified from genomic DNA using PCR techniques and cloned into the pBluescript II SK + plasmid and transformed to E. coli strain DH5A. The yield of insoluble cyanophycin was around 100 mg/L (Ziegler et al., 1998).
Cyanophycin production at the 4.5 L scale was done with codon-optimized cphA gene using E. coli BL21 (DE3), obtaining 970 ± 80 mg/L cyanophycin (Khlystov et al., 2017). Large scale production was performed in a 500 L stirred-tank bioreactor. For this purpose cphA from Synechocystis sp. strain PCC6803 was expressed in E. coli DH1 on the pMa vector. The yield of cyanophycin biosynthesis achieved was 1.5 g/L (Frey et al., 2002). Cyanophycin synthetase from Synechocystis sp. strain PCC6308 was expressed in E. coli yielding a maximum cyanophycin content of 26.6% (w/w) of cell dry mass (Aboulmagd et al., 2000). In further studies, an addiction system was used to secure plasmid stability and applied to a recombinant E. coli HMS174(DE3) strain. This paid off with a cyanophycin content of 42% (w/w) (Kroll et al., 2011).
Other microorganisms have also been used for production of cyanophycin, for example Ralstonia eutropha and Pseudomonas putida, which are well established for PHA production (Voss et al., 2004b; Raberg et al., 2018). P. putida GPp104, P. putida KT2440, R. eutropha H16, R. eutropha PHB−4 carrying the Anabaena sp. strain PCC7120 cyanophycin synthetase were tested and the highest cyanophycin yield was obtained with P. putida KT2440 (Voss et al., 2004b). Interestingly, R. euthropha H16 possess in its genome genes homologous to cyanophycin synthetase. However, no cyanophycin was detected when these genes from R. euthropha H16 were both overexpressed in its natural host or heterologously expressed in E. coli (Adames et al., 2013).
Corynebacterium glutamicum is a bacterium that is used for the biotechnological production of various amino acids (Wendisch et al., 2016; Xiao et al., 2020). Therefore, it was investigated for the production of cyanophycin, however, with little success (2–3.6% of dry mass) (Aboulmagd et al., 2001). In addition the downstream process to isolate the polymer was difficult due to the rigidity of the cell walls (Aboulmagd et al., 2001). Other strains of C. gutamicum as well as various expression vectors and cyanophycin synthetases were later evaluated for this purpose with more success, resulting in cellular cyanophycin contents of approximately 14% of the dry mass (Wiefel et al., 2019b).
Yeast expression systems were also applied for cyanophycin synthesis. A particularly interesting idea was to use Saccharomyces cerevisiae to produce ethanol and cyanophycin simultaneously (Mooibroek et al., 2007; Könst et al., 2010). However, the yield of cyanophycin in S. cerevisiae was low in comparison to the E. coli system, amounting to only about 7% of the cellular dry mass (Steinle et al., 2008). Cyanophycin contents of up to 10.4% (wt/wt) were obtained when CphA6308 was expressed in Pichia pastoris. Truncation at the carboxy terminus led to a 2.5-fold higher specific activity of cyanophycin synthetase and 14.3% cyanophycin at the maximum (Steinle et al., 2010). Glutamic acid at the C-terminus of CphA6308 forms the M domain of the enzyme and its truncation probably led to conformational changes of the region thus causing the increase in activity.
In addition to microorganisms, transgenic plants were also constructed for cyanophycin production using agriculture. Two cultivars of Nicotiana tabacum carrying the Thermosynecchococcus elongatus BP-1 cyanophycin synthetase were used for this purpose yielding up to 9.4% dry weight cyanophycin (Nausch et al., 2016). Potato (Solanum tuberosum) is an alternative plant cyanophycin producer, however, the production yields were lower than that for tobacco cultivars, only amounting up to 7.5% dry weight (Schmidt et al., 2017). Although the yields are lower than for bacterial systems, it is arguable that plants are more suitable for the large scale production of cyanophycin due to their easier scalability and lower cost of cultivation (Nausch et al., 2015, 2016).
CYANOPHYCIN MODIFICATIONS
The availability of novel structures of cyanophycin enables the determination of their features, which may lead to the fulfillment of an industrial niche or the replacement of an existing but unsatisfactory material. There are two principal strategies to change the composition of cyanophycin and to obtain new variants of this polymer. One strategy relies on the biological system and on the cultivation conditions used to grow the cyanophycin producing organism. This in vivo approach yields cyanophycin with a different composition which is then accumulated in the producing cells. The second strategy begins from cyanophycin which was produced in vivo, but is then isolated from the cells and subjected to post-synthetic modification by enzymes and/or chemicals.
Changing Cyanophycin Composition in vivo
Cyanophycin from cyanobacteria is composed of nearly equimolar compositions of aspartic acid and arginine. Aspartic acid residues form the backbone of the polymer, while arginine residues are attached by their amino groups to the carboxyl group of each aspartate (Frommeyer et al., 2016; Du et al., 2019) (Figure 1A). However, the side chain of cyanophycin can be varied depending on the strain used for production and the conditions of cultivation, and most importantly, utilizing the low substrate specificity of most cyanophycin synthetases. For example, the purified CphAMA19 was able to introduce canavanine instead of arginine in the side chain (Hai et al., 2002), while CphA29413 incorporates a wider range of amino acids–lysine, ornithine, or citrulline (Berg et al., 2000; Du et al., 2019) (Figures 1A–E).
Lysine is an amino acid abundant in microbial cells and is more closely positioned on the metabolic map to the central metabolic pathways than arginine. It is therefore frequently added to cyanophycin chains at low concentrations in many microorganisms capable of synthesizing cyanophycin (Khlystov et al., 2017) (Figure 1B). C. glutamicum incorporates lysine into insoluble cyanophycin at around 5 mol%, while lysine is abundant in soluble cyanophycin, amounting to almost 50 mol%. The lysine content in cyanophycin influences its solubility. If its content is less than 4 mol%, cyanophycin does not become soluble even at 90 C, while cyanophycin with lysine contents above 31 mol% is soluble at 30 C (Wiefel and Steinbüchel, 2014). Amine groups on the lysine side chains form less hydrogen bonds than guanidine groups on arginine. In addition, lysine has a lower molecular weight than arginine, hence cyanophycin with an enhanced lysine content is more soluble (Khlystov et al., 2017).
Arginine can be replaced by glutamic acid in the side chain (Figure 1G) (Merritt et al., 1994; Wördemann et al., 2021). When Synechocystis sp. PCC 6308 was cultivated under nitrogen limiting conditions, no arginine was detected in cyanophycin, and instead glutamic acid was identified. The glutamic acid content decreased with increasing nitrogen supply (Merritt et al., 1994).
C. glutamicum developed for the production of target amino acids is able to incorporate lysine, citrulline ornithine and cadaverine into the side chain of cyanophycin, in particular while expressing the mutated CphA6308. The highest ornithine content was almost 12 mol%; the highest citrulline content was about 3 mol% (Wördemann et al., 2021) (Figure 1A–E). Interestingly, C. glutamicum can also incorporate glutamic acid in the backbone of the polymer (Figure 1H) (Wiefel et al., 2019b).
A Pseudomonas putida strain is able to form citrulline from arginine (Kakimoto et al., 1971) and was used for production of cyanophycin with a modified content. The recombinant strain was able to produce cyanophycin with about 8% citrulline when the CphA6308 cyanophycin synthetase was expressed. (Wiefel et al., 2011) (Figure 1C). Engineered S. cerevisiae strains expressing cyanobacterial CphA were able to accumulate cyanophycins with up to 20 mol% of citrulline (strain with deleted argininosuccinate synthetase), 8 mol% of ornithine (Figure 1E) (strain with ornithine carbamoyl transferase deleted) and 16 mol% of Lys (with argininosuccinate lyase deleted) (Steinle et al., 2009).
In vitro Modifications of Cyanophycin
Beside in vivo variations of cyanophycin, the composition can also be varied in vitro. The composition of cyanophycin can be changed after its biosynthesis and subsequent isolation from the producing cells. For these post-synthetic modifications both enzymatic and chemical methods can be applied. Both strategies yield novel cyanophycin variants and thereby extend the number of available forms of cyanophycin.
Enzymatic Modifications
Enzymatic modifications of cyanophycin is a viable strategy to obtain new cyanophycin variants. The first modifications that should be mentioned is the use of cyanophycinases. These enzymes degrade the polymer and yield dipeptides. Cyanophycine derived dipeptides–mainly aspartate-arginine and aspartate-lysine–are highly bioavailable forms of amino acids. They have potentials for medical, nutrition or cosmetics applications (Sallam and Steinbüchel, 2010). Cyanophycinases are intracellular (CphB) or extracellular (CphE) enzymes. A bioinformatic analysis of bacterial strains revealed enzymes responsible for cyanophycin metabolism (Füser and Steinbüchel, 2007). Intracellular cyanophycinases occur in any bacterium accumulating cyanophycin in order to make the storage compound available to the cells again; extracellular cyanophycinases have also been found in various species including Clostridium, Nitrosomonas, Nostoc, Pseudomonas, Ralstonia, Synechococcus and others. These bacteria are able to use cyanophycin produced by other organisms if it is released from the decaying biomass (e.g., after a cyanobacteria blooming). A biotechnological process for the production of dipeptides using CphE from Pseudomonas alcaligenes has been developed (Sallam et al., 2009).
Arginine side chains of cyanophycin were treated with arginine deiminase (EC 3.5.3.15) from the European rabbit Oryctolagus cuniculus (Wiefel and Steinbüchel, 2016). This enzyme catalyzed reactions in which the imine group of arginine is converted to a ketone group. In nature this reaction occurs as a post-translational modification of peptide-bound arginine to citrulline (Figure 1C). The study demonstrated the possibility to modify the polymer enzymatically after its synthesis and to convert its side chain into citrulline.
Chemical Modifications
As mentioned above, cyanophycin can be hydrolyzed enzymatically by cyanophycinase. Chemical hydrolysis of this polymer was also studied, however, it requires much harsher conditions than its enzymatic counterpart. Acid hydrolysis yielded l-aspartic acid and l-arginine, while base hydrolysis allowed the release of l-arginine while polyaspartic acid is retained (Joentgen et al., 1998; Könst, 2011).
Lysine-rich cyanophycin produced in recombinant E. coli was subjected to treatment with o-methylisourea which yielded the guanidination of lysine residues that were converted to homoarginine (Figure 1F). The resulting polymer showed a similar solubility profile as insoluble cyanophycin and was soluble only at low or high pH. Such polymer can be degraded by CphE, yielding new dipeptides like aspartate-homoarginine (Frommeyer et al., 2014). Furthermore, it was proposed to introduce sulfur into lysine or arginine side chains, as it opens a path for further polymer modifications (Wiefel et al., 2019a). The reactions were conducted with methyl isocyanate and resulted in 50% conversion of lysine and 3% of arginine (Figure 1I). However, the yield of the reaction was much higher with dipeptides as substrates (72 and 96% respectively). N-acetylarginine and N-acetyllysine residues were obtained on the side chain of cyanophycin when the polymer was treated with acetic anhydride (Wiefel et al., 2019a) (Figure 1J). Cyanophycin was treated with formaldehyde to obtain a methylated version of the polymer (yielding a conversion of 84% for lysine and 15% for arginine residues) (Figure 1K). These modifications are expected to find applications in drug discovery research.
Cyanophycin as a Component of Hybrid Materials
Cyanophycin is too brittle to be used alone as an individual material, as is also the case for other biobased polymers such as PHA or poly (lactic acid) (Boey et al., 2021). However, it could be applied as a component of copolymers due to its zwitterionic features, or conjugated with other polymers (Khlystov et al., 2017).
Cyanophycin was also investigated for use in biomedical applications. Insoluble cyanophycin was dissolved with HCl and cross-linked with glutaraldehyde. In these experiments thin films of a nearly smooth surface were obtained. The thickness of the film was proportional to the amount of cyanophycin. Prior to the cross-linking the cyanophycin films were brittle and fragile, while after cross-linking the films exhibited a structure of stacking lamellae, and were transparent and yellowish (Tseng et al., 2016).
Soluble cyanophycin was tested for toxicity to Chinese Hamster ovary cells. Minimal immune response was caused, no toxicity was observed, and, moreover, the cyanophycin films supplied adequate conditions for cell growth. Thus cyanophycin has the potential to serve as biocompatible and biodegradable material for biomedicinal applications (Tseng et al., 2016). Following these findings, cyanophycin was conjugated with polyethylene glycol (PEG) (Tseng et al., 2018). Two levels of conjugation were obtained: one with a low and one with a high level of PEG. The materials were prepared by reacting the aldehyde group of the activated PEG and the amine group of lysine in cyanophycin in the presence of sodium cyanoborohydride. The authors were investigating the thermoresponse of cyanophycin and its conjugates, aiming at unravelling its potential in drug delivery. The conjugate with a high PEG level proved to be a promising material for the temperature-regulated release of drugs.
In further research, cyanophycin was combined with two different polyanionic biopolymers, hyaluronic acid (HA) and γ-polyglutamic acid (PG), yielding polyelectrolyte multilayers. These were prepared by sequential adsorption of polyelectrolytes following the dip coat approach (Uddin et al., 2020). Both cyanophycin-PG and cyanophycin-HA films enabled growth, viability and enhanced cellular mobility when murine fibroblast cells were cultivated on them. Such features may be useful for tissue engineering.
CONCLUSIONS AND PERSPECTIVES
To date, the major applications of cyanophycin have yet to be established. However, its modification widens its possible applications and opens new perspectives (Figure 2). Khlystov et al., 2017 thoroughly characterized material properties of cyanophycin and suggested its usefulness as part of copolymers–cyanophycin could contribute to the final material with its strength. For example, cyanophycin could be used to toughen resins. Moreover, Tseng et al., 2016 showed that cross-linking cyanophycin led to decrease of brittleness, hence, this technique may also widen the applicability of cyanophycin.
[image: Figure 2]FIGURE 2 | Flow chart presenting the cyanophycin life cycle. From microbial production, through chemical or enzymatic modifications to valuable applications.
The selective hydrolysis of cyanophycin can result in its conversion to polyaspartic acid, which can be used for the production of detergents, dishwasher soaps, as well as in biomedical applications (Du et al., 2019; Adelnia et al., 2021). Enzymatic degradation of cyanophycin leads to the formation of various dipeptides, mainly Asp-Arg or Asp-Lys. It could in the future also yield other dipeptides if the corresponding polymers are available in sufficient amounts. Dipeptides are bioavailable sources of amino acids. l-aspartic acid, l-arginine and l-lysine are used in numerous specimens for the treatment or prevention of various conditions, such as endocrine, cardiovascular or genitourinary disorders. The treatment of patients with both arginine and aspartate were reported to help to lower cholesterol levels, enhance wound healing, decrease erectile disfunction, and other beneficial results. Arginine and lysine are important in human and animal nutrition as their presence is correlated to cardiovascular functioning and the release of growth hormone (Sallam and Steinbüchel, 2010).
Cyanophycin can be included in the design of drugs and tissue engineering, as was recently demonstrated (Tseng et al., 2018; Uddin et al., 2020). Chemical and enzymatic modifications of cyanophycin allow the introduction of new functional groups into the polymer, thus expanding the area of possible applications (Wiefel et al., 2019a).
Another interesting proposed application focused on the concept of a cyanophycin biorefinery. Engineered S. cerevisiae would produce ethanol and cyanophycin simultaneously, subsequently the cyanophycin would be enzymatically or chemically hydrolyzed and converted to value-added chemicals. Cyanophycin hydrolysis yields arginine and aspartic acid. Using l-arginase (EC 3.5.3.1) the arginine of cyanophycin could first be converted to l-ornithine, and then l-ornithine could be a substrate for the production of other chemicals, for example nylon. This activity of l-arginase was shown only with free arginine (Könst et al., 2010). Similarly, aspartic acid could be converted to industrially important chemicals. For example, l-Aspartate α-decarboxylase (EC 4.1.1.11) catalyzes the reaction of aspartic acid with β-alanine, which could be further converted to acrylamide or acetonitrile (Könst, 2011).
The material properties of modified cyanophycin are not known. Most of the aforementioned modified polymers were not obtained in quantities large enough to perform full characterization. With enhanced yields of the modification reactions, sufficient amounts of products can be synthesized and tested. Consequently, new attractive applications may be found.
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Gelatin methacryloyl (GelMA) hydrogels have aroused considerable interests in the field of tissue engineering due to tunable physical properties and cell response parameters. A number of works have studied the impact of GelMA concentration, photo-initiator concentration, methacrylic anhydride (MA) concentration, cooling rate and temperature gradient on GelMA hydrogel generation, but little attention has been paid to the effect of the freezing temperatures and freezing time of GelMA prepolymer solution during preparation. In this study, GelMA hydrogels were synthesized with different freezing temperatures and time. It was found that the lower freezing temperatures and longer freezing time caused smaller pore sizes that realized higher cell viability and proliferation of MC3T3-E1 cells. The results showed that tunable microstructure of GelMA could be achieved by regulating the freezing conditions of GelMA, which provided a broad prospect for the applications of GelMA hydrogels in tissue engineering.
Keywords: GelMA, freezing temperature, freezing time, morphology, cell proliferation
INTRODUCTION
In recent years, many studies have focused on gelatin methacryloyl (GelMA) hydrogels, owing to the tunable physicochemical properties and good biocompatibility of the hydrogel (Yue et al., 2015; Sun et al., 2018; Basara et al., 2019; Liu et al., 2020; Elkhoury et al., 2021). GelMA hydrogel is a kind of photopolymer which is produced by the introduction of photosensitive groups on the side chains of gelatin (Lee et al., 2015a; Li et al., 2016; Sun et al., 2018). Solid GelMA hydrogel with good thermal stability can be obtained by photocrosslinking of GelMA prepolymer solution (Zhao et al., 2016; Kirsch et al., 2020). GelMA hydrogels possess arginine-glycine-aspartic acid (RGD) peptide sequences and matrix metalloproteinase (MMP) sequences, which favor cell adhesion and remodeling (Yue et al., 2015; Sun et al., 2018; Basara et al., 2019). Moreover, the porosities of GelMA hydrogels play an important role in the transport of oxygen and nutrients required by cells (Van Vlierberghe et al., 2007). Also, it has been demonstrated that the GelMA hydrogels at a relatively low concentration (i.e., ≤5% w/v) was more conducive for cell growth (Yin et al., 2018; Basara et al., 2019), but low concentration would lead to low compression modulus (Celikkin et al., 2018). Therefore, it is important to find a balance between supporting cell growth and possessing adequate mechanical properties since GelMA hydrogels have been widely used in tissue engineering (Zhang et al., 2018; Zheng et al., 2018; Wang et al., 2019). However, it is still a challenge to produce GelMA hydrogel scaffolds with proper pore sizes and mechanical properties for various tissue engineering applications (Celikkin et al., 2018; Zhang et al., 2018; Zheng et al., 2018; Gao et al., 2019; Wang et al., 2019).
One way to control the pore sizes of GelMA hydrogels is to adjust the concentration of GelMA or photo-initiator. For instance, Lee et al. (Lee et al., 2015b) and Celikkin et al. (Celikkin et al., 2018) confirmed that pore sizes would be affected by polymer concentration. Benton et al. (Benton et al., 2009) tuned the porosities, pore sizes and wall thicknesses of GelMA hydrogels indirectly by varying the photo-initiator concentration. Another way to change the pore sizes is to introduce other materials. For example, Wang et al. (Wang et al., 2014) combined GelMA with dextran glycidyl methacrylate (DexMA) to synthesize GelMA–DexMA copolymer hydrogels. They found that the pore sizes of GelMA–DexMA copolymer hydrogels would reduce as the degree of substitution (DS) of DexMA increased. In addition, the concentration of methacrylic anhydride (MA), the cooling rate and the temperature gradient could also affect pore sizes of GelMA hydrogels (Van Vlierberghe et al., 2007). Although the effects of these factors on the pore sizes of GelMA hydrogels have been demonstrated, the effect of the freezing temperatures and freezing time of GelMA prepolymer solution, which may have significant impacts on the pore sizes of the hydrogels, seem to be ignored.
In this study, the freezing temperatures and freezing time of GelMA prepolymer solution were studied and the influences of freezing conditions on pore sizes were evaluated. The effect of distinct pore sizes on swelling properties and mechanical properties was also investigated. Moreover, MC3T3-E1 cells were encapsulated in the GelMA hydrogels to study the cell proliferation.
MATERIALS AND METHODS
Materials
Gelatin (biochemical reagent) and 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2,959, 98%) were purchased from Shanghai Yuanye Biotechnology Co., Ltd. Phosphate buffered saline (PBS, pH = 7.4, without calcium and magnesium) was purchased from Biological Industries. Methacrylic anhydride (MA, 94%) was purchased from Sigma-Aldrich. DME/F-12 1:1 (1X), fetal bovine serum (FBS), penicillin- streptomycin solution and trypsin 0.25% (1X) solution were purchased from Hyclone. 4% tissue cell fixative was purchased from Solarbio.
Synthesis of GelMA Prepolymers
The synthesis of gelatin methacryloyl (GelMA) hydrogel has been reported previously (Van den Bulcke et al., 2000; Chen et al., 2012). Briefly, GelMA prepolymers with different freezing temperatures and time were synthesized as follow: 20 g of gelatin was added into 200 ml of PBS and dissolved by stirring with a magnetic stirrer at 50°C and 240 rpm until completely dissolved. Then, 16 ml of methacrylic anhydride (MA) was added dropwise at 0.2 ml/min by using a micro syringe pump to the dissolved gelatin solution under continuous stirring. The mixed solution was allowed to react for 2 h by stirring at 50°C and 240 rpm using a magnetic stirrer. 50°ml of PBS was preheated to 50°C and then added into the mixed solution. After magnetic stirring for 10 min at 50°C, the reaction solution was placed in dialysis tubing and dialyzed in deionized water by stirring at 40°C and 500 rpm for 10 days to remove salts and unreacted MA. After dialysis, 400 ml of deionized water was added into the dialytic solution, heated to 40°C and stirred for 15 min. Finally, the solution was packed in 5 ml centrifuge tubes, and placed at −20°C, −40°C and −80°C for 2, 7, 12 and 17 days, respectively. Then, these samples were lyophilized for 4 days to obtain GelMA prepolymer (white foam) and stored in a drying dish at room temperature before use. In the end, 12 groups of samples were obtained with detailed freezing information listed in Table 1.
TABLE 1 | The 12 groups of samples with different freezing temperatures and time.
[image: Table 1]Preparation of GelMA Hydrogels
Freeze-dried GelMA prepolymers with different freezing temperatures and time were dissolved in PBS containing 1% (w/v) 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2,959, 98%) as photoinitiator at room temperature and mixed by ultrasound. Then, the prepared solution was transferred to 2 ml centrifuge tube caps and exposed to ultraviolet (UV) light of 365 nm for 5 min. Finally, group 1#, 2#, 3# and 4# were frozen at −20°C, group 5#, 6#, 7# and 8# were frozen at −40°C, group 9#, 10#, 11# and 12# were frozen at −80°C for 6 h, respectively, and then lyophilized overnight to generate lyophilized GelMA hydrogels.
Fourier-Transform Infrared Spectroscopy
Fourier-transform infrared (FTIR) spectra of Freeze-dried GelMA hydrogels were recorded with a FTIR spectrometer (FTIR, Agilent Cary 630, United States). The samples and the KBr powder were mixed, and poured into a tableting mold to be pressed into a sheet. Every measurement includes 128 scans, 4cm−1 resolution and the Y-axis format for transmittance (Rahali et al., 2017).
Scanning Electron Microscope
The surface morphology of lyophilized GelMA hydrogels that had been sprayed with platinum was obtained from a scanning electron microscope (SEM, JSM-IT200, Japan) at 10 kV. The average pore size was analyzed with the SEM images (DursunUsal et al., 2019). No less than 30 pores were selected manually and randomly for each sample (Wang et al., 2018).
Swelling Ratio
Freeze-dried GelMA hydrogels were weighted to obtain the dry weight of GelMA hydrogels, as dryweight (Wd). Then, lyophilized GelMA hydrogels were immersed in PBS at room temperature, and the weight of GelMA hydrogels was measured after swelling for 30 min, 1, 2, 4, 8, 12, 24, and 48 h (the excess PBS on the sample surface was dried with filter paper before weighing), as wetweight (Ws).
The swelling ratio was calculated by the following equation (Rahali et al., 2017; Liu et al., 2019):
[image: image]
Mechanical Properties
The mechanical properties of samples reaching swelling balance were tested using a biomechanical testing machine (Qixiang QX-W100, China). The samples were tested at a speed rate of 1 mm/min at room temperature. The compressive modulus was calculated from the slope of the linear region of the stress-strain curve that corresponds to 0–10% strain.
Cell Culture
2 [image: image] 105 MC3T3-E1 cells were encapsulated in different groups of GelMA (7.5 %) hydrogel-based scaffolds. After 1, and 3 days, the viability of cells was assessed by using AO/PI assay (Acridine Orange and Propidium Iodide, BestBio BB-4126-100 T). At each day after removing media, scaffolds were washed with PBS twice, and the AO and PI (Acridine Orange and Propidium Iodide) were mixed and added to each well and incubated for 20 min. Cell proliferation in different samples were detected using a laser scanning confocal microscope (LSCM, Zeisee LSM880).
Data Analysis
All results in this study were expressed as mean ± standard deviation. Data analysis was carried out by Student’s T test and one-way analysis of variance (ANOVA), and the level of significance was set at p < 0.05.
RESULTS AND DISCUSSION
Component of GelMA Hydrogels
The fourier-transform infrared (FTIR) spectra of the GelMA hydrogels with different freezing temperatures and time are shown in Figure 1. According to the molecular formula (Figure 2) of gelatin and GelMA of the previous paper (Elkhoury et al., 2021) as can be seen from FTIR spectra, the absorption patterns of all samples were similar. The stretching vibration peak of -OH groups was observed at 3,305 cm−1. Owing to the presence of methacryloyl groups in GelMA hydrogels, characteristic peaks of amide were observed. A strong absorption peak emerged at 1,655 cm−1, which was due to the C=O stretching vibration of amide functional groups. The peak at 3,305 cm−1 was also contributed by the N-H stretching vibration, and the peak at 1,535 cm−1 was attributed to the N-H bending vibration. The peak at 2,941 cm−1 was due to the stretching vibration of C-H and the peak at 1,444 cm−1 represented the bending vibration of C-H (Sadeghi and Heidari, 2011; Rahali et al., 2017). Therefore, gelatin had been modified by MA successfully (Sadeghi and Heidari, 2011). According to the FTIR spectra, the chemical structure of GelMA hydrogels was not changed under varying freezing temperatures and time.
[image: Figure 1]FIGURE 1 | The fourier-transform infrared (FTIR) spectra of the GelMA hydrogels with different freezing temperatures and time.
[image: Figure 2]FIGURE 2 | The molecular formula of protein/peptide (gelatin) and MA-modified protein/peptide (GelMA).
Morphology of GelMA Hydrogels
The interconnected pores of scaffolds could enhance cell proliferation by allowing nutrient and oxygen diffusion (Diao et al., 2019). Different pore sizes of porous scaffolds were controlled by different freezing conditions. The surface morphologies of lyophilized GelMA hydrogels with different freezing temperatures (−20°C, −40°C and −80°C) and time (2, 7, 12 and 17 days) are shown in Figure 3. Upon characterization with SEM, the average pore size for each sample was calculated and shown in Figure 4. In fact, some studies have proved that temperature was a key factor to affect the surface morphologies and pore sizes of hydrogels (Kang et al., 1999; Wu et al., 2013).
[image: Figure 3]FIGURE 3 | The SEM of GelMA Hydrogels with different freezing temperatures and time. (Scale bars represent 200 µm in all images).
[image: Figure 4]FIGURE 4 | The pore sizes of GelMA Hydrogels with different freezing temperatures and time.
The effect of the freezing temperatures on the pore sizes of GelMA hydrogels was evident that lower temperatures promote smaller pore sizes (Figures 3, 4). When GelMA hydrogels frozen at different temperatures for the same time, GelMA hydrogels frozen at −80°C exhibited smaller pores than hydrogels prepared at −20°C. The morphology and pore sizes of these GelMA hydrogels can be affected by the conditions of freezing temperatures. As showed in Figure 5, during the freezing process, the solvent phase (deionized water) and the polymer phase (GelMA) were separately enriched to form a polymer network (Nam and Park, 1999). In order to reduce the free energy, the polymer phase underwent phase-to-phase migration to a high concentration region over time until a phase equilibrium was reached. The freezing conditions like freezing temperature have great influence on ice crystal morphology. At higher freezing temperature of GelMA hydrogels, slower freezing rate enhanced the formation of larger ice crystals. And the lower undercooling (difference between the freezing temperature and the actual temperature of the material) and the nucleation rate also resulted the larger pore sizes (Ni et al., 2016). At lower freezing temperature, the freezing rate augmented, and the larger undercooling led to the nucleation rate of ice crystals increased. The nucleation rate was larger than the growth rate of ice crystals, leading to the smaller ice crystals (Thiebaud et al., 2002; Ni et al., 2016). Finally, the pores were formed due to the vacuum sublimation during the process of lyophilization.
[image: Figure 5]FIGURE 5 | Schematic illustration of the crystallization of GelMA hydrogels under different freezing time and temperatures.
So, the pore sizes of the scaffolds reduced as the pre-freezing temperature decreased, which was due to that the ice crystals in the scaffolds became smaller as the temperature decreased.
The pore sizes of GelMA hydrogels are also directly impacted by freezing time. At the same temperature, the lower the freezing time, the higher the pore sizes of GelMA hydrogels. Upon characterization with SEM, the average pore size for each sample was calculated and shown in Figures 3, 4. The average pore sizes of the GelMA hydrogels were 186.64 ± 34.96, 167.18 ± 27.16, 149.47 ± 39.12, and 135.80 ± 37.26 μm freezing at −20°C for 2, 7, 12 and 17 days. In this case, longer freezing time produce smaller pores sizes. Similarly, the pore sizes became smaller with longer freezing time when freezing at −40°C and −80°C. The results showed that the pore sizes of GelMA hydrogels could been controlled by freezing time, except for freezing temperatures.
Swelling Ratio and Mechanical Properties
The swelling properties of GelMA hydrogels depend on the pore sizes, the methacrylation degree, the amount of photoinitiator, and the solvent types (Rahali et al., 2017). It had been demonstrated in this work that the pore sizes of GelMA hydrogels treated in different conditions were different, so, the swelling properties were further studied. The swelling properties of GelMA hydrogels with different freezing temperatures and time are shown in Figure 6. According to Figure 6A, a rapid swelling was observed from 0 to 4 h, and the swelling reached equilibrium swelling after 24 h. The equilibrium swelling ratio in Figure 6B of group 1# - 12# at 24 h were 525.00 ± 13.03%, 514.02 ± 25.14%, 549.04 ± 54.06%, 513.71 ± 54.12%, 505.63 ± 15.75%, 536.27 ± 30.79%, 498.67 ± 37.88%, 525.35 ± 14.69%, 405.08 ± 50.17%, 516.59 ± 55.75%, 510.04 ± 4.59% and 489.06 ± 35.73%, respectively. And there was no significant difference in the equilibrium swelling ratio (p > 0.05). The differences in pore sizes in our samples made little contribution to the swelling properties. Therefore, the swelling properties of the GelMA hydrogels were not affected by changing freezing temperatures and time, which may be related to the degree of crosslinking was the same and the number of hydrophilic groups on the scaffolds unchanged.
[image: Figure 6]FIGURE 6 | (A) The swelling ratio of GelMA hydrogels with different freezing temperatures and time; (B) The equilibrium swelling ratio of GelMA hydrogels with different freezing temperatures and time in swelling 24 h.
The compressive properties of the GelMA hydrogel scaffolds treated under different freezing temperatures and time can be seen in Figure 7. The modulus of GelMA hydrogels increased with the reduction of freezing temperatures and the extension of freezing time, which was closely related to the decreased pore sizes of GelMA hydrogel scaffolds. It has been also reported that the mechanical strength of a porous scaffold depends mainly on its pore sizes, and smaller pores were helpful to enhance the biomechanical strength of engineered constructs (Felfel et al., 2019). During the freeze-drying course, the pore sizes decreased with the lower freezing temperatures and longer freezing time, also resulting in the higher compressive strength.
[image: Figure 7]FIGURE 7 | The moldulus of GelMA hydrogels with different freezing temperatures and time.
Growth of MC3T3-E1 Cells in GelMA Hydrogels
Figure 8 showed the cell viability and proliferation after 1 day and 3 days of cultivation, respectively. Cell viability was determined by green staining for living cells and red for dead cells during culture periods of 1 day and 3 days, and few dead cells were found. The results suggested that GelMA hydrogels could provide a good survival microenvironment for cells due to their ECM-mimetic properties (Monteiro et al., 2020). Consequently, the cell viability of long-term cultures with GelMA hydrogels was assumed to be perfect. As for GelMA hydrogels with larger pore sizes, the cell proliferation rate observed was lower than that observed with the smaller pore sizes. Because of MC3T3-E1 cells could only respond to submicron-scaled pore sizes (Zhang et al., 2017), MC3T3-E1 cells had better cell activity and cell proliferation as the pore sizes of GelMA hydrogels decreased for different freezing time and temperatures. As a result, by controlling the freezing conditions of GelMA hydrogels, the microenvironment suitable for MC3T3 cell was structured. Considering the different cells were suitable for different pore sizes, the tunable pore size hydrogels undoubtedly showed the broad prospect for 3D microenvironment of different types of cells.
[image: Figure 8]FIGURE 8 | LSCM images of live osteoblasts that were cultured with.
GelMA hydrogels with different freezing temperatures and times at 1 day, 3 days (Scale bars represent 100 µm in all images).
CONCLUSION
GelMA hydrogels were synthesized with different freezing temperatures and time in this study, and the component, morphology, swelling ratio, mechanical properties and cell adhesion properties of the hydrogels were studied in detail. The pore sizes of the scaffold reduced as the pre-freezing temperature decreased and the freezing time increased. In addition, smaller pore sizes leading to higher MC3T3-E1cell proliferation rate. These results provided a broad prospect for synthesis of GelMA hydrogels with desired pore sizes as well as the appropriate pore sizes for different cells culture.
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Esophageal stricture commonly occurs in patients that have suffered from endoscopic submucosal dissection (ESD), and it makes swallowing difficult for patients, significantly reducing their life qualities. So far, the prevention strategies applied in clinical practice for post-ESD esophageal stricture usually bring various inevitable complications, which drastically counteract their effectiveness. Nowadays, with the widespread investigation and application of biomedical materials, lots of novel approaches have been devised in terms of the prevention of esophageal stricture. Biomedical polymers and biomedical-derived materials are the most used biomedical materials to prevent esophageal stricture after ESD. Both of biomedical polymers and biomedical-derived materials possess great physicochemical properties such as biocompatibility and biodegradability. Moreover, some biomedical polymers can be used as scaffolds to promote cell growth, and biomedical-derived materials have biological functions similar to natural organisms, so they are important in tissue engineering. In this review, we have summarized the current approaches for preventing esophageal stricture and put emphasis on the discussion of the roles biomedical polymers and biomedical-derived materials acted in esophageal stricture prevention. Meanwhile, we proposed several potential methods that may be highly rational and feasible in esophageal stricture prevention based on other researches associated with biomedical materials. This review is expected to offer a significant inspiration from biomedical materials to explore more effective, safer, and more economical strategies to manage post-ESD esophageal stricture.
Keywords: endoscopic submucosal dissection (ESD), esophageal stricture, tissue engineering, biomedical polymer, biomedical derived materials
INTRODUCTION
Esophageal cancer, a malignant tumor occurring in the esophagus, has the seventh highest incidence and the sixth highest mortality rate worldwide (Sung et al., 2021). Although the overall 5-year survival of malignant esophageal cancer is less than 20% in Asian people, early esophageal cancer patients can obtain good prognosis if merely the mucosal layer or superficial submucosal layer is invaded (Siegel et al., 2017). With the remarkable development of endoscopic technology, endoscopic submucosal dissection (ESD) has been acknowledged as the standard therapy in clinics for early esophageal cancer because of minimally invasive tumor excision for minimizing the risk of deterioration (Shah and Gerdes 2015). The ESD employs high-frequency electrosurgical knife and special equipment under the endoscope to gradually peel off the gastrointestinal lesion from the normal submucosa to achieve complete resection of the lesions, reducing local recurrence and metastasis (Fujishiro et al., 2009; Mochizuki et al., 2012). Meanwhile, ESD shows optimistic results in the evaluation of postoperative efficacy. It is recorded that the en bloc resection rate and complete resection rate of esophageal ESD is 90%–100% and 90%–97.4%, respectively (Takahashi et al., 2010; Nishizawa and Suzuki 2020). In general, ESD is an economical, safe, and reliable method to remove superficial lesions of the digestive tract.
However, there are still some complications that occurred during or after ESD, such as bleeding, perforation, and stricture. Esophageal stricture, which presents as a significant tortuosity of the esophageal lumen and is difficult to pass through by conventional gastroscopy, is a particularly common and serious postoperative complication (Lew and Kochman 2002; Ono et al., 2009), significantly reducing the living quality of patients for its serious consequences such as reflux and inhalation pneumonia. The incidence of post-operative esophageal stricture would reach 90% if patients suffer from mucosal defects over three-quarters of the circumferential of the esophagus (Nishizawa and Suzuki 2020). Unlike other complications such as bleeding and perforation, skilled operation is not able to fundamentally prevent the occurrence of esophageal stricture.
It has been found that esophageal stricture usually occurs within 2–4 weeks after mucosal resection (Mizuta et al., 2009; Ono et al., 2009). Though the specific mechanism of esophageal stricture after ESD has not been completely illuminated, many experiments have indicated that mucosal defect is the initial and most important condition in the process of esophageal stricture (Honda et al., 2010; Pech et al., 2014). Although it has been confirmed that the wound over three-quarters of the esophageal circumference after ESD would cause obvious esophageal stricture (Ono et al., 2009; Chu et al., 2019), the longitudinal length of the esophageal mucosal defect and the depth of the lesions are also reliable risk factors for the occurrence of postoperative stricture (Alvarez Herrero et al., 2011). The esophageal mucosal defect caused by ESD will promote inflammatory response and subsequently enter into the staggered and complicated wound-repairing process (Radu et al., 2004), which can be simply divided into three phases: inflammatory response, epithelial proliferation, and extracellular matrix remodeling (Figure 1) (Broughton et al., 2006). The wound-healing process after endoscopic mucosal resection (EMR) has been observed in an animal experiment conducted by Honda et al. (2010). The inflammation at defect lesions disappeared after 1 week of operation, and then new blood vessels and fibrous tissues proliferated significantly, accompanied by epithelial cells growing and migrating from the edge of the lesions. More than 1 month after EMR, the mucosal defect was gradually covered by squamous epithelium, and the submucosa was replaced by large and dense collagen fibers. Meanwhile, the muscle fibers of the muscularis propria gradually atrophied and eventually became fibrotic, reducing the elasticity and compliance of the esophageal wall. Besides, the massive proliferation of collagen fibers and extensive fibrosis can form scarring tissues, resulting in further esophageal stricture. Therefore, effective prevention methods of esophageal stricture can be approached from the following aspects: inhibiting initial inflammatory response, promoting epithelial regeneration, and inhibiting fibrosis.
[image: Figure 1]FIGURE 1 | Schematic representation of the formation process of esophageal stricture after endoscopic submucosal dissection (ESD) and the endoscopic photographs of esophageal stricture. (A) The schematic diagram of the formation of esophageal stricture. (i) ESD surgery. (ii) Irregular mucosal defect left after surgery. (iii) Acute inflammatory reaction in exposed mucosal wounds. (iv) Massive proliferation of myofibroblasts after inflammation accompanied by angiogenesis in the submucosa. (v) Extensive fibrosis of the esophageal mucosal wound forming a scar. (vi) Scar formation and contracture at the wound result in esophageal stricture. (B) Endoscopic pictures of the esophagus. (i) Normal esophagus. (ii) Esophagus with mucosal layer stripped by ESD. (iii) Stricture-forming esophagus. Reproduced from Chu et al. (2019). Copyright (2019), with permission from Springer Nature.
The main methods currently used in clinics for treating or preventing post-ESD esophageal stricture include balloon dilation, stent dilation, and pharmaceutical prophylaxis. Although these methods are effective to some extent, they also bring certain different extents of complications, which seriously affect the physical and mental health of patients. Thus, it is essential to optimize and explore new methods for the prevention of esophageal stricture. In recent decades, tissue engineering has been considered as the most potential technology for regenerative medicine, in which biomedical materials are employed as scaffold to support cell migration, adhesion, proliferation, and differentiation due to their unique properties including good biocompatibility and biodegradability, stable chemical properties, and mechanical properties matching the tissues. In the application of esophageal stricture prevention after ESD, biomedical materials derived from polymers and natural tissues can be used as tissue engineering scaffold to support mucosal epithelial cell adhesion and proliferation and promote esophageal mucosal repairing.
In this review, we are going to integrate approaches involving biomedical materials that have been reported for the management of esophageal stricture (Figure 2). Furthermore, novel preventive strategies are proposed based on the extensive investigations and applications of biocompatible and biodegradable polymers. These proposed innovations may be reasonable and practicable by inhibiting inflammatory response, promoting epithelial regeneration, or reducing excessive fibrosis on the base of intervention to the formation of esophageal stricture. As an ultimate aim of the review, we hope the comprehensive analysis of these strategies and in-depth thinking will provide a strong reference value for engineering more effective and safe systems to drastically reduce the incidence of esophageal stricture after ESD.
[image: Figure 2]FIGURE 2 | New strategies that have been reported to prevent post-ESD esophageal stricture. Approaches involve biomedical polymers: including polyglycolic acid (PGA)/carboxymethyl cellulose (CMC) sheets, peptide hydrogels, and multifunctional hydrophobized microparticles. Methods covering the biomedical-derived materials incorporating cell sheets, cell suspension, and extracellular matrix (ECM) stents.
CURRENT CLINICAL APPROACHES FOR THE PREVENTION OF POST-ESD ESOPHAGEAL STRICTURE
Up to now, many methods of preventing or treating esophageal stricture have been widely applied in clinical practice, including pharmacological treatments and mechanical manipulation, such as endoscopic dilation and endoscopic stent implantation (Ezoe et al., 2011; Yamaguchi et al., 2011; Machida et al., 2012; Ye et al., 2016). However, these methods bring certain different extents of complications. Endoscopic balloon dilatation (EBD) usually needs to be underwent multiple times to prevent re-stricture and may result in bleeding, perforation, bacteremia, and other complications, which are time-consuming and bring great pain to patients. Endoscopic stents mainly include metal stents and biodegradable stents. Metal stents have a certain preventive effect on stricture after ESD, but they may cause complications such as stent displacement, gastrointestinal bleeding, perforation, and granulation hyperplasia (Bakken et al., 2010). Contrastively, biodegradable stents represented by polylactic acid show good biocompatibility and ideal degradability, while it has poor capacity of self-expansion and weak mechanical strength, accompanied by complicated placement procedure. Saito et al. (2008) reported that the stent would dislocate in 10–21 days with the biodegradation of polylactic acid, while the effectiveness of stents in preventing stricture in such a short period of time is doubtful. Steroids are common anti-inflammatory drugs, and they are widely used in clinical practice to inhibit inflammatory response (Rhen and Cidlowski 2005; Mori et al., 2013). However, the use of systemic steroids is frequently accompanied by adverse reactions such as immunosuppression, osteoporosis, and other hormone-induced diseases. Even local injection of steroids could also bring complications related to puncture operations, such as esophageal perforation, esophageal abscess, mediastinal abscess, pleural effusion, and gastrointestinal bleeding. What is worse, steroids are poorly utilized in local injection (Rajan et al., 2005; Lee et al., 2013).
BIOMEDICAL POLYMERS
Biomedical polymers used for esophageal stricture prevention can be categorized as synthetic polymers and naturally derived polymers according to their material sources. Synthetic polymers are artificially synthesized by chemical or physical means. Naturally derived polymers are made from natural polymers produced by living organisms with appropriate modifications. Naturally derived polymers have better biocompatibility and biodegradability than synthetic polymers.
Synthetic Polymers
Polyglycolic Acid Sheets
Polyglycolic acid (PGA) sheets are biodegradable fabric dressings made of polyglycolic acid. They are biocompatible and can be fully absorbed within 5 months. PGA is the first biomedical synthetic polymer used in clinical medicine, and they have a high degree of crystallinity to make a large tensile elastic modulus as well as excellent mechanical properties (Budak et al., 2020). Therefore, PGA and its derivatives have been employed in medical fields such as drug delivery and dental and orthopedic systems (Takimoto et al., 2014; Sakaguchi et al., 2016; Sharma and Sharma 2018), and PGA sheets, as a form of tissue engineering scaffold, are widely used in gastrointestinal field. In Japan, PGA sheets have been used to promote wound healing after resection of oral tumors (Inokuchi et al., 2017). In the recent decade, PGA sheets (Neoveil; Gunze Co., Kyoto, Japan) are applied in endoscopic technology for the closure of perforations and postoperative homeostasis. Seehawong et al. (2019) used PGA sheets combined with fibrin glue to treat esophageal perforation after ESD (Figure 3A). They found that PGA sheets and fibrin glue facilitated the regeneration of mucosal tissues after ESD in a 74-year-old female, and perforations were all closed by PGA sheets without obvious leakage after 6 days of operation (Figure 3B). After 3 months of ESD, the esophageal ulcer repaired completely without formation of esophageal stricture (Figure 3C). Sakaguchi et al. (2015) conducted a research in which 11 patients received submucosal injection of steroids immediately after esophageal ESD, and then PGA was shielded on the esophageal defect. At last, they found that the incidence of esophageal stricture was reduced without requirement for EBD (Sakaguchi et al., 2015). Chai et al. (2018) found that the combination of PGA and stent dilation could significantly suppress the esophageal stricture compared to using individual stent in 70 patients (incidence was 20.5%:46.9%). To sum up, PGA sheets combined with fibrin glue have been proved to be effective to prevent post-ESD stricture. Though PGA has many advantages in the prevention of esophageal stricture, it is difficult for them to stay at the defect site for a long time. In some circumstances, some patients may be allergic to the degradation products of PGA. Besides, the risk of infection and bleeding during the application still needs to be discussed.
[image: Figure 3]FIGURE 3 | Newly proposed healing dressings based on biocompatible biomedical polymers. (A) Esophageal perforation was completely covered by PGA sheets. (B) The endoscopic image of the esophageal perforation with PGA sheets after 6 days of ESD. (C) The endoscopic image of the esophagus after 3 months of ESD. Reproduced from Seehawong et al. (2019). Copyright (2019), with permission from Springer Nature.
Peptide Hydrogels
Peptide hydrogel is a kind of hydrogel formed by cross-linked polymer chains of polypeptides or polypeptide derivatives (Zhou et al., 2009). It can be classified as chemical cross-linked peptide hydrogel and physical peptide hydrogel according to the formation type (Jonker et al., 2012). Physical peptide hydrogels are made by the intra- and intermolecular self-assembly, which derived from non-covalent interactions, including hydrogen bonding, electrostatic interactions, hydrophobic interactions, and so on (Tsonchev et al., 2004; Paramonov et al., 2006; de Groot et al., 2007; Bowerman et al., 2011; Koutsopoulos 2016). Therefore, physical peptide hydrogels are also considered to be self-assembling peptide hydrogels (SAPHs). Because self-assembling peptide hydrogels are formed gradually from molecules to nanofibers and then to the final network, the preparation process has a strong influence on the structure and properties of SAPHs. The peptide constituent gives SAPHs excellent properties of biocompatibility and biodegradability. Moreover, the preparation of SAPHs does not involve crosslinking reagents or organic solvents virtually, which makes SAPHs one of the promising options for biomedical applications, and SAPHs are injectable owing to the shear thinning property (Bakota et al., 2011; Lian et al., 2016; Zhang et al., 2017; Nguyen et al., 2018; Zhang et al., 2018; Gong et al., 2019). Besides, the structure of SAPHs is similar to the extracellular matrix, so they can be used as a scaffold in cell culture and tissue engineering, indicating a great potential of SAPHs in promoting repair of esophageal defects after ESD (Wan et al., 2016). Therefore, synthetic peptide hydrogels can be a disposal for preventing esophageal stricture in some way. Kumar et al. (2017) purchased a library of synthetic SAPHs from a company. Each hydrogel was different in terms of peptide sequence, stiffness, and overall charge (Kumar et al., 2017). These synthetic SAPHs supported bioactivities and functions of esophageal cells, realizing epithelialization and stratification during in vitro three-dimensional co-culture (Figure 4). In their study, mouse esophageal epithelial cells (mOECs) were seeded on the surface of peptide hydrogels (Figure 4A), while rat esophageal stromal fibroblasts (rOSFs) were incorporated into peptide hydrogels (Figure 4A, B). After a series of experimental evaluations, they found that the behaviors of mOECs such as morphology, proliferation, the formation of epithelial cell layers, and migration activity were influenced by distinctive properties of different hydrogels (Figure 4A–D). Similarly, the stiffness, charge, and mechanical properties of peptide hydrogels also affected responses of rOSFs (Figure 4B–D). The optimal composite hydrogel systems for 3D co-culture were favorable to both cell types and could successfully support the formation of a functional, uninterrupted epithelial sheet within a few days of incubation. However, the study was conducted merely at the cellular level, so the preventive effect and safety of these synthetic SAPHs need to be further studied in in-depth research.
[image: Figure 4]FIGURE 4 | The behaviors of mouse esophageal epithelial cells (mOECs) and rat esophageal stromal fibroblasts (rOSFs) cultured on the surface of peptide hydrogels (A) and embedded within peptide hydrogels (B). [A (i)] Schematic diagram of mOECs cultured on the surface of peptide hydrogels. [A (ii)] The viability and proliferation of mOECs cultured on different peptide hydrogel surfaces for 3 days. [A (iii, iv)] The assessment of metabolic viability of mOECs cultured on the surface of different peptide hydrogels at different time points. [B (i)] Schematic diagram of rOSFs cultured into peptide hydrogels. [B (ii)] The viability and proliferation of rOSFs cultured into different peptide hydrogels. [B (iii)] The distribution of rOSFs within the different peptide hydrogels at the culture time point of 7 and 14 days. Reproduced from Kumar et al. (2017). Copyright (2017), with permission from John Wiley and Sons.
Naturally Derived Polymers
Carboxymethyl Cellulose Sheets
Cellulose is a plant-derived polymer, and it is a renewably abundant resource in nature. Carboxymethyl cellulose (CMC) is obtained by carboxymethylation of cellulose. CMC sheets are biocompatible and biodegradable suture materials composed of modified hyaluronic acid and CMC, and they are harmless to people. Up to now, some clinical studies have demonstrated the effect of CMC sheets in wound healing (Bristow and Montz 2005; Huang et al., 2013). Tang et al. (2018b) covered small CMC sheets on the mucosal defects of the esophagus after ESD in pigs, and they found that the incidence of esophageal stricture in the CMC sheet treatment group was lower than that in the control group (71.4% vs 100%), with better food tolerance in the CMC sheet group (Figure 5). In the study, they delivered a CMC sheet above the mucosal defect by biopsy forceps to cover the defect fully in pigs (Figure 5A). Two weeks later, the pigs were killed, and the esophagus of each pig was excised and cultured to observe and evaluate esophageal stricture. As shown in Figure 5B, after 2 weeks of the implementation of ESD, severe esophageal stricture was seen in the control group, while the esophagus with treatment of CMC only showed slight stenosis. After histological evaluation of the esophagus in the CMC treatment and control groups, it was found that the fibrosis degree in the submucosa of the esophagus in the control group was significantly higher than that in the CMC-treated group (Figure 5C). They suggested that CMC sheets had an anti-fibrosis effect by regulating the expression of transforming growth factor beta (TGF-β1), which is a kind of growth factor associated with fibrosis (Sporn and Roberts 1989). Besides, the mucosal regeneration of the esophagus in the CMC-treated group was better than that in the control group (Figure 5D). Similar to PGA sheets, CMC sheets could play the role of biophysical barriers to protect the wound. The essence of mucopolysaccharides possessed by CMC allows them to adhere to the mucosal defect within minutes after being exposed to moisture. Gago et al. (2003) made a comparative cell experiment and concluded that the ability of CMC sheets to reduce fibrosis probably stems from its function as a physical barrier, though the exact mechanism has not been elucidated. These studies proved that CMC sheets have a certain effect on preventing esophageal stricture with safety after ESD. However, researchers discover that CMC sheets formed barriers for approximately 7 days but no more than 14 days due to their good biodegradability, and the short duration of action of CMC sheets can weaken the fibrosis inhibition effect. Besides, CMC sheets cannot achieve a strong and long adhesion to tissues. Last but not the least, a short-term study may be insufficient for elucidating the mechanism of CMC sheets to suppress the wound fibrosis and evaluating the effect on preventing esophageal stricture. Furthermore, larger samples are necessary and more basic research need to be done to demonstrate the efficacy and mechanism of action of CMC sheets before clinical application.
[image: Figure 5]FIGURE 5 | The application of CMC sheet to prevent esophageal stricture after ESD. (A) The process of delivering CMC sheet to the defect of the esophagus. (B) The comparison of the esophagus between the control group and the CMC group. (C) The comparison of fibrosis thickness (blue double-headed arrow) in the submucosa of the esophagus between the CMC-treated group and the control group. (D) The comparison of regenerated epithelial lengths of the esophagus between the CMC-treated group and the control group (red boxes designate the boundary between the regenerated mucosal layer and original mucosa, and red arrows refer to the edge of the regenerating mucosal epithelium). The esophageal mucosal epithelium regeneration in the CMC group was better than that in control group. Reproduced from Tang et al. (2018b). Copyright (2018), with permission from John Wiley and Sons.
Multifunctional Colloidal Dressing
A multifunctional colloidal dressing was prepared by Nishiguchi et al. (2019) to accelerate wound healing after ESD (Figure 6). The wound dressing was composed of hydrophobic microparticles (hMPs), which were prepared as follows: gelatin (Gltn), which is produced by the partial hydrolysis of collagen from the organism, was modified with aliphatic aldehyde to synthesize hydrophobically modified Gltn (hm-Gltn), and then, granulation of hm-Gltn was realized using the spray drying method before being formed into dried hMPs by thermal crosslinking route. The dried hMPs swelled in esophageal exudates when they were sprayed to the artificial defects, and aggregation of hMPs formed a hydrogel layer on the surface of post-ESD wound to enter the subsequent treatment cycle (Figure 6A). Multi-functionality of hMPs under wet environments based on hydrophobic interaction included tissue adhesiveness, acceleration of blood coagulation, enhanced epithelialization, controlled inflammation, and enhanced angiogenesis. The adhesion strength of colloidal dressing substantially enhances as the alkyl chain length of aliphatic aldehyde increases at a certain extent. While the balance between hydrophobicity and hydrophilicity of hMPs is critical for achieving strong adhesion to live tissues, hydrophobically modified polymers can elicit blood coagulation reaction by facilitating physical crosslinking of blood component (Dowling et al., 2011; Rao et al., 2013). In their studies, researchers found that hMPs could aggregate with fibrin networks under a scanning electron microscope (SEM). So, they supposed that hydrophobic moieties on the particle surface might also interact with platelets and red blood cells besides fibrin networks, inducing a hemostatic effect of hMPs when they were sprayed to the esophageal wound. They also detected that these hMPs probably provided suitable scaffolds for growing of epithelial cells because of significant hydrophobicity and stiffness. In addition, the scaffold composed of hMPs was able to deliver and release vascular endothelial growth factor, which promoted angiogenesis (Yoshizawa et al., 2015). Moreover, the study discovered that the hydrogel layer transformed from hMPs in gastric ESD model of swine could suppress the fibrosis of gastric mucosa via interacting with cells, and ECM proteins multiply based on hydrophobic interactions. The number of inflammatory cells in the submucosa sprayed with hMPs obviously decreased compared to the control group. Meanwhile, the expression of α-smooth muscle actin (α-SMA) and type I collagen was significantly inhibited. Besides, the expression of von Willebrand factor (vWF) increased obviously in the hMP-treated group, indicating that the spraying of hMPs contributed to the growth and remodeling of blood vessels in the submucosa (Figure 6B). Above all, this sprayable wound dressing composed of naturally derived polymers exhibits multiple functions for wound healing based on hydrophobic interactions between polymers and biological tissues, establishing a good foundation for its clinical translation.
[image: Figure 6]FIGURE 6 | The preparation and application of colloidal wound dressings to facilitate ulcer healing after ESD. (A) The schematic diagram of multifunctional hydrophobic colloidal dressings for wound repair. (B) Hydrophobic colloidal dressings effectively suppressed wound fibrosis after ESD in the swine stomach model. Reproduced from Nishiguchi et al. (2019). Copyright (2019), with permission from John Wiley and Sons.
BIOMEDICAL-DERIVED MATERIALS
Biomedical-derived materials are originated from natural biological tissues that have undergone special treatments. Biological tissues may be taken from homologous or heterologous animal bodies. Special treatments include mild treatments such as fixation, sterilization, and eliminating antigenicity. Biomedical-derived materials have biological functions similar to those of natural organisms, and they play an important role in tissue repair. Therefore, biomedical-derived materials can be regarded as potentially ideal materials to be employed to prevent esophageal stricture.
The Transplantation of Cell Sheets
Cell sheet transplantation is a tissue engineering technology in which isolated cells are cultured at special conditions in vitro, retaining cell junctions and extracellular matrix in maximum. Specifically, after cells have been inoculated densely, cell sheet layers are formed by stimulating secretion of extracellular matrix, typically five to eight layers, and the intact extracellular matrix promotes cell growth. Cell sheets can act as barriers for defects to avoid being affected by food and other substances flowing through the esophagus. In the meantime, cell sheets may secrete various cytokines and growth factors to promote the proliferation of epithelial cells and wound repair. What is more, most cell sheets are originating from autologous cells, so there is no severe inflammatory reaction when they are applied to the surface of the wound. Cells and the extracellular matrix within the sheet can form interconnections with tissues through multiple pathways or interactions, enhancing adhesive strength between the cell sheet and the esophageal wound. As far as previous studies are concerned, cell sheets contain oral mucosal epithelial cell (OMEC) sheets (Ohki and Yamamoto 2020), compound cell sheets composed of OMECs and small intestinal submucosa (SIS) (Wei et al., 2009), and autologous skin epidermal cell sheets (Kanai et al., 2012). Ohki et al. (2012) discovered the promising potential of autologous OMEC transplantation to prevent esophageal stricture after ESD the earliest (Figure 7). Firstly, they harvested OMECs originating from patients’ oral cavity at normal condition in advance. Then, they treated cell sheets with temperature plunges to 20°C, and these cell sheets were transplanted to mucosal defects by endoscopy in patients immediately after ESD. After being transplanted to the defects, cell sheets adhered to the esophageal wounds, and they proliferated to form integral stratified epithelium. Wei et al. (2009) prepared the compound sheets composed of canine OMECs and porcine SIS, then they transplanted compound sheets on canine esophageal defects after ESD. After 1 month, the wounds treated by compound sheets completely repaired without inflammatory response. Additionally, the esophageal mucosal surface was as smooth as normal (Wei et al., 2009). Kanai et al. (2012) implanted cell sheets originating from porcine autologous skin epidermal cells into the post-ESD esophageal defect. As a comparison, another four pigs that underwent ESD without any treatments were given as control. After 2 weeks, the weight of pigs in the cell sheet group increased significantly compared to that in the control group, and there was no obvious esophageal stricture and inflammatory response (Kanai et al., 2012).
[image: Figure 7]FIGURE 7 | The treatment of the esophageal defect after ESD by transplantation of cell sheets composed of autologous oral mucosal epithelial cells. (A) Oral mucosal epithelial cells (OMECs) were taken from the patients’ oral cavity. (B) The OMECs were seeded on temperature-responsive culture inserts and cultured for 16 days. (C) Cell sheets composed of OMECs were harvested by reducing temperature to 20°C. (D) Cell sheets composed of OMECs were transplanted immediately on the esophageal defect under endoscopy after ESD. Reproduced from Ohki and Yamamoto (2020). Copyright (2020), with permission from Elsevier.
Above all, cell sheet technology seems indeed effective for preventing esophageal stricture after ESD by facilitating cell proliferation and promoting wound repair. Though reassuring advantages of cell sheets in preventing post-ESD esophageal stricture are shown, there are still some drawbacks and shortcomings. Firstly, the cell sheet technology has a high cost, and the preparation procedure in vitro is considerably complicated. Secondly, esophageal peristalsis and eating actions may cause cell sheets falling off, so how to anchor the transplanted cell sheets for a long time is a tough challenge. Thirdly, cell sheets must be prepared and preserved in a sterile condition; therefore, preserving cell sheets in a sterile environment for a long time is also a troublesome problem.
Endoscopic Injection of Cell Suspension
Owing to the relative simplicity, some scholars began to pay attention to cell suspension that can be injected endoscopically. During the process, autologous cells would be injected into defects (as illustrated in Figure 8), expecting to promote re-epithelialization and wound healing, so cell suspension can effectively prevent the occurrence of esophageal stricture in a way. The autologous cell suspension includes OMEC suspension, skin keratinocyte suspension, and adipose tissue-derived stromal cell (ADSC) suspension. Sakurai et al. (2007) injected autologous OMECs into the esophageal defects after ESD and achieved satisfying results. They made two postoperative defects in the esophagus of a pig. One was injected with autologous OMEC suspension into the submucosal layer immediately, and the other one was not treated. Two weeks later, there was no scarring stenosis in the injection group. The esophageal mucosa was smooth and the regenerating epithelium was completed. In the control group, there was scarring stenosis without the coverage of mucosal epithelium. Zuercher et al. (2013) reported that autologous skin keratinocyte suspension could prevent esophageal stricture effectively after EMR in sheep. Honda et al. (2011) used ADSCs to prevent esophageal stricture after EMR (Figure 8). They injected ADSC suspension into esophageal defects in five dogs under endoscopy after EMR (Figure 8A, B), and another five dogs were left untreated. After 2 months, serious esophageal stenosis occurred in the control group, while there was only a mild esophageal stricture in the injection group (Honda et al., 2011). The pathological findings of the esophagus showed that the mucosal layer of the esophagus was significantly damaged, and the submucosa was obviously fibrotic with few microvessels in the control group, while in the ADSC-injected group, the mucosa regenerated well, and there were more neovascularizations in the submucosa (Figure 8C). Above all, the effect of cell suspension injection has been partly displayed in some animal experiments. However, the mechanism of cell suspension injection has not been completely elucidated. There are two possible acting mechanisms: firstly, stratified epithelium may be formed owing to the proliferation of transplanted cells; secondly, transplanted cells may induce the secretion of cytokines and other nutrients needed by mucosal cells, promoting the migration of surrounding epithelial cells to the defect (Horch et al., 2005; Honda et al., 2011). Though cell suspension injection is simple and accessible without the need for lots of time and expenses, the limited isolated cells and low utilization need to be seriously considered. In addition, there is no research on the relationship between ADSCs and the remaining cancer cells, so it is still controversial whether injection of cell suspension into the wound will increase the risk of tumor recurrence, especially for the wounds with residual tumor cells.
[image: Figure 8]FIGURE 8 | Adipose tissue-derived stromal cellADSC) injection to prevent esophageal stricture. (A) The schematic diagram of cell injection. (B) The esophageal defect left after EMR and ADSCs were injected into the submucosa of the esophagus. (C) The pathological analysis of the esophagus. [C (i)] The esophageal mucosa tissue in the control group (Masson trichrome). [C (ii)] The esophageal mucosa tissue in the ADSC-treated group. [C (iii)] Stain-labelled ADSCs (red color) in the submucosa of the esophagus in the cell injection group. [C (iv)] Submucosal layer of the esophagus in the control group. [C (v)] Submucosal layer of the esophagus in the ADSC-treated group. [C (vi)] The comparison of the number of microvessels in esophageal submucosa between the control group and the ADSC-injected group. Reproduced from Honda et al. (2011). Copyright (2011), with permission from Elsevier.
Extracellular Matrix Stents
The extracellular matrix (ECM) is a kind of macromolecule synthesized by cells and secreted outside the cells, and they are distributed on the surface of cells or between the cells. ECM mainly consist of polysaccharides, proteins, and proteoglycans. They can form complex grid structures spontaneously to support and connect cells. Besides, ECM contains a large number of signaling molecules that are actively involved in the control of cell growth, polarity, shape, migration, and metabolic activities. Attributed to the structure and biological functions of the ECM, they can be made into an artificial biological scaffold. The excellent physical and chemical properties of ECM make ECM stents have no pro-inflammatory effect and adapt well to biological tissues. A large number of cellular active components contained in ECM stents also promote tissue repair. Nieponice et al. (2009) applied ECM stents to prevent esophageal stricture after EMR in dogs (Figure 9). The study group treated with ECM stents had no presentation of esophageal stricture, while esophageal stricture occurred in the control group without implantation of ECM stents, accompanied by regenerated epithelium failing to cover mucosal defects with partial inflammatory response. However, there are few clinical trials at present, so there is a long and stiff road for ECM stents before being widely applied in clinical practice.
[image: Figure 9]FIGURE 9 | The ECM stents that have been reported to prevent esophageal stricture. (A) The schematic diagram of deployment of ECM stent with the internal supporting of balloons. (B) Endoscopic image of the ECM stent applied to post-EMR esophageal defect. (C) The histological assessment of the esophagus after 2 months of the deployment of ECM stents. [C (i)] The esophageal mucosa treated by ECM stents has intact squamous epithelium. [C (ii)] The gland formation in the submucosa of the esophagus treated with ECM stents. [C (iii)] The significant fibrosis with extensive infiltration of inflammatory cells in the esophageal submucosa in the control group. Reproduced from Nieponice et al. (2009). Copyright (2009), with permission from Elsevier.
Autologous Transplantation
With the aim of getting protection from physical barriers and promoting repair for esophageal wound, autologous esophageal mucosal transplantation has also been put forward, and it demonstrates a partial preventive effect in very limited clinical trials (Hochberger et al., 2014; Liao et al., 2018; Chai et al., 2019). In the process, researchers perform removal of normal esophageal mucosa and transplant it to the defect left by ESD. Hence, autologous esophageal mucosal transplantation is a tissue-shielding method, and it contains physical and biochemical factors of the native extracellular matrix. In certain aspects, autologous transplantation is similar to cell sheet. In summary, autologous esophageal mucosal patches can not only protect the esophageal wound as physical barriers but also promote angiogenesis and cell regeneration at the defect. Nevertheless, the corresponding clinical research sample of autologous transplantation needs to be expanded to study the feasibility, effectiveness, and safety further.
PROSPECT OF BIOMEDICAL POLYMERS AND POTENTIAL TECHNOLOGY
Overall, many methods involving various biomedical materials have been introduced to prevent esophageal stricture after ESD, in which some have been widely used in the clinics and some are still under basic research. However, each method has its own advantages and limitations (Table 1). In clinical practice, steroid precautions, particularly systemic application, is currently one of the most common approaches to prevent post-ESD esophageal stricture. Tissue engineering technology demonstrates the prospect of restorative treatment. Autologous transplantation avoids immune rejection response. Other novel strategies like PGA sheets, CMC sheets, peptide hydrogels, and colloidal dressings have opened up new paths in preventing esophageal stricture based on the exploration of polymers.
TABLE 1 | The advantages and limitations of strategies having been reported to prevent esophageal stricture after ESD.
[image: Table 1]With the rapid development of biomedical polymers, several new approaches may be possible routes to prevent esophageal stricture. These polymers have ideal properties of biocompatibility and biodegradability to achieve their practicability. In addition, they can be combined with pharmacological prophylaxis and tissue engineering technology. Herein, we put forward two drug-loading (or other formulation) platforms: microneedles and hydrogel dressings. We study the practicality and feasibility of each system according to their inherent properties. Also, we analyze the application prospects after having discovered their strengths and weaknesses, respectively.
Microneedle Technology
Microneedles (MNs) have been utilized for medical treatment due to their ease of use over the past two decades. With their advantages of possessing capacities of injection and transdermal drug delivery, MNs have been proven to increase transdermal drug delivery efficiency significantly by penetrating though intrinsic tissue barriers in a minimally invasive manner, and they attract more and more attention from the medical field in recent years (Alexander et al., 2012). With the optimization of MN technology, non-transdermal MNs have demonstrated some effect in the management of diseases of the eyes, blood vessels, oral cavity, and mucosal tissues in animals (Lee et al., 2020). Lee et al. (2014) prepared a MN cuff (MNC) device to deliver anti-proliferation pharmaceuticals to vascular media and adventitia to prevent neointimal hyperplasia after grafting surgery. The MNCs were designed to wrap the exterior of the blood vessels, and the internal surface of MNCs contained an array of MNs, which is coated with drug formulation on tips. MNCs were installed on the blood vessels by embedding MNs, which were displayed onto the inner surface of MNC, into the walls of the blood vessels. Subsequently, the pharmaceuticals incorporated into the tips of MNs would be slowly and continuously released into the blood vessels, which guaranteed the sustained release and long-term effect of drugs. As a classical drug delivery system, MNs can load not only pharmaceuticals but also cells. Tang et al. (2018a) engineered a polymeric MN system integrated with cardiac stem/stromal cells (CSCs) for the treatment of myocardial infarction (MI). The MN-CSC system possesses certain superiorities compared with conventional patches. For instance, the MNs would serve as channels to allow for communications between CSCs in the patch and the host myocardium in heart tissues. The heart could provide CSCs in transplanted patch with nutrients. Meanwhile, CSCs in MN patch could release paracrine factors to repair myocardial tissues. Their study demonstrated that the MN-CSC patch brought bright prospect to facilitate effective treatment of MI by promoting angio-myogenesis and myocardial regeneration. After the treatment by MN-CSC, the myocardial functions gradually recovered. On the basis of the great application potential of non-transdermal MNs, the strategy of engineering polymeric MNs loading pharmaceuticals or other cytokines to prevent esophageal stricture can be put forward. The MNs can be attached to the surface of esophageal wound after ESD through mechanical interlocking (Figure 10A). Compared with ordinary needles, MNs have relatively soft insertions into the defects without sharp stimulations, which avoid serious complications such as perforation, bleeding, and other symptoms of the esophagus. This kind of MN-array system has two major functions, releasing drugs or cytokines to exert the appropriate pharmacological actions and forming a physical barrier like sheets to avoid irritation from food and other fluids passing through the esophagus.
[image: Figure 10]FIGURE 10 | Novel potential strategies involve polymeric materials to prevent post-ESD esophageal stricture. (A) Microneedles loading anti-inflammatory or anti-fibrosis drugs into the needle body. (B) Microneedles incorporating active functional cells. (C) Hydrogel-based adhesive dressing loading pharmaceuticals. (D) Hydrogel adhesives incorporating transplanted cells.
In terms of drug release modalities, MNs can be divided into three types: burst release, prolonged release, and responsive release. According to the properties of anti-inflammatory drugs and duration of local inflammation reaction in esophageal wounds, the prolonged release and responsive release are preferred. Prolonged release means sustained delivery of pharmaceuticals, and this delivery mode helps to maintain a steady range of drug concentrations in the surrounding tissues for a considerable period. Generally, therapeutic agents can be incorporated into degradable microspheres or nanoparticles to realize the sustained release. For instance, Yang et al. (2019) made hydrogel-based MNs including the mesenchymal stem cell-derived exosomes and UK5099-loaded PLGA nanoparticles. The hydrogel-based MNs achieved a sustained release of UK5099 and exosomes for the duration of more than 10 days in a mouse model (Yang et al., 2019). The drug-loaded nanoparticles were evenly distributed within the bodies of MNs instead of just being localized on the surface of MNs. This engineering method could contribute to the slow release of the drug because of the gradual degradation of the polymeric matrices of MNs. Apart from this, the MN system can respond to the changes in the surrounding environment (including physical, chemical, and biological changes) to release the agents. By controlling the switch and intensity of the external stimulus, it is possible to control the release of pharmaceuticals in a timed, quantitative, and localized manner. Responsive delivery platforms are divided into closed-loop and open-loop systems (Jamaledin et al., 2020). Closed-loop control systems switch on and switch off drug release in a self-regulated manner to automatically achieve a circulating state, without any external intervention. For instance, glucose-responsive “closed-loop” insulin delivery systems mimicking the function of pancreatic cells possess a great potential to improve the health status and life qualities of people with diabetes (Ravaine et al., 2008; Bratlie et al., 2012). In their study, a glucose-monitoring module was combined with a sensor-triggered insulin-releasing module. A glucose-responsive insulin delivery strategy using a MN-array patch containing glucose-responsive vesicles (GRV) loaded with insulin and glucose oxidase enzyme was designed by some researchers. The components of GRVs contained a hydrophobic section, which transformed into hydrophilic composition under enzymatic hypoxic conditions. After that, GRVs dissociated and subsequently released the loaded insulin to lower blood glucose levels. If blood glucose was normal, significant enzymatic hypoxic conditions could not occur and hypoxia-sensitive GRVs would not dissociate to release insulin. In this way, precise regulation of blood glucose was guaranteed by GRV-loaded MN-array patch (Yu et al., 2015). Open-loop systems are known as an externally regulated-dependent platform (Kost and Langer 2001). They utilize external stimuli such as light, heat, magnetism, electricity, or mechanical stress to control loading release. Unlike closed-loop-responsive systems, stimuli are artificially added in the open-loop-responsive systems, and the stimuli will last for some time (such as light, magnetism, and heat). Closed-loop-responsive system allows for precise and rapid regulation of loading release, therefore, closed-loop-responsive MNs are frequently devised and studied.
When the MN patch is inserted on the surface of post-ESD defect under endoscope, pharmaceutical-loaded nanoparticles can be released into defect. The sustained release of pharmaceuticals will suppress inflammation or fibrosis. Polymeric MNs can degrade in vivo over time, eliminating the need for secondary endoscopic manipulation. Pharmaceuticals can also be released responsively to the inflammatory environment, which requires that the drug-loaded device should contain specific groups that are sensitive to inflammation-related enzymes or inflammatory factors. In the post-ESD esophageal environment, when the inflammation reaction is serious and local inflammatory mediators are numerous, the MN delivery system can sense the significant inflammation and release anti-inflammatory pharmaceuticals immediately to suppress the inflammation. When the inflammatory reaction becomes mild, MNs would correspondingly decrease the loading release. In such contexts, maximum efficacy and minimization of side effects can be realized. When inflammation is safely and effectively suppressed, the esophageal stricture would be further prevented.
What is more, esophageal mucosal epithelial cells, OMECs, ADSCs, autologous skin epidermal cells, and skin keratinocyte can be incorporated into the MN patch. These cells would proliferate and secrete some growth factors or other nutrients into defects to nourish mucosal cells and facilitate wound healing (Figure 10B).
Above all, with advances and optimizations of preparation processing, flexible, biocompatible, and degradable MN-array devices integrating sustained release or responsive release of drugs have a strong potential to prevent esophageal stricture. However, there is no report of MNs being used directly in the esophagus until now, which may be attributed to the special structure and functions of the esophagus. Apart from this, MN device is attached to the defect surface by mechanical cross-linking, so food passing through the esophagus may also affect the fixation of the MN system. Most importantly, a large number of studies are necessary to confirm the safety and biocompatibility of MNs in human bodies. Therefore, the selection of polymers to prepare a MN delivery system and the development of engineering technology demand comprehensive and in-depth explorations.
Hydrogel-Based Wound Dressing
Hydrogels are soft materials possessing three-dimensional cross-linked network structures with flexible physical and chemical properties, which are similar to the natural ECM. In the recent decade, hydrogels have attracted worldwide attention, especially in drug delivery and tissue engineering. They have versatile characteristics: porous structures enable hydrogels to provide sufficient gas or nutrient exchange between the wound and the surrounding environment; a capacity to hold large amounts of water or biomedical fluids makes the hydrogel relatively comfortable for patients; good biocompatibility ensures safety; nice elasticity enables the hydrogel to be prepared with various shapes and sizes to conform to different wounds; and network structures render hydrogels able to reserve therapeutic nanoparticles and other biomedical reagents within them (Huang et al., 2017; Koehler et al., 2018; Li et al., 2020). In addition, the degradability of hydrogels reduces the pain of patients and avoids secondary tissue damages (Stern and Cui 2019). In recent years, hydrogel-based dressings have been developed to meet the requirements of wound healing because of the strong adhesion besides the advantages of hydrogels mentioned above. In some wounds accompanied with a high level of inflammatory exudate, hydrogel-based dressings can absorb exudates to facilitate the debridement process. In general, hydrogels composed of biocompatible and biodegradable biomedical materials can be optimized into ideal wound dressings. A variety of widespread biomedical polymers have been employed to engineer hydrogel-based dressings, such as chitosan, hyaluronic acid (HA), gelatin, polyethylene glycol, alginate, and several other less-common polymers (Chen et al., 2018; Dimatteo et al., 2018; Koehler et al., 2018; Qu et al., 2018).
Enlightened by the adhesion phenomena of natural organisms, researchers have developed hydrogels with different adhesion mechanisms for wound dressings. For instance, marine mussels can form strong adhesions to wet surfaces through mussel foot protein (mfp) secreted by foot filaments. The main component of mfp is L-DOPA (3,4-dihydroxyphenylalanine), which is rich in catechol structures (Ahn et al., 2015). By means of imitating specific features of marine mussels, the mfp-like adhesion component can be introduced into hydrogels via grafting catechol groups into the polymer chains. These catechol groups would bring many physical and chemical interaction forces to make hydrogel dressings adhere strongly to tissue surfaces, including van der Waals forces, metal chelation, hydrogen bonds, π-π stacking, Schiff base reaction, and Michael addition reaction (Burzio and Waite 2000; Li et al., 2010; Wang et al., 2017; Zhou et al., 2020). Lee et al. (2010) fabricated injectable and thermo-sensitive hydrogels based on HA and Pluronic through using rapid and robust catechol-thiol reactions. In study, HA conjugated with dopamine was mixed with thiol-bonded Pluronic F127 copolymer to produce a cross-linked composite gel based on typical Michael addition reaction. The HA/Pluronic hydrogels could be injected in a sol state at room temperature, but immediately turn into a robust gel at body temperature. The composite gel exhibited excellent tissue-adhesion capacities with superior stability in vivo. Moreover, the catechol-based adhesives have been proven to possess good dehydration effect, and they can form strong adhesion on wet tissues (Wei et al., 2016).
Besides using polymers containing the catechol group, other chemical groups are equally capable to build covalent bondings between hydrogels and the amine groups on tissue surfaces. Qu et al. (2018) synthesized an injectable hydrogel adhesive composed of quaternized chitosan and benzaldehyde-terminated Pluronic®F127 (PF127-CHO) under physiological conditions, in which a Schiff base was constructed between the aldehyde group in PF127-CHO and the amine group on the tissue surface, so the hydrogel adhesive could adhere to the skin tissues. Bu et al. (2019) prepared a clearly defined tetra-armed poly-(ethylene glycol) (Tetra-PEG) hydrogel sealant via ammonolysis. The sealant owned competencies of fast gelating speed, strong tissue adhesion, and high mechanical strength. The active ester of succinimidyl succinate on the polymer chain reacted with the amino group on tissues and made the hydrogel attach to the skin. Some other adhesion mechanisms such as topological adhesion and electrostatic interaction also have a good adhesion effect, though the preparation process should be further improved to avoid toxicity (Cho et al., 2019; Krishnadoss et al., 2019). Khalil et al. (2020) prepared an antibacterial adhesive hydrogel loaded with micelles containing ciprofloxacin (CPX) for the treatment of corneal injuries with risk of infection. The results showed that the loading of CPX did not affect the stiffness, biocompatibility, and adhesive strength of hydrogels, suggesting a potential solution to seal corneal wounds without being infected. You et al. (2021) designed poly (2-ethyl-2-oxazoline-co-2-butenyl-2-oxazoline) (POx) hydrogels encapsulating mesenchymal stromal cells (MSCs). The thiol-ene crosslinked hydrogels exhibited great tissue adhesive strength. In a rat model of myocardial infarction, the epicardial placement of MSC-loaded POx hydrogels promoted the recovery of cardiac structure and functions with decreased interstitial fibrosis and increased formation of neovasculars. All these studies demonstrated that hydrogel adhesives engineered by a variety of natural or synthetic polymers can be utilized for effective delivery of drugs and cells.
As for wet esophageal defect after ESD, the hydrogel adhesives are expected to play dramatic roles in the prevention of esophageal stricture. Firstly, hydrogel adhesive can be adhered to the esophageal wound firmly and tightly owing to the powerful adhesions originating from different mechanisms. Secondly, they possess ideal physical and chemical properties to support defects and promote wound healing. Thirdly, steroids or anti-fibrotic drugs can be loaded into the hydrogel adhesive in the form of drug carriers (Figure 10C) to achieve sustained release of pharmaceuticals, such as micelles, vesicles, or other nanoparticles. OMECs, ADSCs, or other skin keratinocytes can also be incorporated into hydrogel adhesives to facilitate mucosal repairing and epithelialization (Figure 10D). Above all, the hydrogel adhesive has a great potential to be applied to manage post-ESD defect, despite the compatibility and biodegradability needing further improvement. In prospect, we expect to observe the safety and efficacy of hydrogel adhesives for the prevention of esophageal strictures in more animal studies and preclinical trials.
SUMMARY AND CONCLUSION
Esophageal stricture is a common and serious post-ESD complication, but until now, there is no standard consensus to effectively manage it. In clinical practice, preventing this complication in advance improves the patients’ prognosis and life qualities compared to intervening after it has developed. However, these methods often bring inevitable and serious complications such as bleeding, esophageal perforation, tissue adhesion, and other related symptoms. In this review, we have summarized the preventive strategies of esophageal stricture involving biomedical materials that have been reported in recent decades. Firstly, we have described the mechanism of the formation of esophageal stricture; secondly, we introduced novel preventive methods covering biomedical materials; thirdly, we put forward some prospective strategies related to biomedical polymers. Generally, the basic requirements for biomedical materials include good biocompatibility, biodegradability, safety, and stable chemical properties. In addition to these features mentioned above, some biomedical polymers and biomedical-derived materials possess network structures similar to those of natural ECM, providing scaffolds that facilitate cell adhesion, proliferation, and differentiation. Besides, they have good mechanical properties, matching the structural mechanics of the natural tissues. Additionally, some biomedical materials have superior surface physico-chemical properties to form specific adhesion on tissue surfaces, and they can load functional biological agents. The approaches employing these biomedical materials demonstrate some preventive effect and safety in post-ESD esophageal stricture. In particular, PGA sheets and CMC sheets have been studied in a very small number of clinical patients. Therefore, the safety and feasibility of biomedical polymers need to be explored further. Other prospective technologies engineered by various natural or synthetic polymers, like chitosan, hyaluronic acid, and so on, also require systematic and comprehensive observational studies in vitro and in vivo before being performed into clinical trials. Above all, biomedical materials provide important and far-reaching inspiration for the prevention of esophageal strictures after ESD, especially biomedical polymers and biomedical-derived materials. Nevertheless, there are some non-negligible bottlenecks for their clinical applications, such as specific immunogenicity, sensitization to patients, slightly poor histocompatibility, and incomplete degradability. All these issues are anticipated to be resolved basically in the near future. We believe that biomedical materials are promising to play a pivotal role to prevent esophageal stricture after ESD safely and effectively.
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Achilles tendon injury has become a common sports injury clinically, and its treatment and rehabilitation are essential, while the regenerative capacity of the Achilles tendon in adult mammals is limited. Therefore, it is necessary to promote the repair and remodelling of the Achilles tendon through efficient interventions. Biodegradable polymer materials are one of the most popular in the treatment and repair of soft tissues, ligaments, muscles, and organs injured by organisms to enhance the function of their wounded sites. Thus, it plays a specific role in “compensation” and is widely used in clinical medicine and rehabilitation. This review summarized the progress of poly (ε-caprolactone), polylactic acid, poly (lactic-co-glycolic acid), poly (trimethylene carbonate) (PTMC), and polydioxanone (PDS) in repairing Achilles tendon injury, indicating that the biodegradable polymers have succeeded in improving and treating Achilles tendon injuries. However, some problems such as lack of good affinity with cells and uncontrollable degradation of the biodegradable polymers should be overcome in repairing Achilles tendon injury. Therefore, the development of modified biodegradable polymers to make them an ideal repair material that meets the requirements is vital in improving Achilles tendon injuries. With the continuous development and close cooperation of life sciences and material sciences, excellent materials for repairing Achilles tendon injuries will undoubtedly be produced. The treatment of Achilles tendon injuries will be more straightforward, which will be a boon for many athletes.
Keywords: biodegradable polymers, Achilles tendon injury, poly (ε-caprolactone), poly (lactic acid), poly (lactide-co-glycolide), poly (trimethylene carbonate), polydioxanone
INTRODUCTION
The Achilles tendon is the largest and most powerful tendon in the human body, laying the foundation for our lower limb activities. Achilles tendon injury often occurs during the process of physical training. The damage of soft tissue and muscle ligaments around the Achilles tendon, causing the loss of lower limb muscle strength, flexibility, and other functions. If the Achilles tendon fracture is severe and surgical treatment is needed. Tendon injury is common in sports and other rigorous sports, leading to dysfunction, and disability for months or years (Dams et al., 2019). In addition to direct damage, more than 70% of the Achilles tendon breaks are more involved in sports, especially the ball and track and field (Ganestam et al., 2016). Complications after an Achilles tendon rupture are not uncommon. The tendon rupture was the most common. The postoperative Achilles tendon re-rupture rate was approximately 1.7–5.6% (Cerrato and Switaj, 2017). The most common method of tendon injury is autologous transplantation. However, these lead to morbidity and further weakness (Jayasree et al., 2019).
In recent years, tissue engineering based on biomedical materials has given hope to repairing Achilles tendon injuries. Previous work showed that collagen is a popular scaffold material for tendon tissue engineering because tendons are principally composed of collagen (Garvin et al., 2003; Juncosa-Melvin et al., 2006). Although other naturally derived scaffolds researched for tendon applications have included chitosan-based hyaluronan hybrid polymer fibres (Funakoshi et al., 2005) and alginate–chitosan polyion hybrid fibrous complex (Majima et al., 2005), a significant focus has been targeted on synthetic degradable materials, such as PGA (Cao et al., 2006) and PLGA (Moffat et al., 2009). Revercho et al. had critically analyzed the biodegradable polyester like polyglycolic acid (PGA), polylactic acid (PLA), and their copolymer for tendon tissue engineering (Reverchon et al., 2012). They demonstrated the degradation products of polyesters, such as glycolic acid and lactic acid, are metabolites present in the human body, while the main disadvantage is that the degradation products are acidic and will cause inflammation. In addition, the hydrophobic structure of biodegradable polyesters may cause problems for cell adhesion. In contrast, poly (ε-caprolactone) (PCL), polydioxanone (PDS), or poly (trimethylene carbonate) (PTMC) degrades with non-acidic products, avoiding the problem of pH drop. Hence, biodegradable polymers’ selection and performance regulation will significantly impact the repair effect of Achilles tendon injury, which also attracts extensive interest.
In this review, the most widely studied biodegradable polymers, including polyesters, such as PLA and PLGA, and PTMC, PDS, are listed as representatives to summarize the progress in the application of biodegradable polymers in the repair of Achilles tendon injuries. It will provide detailed theoretical guidance for the selection and development of scaffold materials with good performance, and promote tissue recovery and regeneration of the Achilles tendon injury, making it a reality for patients to return to families and society healthily.
EFFECT OF PCL ON THE REPAIR OF THE ACHILLES TENDON INJURY
Poly (ε-caprolactone) (PCL), has a highly effective therapeutic effect as a biomedical polymeric material combined with cells to treat Achilles tendon injuries. Cai et al. (2020) combined PCL-SF/PLCL fabric scaffolds with marrow stem cells from rabbit bone to promote healing of injured tendons. It has been found that PCL-SF/PLCL copolymer has good tissue regeneration ability. It will be a potentially valuable biomedical polymer material widely used in tendon tissue engineering.
It is worth noting that using a variety of biomedical polymers as composite scaffold materials can play a double role in repairing Achilles tendon injuries with half the effort. It was concluded that the Band-Aid with 50% Wharton’s jelly (WJ)-derived extracellular matrix (ECM) combined with PCL electrospinning had the fastest therapeutic effect on cell proliferation and differentiation, indicating that it was beneficial to nerve regeneration after Achilles tendon rupture and improved the activity of muscle tissue (Li et al., 2017). Schoenenberger et al. (2018) prepared PCL fibre scaffolds with highly aligned or randomly oriented by electrospinning and cultured human tendon fibroblasts (TFs) on them. The results showed that highly aligned PCL scaffolds tended to down-regulate the expression of matrix metalloproteinases (MMPs) because of their high catabolic activity; Czarnecki et al. (2012) similarly investigated the feasibility of PCL-modified composite fibre-carbon scaffolds and analyzed their mechanical properties and ability to support the growth and proliferation of human dermal fibroblasts. The results showed that PCL-modified composite fibrous scaffold had similar mechanical properties to the acellular dermal matrix to support fibroblast adhesion and proliferation. The results demonstrated that PCL, as the main component of the fibrous scaffold, can play a role in inhibiting cell adhesion and rapid proliferation physiologically and can be used as a biomedical polymer material in clinical studies.
In addition to the above composite fibre scaffold, the Achilles tendon can also be repaired directly using the interaction between biomaterials and cells. Wang has developed a bioactive polymer membrane for guided bone regeneration (GBR) by interacting bone marrow stromal cells (BMSCs) with PCL and functionalizing stromal cell-derived factor-1a (SDF-1a). The cultured biofilm can be applied to the injured bone and joint. The results suggest that SDF-1a-loaded PCL electrospun membranes are bioactive and valuable for optimizing the clinical application of GBR strategies (Ji et al., 2013).
To simulate the natural tendon tissue structure, Jayasree et al. (2019) prepared a woven multiscale fibrous scaffold composed of PCL micro/collagen bFGF nanofibers and coated with sodium alginate to prevent peritendinous adhesions. The release kinetics of bFGF showed sustained release of growth factors for 20 days. The results showed that mPCL-nCol-bFGF had higher cell proliferation and expression of tenogenic markers than mPCL-nCol. The results also showed that PCL nanofibers scaffold loaded with essential fibroblast growth factor (bFGF) could recover some physiological indexes around the Achilles tendon of rabbit tendon. It could be used as a biomedical polymer material to repair Achilles tendon injury.
Chen et al. (2017) studied the physicochemical properties of random PCL (RP) nanofibers, random PCL/SF (RPSF) nanofibers, and aligned PCL/SF (APSF) nanofibers, and used RPSF and APSF scaffolds to repair rabbit Achilles tendon defects. Histological sections were stained with Hematoxylin-eosin (H&E) and Masson’s trichrome at 6 and 12 weeks. The results showed that the migration and proliferation of rabbit dermal fibroblasts (RDFBs) on the arranged nanofiber scaffolds tended to stretch in a parallel direction along with the arrangement of nanofibers, which was conducive to promoting soft tissue healing around Achilles tendon defects and improving the effectiveness and reliability of the scaffolds in vitro. In addition, scaffolds made of SF can also be applied to the regenerative repair of other tissues, for example, renewable bone, eye, nerve, skin, tendon, ligament, and cartilage (Jao et al., 2016).
As a biodegradable fibrous membrane, the biomedical polymer can make full use of its biological characteristics such as repair of Achilles tendon and rapid degradation rate, which is conducive to reducing the number of inflammatory factors around Achilles tendon injury can play a role in preventing soft tissue adhesion. Some experts have studied the applicability of PCL film for repairing the Achilles tendon gap in the rat model. The results showed that the biomechanical and morphological changes were similar in the PCL membrane repair Achilles tendinopathy group after 8 weeks of surgery (Kazimoğlu et al., 2003). It indicated that the biodegradable PCL membrane group had the best therapeutic effect on the Achilles tendon and demonstrated the practical therapeutic effect of PCL in repairing Achilles tendon injury.
It has been reported that Lee et al. (2019) also improved the healing of collagenase-induced Achilles tendinitis in rabbits by preparing diclofenac immobilized polycaprolactone (DFN/PCL) fibre sheets. The study results demonstrated that the long-term diclofenac delivery system using PCL fibre sheets strongly affects collagenase-induced Achilles tendinitis rabbit model and tendon recovery. By investigating the effect of PCL ultrafine fibres arranged in three dimensions on the growth behaviour of fibroblasts, it was found that microfibers were able to support the proliferation of human dermal fibroblasts for more than 7 days (An et al., 2012). This super fibre can be considered a scaffold study for applying biomedical polymer materials in tissue engineering and will be an effective clinical treatment option for athletes with Achilles tendon injuries.
Others have combined composite fibrous materials with stem cells to prepare new biomedical polymer materials to promote soft tissue regeneration around the Achilles tendon, enhance cell activity, and avoid pathological changes in the injured tendon tissue. Dong et al. (2021) found that a biopolymer scaffold composed of polycaprolactone/silk fibroin (PCL/SF) copolymers could reduce the adhesion of tissues around the Achilles tendon, thereby promoting the healing of Achilles tendon injuries. Bosworth et al. (2013) used three different polycaprolactone fibre-based electrospinning scaffolds (two-dimensional random sheets, two-dimensional alignment sheets, and three-dimensional bundles.) to repair injured tendons. The results showed that the three-dimensional bundle showed the most excellent tensile performance, significantly stiffer than the two-dimensional arrangement and two-dimensional random fibres. It can be used as a biomaterial for artificial grafts, and considered the polymer material of choice to treat Achilles tendon ruptures.
The study of Achilles tendon reconstruction is a hot topic. Immunohistochemical and biomechanical analysis of the tendon regeneration process using braided tendon implants for Achilles tendon reconstruction in rabbits showed that both polylactic acid and chitin composite tendons had good initial strength and increased fibrous tissue length. It also plays a compliant role in reconstructing the Achilles tendon, indicating that these polymer materials have great potential in artificial tendons (Sato et al., 2000). Hu et al. (2013) prepared PCL biofilms using an improved melt moulding/leaching technique and evaluated their physical and mechanical properties and in vitro degradation rates, while biomechanical analysis was carried out after repairing the Achilles tendon of rabbits after repair rupture. The results showed that the internal fixation technique of strengthening tendon repair with PCL biofilm could significantly improve the tensile strength of the Achilles tendon repair site, which laid a foundation for early postoperative rehabilitation.
As mentioned above, PCL has good biocompatibility and has great application potential in repairing Achilles tendon injuries as one of the ideal repair materials. However, PCL is a semi-crystalline polymer; its degradation rate in vivo is prolonged and affected by crystallinity. The higher the crystallinity, the slower the degradation. How to adjust the all-around performance of PCL, make it have a controllable degradation rate to match the degradation rate with the speed of tissue regeneration is a problem that needs to be addressed in the application of PCL to repair Achilles tendon injuries. In addition, whether the crystalline degradation fragments of PCL can induce inflammation is also a question worthy of attention.
EFFECT OF PLA ON ACHILLES TENDON REPAIR
Polylactic acid (PLA) has been widely used in regenerative medicine as an absorbable, biodegradable polymer. Due to its excellent biological characteristics, PLA has also attracted more and more attention in repairing Achilles tendon injuries. Liu et al. (2015) produced the electrospun PLA nanofibers with controllable coiling. Studies have shown that electrospinning PLA has controllability and can play a therapeutic effect in restoring tendon injury. It is common to prepare PLA composite scaffold materials to repair Achilles tendon injury, as coupled with the intervention of various cytokines, the regeneration of the Achilles tendon and the proliferation and differentiation function cells will be promoted. Vuornos et al. (2016) reported that human adipose-derived stem cells (hASCs) could form a uniform cell layer on woven PLA scaffolds under the culture of a tenogenic medium, and effectively differentiate into tendon tissue.
Unlike the fibrous scaffolds loaded with hASCs described above, Wang et al. (2017) compared the effect of cell-free scaffolds, allogeneic scaffolds and autologous cell implantation scaffolds on the tissue recovery. The allogeneic scaffold material was PGA with PLA fibres woven in a ratio of 4:2. The study results found that the degree of tissue recovery in the allogeneic group was better than the other two groups, and the degradation rate of the scaffold in vivo was much faster; Deng et al. (2014) also used a composite tendon scaffold consisting of a PGA unwoven fibre medial and a PGA/PLA wool woven mesh lateral to provide mechanical strength. The results showed that adipose-derived stem cells (ASCs) combined with biomaterials could rapidly heal the ruptured tendon, produce new granulation tissue, and gradually form mature new tendons. The results indicate that ASCs have a huge promoting effect in tissue remodelling and tendon regeneration.
In addition to the above composite scaffold materials, PLA also can be used to prepare new hollow braided prosthetic material that can be degraded in vivo to repair Achilles tendon injury. Araque-Monrós et al. (2013) designed a new renewable absorbable tendon and ligament prosthesis through PLA hollow braided bands, finfding that L929 lineage fibroblasts combined with PLA braid could prevent tissue adhesion and promote the continuous proliferation and renewal of cells. Chen et al. (2009) reported that the regeneration limitations of injured biological tissues have been solved by using the characteristics of cells in combination with material scaffolds for tendon and ligament injuries.
PLA has good biological characteristics, will not have adverse effects on the body, and plays an essential role in repairing Achilles tendon injury. Song et al. (2015a) used PLA and PCL electrospinning membranes with different degradation kinetics to study the anti-adhesion effect on Achilles tendon repair. The results showed that the electrospun PLA membrane group’s anti-adhesion ability and tendon repairability were significantly better than those of the PCL membrane group.
At present, Achilles tendon rupture requires the fixation of an external splint, and the traditional sling will cause muscle spasms. Blaya F et al. prepared splints made of made of PLA and FilaFlex to ensure comfort and corrosion resistance (Blaya et al., 2019). Some researchers have prepared anti-adhesion films by co-spinning beeswax (Wax) with PLA. In the rat Achilles tendon adhesion model, the beeswax/PLA film group had the least histologically surrounding adhesions at the repair site, which indicated that the anti-adhesive effect of beeswax/PLA copolymer on the Achilles tendon was significant and could be considered to prevent the adhesion of Achilles tendon soft tissue (Zou et al., 2020).
From autologous transplantation to “compensatory” replacement of grafts with medical polymer materials, this will be a significant advance in applying medical polymer materials, but the histocompatibility of this biomedical polymer material to the human body, and whether there will be eosinophilic substances need to be further studied. To promote the broad application of PLA in the repair of Achilles tendon injuries, eliminating the inflammation caused by acid degradation products is a critical issue that needs attention. Another issue that needs to be considered is how to increase the affinity of PLA and cells to improve cell adhesion and proliferation viability.
EFFECT OF PLGA ON ACHILLES TENDON REPAIR
The scaffold materials composed of PLGA combined with cells are also reoprted in Achilles tendon injury. For example, the complex of stem cells (MSCs), fibrin glue, and woven PLGA to repair the tendon defects of gastrocnemius tendon and patella have shown that the tensile modulus of the gastrocnemius tendon reaches 62% of normal tissue 12 weeks after implantation (Awad et al., 2003; Ouyang et al., 2003).
It is a relatively novel tissue engineering method to encapsulate the bioactive substance on reinforced degradable knitted fibres, combined with cellular components for repairing Achilles tendon injuries. Sahoo et al. (2010) encapsulated bFGF on a slowly degrading knitted PLGA microfiber filament scaffold to fabricate a new biohybrid fibre scaffold system. It has been found that this hybrid polymer scaffold can promote the attachment and proliferation of intercellular progenitor cells (MPC) and allow the cells to grow on PLGA fibre scaffolds, fully indicating that PLGA is very potential for repairing and regenerating tendons; Ouyang et al. (2002) reported the application of woven PLGA scaffold seeded with bone marrow stromal cells (bMSC) in improving Achilles tendon injury in rabbits. bMSC/PLGA-treated tendon repair had eosinophilic tissue formation after stent implantation, which indicated that this biological scaffold produced cell proliferation and regeneration in the soft tissue around the Achilles tendon, resulting in treatment around the Achilles tendon injury. However, acidic substances will produce an acidic environment around the Achilles tendon, which is not conducive to the healing of the Achilles tendon.
Some experts prepared silk fibroin-PLGA mesh scaffolds, filling with type I collagen and rabbit autologous bone marrow stem cells. Implantation of these scaffolds into rabbit Achilles tendon defect sites resulted in the formation of granulation tissue exhibited by the regenerated Achilles tendon, indicating that necrotic tissue was being repaired and inflammatory factors were reduced (Zhang et al., 2015). Choi et al. (2020) prepared lactoferrin-immobilized, heparin-anchored PLGA nanoparticles and delivered them to rat Achilles tendon sites with Achilles tendinitis. The collagen and factor around the tendon increased, showing that PLGA nanoparticles have an excellent therapeutic effect on Achilles tendinitis.
Yan et al. (2021) concluded that fibroblast growth factor (bFGF) can promote tendon healing, and they prepared PLGA electrospun membrane loaded with ibuprofen (IBU) and bFGF to treat Achilles tendon injuries in animals. The study showed that the PLGA electrospun film loaded with bFGF and IBU significantly reduced inflammatory factors and increased collagen fibres at the Achilles tendon healing area. Weng et al. (2020) studied the use of electrospinning to develop antibiotics loaded ultrafine materials. It was found that PLGA nanofibers released effective concentrations of epinomycin more than 40 days after surgery. At 1.5 weeks, the maximum intensity levels of control tendons were lower than that of healthy tendons. At 3 weeks, the doxycycline group showed a top tendon strength level comparable to the healthy tendon group. The control group did not receive a doxycycline nanofiber membrane, and the maximum intensity was poor compared to the other two groups. Six weeks after surgery, the tendon strength was comparable in all three groups, while the values in the doxycycline group were slightly more significant than the other groups, and the rats also showed better mobility and stronger tendons after surgery.
In addition to using sustained-release systems, some scholars have used new bioactive scaffolds to transplant multifunctional stem cells to repair Achilles tendon injury. Zhao et al. (2019) integrated MSC sheets and bFGF into PLGA/bFGF-fibrin gel scaffolds, promoting the proliferation, and differentiation of MSCs into tendons and synergistically promoting the reconstruction of injured tendons. Histological observation of regenerated tendons at 8 weeks after transplantation showed that the PLGA/bFGF-fibrin gel scaffold integrated with MSC sheets and bFGF had more interwoven collagen fibres compared with the PLGA/MSCs and PLGA/bFGF groups, while the control group had a lower content of fibrocytes and myofibers. Therefore, the transplantation of PLGA/MSCs/bFGF into injured tendon sites in humans can promote the remodelling of necrotic cells around tendons, improve the degree of tendon injury, and promote the repair and regeneration of tendons.
It is a novel idea to use PLGA hydrogel as a carrier in tissue engineering to repair Achilles tendon injury. The use of hydrogel can improve the body’s compatibility and promote the removal of necrotic tissue. Yuan et al. (2015) injected 5-Fuloaded PLGA-PEG-PLGA hydrogel into the severed Achilles tendon on the right side of the rat. Studies have shown that 5-Fu-loaded PLGA hydrogel can effectively inhibit the adhesion and contracture of Achilles tendon soft tissue, providing a solid guarantee for clinical research of Achilles tendon injury. Similarly, the unit model treated with PLGA film prepared by electrospinning also showed better inhibition of tissue adhesion and tissue repair ability (Song et al., 2015b).
Making appropriate improvements in the performance of biomedical polymer materials and combining various cells to repair Achilles tendon injuries will improve the repair efficiency of Achilles tendon injuries. El Khatib et al. (2020) determined the biological characteristics of sheep amniotic epithelial cells by changing time and distance by treating PLGA with highly aligned microfibers using cold atmospheric plasma (CAP). The results showed that the hydrophilicity and cellular characteristics of PLGA microfibers were improved by treating PLGA microfibers with CAP in the range of 1.3 m.
In addition to the use of biomedical polymer materials, the combined use of drugs for the intervention of Achilles tendon injury will maximize its repair function. Chen et al. (2020) prepared Collagen Hybridizing Peptide (CHP)-modified PLGA nanoparticles and delivered them to mouse Achilles tendons using rapamycin (RAPA) as a drug model. The results showed that CHP-PLGA-RAPA nanoparticles reflected histocompatibility and affinity when repairing Achilles tendon injuries, allowing rapid repair of injured Achilles tendon tissues.
Although numerous studies have shown that PLGA is a promising material for repairing Achilles tendon injuries, the production of acid degradation products and the lack of active groups that interact with cells are still the main factors limiting its wide application in the repair of Achilles tendon injury. Blending or graft modification with natural polymers may be an effective strategy to solve the above problems, which will inevitably become a research hotspot in this field.
EFFECT OF PTMC ON ACHILLES TENDON REPAIR
Poly (trimethylene carbonate) (PTMC) is formed by ring-opening condensation of trimethylene carbonate monomer, which has non-toxicity, good cytocompatibility, and degradability.
Li et al. (2020) studied nanofibrous PCL/PTMC-MA biopolymer scaffolds. The results showed that the mechanical properties of polymer composite scaffolds composed of PTMC combined with PCL increased significantly, which prevented tissue adhesion and promoted cell proliferation and differentiation.
Shieh et al. (1990) prepared polymer material fibres from random copolymers of 90% DMTMC and 10% TMC. They retain excellent biomechanical properties and have appropriate biodegradability. It lays a foundation for the proliferation and migration of rabbit Achilles tendon cells and further improves the activity of stromal cells. Duek et al. (2014) used P (LDLA-TMC) membrane as a protective membrane and implanted it into adjacent tissues in New Zealand rabbits to prevent their adhesion. The results showed that the proliferation and differentiation of cells were accompanied by scar formation around the soft tissue, indicating that the P (LDLA-TMC) membrane has a specific anti-adhesion effect in repairing Achilles tendon injury.
PTMC does not produce acidic degradation products during in vivo degradation, allowing a reduction in the number of inflammatory factors around the Achilles tendon and removing necrotic scar tissue. Although PTMC overcomes the disadvantages of producing eosinophilic substances, its application in repairing Achilles tendon injuries is less studied, and there are still some problems that need to be solved urgently. For example, further study is required to ensure that stem cells can play a full role in PTMC scaffold materials and are evenly distributed on the material surface without shedding.
EFFECT OF PDS ON ACHILLES TENDON REPAIR
Polydioxanone (PDS) has non-toxicity, contamination, complete degradation, and good mechanical properties. Using PDS loaded fibroblasts to suture the Achilles tendon injury site can promote fibroblasts to exert their unique properties and heal Achilles tendon injury. He et al. (2002) seeded fetal skin fibroblasts into the human amniotic extracellular matrix (HA-ECM) and wrapped them around the Achilles tendon injury suture sutured by PDS. The immunohistochemical results showed that the labelled seed fibroblasts grew well. The rate and quality of Achilles tendon recombination in the experimental group were better than those in the control group, indicating the use of PDS is used helpful for the repair of Achilles tendon injury.
Unlike the above studies, Moshiri et al. (2015) fabricated a collagen implant (CI) as a simulated tendon, simulated the accessory tendon with a PDS sheath, and then embedded bovine platelet gel (BPG) as an active source of growth factors in rabbits Achilles tendon defects. Studies have found that activated platelets in the scaffold release significantly higher growth factors than the control group, and the turnover of peritendinous fibrocytes and remodelling of the Achilles tendon have also been further improved. Oryan et al. (2014) also studied the effect of 3D collagen and collagen/PDS implantation on rabbit Achilles tendon defect model by observing the histopathology and ultrastructural structure of injured Achilles tendon and intact Achilles tendon. It has been shown that the implantation of 3D collagen and collagen/PDS accelerates the production of new tendons in the defect area and restores the average functional level of the Achilles tendon.
PDS has excellent mechanical and mechanical properties, playing a role in consolidating acute Achilles tendon rupture in humans. Gebauer et al. (2007) conducted a comparative experiment of the surgical suture in patients with acute Achilles tendon. The results showed that the Bunnell method had primary suture stability than the Kessler method, and PDS had higher suture strength. It indicates that PDS as a suture material can help connect the broken end of the human Achilles tendon and play a role in fixation and support. Ji et al. (2015) compared the effect of PDSII and Ethibond W4843 surgical sutures in treating acute Achilles tendon rupture. By postoperative observation, the two suture biomedical materials had an almost consistent therapeutic effect in incision infection and re-rupture rate, but in the follow-up score, the wound healing effect of PDSII was slightly inferior to Ethibond. Yildirim et al. (2006) found that the two PDS sutures had the highest tendon stress, indicating that PDS has the loading capacity and excellent elastic properties, plays a tight junction role in the healing of fresh Achilles tendon, and provides practical help for the tissue healing and cell regeneration of Achilles tendon rupture.
Some scholars have also reported that using PDS and non-use of PDS as carrier substances for repairing the Achilles tendon will have different therapeutic effects. Meimandi-Parizi et al. (2013) used collagen and collagen-PDS implants to reconstruct Achilles tendon defects. Studies have shown that with the introduction of PDS materials, the biomechanical properties of the experimental group have been significantly improved, the necrotic tissue around the injured tendon has been reduced, and the soft tissue adhesion around the Achilles tendon has also been effectively inhibited.
In summary, PDS has the advantages of good degradability and biocompatibility and is now widely used in the field of clinical medicine, such as surgical sutures, which can provide vital help for the future of Achilles tendon rupture and promote the rapid recovery of the mechanical characteristics and functional level of the Achilles tendon.
EFFECT OF OTHER MATERIALS ON ACHILLES TENDON REPAIR
Pietschmann et al. (2013) prepared Polyglycolic acid (PGA) scaffolds for bridge Achilles tendon rupture in rats. The study results showed that the application of MSC significantly improved the healing rate of the Achilles tendon compared with the PGA scaffold alone group.
Nguyen et al. (2020) studied the effect of polyethene (PE) sutures in repairing human Achilles tendon rupture and evaluated the mechanical properties of the suture. The results showed that PE could be used as a medical polymer material to suture human Achilles tendon rupture, but the tensile resistance and degradability are general.
Cai et al. (2018) seeded allogeneic bone marrow stem cells (BMSCs) were on polyethylene terephthalate (PET) scaffolds and then implanted into rabbit unilateral Achilles tendon defects. The results showed that 12 weeks after surgery, the BMSCs-PET group was significantly more substantial than the control PET group in terms of type I and III collagen fibres and mechanical characteristics. In addition, researchers have simulated the fibrous structure of Achilles tendons with different structures of polypropylene (PP) and PET, and PET Achilles tendons showed some anti-fatigue and appropriate creep characteristics (Morais et al., 2020). Unlike the above studies, Gall et al. (2009) investigated the mechanical stability of polypropylene (PP) shapes in repairing distal Achilles tendon ruptures in dogs. The results showed that PP could be used as a medical polymer material to repair the Achilles tendon after surgery.
CONLUSION
The ideal scaffold material is still a critical issue for tendon tissue engineering. The research results of scaffold materials will directly promote the development of tendon tissue engineering and have broad clinical application prospects. In this review, we summarized the progress of biodegradable polymers, such as PCL, PLA, PLGA, PTMC, and PDS, in treating Achilles tendon injury. The biodegradable polymers loaded with stem cells or drugs can significantly improve the Achilles tendon injury repair effect. Although the research and application of scaffold materials derived from biodegradable polymers in tendon tissue engineering have succeeded, the currently used materials may have biocompatibility and degradability problems or have defects such as poor mechanical properties complex in processing and moulding. There are still some problems in applying biodegradable polymers to repair Achilles tendon injury that needs to be further explored; for example, are the adverse effects of biodegradable polymers on human function significant? Can the patient be helped to maximize functional recovery? Can tissue-engineered scaffold materials produce relatively ideal therapeutic results in humans and animal models? Are there differences in physiological and biomechanical properties between regenerated and native Achilles tendons? The above problems still need further study to be solved. Therefore, developing synthetic materials and modified natural materials to make them an ideal scaffold material that meets the requirements is an essential direction of repairing Achilles tendon injury. With the continuous development and close cooperation of life sciences and material sciences, ideal materials for repairing Achilles tendon injuries will undoubtedly be produced. The treatment of Achilles tendon injuries will be more straightforward, which will be a boon for many athletes.
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Zinc and its alloys are considered to be next-generation materials for fabricating absorbable biomedical devices. However, cytotoxicity has been reported to be associated with rapid degradation. To address these issues, a composite coating (PLA/Li-OCP) consisting of CaHPO4 conversion coating (Ca-P) and polylactic acid (PLA) decorated with Li-octacalcium phosphate particles was constructed on pure zinc. The immersion tests showed that the presence of Ca-P coating and PLA/Li-OCP coating on pure zinc could reduce the pH value. Compared with Ca-P coating, the introduction of the PLA/Li-OCP film on the Ca-P-coated samples could enhance the corrosion resistance, and there was one order of magnitude decrease in the corrosion current density. The cytocompatibility assay suggested that the PLA/Li-OCP coating favored the cell viability and upregulated the expression of related osteogenic-genes including RUNX2, OCN, and BMP. Therefore, the presence of the PLA/Li-OCP coating on pure zinc could effectively improve the degradation rate and cytocompatibility of pure zinc.
Keywords: zinc, biodegradation behavior, cytocompatibility, PLA film, pH
INTRODUCTION
Biodegradable metals such as iron, magnesium, and zinc are steadily considered to be next-generation materials for manufacturing absorbable biomedical devices due to their good mechanical properties. Currently, magnesium and iron have been studied widely because of their low elastic modulus and excellent biocompatibility. However, one of the issues against magnesium-based alloys for their clinical application is due to their rapid degradation rate and subsequent evolution of hydrogen gas in the human body environment, whereas the degradation rate of iron is very slow (Liu et al., 2018; Kabir et al., 2021; Mo et al., 2021). In contrast, the corrosion potential of zinc is between magnesium and iron, meaning that the corrosion rate of zinc falls in between that of magnesium and iron (Tong et al., 2020). Meanwhile, bone formation is closely related to zinc. Zinc deficiency would cause growth failure, neuropathy, dystocia, hypothermia, etc. (Chabosseau & Rutter, 2016). Given this, zinc and its alloys are very suitable for clinical usage, which has gained extensive interest in 2013 after the report of a landmark research from Bowen et al. (2013). According to their study, they implanted pure zinc in the rat abdominal aorta to simulate the degradation behavior of stents and found that zinc showed ideal degradation behavior in rat blood vessels compared with magnesium and iron alloys in vivo and that corrosion product also had good biocompatibility. Therefore, they reported that zinc and its alloys are a promising candidate as a bioabsorbable stent in the next generation.
However, cytotoxicity has been reported to be associated with the Zn2+ concentration released from zinc and its alloys (Murni et al., 2015; Alves et al., 2017). For example, Ma et al. demonstrated that a certain concentration of zinc ion, approximately 6.50 ppm, could inhibit cell proliferation. Peng et al. (2021) revealed that almost few cells could stay alive when the cell was directly exposed to the zinc surface (Zhu M et al., 2019). In this case, a perceived drawback of zinc is that higher concentrations of Zn2+ released from zinc-based alloy would induce cytotoxicity response to different cells including osteoblast. Therefore, promoting zinc and its alloys’ transfer to clinical applications still face the key issue that the high concentration of zinc ions accumulated around zinc-based implants would deteriorate the biocompatibility of implant (Zhu M et al., 2019).
Surface modification is an impactful strategy to enhance the biocompatibility of the implant by controlling the release rate of zinc ions (Pathak & Pandey, 2020; Pezzato et al., 2020; Sheng et al., 2020; Serdechnova et al., 2021). For this purpose, many studies have been focused on the improvement of bioactivity and biodegradability via developing surface treatments, such as PEO coating, chemical conversion coating, electrochemical deposition coating, and polymer coating (Peng et al., 2021). Conversion coating has been widely used to enhance corrosion resistance and upgrade bioactivity and biocompatibility of magnesium and its alloys by reacting magnesium with electrolyte in the bath, which is considered to be an efficient, feasible, easily applicable cost-effective way of protecting zinc and its alloys (Hafeez et al., 2020). Moreover, the calcium and zinc phosphate conversion coatings with intrinsic bioactivity and biocompatibility are proverbially produced on many biomaterials thanks to their similar composition to carbonated apatite in natural bone tissue (Guo et al., 2020; Hafeez et al., 2020). Attempts have been conducted to produce kinds of conversion coatings on zinc and its alloys (Gao et al., 2021; Zhang et al., 2020). For example, Mo et al. (2021) fabricated a zinc phosphate (ZnP) coating with decorating alendronate on zinc to improve the degradation rate and the bio-functionality and found that the coating not only improves the release rate of zinc ions but also showed the ability with balancing osteo-functionality of anti-osteoclast and pro-osteoblast response. Zhang et al. (2020) designed and fabricated a zinc-phosphate (ZnP) coating containing graphene oxide (GO) on pure zinc to control the degradation behavior of next-generation bioabsorbable implant and found that a Zn alloy scaffold with Ca-P coating could modulate Zn2+ release rate and demonstrated that the Ca-P coating could contribute to the osteogenic differentiation of BMSCs (Zhuang et al., 2021). However, the main drawback of the conversion coatings is that there is the presence of pores and cracks on the coatings, which would cause the solution to permeate into the substrate (Su et al., 2019).
Preparing a polymer film on the conversion coatings with defects can address this issue. Ostrowski et al. (2013) sealed microcracks of the MAO coating by PLLA film. Lu et al. (2011) prepared a PLA film on the Ca-P conversion coating to propose a composite coating on AZ91alloy. Their results indicated that this composite coating could reduce the biodegradation (Kannan & Liyanaarachchi, 2013). Electrochemical tests showed that the composite coating can effectively improve the polarization resistance of AZ91. et al. modified the pure zinc with the film of poly (L-lactic acid) (PLLA). The in vivo study suggested that the PLLA could reduce the corrosion resistance of pure zinc (Shamoli et al., 2017). Moreover, to further improve the bioactivity of the polymer films on the conversion coatings, some studies reported that bioactive elements and matters were loaded into the polymer film to promote osteogenic differentiation. doped the Li element into the MAO coating to enhance the osteogenic differentiation. The in vitro study suggested that the osteogenic-related gene expression was upregulated by the Li addition (Lin et al., 2021). Galli et al. noted that the differentiation of bone marrow MSCs on the titanium was improved by the Li addition on coating via the wnt/β-catenin signal. González-García & Monje (2013) doped octacalcium phosphate (OCP, Ca8H2(PO4)6∙5H2O) into the nanofibers consisting of poly(lactic-co-glycolic acid) (PLGA)/poly(caprolactone) (PCL) via electrospinning, and found that the nanofibers with doping OCP could upregulate the gene expression of bone-specific markers (Wang et al., 2019). Heydari et al. fabricated a novel scaffold consisting of polycaprolactone (PCL) and OCP particles. The results showed that OCP particles favored the growth of the osteoblast (Heydari et al., 2017).
Currently, the considerable attraction with zinc mainly lies in the design and development of zinc-based alloys (Ren et al., 2019; Yin et al., 2019; Zhu S et al., 2019; Tong et al., 2020), focusing on the improvement of mechanical properties, and biocompatibility evaluation. However, there are rather few studies on improving corrosion resistance and cytocompatibility for biomedical zinc via surface modification. Herein, the calcium phosphate conversion coatings were produced on pure zinc, following doping with a polylactic acid (PLA) with decorating Li-OCP particles to improve the biocompatibility. The microstructure, biodegradable rate, and cytocompatibility were studied to estimate the feasibility of pure zinc with Ca-P coating for clinical application.
EXPERIMENTAL DETAILS
Materials Preparation
A zinc bar (Zn ≥ 99.99%) was cut into disk specimens with dimensions of Φ10 × 2 mm. These samples were ground with sandpapers to 2000#, ultrasonically cleaned with deionized water, respectively, and then dried in a drying cabinet. Whereafter, the samples were exposed to an acidic calcium phosphate electrolyte consisting of 0.12 M NaH2PO4, 0.20 M CaCl2, and 0.10 M Na2EDTA·2H2O with the pH of 3.50 for 6 h at 100°C in autoclaves. Then, the obtained Ca-P-coated samples were washed 3 times using deionized water and dried. The Li-OCP particles were fabricated by the following method: 0.009 mol NH₄PO₃ and 0.03 mol CH₄N₂O were mixed in 300 ml of distilled water for 30 min at room temperature (named A solution), while 0.01188 mol calcium acetate and 0.00012 mol of lithium chloride were mixed in 300 ml of distilled water for 30 min at room temperature (named B solution). Subsequently, solution B was added to solution A and stirred for 5 min (solution C). Solution C was heated to 90°C in a water bath with stirring for 2 h. The Li-OCP particles were obtained after the reaction. The PLA powders and Li-OCP particles were mixed and PLA was dissolved in chloroform solvent to fabricate the PLA/Li-OCP solution. Then, the Ca-P-coated samples were dipped in PLA/Li-OCP solution and pulled out rapidly to produce the PLA/Li-OCP coating on the Ca-P-coated samples (named PLA/Li-OCP-coated sample). The weight ratio of the PLA powders and Li-OCP particles was 400:1.
Coating Analysis
A scanning electron microscope was used to observe the morphologies of coated zinc. The chemical compositions and phase of the Ca-P coatings were analyzed by energy spectroscopy (EDS) and x-ray diffraction, with the radiation source being Cu-K α with a scanning speed of 5°. The chemical valence state of coatings was characterized by x-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher) equipped with a monochromatic Al-K α (1,486.60 eV). The C1s peak located at the binding energy of 284.80 eV was used for the charge correction. The wettability of coatings was analyzed by a contact angle meter.
Immersion Test
The corrosion rate of the coated samples was studied via immersion test in simulated body fluid (SBF) solution at 37 ± 0.50°C for 21 days. The volume of solution to the immersed area of the surface was 1.25 ml/cm2. To imitate a dynamic circulation environment in the human body, the SBF solution was refreshed every 3 days. At each time point, the pH value was recorded by a pH meter. After 21 days of immersion, the immersed coated zinc was washed by deionized water and dried in air. Scanning electron microscopy was used to observe the morphology.
Electrochemical Tests
The corrosion resistance of coated zinc was measured via potential polarization curve and electrochemical impedance spectroscopy (EIS) using a Princeton Model 273A electrochemical work station in SBF solution. In the electrochemical test, the pure zinc and coated zinc were used as the working electrode, platinum sheet was used as the auxiliary electrode, and saturated mercuric electrode was used as the parameter electrode. In the dynamic potential polarization test, an applied potential ranged from −0.50 V to +1.50 V relative to OCP with a scanning velocity of 1 mV/s. The frequency ranging from 105 Hz to 10–2 Hz was used applying 10 mV perturbation in the EIS test.
Cell Viability
Pre-osteoblast cell lines MC3T3-E1 were used to analyze the cytotoxicity. The MC3T3-E1 were cultured with studied samples in Dulbecco’s modified Eagle’s medium (DMEM) containing 100 U/ml penicillin, 10% fetal bovine serum (FBS), and 100 μg/mg streptomycin in an incubator with humid 5% CO2. The cytotoxicity was measured using MTT according to operating instructions. The studied coated zinc and uncoated zinc were soaked in DMEM to extract the immersion at 37°C for 3 days. The cells with a density of 5× 104/well were seeded in a 96-well plate for 1, 3, and 5 days, respectively. The medium was refreshed every day. According to the manufacturer’s protocol, the cell viability in terms of optical density (OD) values was obtained at a wavelength of 490 nm in a microplate reader. Meanwhile, 5×104 cells/ml were seeded on samples in 24-well plates and cultured for 3 days to assess the cell morphology attached to studied samples. After that, the cells attached to the samples were rinsed with PBS solution, and then fixed on the surface of samples using 4% paraformaldehyde at 25°C for 25 min and subsequently rinsed with PBS. Thereafter, the cell microfilament was stained by 1.0% (v/v) FITC-phalloidin dye for 30 min, and then nuclei were stained by 1 mg/ml DAPI for 10 min at 37°C. The cell morphology was analyzed by a fluorescence microscope.
Expression of Osteogenic Genes
The mRNA expression of osteogenic differentiation-related genes including RUNX2, BMP, and OCN was detected by quantitative PCR (qPCR) analysis. The cells MC3T3-E1 with a density of 5 × 104/well were cultured with studied samples in DMEM in a 24-well plate for 3 and 5 days. According to operating instructions, the mRNA expression of osteogenic genes including RUNX2, BMP, and OCN was analyzed by qPCR each time.
Statistical Analysis
The one-way ANOVA was used for statistical analysis. There is a significance between the studied groups when p < 0.05.
RESULTS
Coating Analysis
Figures 1A–F show the morphology of pure zinc, the Ca-P-coated samples, and PLA/Li-OCP-coated samples. As for the pure zinc without coating, scratches could be found on the pure zinc after being ground with sandpapers to 2000# (Figure 1A,B). With Ca-P coating treatment, at low magnification (Figure 1C), the coatings on pure zinc formed at different temperatures seem compact and dense without evident defects, indicating that the Ca-P coatings could be successfully formed on the pure zinc substrate. At high magnification (Figure 1D), numerous good crystals could be detected in all coatings, but the morphology of those coatings was different. In the case of the PLA/Li-OCP-coated samples, the morphology of Ca-P coating was covered by the PLA/Li-OCP coating. Moreover, the nano Li-OCP particles cannot be well observed in the PLA coating. The EDS results obtained from zones Ⅰ and Ⅱ are listed in Table 1, which suggested that the ratio of Ca/P for the Ca-P coating was close to 1, and the C element appeared in the PLA/Li-OCP coating, which belonged to PLA. However, the Li element cannot be detected by EDS because Li would emit an x-ray signal that exists at a relatively low intensity of less than 55 eV. This is because the conventional EDS detectors absorb 100% of x-rays of approximately 55 eV (Lin et al., 2021).
[image: Figure 1]FIGURE 1 | (A, B) The microstrucutres of pure zinc, (C, D) Ca-P-coated samples, and (E, F) PLA/Li-OCP-coated samples.
TABLE 1 | Results of EDS obtained from zones Ⅰ and Ⅱ in Figure 1 C,E, respectively.
[image: Table 1]Figure 2A shows the results of the contact angle of studied samples. Hydrophilicity is one of the indicators to assess the ability of cell adhesion on the implant in the initial stage. As can be seen, the value of contact angle of pure zinc was 121.54 ± 0.81°, and the values of contact angle for the Ca-P- and PLA/Li-OCP-coated samples were 61.12° ± 1.43 and 80.68° ± 1.05°, respectively, indicating that there was no significant difference in the water contact angle among the coatings obtained by different temperatures. Thus, the presence of coatings on the zinc could decrease the water contact angle, suggesting that the coating could improve the hydrophilicity of the surface compared to pure zinc. Figure 2B shows the XRD of the samples with and without coatings. The main phase of the Ca-P coatings was dicalcium phosphate anhydrous CaHPO4, whose ratio of Ca/P was consistent with the EDS results in Table 1. When the zinc was exposed to the electrolyte, heterogeneous nucleation of CaH2EDTA began to occur on the substrate. Meanwhile, upon processing the hydrothermal treatment, the increasing temperature promoted the precipitation of the CaH2EDTA crystal on the zinc surface. However, the further increasing temperature resulted in the dissolution of CaH2EDTA crystals, releasing calcium ions. Then, the calcium ions react with dihydrogen phosphate ions to form
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[image: Figure 2]FIGURE 2 | (A) The contact angle of studied samples; (B) the XRD patterns; (C, D) the total XPS spectrum of the Ca-P coating and PLA/Li-OCP coating.
CaHPO4, as a kind of biological CaP ceramics, shows excellent biocompatibility to the bone, and has been used as a coating to improve the proliferation and maturation of osteoblastic cells (Chow, 1999). As for the PLA/Li-OCP-coated samples, the main phase of the coating was Ca8H2(PO4)6∙5H2O. The total spectrum of the Ca-P coating in Figure 2C shows that the peaks of O1s, Zn2p, Ca2p, and P2p were detected, while Li 1s was found in PLA/Li-OCP coating except for O1s, Zn2p, Ca2p, and P2p in Figure 2D; this indicated that the Li was doped into the OCP particles.
Electrochemical Tests
The potentiodynamic polarization curves are shown in Figure 3, and the corrosion potential (Ecorr) and the corrosion current density (Icorr) are listed in Table 2. Compared with the pure zinc, there was no significant difference in the Ecorr between the pure zinc and Ca-P-coated samples, but the Ecorr for the PLA/Li-OCP sample shifted to positive. The Ecorr value of the bare zinc was −1.12 ± 0.03 V, and the Ecorr value for the Ca-P-treated sample and PLA/Li-OCP samples was −1.18 ± 0.12 V and −1.03 ± 0.07 V, respectively. In thermodynamics, the positive shift of corrosion potential indicated that the corrosion tendency of pure zinc was inhibited by the presence of coatings on the substrate. Meanwhile, Icorr in the coated specimens was decreased compared with the bare zinc, in which the PLA/Li-OCP sample exhibited the lowest corrosion current density. This indicated that the PLA/Li-OCP coatings could effectively act as a barrier and block the infiltration of electrolytes into the substrate. With regard to the coated samples, the Icorr of the Ca-P-coated sample was reduced from 8.26 × 10–5 A/cm2 of pure zinc to 1.32 × 10–5 A/cm2. When treated with PLA/Li-OCP on the Ca-P-coated sample, the Icorr was further reduced to 6.56 × 10–6 A/cm2. As mentioned above, the PLA/Li-OCP-coated samples had the best corrosion resistance.
[image: Figure 3]FIGURE 3 | The potentiodynamic polarization curves of coated zinc and pure zinc.
TABLE 2 | The corresponding corrosion parameters including corrosion potential and the corrosion current density.
[image: Table 2]The EIS was used to further study the corrosion resistance of the coated samples. Figure 4A shows the Nyquist curves of studied specimens without coatings in SBF solution. In all cases, two semicircle-like curves were found in the Nyquist curves. In high frequency, the capacitive loop generally corresponds to the charge transfer resistance of corrosion products. Herein, the capacitive loop was assigned to the Ca-P coatings, while this capacitive loop in high frequency was attributed to the corrosion product for the bare zinc (Jamesh et al., 2015). The capacitive loop represented the adsorption process during corrosion. In the lower-frequency region, as a rule, the diameter of the semicircle-like curves can be represented by the polarization resistance of the coatings. In Figure 4A, the PLA/Li-OCP sample exhibited the biggest diameter of the semicircle-like curves, whereas pure zinc showed the smallest diameter of the semicircle-like curves. The Bode-impendence plots in Figure 4B show that a remarkable increase of impedance value was obtained in the coated samples compared with the bare zinc. The impedance for pure zinc, Ca-P, and PLA/Li-OCP-coated samples was ∼242.13, ∼336.65, and ∼1200 Ω cm2, respectively. As expected, the PLA/Li-OCP samples exhibited the greatest impedance at the lowest-frequency zone, indicating that the PLA/Li-OCP samples had the best corrosion resistance. Moreover, all the samples revealed an inductive character at the lower frequencies, a characteristic of pitting corrosion (Wu et al., 2017). The bode-phase plots in Figure 4C demonstrate that there was a significant increase in the phase angle in the medium-frequency region as the treatment temperature increased. The phase angle was reduced from −30.25° of pure zinc to −55° of the PLA/Li-OCP sample. Besides, two time constants can be found in the coated samples. Normally, in the high frequencies, the time constant is assigned to double-layer capacitance and the corresponding charge transfer resistance, while one is related to the film resistance of the corrosion product in low frequency (Wojciechowski et al., 2016). The equivalent electrical circuit was applied to fit the EIS spectra (Figures 4D,E). Rs means the solution resistance. CPE1 and Rct are the constant phase element (CPE) and corrosion product resistance, while the constant phase element and the inner layer resistance were represented by CPE2 and Rf, respectively (Jamesh et al., 2015). Moreover, the capacitance to remit the “scatter effect” at the interface between electrode and solution was replaced by CPE with a symbol of Q. In general, higher values of Rct and Rf mean a greater corrosion resistance of the sample. A lower CPE1 value represents a lower corrosion area on the surface, while a higher CPE2 means the relatively thin and incompact film on the metal. The corresponding results fitted from the circuit elements are listed in Table 3, which was a good fit confirmed by chi-square (χ2) values of about 10–3. The values of Rct of the coated zinc for the Ca-P- and PLA/Li-OCP-coated samples were 275.34 and 275.34 Ω cm2, respectively, which were greater than 276.82 Ω cm2 of pure zinc; the values of Rf of the coated zinc for the Ca-P- and PLA/Li-OCP-coated samples were 25.34 and 156.47 × 103 Ω cm2, respectively, indicating that the corrosion resistance of the inner layer was increased with temperature; besides, lower CPE1 and CPE2 values were also found in the coated zinc, indicating a near-capacitive behavior of the zinc modified by coatings. It is observed that the Rct resistance of the coating was significantly larger than the Rf resistance of the outer layer, suggesting that the compact coating can favor more effective protection on the substrate from corrosion.
[image: Figure 4]FIGURE 4 | (A) Nyquist curves of studied samples, (B) Bode curves of impedance and (C) Bode curves of phase angle, and (D, E) equivalent circuit.
TABLE 3 | The corresponding results fitted from the circuit element.
[image: Table 3]Immersion Test
The pH values of SBF soaked with studied samples with and without coatings for 21 days are presented in Figure 5A. When the zinc and its alloys are exposed to the electrolyte, the chemical reaction listed as the following would have occurred (Ma et al., 2015; Hernandez-Escobar et al., 2019):
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[image: Figure 5]FIGURE 5 | The pH value of SBF solution immersed with samples.
Proceeding with the anode reaction, the degradation of zinc and its alloys begins to occur. Most of the OH−in the cathode reaction would react with Zn2+ ions to form zinc hydroxide on the surface of pure zinc, while the rest of the OH−would cause an increase of pH value in the surrounding environment, which will promote the deposition of insoluble calcium and phosphorus salt on the zinc surface. The SBF solution immersed with the bare zinc exhibited the highest pH value approaching 7.89 on the first day, which sharply increased for 9 days, and then reduced after 12 days of immersion. With the deposition of the complex corrosion products on zinc surface, a relatively dense protective film dominantly consisting of zinc hydroxide would result in the decrease of corrosion rate. With the extension of the immersion time, the thicker corrosion layer further reduced the corrosion rate of zinc. At the same time, a degradation behavior occurred, resulting in the damage of the corrosion product layer. Then, the electrolyte infiltrated into the substrate to proceed with the degradation. This phenomenon could be reflected by the fluctuant pH curve, suggesting an alternative in pit corrosion, generation, and degradation of corrosion products on zinc. In the initial immersion time, the pH values of the SBF solutions immersed with CaP-coated samples significantly decreased, indicating that all the coatings could improve the degradation rate of pure zinc. Noticeably, it can be seen that there was a different degradation behavior among the coated samples. As for the Ca-P-coated samples, the pH value began to increase when the samples were immersed for 1 day. This suggested that some electrolyte permeated into the substrate. In contrast, the PLA/Li-OCP samples showed the lowest pH value concerning the other groups, indicating that more compact and stable coatings were deposited on pure zinc. After 12 days, the pH was gradually reduced and approached a lower level for the coated zinc. Moreover, a more fluctuant profile of the pH values in the bare zinc was observed with respect to the zinc with Ca-P coatings. With regard to coated samples, such a phenomenon was not evident in the coated groups, especially for the PLA/Li-OCP group.
Figures 6A–G display the morphology of the studied samples immersed in SBF for 21 days, and the corresponding EDS patterns are shown in Figure 6G. It can be seen that lots of pits were displayed in pure zinc, indicating that pure zinc suffered from pitting corrosion, as seen in Figure 6A,D; moreover, the EDS patterns obtained from point a and b in Figure 6D suggested that the corrosion products consisted of Ca and P. In the case of the Ca-P-coated sample in Figure 6B, a crack could be observed on the coating, as marked by the ellipse, and the EDS patterns from point c in Figure 6E indicated that this region should be assigned to the corrosion products. This is because the Zn element appeared in this region compared with point b. The presence of Zn demonstrated that the occurrence of pit corrosion resulted in the released zinc ions from the substrate reacting with calcium phosphate to form corrosion products, suggesting that the protection of Ca-P coating locally became invalid, resulting in the electrolyte permeating into the substrate. Concerning the PLA/Li-OCP coating (Figure 6C), there was still a compact and dense PLA coating without obvious defects on the substrate. This suggested that the PLA coating could provide ample protection to prevent the electrolyte from infiltrating the substrate. This is further confirmed by the EDS patterns in point e in Figure 6F, which showed that no Zn element was found in the coating, and a small amount of Ca and P was found, indicating sufficient protection from the coating although there was degradation of the PLA coatings.
[image: Figure 6]FIGURE 6 | (A–G) The microstructures of the studied samples immersed in SBF for 21 days and the corresponding EDS patterns in panel (G): (A, D) pure zinc; (B, E) Ca-P coating; (C, F) PLA/Li-OCP coating.
Cell Activity and Osteogenesis Differentiation
The cell viability after cells were seeded on studied samples with and without coatings for 1, 3, and 5 days is shown in Figure 7. It can be seen that there was almost no cell activity when the cells were exposed to the bare zinc during culture time, which suggested severe cytotoxicity of the material. This could be attributed to the high zinc ion concentration and pH value that induced cell apoptosis. In contrast, such a case was improved in that cell activity could be detected when the cells were co-cultured with the coated samples. As for the Ca-P-treated group, the maximum cell viability was found on the first day and then the value of viability slightly decreased with time. The cell viability for the PLA/Li-OCP group was higher than that of the Ca-P-treated samples at any time point, and the cell viability gradually increased after 3 and 5 days of culture. This revealed that the PLA/Li-OCP sample showed the greatest cytocompatibility with the ability for cell proliferation due to the degradable rate being considerably improved by the coating obtained at this temperature. Figure 8 shows photographs of MC3T3-E1 cells exposed on the studied samples for 3 days. In Figure 8, alive cells failed to adhere to the pure zinc surface, showing lytic morphology, a characteristic of dead cells. This case was slightly changed in the Ca-P-coated samples. In contrast, these conditions were changed by the presence of PLA/Li-OCP coatings. It can be seen that the cells attached to the PLA/Li-OCP coatings show a healthy spreading morphology, indicating that the PLA/Li-OCP coatings could favor the attachment and proliferation of cells. This observation coincided with the results of cell activity.
[image: Figure 7]FIGURE 7 | (A) OD value after MC3T3-E cells being seeded on studied samples for 1, 3, and 5 days (**p < 0.05).
[image: Figure 8]FIGURE 8 | Immunofluorescence-stained osteoblasts on samples after 3 days of culture.
To further evaluate the effect of coating on cell proliferation, RT-PCR was applied to measure the related osteogenic genes at the mRNA level including runt-related transcription factor 2 (RUNX2), osteocalcin (OCN), and bone morphogenetic protein (BMP). Figures 9A–C show the expression levels of RUNX2, BMP, and OCN after cells were cultured with samples for 3 and 5 days. As expected, the expression of all related osteogenic genes in the bare zinc was much low during culture time, whereas fabricating the Ca-P coatings on the zinc could slightly enhance the expression of related osteogenic genes. After 3 days of culture, the expression of RUNX2 and BMP on Ca-P-treated samples was higher than that on the pure zinc, and the PLA/Li-OCP samples present the greatest gene expression among the other groups. After 5 days of culture, the expression of the osteogenic genes in PLA/Li-OCP-treated samples was higher than that of the Ca-P-treated samples and pure zinc. As mentioned above, the PLA/Li-OCP coating could improve the osteogenic activity and osteogenesis of pure zinc.
[image: Figure 9]FIGURE 9 | Expression of related osteogenic genes: (A) RUNX2, (B) BMP, and (C) OCN (*p > 0.05, **p < 0.05).
DISCUSSION
Once an implant is fixed in the body, cells subsequently adhere to the implant for cell proliferation and differentiation, and cell adhesion has a close relationship with the cultural environment induced by the materials. Therefore, material without cytotoxicity to the cells is a prerequisite for the healing of the bone defect. For zinc and its alloys, one of the main obstacles to transfer to clinical application is the locally accumulated zinc ions in the initial stage of the degradation process, which inhibits the cell adhesion to the materials. Although zinc is required for bone formation, there is a piece of increasing evidence showing that an excessive release of zinc ions from an implant would induce cytotoxicity. Yuan et al. (2019), who investigated the effect of zinc ions on the endothelial cellular responses, demonstrated that a low concentration of zinc ions less than 80 μM could contribute to cell adhesion and proliferation. However, when the zinc ions exceed 80 μM, a negative side to the cell viability would occur (Ma et al., 2015). According to the study from Murni et al., the high zinc ion concentration released from the Zn–3Mg alloy could inhibit electron transport in uncoupled mitochondria (Murni et al., 2015). This drawback was improved by introducing PLA/Li-OCP coating on pure zinc in this study. The important observation that aids understanding of this improvement is the decrease in pH value and releasing concentration of zinc ions. Moreover, the protective effect of coatings on the substrate was enhanced with increasing treatment temperature. As analysis from immersion and electrochemical tests shows, the PLA/Li-OCP coating exhibited the best protective effect. During immersion, herein, three stages of degradation could be proposed for the Ca-P coating, namely, coating degradation, local pit corrosion of substrate, and deposition of corrosion products. In the coating degradation stage, the coatings began to degrade when the sample was exposed to the electrolyte. The local degradation of coating provided sites for solution infiltration into the substrate, causing the local pit corrosion of substrate, accompanied by the release of OH− and zinc ions. This phenomenon could be indicated by the elevated pH value and zinc ion concentration. Subsequently, a locally high concentration of zinc ions reacted with the OH− and the phosphate radical to form corrosion products, which, in turn, deposited on the coatings, leading to the decrease of pH value and zinc ion concentration. In fact, the degradation behaviors of all the coatings were different in PBS solution, as the protective effect of coatings is related to microstructure and thickness (Hiromoto, Tomozawa, & Maruyama, 2013). For example, the increasing pH value in the Ca-P-treated group occurred after 5 days, which should be due to the unstable coating obtained at low temperature, and early damage of coating was present. On the contrary, the pH value of the PLA/Li-OCP group remained more stable due to the compact coatings (Pan et al., 2009). The presence of the PLA coating could further prevent the solution from permeating into the substrate.
Accordingly, the cell activity on different coatings suggested that the coated zinc showed good cell proliferation compared with the bare zinc. As such, the outcome from real-time PCR indicated that the pure zinc modified with Ca-P coating and PLA/Li-OCP coating could upregulate the osteogenic gene expression including RUNX2, OCN, and BMP. These findings indicated that the coated zinc could favor osteogenic differentiation in the early and late osteogenesis process. On the one hand, the improvement of cytocompatibility should be attributed to the decrease in local zinc ions, which provides a healthy microenvironment for cell attachment and differentiation. That is, the Ca-P and PLA/Li-OCP coating acted as a barrier to close the corrosive liquid of zinc matrix and modulated the degradation rate. This inhibitory effect promoted the generation of a friendly microenvironment for cell proliferation and differentiation, because the cell medium was refreshed every day. On the other hand, the reduced pH value also helps cell adhesion and differentiation, since cell adhesion on biomaterials is closely relevant for the alkaline microenvironment (Lin et al., 2021). In Figure 5, it can be found that the pH value of pure zinc on the first day approached 7.98, whereas the pH value of Ca-P and PLA/Li-OCP samples was 7.78 and 7.42. The decrease in pH value by the introduction of Ca-P coating was the other factor promoting cell differentiation. Noticeably, the presence of the Ca and Li elements in the coating may also be a factor to favor the enhancement of cytocompatibility. Ninety-nine percent of the Ca element in the body is present in normal bone tissue, and Ca ions can recruit a certain number of bone growth precursor cells to the damaged site by activating calmodulin signaling and activation of ERK1/2 and PI3K/Akt pathway, thereby stimulating the adhesion, proliferation, and differentiation of human osteocyte (Hu et al., 2019; Gao et al., 2021). Moreover, lithium (Li) ions, as a trace element in the human body, were considered to play an important role in organisms (Lin et al., 2021). According to Chen et al., osteogenic differentiation was found to be promoted by adding Li ions in the inflammatory microenvironment (Chen et al., 2013). In addition, it has to be mentioned that the OCP also contributed to enhancing biocompatibility. Many studies have observed that the OCP-based materials favor the bone regenerative properties via promoting the osteoblast differentiation from precursor cells in vitro (Suzuki, 2013). However, we have to mention that the promotion of cell activity favored by the presence of PLA/Li-OCP coating on pure zinc may be complex, which is the result of synergism of dynamic change of zinc ion, pH, and the existing Ca and P ion. Therefore, an in-depth investigation should be performed in vitro and in vivo in further studies.
CONCLUSION
In this study, a composite coating consisting of CaHPO4 conversion coating (Ca-P) and PLA decorated with Li-octacalcium phosphate particles (PLA/Li-OCP) was constructed on pure zinc to improve degradation and cytocompatibility. The presence of the PLA/Li-OCP coatings elaborated an effective barrier to prevent the electrolyte from infiltrating the substrate. The enhanced corrosion resistance significantly reduced the pH value, resulting in improving the cytocompatibility. Moreover, the improvement of degradation also upregulated the expression of related osteogenic genes including RUNX2, OCN, and BMP. Therefore, the PLA/Li-OCP conversion coating was a promising coating to improve degradation rate and cytocompatibility.
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The main goal of this study was to develop a novel poly (lactic-co-glycolic acid) (PLGA) composite biodegradable material with magnesium (Mg) metal to overcome the acidic degradation of PLGA and to investigate the cytocompatibility and osteogenesis of the novel material. PLGA composites with 5 and 10 wt% Mg were prepared. The samples were initially cut into 10 mm × 10 mm films, which were used to detect the pH value to evaluate the self-neutralized ability. Murine embryo osteoblast precursor (MC3T3-E1) cells were used for in vitro experiments to evaluate the cytotoxicity, apoptosis, adhesion, and osteogenic differentiation effect of the composite biodegradable material. pH monitoring showed that the average value of PLGA with 10 wt% Mg group was closer to the normal physiological environment than that of other groups. Cell proliferation and adhesion assays indicated no significant difference between the groups, and all the samples showed no toxicity to cells. As for cell apoptosis detection, the rate of early apoptotic cells was proportional to the ratio of Mg. However, the ratios of the experimental groups were lower than those of the control group. Alkaline phosphatase activity staining demonstrated that PLGA with 10 wt% Mg could effectively improve the osteogenic differentiation of MC3T3-E1 cells. In summary, PLGA with 10 wt% Mg possessed effective osteogenic properties and cytocompatibility and therefore could provide a wide range of applications in bone defect repair and scaffold-based tissue engineering in clinical practice.
Keywords: PLGA, magnesium, biomaterial, bone defect, osteogenesis
INTRODUCTION
Bone defects resulting from performing procedures for the head–neck cysts or tumors are common clinical problems. Therefore, synthesis of biomaterials with biocompatibility and controlled degradability to repair bone defects has always been a hot topic in the maxillofacial field (Phasuk et al., 2018; Zhang et al., 2019).
Poly (lactic-co-glycolic acid) (PLGA) possesses good biocompatibility, suitable mechanical strength, and controlled degradability, and is widely used in pharmaceutical and medical engineering materials (Omezli et al., 2015; Martins et al., 2018). PLGA, which has mechanical and degradable characteristics that can be regulated by varying the lactic acid (LA) to glycolic acid (GA) ratio (Makadia and Siegel, 2011; Gentile et al., 2014), has been used to produce biodegradable sutures and orthopedic fixation plates according to these characteristics (Hutmacher, 2000; Goth et al., 2012). Moreover, PLGA can inhibit the infiltration of macrophages, which are beneficial for bone regeneration and repairs (Ren et al., 2021). However, PLGA degradation can lead to an acidic environment in local tissues, which affects bone tissue regeneration and slows down the degradation rate of the material (Fu et al., 2000; Zhao et al., 2021).
In recent years, magnesium (Mg) and its alloys as metal biomaterials have attracted considerable attention because of their lightweight, bone-like mechanical, and osteoconductive properties (Landi et al., 2008; Hort et al., 2010; Farraro et al., 2014; Chakraborty Banerjee et al., 2019). Some authors have reported that Mg and its alloys have been used in orthopedic appliances in patients with bone defects (Staiger et al., 2006). The advantages also include antibacterial properties because of the alkaline environment with a local high pH value after Mg degradation. However, Mg degrades rapidly in vivo, and uncontrolled degradation increases the pH value of the local environment, which affects the process of osteogenic differentiation (Jana et al., 2021). With regard to the uncontrolled degradation of Mg, other studies have investigated coating bulk Mg alloys with PLGA, poly (L-lactic acid), or poly (ε-caprolactone) to control the degradation rate of the alloy (Wong et al., 2010; Guo et al., 2011; Ostrowski et al., 2013; Johnson et al., 2016). Furthermore, Yu et al. develop a composite bioactive scaffold composed of polylactide-coglycolide and tricalcium phosphate incorporating osteogenic, bioactive magnesium metal powder (Yu et al., 2019). These coatings decrease short-term degradation rate and increase cell attachment and viability. The cellular studies showed that the composites with higher Mg particle concentration showed higher cell viability, cytocompatibility, migration, and osteogenesis differentiation. Most recently, many authors reported similar coating techniques and high-quality coating materials on their articles (Chen et al., 2018; Tang et al., 2022).
Based on the physicochemical complementary characteristics of PLGA and Mg, we aimed to develop a novel PLGA/Mg composite biodegradable material. We hypothesized that 1) Mg degradation products can neutralize the acidic byproducts in the process of decomposing PLGA and 2) the PLGA/Mg composite biomaterial can promote osteogenesis. To identify a better ratio of PLGA and Mg, 5 and 10 wt% Mg were added to PLGA to form the composite material. Immersion tests and pH value monitoring were performed to evaluate the degradability and self-neutralizing ability of the composite material. Cell proliferation, attachment, apoptosis, and osteogenesis assays were performed in vitro.
MATERIALS AND METHODS
Synthesis of PLGA
The PLGA copolymers with a molar ratio of 50/50 were synthesized as follows. Equal molar amounts of L-lactide (LLA) and glycolide were charged in a polymerization tube, and the catalyst solution (0.2 mol, 1/5,000 eq.) was then added to the reaction mixture. The tube was purged with dry nitrogen and kept under vacuum for 2 h to remove all volatiles. The tube was heat-sealed under vacuum, and copolymerization was carried out at 130 ± 2°C for 3 days. After the reaction, the tube was broken, the copolymer was dissolved in chloroform, further purified in ice-cold methanol, and dried under vacuum to a constant weight.
Preparation of PLGA/Mg Composite Biomaterials
PLGA (10 g) was dissolved in dichloromethane at a ratio of 1:5 g/ml, and pure Mg powder (50 μm average diameter) provided by Institute of Metal Research, Chinese Academy of Sciences was then added to the polymer solution to form composites with 5 and 10 wt% Mg metal. The solution was vortexed for 30 min before casting into a polytetrafluoroethylene dish and left to air dry at 4°C for 3 days. After solvent evaporation, the films were dried to a constant weight under vacuum. The dried films were cut into strips 10 mm long and 10 mm wide.
pH Value Monitoring
The samples were divided into three groups: P group, P5% Mg group, and P10% Mg group. Each sample was cut into 10 mm × 10 mm films and then placed into a phosphate-buffered saline (PBS) solution. The surface for each sample was immersed in the PBS buffer solution. The change in the pH of PBS solution was detected every day. The test included 7 days of continuous pH value monitoring. Finally, the pH value of each sample was calculated for three times, and the average value was recorded for future analysis.
In Vitro Experiments
Cell Culture
Murine calvarial preosteoblast (MC3T3-E1) cells were cultured in Alpha modified Eagle medium (α-MEM; Hyclone Corporation, United States) supplemented with 10% fetal bovine serum (Clark, Virginie Ledoyen, United States), 100 U/mL penicillin, and 0.1 mg/ml streptomycin. The cells were stored in an incubator at 37°C with 5% CO2. Trypsin (0.25%; Sigma Corporation, United States) was used to digest and passage the cells. MC3T3-E1 cells were used to assess cell cytotoxicity, adhesion, apoptosis, and osteogenic regeneration.
Cell Cytotoxicity Test
Cell cytotoxicity tests were performed using the CCK-8 kit (US Everbright Inc., Silicon Valley, United States). Cells were incubated in 96-well cell culture plates (Corning, NY, United States) at a density of 2 × 103 cells/well. After 24 h of cell attachment, the medium was replaced with 100 μL of the extracts, and the control groups were replaced with normal culture medium. Each group had five biological replicates. The 96-well cell culture plates were incubated at 37°C in a humidified atmosphere with 5% CO2 for 24 h, 3, 5, and 7 days. Subsequently, 100 μL of α-MEM with 10% CCK-8 was added to each well, and the 96-well cell culture plates were incubated with CCK-8 solution at 37°C for 4 h. The spectrophotometric absorbance of the samples was measured using a microplate reader (Infinite M200, Tecan, Austria) at 450 nm. All tests were repeated three times. Relative growth rate (RGR) was used to evaluate the biocompatibility of the composite material. The formula for calculating RGR was as follows: RGR = ODe/ODc×100%. ODe is the average OD value of the experimental group. ODc is the average OD value of the control group. Cell toxicity grade (CTG) was based on the value of RGR, referring to the standard United States Pharmacopeia (Jin et al., 2013). A material was considered non-toxic when the RGR value of the sample was greater than 80 and the CTG grade was 0 or 1 according to the criterion (Vincent et al., 2018).
Cell Apoptosis
Flow cytometry (Becton Dickinson Corporation, United States) was performed to determine the apoptosis rate of MC3T3-E1 cells cultured with samples in the three groups. Each group included three samples, which were cleaned and sterilized. The samples were then placed in 12-well plates for the subsequent procedure. MC3T3-E1 cells with 50–60% confluence in a culture flask were seeded in 12-well plates with sterilized samples at a density of 5 × 104 cells/well for 24 h. The medium was then replaced every 48 h. Annexin V-FITC/PI double staining was performed at 1, 3, and 7 days after planting the cells using the Annexin V-FITC/PI double staining kit (US Everbright Corporation, United States) according to the manufacturer’s instructions. Early apoptotic cells were localized in the lower right quadrant of the dot-plot graph.
Cell Adhesion Activity Assay
To determine the cell adhesion activity of the samples in the three groups, an adhesion assay was performed. The samples used for this assay in each group were initially sterilized before detection. The MC3T3-E1 cells were then seeded onto the samples in 12-well plates at a density of 5 × 103/well for 1, 2, and 3 days. Subsequently, the samples were washed with phosphate buffer solution three times, followed by fixation with 2.5% glutaraldehyde for 4 h. After washing with PBS solution, the samples were dehydrated using alcohol with 30, 50, 75, 95, and 100% concentrations in sequence. Rhodamine-phalloidin and DAPI staining were performed to visualize the cytoskeleton and cell nuclei, respectively. Fluorescence microscopy (Nikon, Tokyo, Japan) was used to observe the results.
Alkaline Phosphatase Activity Staining
ALP staining was used to test mineralization activity (Golub et al., 1992). MC3T3-E1 cells were seeded onto the sample surfaces at a density of 5 × 104 cells/well in 12-well plates. After 24 h, the medium was replaced with osteogenic medium (α-MEM culture medium supplemented with 10 mM beta-glycerophosphate [Sigma, St. Louis, MO], 50 mg/ml ascorbic acid [Sigma], and 10−8 M dexamethasone [Sigma]), which was changed every 2 days for 7 and 14 days. The samples were washed twice with PBS solution, followed by fixation with 4% paraformaldehyde for 10 min. BCIP/NBT staining was performed to detect osteogenic activity according to the manufacturer’s instructions for the BCIP/NBT ALP staining kit (Beyotime, Shanghai, China). The results were observed using a fluorescence microscope (Nikon, Japan).
Statistical Analysis
All experiments were performed at least in triplicate. Data were analyzed using GraphPad Prism software (version 6.0; GraphPad Software, San Diego, CA, United States) and are shown as mean ± standard deviation. Statistical analysis was performed using SPSS 21.0 software. One-way analysis of variance followed by Tukey’s post-test was performed in this study. Statistical significance was set at p < 0.05.
RESULTS AND DISCUSSION
Characterization of PLGA
PLGA was synthesized by bulk ring-opening copolymerization of LLA and GA in the presence of SnOct2 as a catalyst at 130°C. The synthesis of PLGA is illustrated in Figure 1. 1H NMR (δ, ppm from TMS in CDCl3):1.52 (−CH3, LA unit), 5.20 (−CH<, LA unit), and 4.85 (−CH2−, GA unit). The LA/GA ratios in the PLGA copolymer were calculated by comparing the ratios of absorbances at 5.20 ppm (−CH<, LA unit) and 4.85 ppm (−CH2−, GA unit), which were found to be 46.4/53.6 in the copolymer. The larger fraction of GA in the copolymer than that charged in the monomer feed was due to the higher reactivity of GA in comparison with LLA.
[image: Figure 1]FIGURE 1 | The synthetic route of PLGA.
The molecular weight and polydispersity of the PLGA copolymers were determined using GPC, showing a polydispersity of 1.70 and a molecular weight of 1.05 × 105 g/mol. The thermal properties of the PLGA copolymer were determined using DSC and TGA. The TGA thermogram of PLGA showed that the polymer began to degrade at 272°C, and the DSC studies showed that the PLGA copolymer was amorphous with only one glass transition temperature of 32.6°C.
Characterization of PLGA/Mg Composite Biomaterials
Distribution of magnesium particle in the composite with different culture time was determined using scanning electron microscope (SEM, Zeiss, Germany) coupled with energy dispersive spectrum (EDS) (Figure 2). The green fluorescence pots represented magnesium element. It indicated that magnesium element had been added to the composite material to distribute regularly on the surface at 0 day and continuously played important role over time. More magnesium element could be detected on the P10% Mg group. At the time point of 3 and 7 days, magnesium element could be observed which indicated that magnesium degraded gradually during the culture time. The results confirmed the conclusion of constant degradation of magnesium element.
[image: Figure 2]FIGURE 2 | EDS-mapping analysis of the surfaces of P5% Mg and P10% Mg for 0, 3, and 7 days.
Immersion Test for pH Value Monitoring
The pH value of the normal physiological environment was between 7.35 and 7.45. Figure 3 shows the results of the pH monitoring. The general trend from day 1 to day 7 was consistent among the three groups. For the PLGA group, the peak value, which was lower than the normal value, appeared on the fourth day, and the average value was lower than that of the P5% Mg and P10% Mg groups. With the increase in the ratio of Mg, the pH value increased correspondingly between the P5% Mg and P10% Mg groups. The average value of the P10% Mg group was closer to the normal physiological value. From the fifth day onwards, the pH values of the three groups leveled out gradually.
[image: Figure 3]FIGURE 3 | Results of pH value monitoring. The peak value of three groups appeared on the fourth day. From the fifth day on, the pH value of three groups leveled out gradually. With the increasing of the ratio of the magnesium, the pH value increased correspondingly between the P5% Mg group and P10% Mg group. The average value of the P10%Mg group was closer to the normal physiological value.
In Vitro Experiments
Cell Cytotoxicity
Figure 4A shows the proliferation of MC3T3-E1 cells cultured with samples. The OD values of all groups gradually increased over time. No statistically significant differences were found between the groups (p < 0.05). Figure 4B shows the results for the CTG. For the P group, the average RGR value was greater than 100 from day 1 to day 7. For the P5% Mg and P10% Mg groups, the average RGR value was greater than 80 from day 1 to day 7, except 104.58% ± 0.08, which appeared on the second day in the P5% Mg group. The CTGs of the P, P5% Mg, and P10% Mg groups were 0, 0, 1, and 1, respectively. None of the samples showed toxicity to the cells.
[image: Figure 4]FIGURE 4 | Results of cell proliferation and cell cytotoxicity. (A) The results of the proliferation of MC3T3-E1 cells cultured with samples. The OD value of all the groups gradually increased over time. There were no statistically significant for the differences between groups (p < 0.05). (B) The results of the cell toxicity grade (CTG). The CTG of the P group, P5% Mg group, and P10% Mg group showed 0, 0 or 1, and 1, respectively according to the standard United States Pharmacopeia. It indicated that all the samples showed no toxicity to cells.
Cell Apoptosis
The scatter plot of flow cytometry is shown in Figure 5. It shows the results of the apoptosis rates of MC3T3-E1 cells co-cultured with samples for 1, 3, and 7 days. Early apoptotic, dead, and late apoptotic cells were localized in the lower right, upper left, and upper right quadrants of a dot-plot graph, respectively. The early apoptosis rates of the negative, P, P5% Mg, and P10% Mg groups after 1 day in co-culture were 10.5, 5.1, 6.4, and 8.2%, respectively. After 3 days in co-culture, the early apoptosis rates of the control, P, P5% Mg, and P10% Mg groups were 2, 1.7, 1.8, and 2%, respectively. After 7 days in co-culture, the early apoptosis rates of the negative, P, P5% Mg, and P10% Mg groups were 1.7, 0.5, 0.8, and 1.2%, respectively. With the increase in the ratio of Mg, the early apoptosis rates of the P5% Mg and P10% Mg groups increased correspondingly compared with the P group, but lower than that of the control group. The rates of early apoptotic cells were proportional to the ratio of Mg.
[image: Figure 5]FIGURE 5 | The apoptosis rates of MC3T3-E1 cells cocultured with the samples for 1, 3, and 7 days. Early apoptotic, dead and late apoptotic cells were localized in the lower right (Q4), upper left (Q1), and upper right (Q2) quadrant of a dot-plot graph respectively. It showed that with the increasing of the ratio of the magnesium, the early apoptosis rate of P5% Mg group and P10% Mg group increased correspondingly compared with P group at each time point, but lower than control group. The rates of the early apoptotic cells were basically proportional to the ratio of the magnesium.
Cell Adhesion
Figure 6 shows the cytoskeletons and nuclei of MC3T3-E1 cells cultured with samples for 1, 2, and 3 days. The cytoskeletal fluorescence was stained with phalloidin, and the nucleus was stained with DAPI. No significant difference was found for cell shape and number between groups, which was the same as the results of cell proliferation mentioned above. Therefore, it can be concluded that the samples in the P, P5% Mg, and P10% Mg groups were favorable for the initial attachment and spreading of cells. Finally, the results indicated that adding Mg at a ratio of less than 10% would not inhibit cell adhesion compared with the control P group.
[image: Figure 6]FIGURE 6 | It showed the cytoskeletons and the nucleus of the MC3T3-E1 cells cultured on samples for 1, 2, and 3 days. It indicated that there was no significant difference for cell shape and number between groups. The samples in P group, P5% Mg group, and P10% Mg group were favorable to initial attachment and spreading of cells.
ALP Activity Staining
Figure 7 shows the ALP staining of MC3T3-E1 cells cultured with PLGA, PLGA with 5% Mg, and PLGA with 10% Mg for 7 and 14 days. At 7 days after osteogenic induction, with the increase in the ratio of Mg, ALP activity increased gradually with increasing dark staining in the figure. In addition, no significant difference was found between the control and PLGA groups. The same trend was observed at 14 days after osteogenic induction.
[image: Figure 7]FIGURE 7 | It showed the ALP staining of MC3T3 cells cultured with PLGA, PLGA with 5% magnesium, and PLGA with 10% magnesium for 7 and 14 days, respectively. With the increasing of the ratio of magnesium, ALP activity increased correspondingly.
DISCUSSION
Bone defects resulting from trauma, inflammation, and cancer are common therapeutic problems in the field of oral and maxillofacial surgery (Mardas et al., 2014). Autologous/allogenic grafting procedures are usually performed as an effective method to complete bone repair in clinical practice (Wei et al., 2020). However, the most common disadvantage after the procedure is injury to the donor site. In recent years, biomaterials have been accepted as a potential alternative to standard autologous/allogenic grafting procedures to achieve clinically successful bone regeneration (Thrivikraman et al., 2017). Among the biomaterials, PLGA as a biodegradable polyester has received attention because of its excellent biocompatibility and tunable physicochemical properties. It has been used to produce biodegradable sutures and orthopedic fixation devices for surgical procedures (Middleton and Tipton, 2000). However, the acidic products produced during the degradation of PLGA limit its widespread use as a bone repair material. Mg, as a metallic biomaterial, possesses numerous advantages, such as biodegradability, biocompatibility, and mechanical properties, similar to those of bone. However, its disadvantages include low corrosion resistance against living body conditions, rapid loss of mechanical integrity, hydrogen evolution, and alkalization during degradation (Ding, 2016). Therefore, the current study aimed to combine the physicochemical properties of PLGA and Mg to develop a composite biodegradable material. Some researchers have reported the application of PLGA combined with Mg by coating PLGA on the surface of Mg or 3D printing synthetic material (Brown et al., 2015; Liu et al., 2015). In contrast to the above reports, we improved the forming method of materials and examined cell cytotoxicity, cell adhesion, and osteogenic properties.
pH Value Monitoring
The degradation products of pure Mg included H2 gases and released ions (Mg2+, OH−) obeying the following formula (Amukarimi and Mozafari, 2021; Jana et al., 2021):
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The major degradants of PLGA were oligomers, such as LA and GA, at the initial stage, while displaying an initial increase in pH. Li et al. reported that the degradable oligomers for PLGA 50 were L4G2 oligomers and for PLGA 80 were G10 and L7at the initial stage (Li et al., 2018). As degradation proceeded, we proposed that the formation of basic Mg(OH)2 through Mg degradation would react with the acidic byproducts of PLGA to complete pH neutralization and promote osteogenic osteogenesis. The results of our study confirmed this hypothesis. The increase in pH can be attributed to the degradation of exposed Mg particles because these particles spontaneously react with water to produce Mg hydroxide (Pogorielov et al., 2017). We then observed subsequent neutralization resulting from acidic degradation of PLGA. In the current study, the 10 wt% Mg group maintained a pH value closer to the normal value. Therefore, with the increase in the ratio of Mg in the composite material, the reaction time of the Mg and acidic byproducts of PLGA would be longer. The microenvironment of the composite biomaterials with 10 wt% Mg maintained a longer neutralized status and possessed better osteogenesis than 5 wt% Mg.
In Vitro Experiment
In the current study, the cytocompatibility of the PLGA/Mg composite biodegradable material was investigated using cell proliferation and cytotoxicity tests. The results of the cell proliferation assay showed no significant difference between the groups, and the composite biodegradable material would not be deleterious to cell viability. The same trend was observed in the cell adhesion assay. These results are in accordance with Zhao et al.’s conclusions. Zhao et al. reported PLA/Mg composites for orthopedic implants and evaluated the influence of Mg on the degradation and biocompatibility of PLA. The cytotoxicity results showed that the PLA/Mg composites exhibit no toxicity in osteoblastic cell culture (Zhao et al., 2017). However, by summarizing the data of the CCK-8 test, the average OD values of the composite biodegradable material groups were lower than those of the PLGA and control groups and higher than those of the PLGA with 5 wt% Mg group and PLGA with 10 wt% Mg group. These findings could be due to the formation of hydrogen gas pockets within the composite materials during the degradation of Mg, which inhibited the proliferation of cells, and the amount of gas pockets increased with the increase in the ratio of Mg. Therefore, the ratio of Mg was controlled to less than 10% in the current study. Sayuri et al. reported that the cells proliferate the fastest in vitro after the addition of 10 mM Mg2+, but cell proliferation is inhibited at higher concentrations (Mg2+ > 20 mM). This cytotoxicity has also been reported for other metal ions (Na, Cr, Mo, Al, Ta, Co, Ni, Fe, Cu, Mn, and V) in osteoblasts (Hallab et al., 2002; Yoshizawa et al., 2014).
Programmed cell death is called apoptosis, which is a normal physiological process of cell death. Apoptosis process is controlled by genes, which are important for maintaining the stability of the intracellular environment (Chen et al., 2014; Shih et al., 2015). Researchers usually use the apoptosis rate to reflect the ability of cells to adapt to different surfaces. The apoptosis rate reflects the state of cells on the material surface. Flow cytometry is now a widely used method for analyzing the expression of cell surface and intracellular molecules (Bolton and Roederer, 2009; Maecker, 2009; Zaritskaya et al., 2010). Our current data showed that the early apoptosis rate in the lower right quadrants in the three groups was lower than that in the control group, but the rate increased significantly among the experimental groups with the increase in Mg concentration at different time points. The possible reasons include the existence of mental Mg particles that induce cell apoptosis. The other reason could be attributed to oxidative stress response during Mg hydroxide formation on the material surface, promoting osteoblast apoptosis.
In the current study, the data of ALP activity staining and q-PCR supported the conclusion that higher Mg concentrations promote osteogenic regeneration. However, with the increase in the concentration of Mg, cell proliferation is inhibited. Hence, Mg ion concentration should be controlled within a certain range. This was the reason why the quality ratio of Mg in the composite material did not exceed 10 wt%. Our results are consistent with those reported by other researchers. Xu (Xu et al., 2018) added Mg metal and Mg alloy to PLGA samples to develop scaffold materials. The effects of material osteogenesis were evaluated using ALP expression and cellular mineralization, and the Mg and Mg alloy scaffolds were concluded to outperform the control PLGA film.
These two factors could contribute to osteogenesis. On one hand, self-neutralizing ability provided a favorable environment for the osteogenic regeneration of cells. Acidic decomposition products of PLGA are known to induce inflammatory reactions (Ji et al., 2012; Washington et al., 2018). The products of Mg degradation react with the acidic byproducts of PLGA, lactic acid, and glycolic acid, leading to pH neutralization. On the other hand, Mg2+ ions stimulate intracellular signaling pathways that may enhance mineralization and bone regeneration. Ca+2 ions contribute to osteogenic differentiation (Dvorak et al., 2004; Dvorak and Riccardi, 2004; Nakamura et al., 2010). We speculated that Mg2+may act through a similar activation cascade to induce osteogenic regeneration via the activation of a specific transcription factor. Insulin-like growth factor 2 plays an important role in long bone growth, and its upregulation by Mg ions is indicative of the effect of Mg on bone growth (Fisher et al., 2005). Other researchers have reported that Mg2+ ions can upregulate Akt phosphorylation to promote ALP activity and enhance the expression of osteogenesis-related genes (Wang et al., 2017). These conclusions confirm our results.
In conclusion, PLGA with an Mg composite biodegradable material demonstrated favorable cytocompatibility and osteogenesis in MC3T3-E1 cells. Compared with PLGA with 5 wt% Mg and PLGA groups, PLGA with 10 wt% Mg possessed effective osteogenic properties and showed no toxicity to cells. Therefore, the novel composite material could provide a wide range of applications in bone defect repair and scaffold-based tissue engineering in clinical practice.
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Mature vasculature is important for the survival of bioengineered tissue constructs, both in vivo and in vitro; however, the fabrication of fully vascularized tissue constructs remains a great challenge in tissue engineering. Indirect three-dimensional (3D) bioprinting refers to a 3D printing technique that can rapidly fabricate scaffolds with controllable internal pores, cavities, and channels through the use of sacrificial molds. It has attracted much attention in recent years owing to its ability to create complex vascular network-like channels through thick tissue constructs while maintaining endothelial cell activity. Biodegradable materials play a crucial role in tissue engineering. Scaffolds made of biodegradable materials act as temporary templates, interact with cells, integrate with native tissues, and affect the results of tissue remodeling. Biodegradable ink selection, especially the choice of scaffold and sacrificial materials in indirect 3D bioprinting, has been the focus of several recent studies. The major objective of this review is to summarize the basic characteristics of biodegradable materials commonly used in indirect 3D bioprinting for vascularization, and to address recent advances in applying this technique to the vascularization of different tissues. Furthermore, the review describes how indirect 3D bioprinting creates blood vessels and vascularized tissue constructs by introducing the methodology and biodegradable ink selection. With the continuous improvement of biodegradable materials in the future, indirect 3D bioprinting will make further contributions to the development of this field.
Keywords: biodegradable ink, indirect 3D bioprinting, vascularization, scaffold, tissue engineering
INTRODUCTION
At present, only a few tissue-engineered products, such as skin (Ryssel et al., 2008) and cartilage (Makris et al., 2015), have achieved clinical success. For organs and tissues with more complex structure, such as the heart, liver, or spleen, there is still a long way to go (Berthiaume et al., 2011; Datta et al., 2017). An immature vascular system is one of the most important reasons for the failure of these products (Duan, 2017; Richards et al., 2017). In recent years, the rise of 3D bioprinting technology has enabled outstanding contributions to be made towards solving the problem of vasculature fabrication, thus extending the potential application of artificial tissues (Zhu et al., 2016; Alonzo et al., 2019; Hann et al., 2019). Indirect 3D bioprinting increasingly attracts research attention because of its superior capabilities with respect to vascularization (Wang Z. et al., 2019). Biodegradable materials are a crucial part of tissue engineering. They are typically designed to promote new tissue generation by serving as temporary templates and providing physical or chemical signals for cells (Asghari et al., 2017). Biodegradable materials also have interesting applications and new challenges in indirect 3D bioprinting for vascularization. In this review, we describe the printing methods, selection of biodegradable inks, and applications of indirect 3D bioprinting for blood vessels and vascularized tissue constructs; furthermore, we point out the existing challenges and trends for future development.
INDIRECT 3D BIOPRINTING FOR TISSUE VASCULARIZATION
Vascularization Challenges in 3D Bioprinting
Vasculature is an essential part of the human body. Mature vasculature provides continuous perfusion, transporting nutrients to and removing metabolic wastes from cells, thus maintaining high cell viability and normal tissue function (Leong et al., 2013; Kim et al., 2016; Hann et al., 2019). For nonvascular tissues, the diffusion range of oxygen and nutrients is generally 100–200 μm (Carmeliet and Jain, 2000; Kaully et al., 2010). This means that, for successful in vivo implantation of engineered tissue constructs any larger in scale than this limit, it is necessary to ensure sufficient vasculature throughout the construct and good integration with the host vascular system (Ko et al., 2007). However, the vascularization of thick tissues has always been a major challenge and a research hotspot in tissue engineering.
3D bioprinting technology, also referred to as additive manufacturing, uses special 3D printers and bioinks containing cellular/bioactive components to fabricate scaffolds that imitate living tissues, in a layer-by-layer deposition approach with the help of computer-aided design (CAD) (Datta et al., 2017; Abdollahi et al., 2019). Compared with other tissue fabrication methods, 3D bioprinting stands out because of its convenience of customization, precise multi-dimensional control, and ability to fabricate 3D biostructures with suitable mechanical properties. In particular, its accurate control of complex and delicate structures within constructs, combined with the adoption of bioinks, make 3D bioprinting a powerful and efficient tool to address the problem of vascularization by creating a vasculogenic (Laschke and Menger, 2012; Balaji et al., 2013) (generating new blood vessels from endothelial cells or vascular progenitor cells) and angiogenic (Patel-Hett and D'Amore, 2011; Bae et al., 2012; Rouwkema and Khademhosseini, 2016) (germination or remodeling of existing vessels) environment for blood vessel formation. Most studies focus on two aspects: the fabrication of vascular grafts or vascular networks in thick constructs; however, these studies share one goal: to manufacture bionic vasculature that can work stably and continuously both in vitro and in vivo.
Although technological progress has helped the progress of vascularization in bioengineered constructs, major challenges remain (Novosel et al., 2011; Nazeer et al., 2021). The first challenge is the stable and delicate printing of microvascular networks. The diameters of capillaries, small vessels (small arteries and small veins), and small arteries with a three-layered structure are about 5–10 μm, 10–200 μm, and 30 μm, respectively; but the resolution of most 3D bioprinting is at the 100 μm level or above (Norotte et al., 2009; Hasan et al., 2014), making it difficult to print smaller diameter channels or the complex three-layered structure (adventitia, intima, and media) of blood vessels. Furthermore, the tiny hollow structure is unstable and prone to deformation or collapse owing to several factors, such as poor strength of the material, curing expansion of the bioink, or improper external extrusive force. In addition, microvascular networks should have complex multi-level branching structures. At present, the complexity of printed microvasculature hardly matches that of native vasculature (Robu et al., 2019).
The second challenge is the integration of allogeneic and autologous vascular networks. Effective integration with host circulation is the precondition of effective blood perfusion after implantation (Reis et al., 2016). Studies have shown that in implant tissue engineering, compared to the disordered vascular network formed by randomly distributed cells in culture, ordered vascular structure showed faster integration with the host and more stable perfusion, for which 3D bioprinting has the advantage (Vacanti, 2012; Baranski et al., 2013). However, the physiological blood vessel structure is so subtle that it is still difficult to use 3D bioprinting to fabricate smooth and regularly arranged microchannels at the micron level. Furthermore, most experiments are conducted in vitro. To date, no in vivo experiment has shown that, even with good integration with the host, thick tissue constructs remain viable for long or that necrosis will not occur after implantation.
Thirdly, it is difficult to ensure complex but stable blood perfusion in thick tissue constructs. Good blood perfusion is a necessary condition for engineered tissue survival in vivo. Currently, many strategies depend on the ingrowth of host vessels to achieve graft blood perfusion (Cheng et al., 2011; White et al., 2014; Kang et al., 2015), which is very slow (<1 mm per day) (Zhang et al., 2020), to preserve cell viability within thick tissue grafts (Sooppan et al., 2016). In order to accelerate the process, prevascularization is widely applied. Prevascularization refers to the generation of preformed microvasculature before tissue construct implantation (Laschke and Menger, 2016). It relies on seeding or encapsulating endothelial cells (ECs) in the construct in vitro. However, the process of cell infiltration and growth in vitro is uncertain, and the resultant vasculature is usually inhomogeneous (Leong et al., 2013). When implanted, immature vasculature results in insufficient blood perfusion and induces core necrosis in constructs (Asakawa et al., 2010), causing the failure of thick constructs to survive (Rouwkema et al., 2008).
Nowadays, many 3D bioprinting methods have been developed to mimic vasculature, including extrusion-, laser-based systems, electrospinning, stacking of micropatterns or modules, and cell sheet techniques (Yamamura et al., 2007; Kolesky et al., 2014; Sarker M. et al., 2018; Sarker M. D. et al., 2018). New methods are constantly being explored to solve the abovementioned problems, and indirect 3D bioprinting may cast light on vascularization in tissue engineering.
Indirect 3D Bioprinting to Address the Problem of Tissue Vascularization
Instead of directly simulating and manufacturing the target constructs, indirect 3D bioprinting fabricates a sacrificial mold or template (negative model) and fills it with a second material. After selective dissolution, the sacrificial mold or template is removed while the construct (patrix) formed by the second material is preserved (Lee et al., 2013; Van Hoorick et al., 2015). Through this approach, pores, cavities, and channels can be precisely made throughout thick constructs (Lee et al., 2008; Schumacher et al., 2010). Owing to its specific manner of printing, other names for indirect 3D printing include lost-mold technique, indirect rapid prototyping, indirect additive manufacturing, and indirect solid free-form fabrication (Chu et al., 2001; Schumacher et al., 2010; Van Hoorick et al., 2015; Houben et al., 2016; Houben et al., 2017).
Currently, indirect 3D bioprinting has made progress in both hard and soft tissue engineering systems. Some specific tissue constructs such as functional nerve guide conduits, human knee meniscal scaffolds, sized vascular grafts, can be successfully produced in laboratories as proof of concept (Schöneberg et al., 2018; Huang et al., 2021; P B et al., 2022). At the same time, with the assistance of sacrificial molds, materials that are traditionally difficult to print can be utilized to manufacture fine structures. For example, ceramic materials play a vital role in bone tissue engineering, but its additive manufacturing is considered challenging. Chawich et al. creatively utilized a sacrificial honeycomb mold of polylactic acid (PLA), and they ultimately produced customizable stable Si-based 3D non-oxide cellular ceramic structures (El Chawich et al., 2022). Another team produced stiffness memory nanohybrid scaffolds from poly(urea-urethane) (PUU) solution which exhibits outstanding performance in long-term implantable cardiovascular devices but can not be printed directly (Wu et al., 2018). Of all the breakthroughs, the greatest concern is the potential for this technique to address problems where vascularization is a key issue.
Generally, indirect 3D bioprinting for blood vessels and vascularized tissue constructs includes two general aspects: channel fabrication and vascularization. Channel fabrication can be further divided into three steps: sacrificial mold fabrication, patrix fabrication, and sacrificial mold removal. Manufacture of the negative mold is designed to simulate the shape and extension direction of the vascular network in a solid columnar form. In patrix fabrication, the patrix is built around the sacrificial mold to form the final scaffold or construct. Afterwards, special steps are performed to remove the sacrificial mold, leaving isometric hollow channels inside the scaffold or construct. The detailed production process and precautions of each step have been described in excellent reviews (Lee and Yeong, 2016; Houben et al., 2017; Zhu et al., 2021). Figure 1 provides a brief overview of the printing process. Here we mainly introduce the techniques frequently used and bioink selection.
[image: Figure 1]FIGURE 1 | Schematic illustration showing the indirect 3D bioprinting process for blood vessels and vascularized tissue constructs. (A) Three major techniques used in indirect 3D bioprinting for both sacrificial mold and patrix fabrication, including extrusion-based printing, inkjet-based printing, and DLP printing. (B) Process of blood vessel fabrication. (C) Process of vascularized tissue construct fabrication. Sacrificial mold and patrix fabrication can be further divided into three methods according to the sequence of fabrication in step 1. (D) Applications in vitro or in vivo. Blood vessel grafts constructed by indirect 3D bioprinting are currently used for studies in vitro, while vascularized tissue constructs are used for both studies in vitro and animal experiments in vivo.
The three main techniques are extrusion-based, inkjet-based, and light-assisted 3D printing (Vijayavenkataraman et al., 2018). Each technique has advantages and disadvantages, and raise different requirements for bioinks. In extrusion-based printing, the most common technique, 3D structures are built layer by layer using a nozzle to dispense continuous filament (Štumberger and Vihar, 2018; Yang et al., 2020). This technique can achieve resolutions of >100 μm, uniform cell distribution, and moderate printing speed (Placone and Engler, 2018). The technique is compatible with various materials with a viscosity range of 30 mPa s to 6 × 107 mPa s (Murphy and Atala, 2014). Furthermore, its cell-friendly printing environment allows it to be used for printing scaffolds with high cell density (Skardal et al., 2015). One promising method is coaxial printing, also referred to as coaxial extrusion. Its key features are the concentric and multi-layered nozzles that enable concentric multi-material deposition. With the use of sacrificial materials, this technique allows synchronous manufacturing of the sacrificial mold and scaffold, simplifying the production process (Kjar et al., 2021). However, for extrusion-based printing, the shear stress produced during printing is an important cause of cell death and, because the nozzle size is inversely proportional to extrusion pressure, small nozzles used to improve resolution may have a greater negative impact on cell viability (Kyle et al., 2017).
Inkjet-based printing is defined as dispensing bioink through small orifices via piezoelectric, thermal, or electrostatic actuators, and accurately positioning a very small amount of the bioink on a substrate (Calvert, 2007; Datta et al., 2017). This technique can reach high resolutions of 10–100 μm with short printing times (Poellmann et al., 2011; Gudapati et al., 2016). Different inkjet printing techniques require different material viscosities. For thermal, piezoelectric, and electrostatic inkjet printing the ink viscosity should be relatively low, because the nozzle diameter is usually small and is prone to clogging (Li et al., 2020). However, for electrohydrodynamic jet bioprinting which produces droplets through an electric field, bioink with a high viscosity of over 2000 mPa s can be printed (Workman et al., 2014). Nozzle clogging, small nozzle aperture indirectly leading to cell viability damage, and low-viscosity bioink resulting in poor shape fidelity present challenges to broadening the range of implementation (Chahal et al., 2012; Malda et al., 2013; Zhu et al., 2017).
Light-assisted printing includes digital light processing (DLP)-based and laser-based printing. DLP printing is realized by dynamically projecting an entire computer-generated optical mask into a photosensitive prepolymer solution to induce photopolymerization, while laser-based printing uses a bottom-up approach (drop-by-drop) to build constructs (Zhu et al., 2021). DLP printing is now attracting greater attention as this technique provides precise control of scaffold structures and features and high printing speed (Mandrycky et al., 2016). Nevertheless, the selection of biomaterials is limited to photosensitive polymers and additional chemical modifications are required for most biomaterials (Yue et al., 2015). Moreover, the properties of printing complex patterns directly make DLP more frequently used in direct printing. Therefore, light-assisted printing has only been used in a few cases of indirect 3D printing (Thomas et al., 2020).
Another technique called embedded extrusion bioprinting involves printing a cell-containing hydrogel in a supporting bath, which serves as a sacrificial printing environment (Rocca et al., 2018). As atypical indirect 3D bioprinting, this technique does not impose any requirements for the shape of the sacrificial mold but instead skips this step and directly prints the male mold. The advantage is that low-viscosity hydrogels can be used to construct complex draping and hollow structures with the support of the sacrificial supporting bath via free-form bioprinting, which is difficult to achieve in air. Limitations are that shape fidelity of the complex pore structure is low, resolution is currently at the millimeter level, and the removal of the sacrificial supporting bath is relatively cumbersome (Afghah et al., 2020).
Table 1 summarizes the characteristics of the common techniques covered in this review.
TABLE 1 | 3D bioprinting techniques for indirect 3D bioprinting covered in this review.
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Vascularization is essential for engineered tissue grafts to achieve biological function and can be realized by seeding ECs into hollow scaffold channels (Bae et al., 2012; Massa et al., 2017). After migration, survival, proliferation, and differentiation of ECs, a monolayer of cells is ultimately formed on the surface of the channels, mimicking the physiological vessel wall. Usually, growth factors and other bioactive factors are perfused along with ECs to regulate cell behavior or promote cell differentiation (Auger et al., 2013). The generation of new blood vessels involves complex effects of a variety of cells, factors released by platelets, extracellular matrix, and angiogenic and anti-angiogenic factors. Vascular endothelial growth factor (VEGF) and fibroblast growth factor b (FGFb) are the most effective angiogenic growth factors and are commonly used in the making of angiogenic biomaterials (Sun et al., 2011; Matsui and Tabata, 2012). Research reports successful seeding of human umbilical vein endothelial cells (HUVECs) into microchannels after mold sacrifice, and a uniform HUVEC layer formation coating the channels. It was demonstrated that the HUVEC layer could, to some extent, act as a barrier to protect scaffold cells from harmful substances (Massa et al., 2017). However, a potential problem is that the channel diameter may affect cell inoculation. Narrow channels will become blocked by ECs, hindering perfusion, while diameters too large will require more time for cells to cover the channel surface. Studies have shown that ideal channel diameter ranges from 280 to 1,270 μm (Zhang et al., 2016).
Another elegant vascularization strategy of indirect 3D bioprinting is to encapsulate ECs in the sacrificial ink to realize synchronous distribution of ECs in the process of blood vessel (sacrificial channel) fabrication. This approach reduces the manufacturing process and can realize precise control of cell distribution (Thomas et al., 2020). Owing to direct contact with cells and bioactive factors, biocompatibility and biodegradability of materials are particularly important. Studies have demonstrated that cells show increased proliferation and proliferation in hydrogels with faster degradation rates (Patterson and Hubbell, 2010). A further study suggests that biodegradable materials can promote angiogenesis through temporarily controlled delivery of siRNAs (Nelson et al., 2014). Application of biodegradable materials may better promote vascularization.
BIODEGRADABLE INK SELECTION
Biodegradable materials are the main scaffold materials in the field of tissue engineering, which have a broad range of applications in medicine and pharmacy because of good biosafety, reducing inflammation, ability to mimic the extracellular matrix (ECM), and enzymatic degradation in vivo (Asghari et al., 2017). Eventually these scaffolds are replaced by host tissues (Silva et al., 2020). Biodegradable materials are generally classified into synthetic materials and natural materials. Synthetic materials such as polyglycolic acid (PGA), polycaprolactone (PCL), PLA, poly (N-isopropylacrylamide), and their copolymers have already been widely used in tissue engineering. Advantages are that the key properties of these materials as scaffolds can be artificially controlled, such as degradation rate and some specific mechanical properties, including stiffness and elasticity; however, their biosafety is comparatively poor. Natural materials, such as chitin, alginate, collagen, and gelatin, are polymers produced by biological systems. Natural materials have many advantages and disadvantages. The most prominent advantage is their similarity to host tissues, including the ability to communicate with biological systems, enzymatic degradation, metabolic compatibility, and low inflammatory response (Asghari et al., 2017). However, owing to the poor strength of natural materials, scaffolds often collapse before finishing their task. In addition, they generally show slow and inhomogeneous degradation in vivo, and are inconsistent with host tissue regeneration rate.
In the field of indirect 3D printing, biodegradable polymers play vital roles in fabricating vascular or vascularized tissue: 1) As scaffold materials, they allow endothelial cells and a variety of angiogenic factors to exist, as well as providing a flexible environment for complex angiogenesis. 2) As sacrificial materials, compared with non-degradable ones, the damage to cell activity when manufacturing or removing the sacrificial molds is much lower. 3) Since the biodegradable materials can degrade in vivo, the use of them as sacrificial material helps to skip the processing step of sacrificial mold removal in vitro, thus shortening the manufacturing time. 4) In theory, by regulating and matching the degradation rate of scaffolds and sacrificial materials, the removal of sacrificial channels and channel endothelialization can be completed in vivo before the scaffolds completely degrade, thus realizing the direct in vivo application of constructs.
In the following section, we mainly enumerate the commonly used biodegradable polymers in indirect 3D bioprinting for blood vessels and vascularized tissue constructs. Table 2 summarizes the characteristics, combinations, and current applications of different scaffold and sacrificial materials.
TABLE 2 | Common biomaterial inks for indirect 3D bioprinting covered in this review.
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Scaffold materials, whose purpose is to simulate the ECM and provide support for tissue regeneration in the human body, should have good biosafety, biocompatibility, biodegradability, and mechanical properties that are favorable for cell growth, proliferation, and migration (Lee A. Y. et al., 2014). Ideally, they should also be able to promote angiogenesis (Do et al., 2015; Xu et al., 2018). After crosslinking, scaffold materials need a certain degree of stiffness to maintain structural integrity during removal of sacrificial materials, and to support the flow of perfusion (Skylar-Scott et al., 2019). Controllable degradation rate consistent with the growth and repair rate of host tissue in vivo is also necessary (Malda et al., 2013; Serbo and Gerecht, 2013).
To date, various natural biodegradable polymers have been used for scaffold bioprinting, such as gelatin (Chen et al., 2012), fibrin (Schöneberg et al., 2018), and alginate (Jia et al., 2014); they are collectively referred to as hydrogels. They show excellent human ECM features and allow cell encapsulation (Malda et al., 2013), but they have all been deficient in some respect. Uncontrolled degradation and poor mechanical properties are the main problems, and they are also the research focus of material modification. The simplest and most used method is blending modification. In this approach, the hydrogel ratio is controlled to prevent excessive polymer concentration or dilution, which may have an adverse effect on cell behavior or mechanical properties (Malda et al., 2013; Duarte Campos et al., 2016; Zou et al., 2020).
Gelatin is one of the most widely used scaffold materials extracted from collagen, the main component of natural human ECM. Gelatin is composed of 85–92% protein, water, and mineral salts, and is highly susceptible to several proteases (Bello et al., 2020). Its excellent biocompatibility and similarity with collagen have made it the preferred material for the assembly of scaffolds. However, as a biomaterial ink, gelatin does have several drawbacks; these include low viscosity and yield stress, as well as relatively long crosslinking time, which leads to poor shape retention and structural collapse, and is the main obstacle to creating high resolution 3D pore or microchannel structures (O’Bryan et al., 2017). These disadvantages can be improved by making gelatin composites, or applying sacrificial materials to support the scaffold hydrogel before crosslinking (Moroni et al., 2018). In addition, the degradation rate of large solid gelatin in vivo is relatively slow (Daly et al., 2018). Large numbers of gelatin residues within thick tissues remain a challenge. Solutions may include lowering the degree of metacrylation and the macromer concentration (Nichol et al., 2010; Chen et al., 2012). Furthermore, by creating microchannels within the hydrogels to enhance host interaction, the degradation of gelatin can be enhanced (Daly et al., 2018). This is possibly because of the increased invasion by host immune cells, such as macrophages, which is vital for degrading gelatin hydrogels (Kim et al., 2014).
Gelatin-methacryloyl (GelMA) is the most commonly used material among gelatin derivatives and composites. GelMA is a photopolymerizable hydrogel made of gelatin derivatized with methacrylamide side groups (Van Den Bulcke et al., 2000). It has high biosafety compared with several gelatin-based hydrogels formed by chemical crosslinking methods, such as ones fabricated using glutaraldehyde or transglutimase derived from bacteria (Benton et al., 2009). GelMA is sensitive to matrix metalloproteinases and can be degraded by cells (Nichol et al., 2010). By adjusting the rate of polymerization and ratio of methacrylic acid, GelMA can maintain relatively good shape with adjustable mechanical properties (Benton et al., 2009). Research has shown that ECs as well as endothelial colony-forming cells can undergo active angiogenesis or vasculogenesis in GelMA hydrogels either in vivo or in vitro (Chen et al., 2012; Massa et al., 2017).
Fibrin scaffolds have a wide range of applications in tissue engineering, especially in bone tissue engineering. Fibrin is a natural biopolymer produced by thrombin cleavage of fibrinogen, and serves as a temporary scaffold for tissue healing in physiologic processes (Noori et al., 2017). It also plays an important role in specific receptor-mediated interactions with cells because of its ability to bind different types of proteins and growth factors, including FGF and VEGF that promote angiogenesis (Breen et al., 2009; Litvinov and Weisel, 2017). Fibrin hydrogel can be easily remodeled by ECs, which is favorable for fast angiogenesis. Nevertheless, similar to gelatin, fibrin rapidly degrades, and has poor mechanical stability, durability, and shape fidelity (Calderon et al., 2017). To overcome these problems, fibrin composites and mimics have been developed in 3D bioprinting. For example, by combining fibrin and gelatin, the stiffness of the hydrogel increased, and lower water loss on compression was observed (Schöneberg et al., 2018). Another attempt at a fibrin composite is called ELP-RGD, composed of ELP (elastin-like protein) hydrogel along with a cell adhesion RGD amino acid sequence derived from fibronectin. ELP hydrogel contains elastin (a kind of fibrin) -like repeat units alternating with biologically active domains (Madl et al., 2017). As a scaffold material, ELP-RGD has adjustable stiffness, is readily hydrolyzable with protease, and is able to promote matrix remodeling as well as cell proliferation (Chung et al., 2012). It has been demonstrated to be suitable for on-chip platforms with vascular-like networks (Duarte Campos et al., 2020).
Alginate is a natural polysaccharide extracted from alginic acid. The long polysaccharide chains provide it with pliability and gelling adeptness, and it undergoes hydrolytic cleavage under acidic conditions or enzymatic degradation by lyase (Pawar and Edgar, 2012; Rastogi and Kandasubramanian, 2019). Despite its mechanical instability and poor cell attachment, alginate is widely used as a hydrogel because of its low cost, good biosafety, and its ability to be rapidly but reversibly crosslinked by Ca2+ under mild conditions (Jia et al., 2016; Rastogi and Kandasubramanian, 2019). However, one important limitation of alginate application in vivo is the low degradation rate and unpredictable degradation process owing to the lack of alginate degrading enzyme in the human body (Reakasame and Boccaccini, 2018). Moreover, alginate shows relatively poor cell adhesion and infiltration (Balakrishnan et al., 2014). Measures like modification or mixing in additives, such as nanomaterials, peptides, and growth factors, are useful to regulate rheological properties, promote cell adhesion, or guide cell differentiation (Lee and Mooney, 2012; Piras and Smith, 2020). For example, by oxidative modification, more reactive sites are provided to the structure, accelerating the alginate’s biodegradability (Liang et al., 2011). Ino et al. combined sodium alginate with sacrificial molds of sugar structures, and by soaking the structure in a CaCl2 solution they achieved simultaneous dissolution of the mold and formation of calcium alginate hydrogel, thus simplifying and hastening the manufacturing process (Ino et al., 2020).
Silk fibroin (SF), a silk-derived protein-based material approved by the FDA (Perrone et al., 2014), has been used to make clinical sutures for many years. In recent decades, because of new processing techniques and further understanding of its properties, SF has attracted great interest in bone and cartilage engineering (Liu et al., 2013). Compared with the abovementioned materials, native silk fibers have excellent mechanical properties including good strength and toughness (Kundu et al., 2013; M et al., 2017). Other advantages of SF include good biosafety, good biocompatibility, controllable biodegradability and bone induction, and low immunogenicity (Wenk et al., 2009; Kundu et al., 2013). The host immune system has been shown to play a significant role in the degradation of SF scaffolds. Macrophages mediate the process, suggesting that SF is also bioresorbable (Wang et al., 2008). It is worth noting that SF remains strong during degradation, which is its unique advantage in tissue engineering (Kundu et al., 2013). Studies were carried out to produce vascularized scaffolds via SF. In combination with indirect 3D bioprinting, a layered SF-bioactive glass composite scaffold with excellent compressive strength, flexibility, and 10–50 μm micropores has been fabricated (Bidgoli et al., 2019). The scaffold comprises hierarchically micro and sub-micro pores, which are important features for promoting cell migration, differentiation, bone formation, and angiogenesis (Qi et al., 2018); results showed that the scaffold enhanced cell adhesion and cell proliferation (Bidgoli et al., 2019). However, drawbacks of SF such as lack of biological activity, general poor performance under humid conditions, and the difficulty of transportation and long-term storage may limit its further application. These limitations are potential future research directions.
Other scaffold materials commonly used in indirect 3D bioprinting but that are not yet, or rarely, used for vasculature fabrication include polyethylene glycol (PEG), hyaluronic acid (HA), PLA, PCL, poly (l-lactide-co-ɛ-caprolactone) (PLCL), and poly(lactic-co-glycolic) acid (PLGA) (Park et al., 2014; Houben et al., 2016; Aljohani et al., 2018; Im et al., 2018). Inorganic substances are more frequently used for osteochondral tissue fabrication because of their excellent mechanical properties. Future studies on these materials can be performed in the field of indirect 3D bioprinting for tissue vascularization.
Sacrificial Materials
Ideal sacrificial materials should have good fluidity for free molding, rapid solidification to save printing time, a low expansion rate, and appropriate mechanical strength to achieve good shape fidelity. During the process of printing, there should be no adverse reactions with the scaffold material that result in deformation of the scaffold structure. If working in combination with scaffold materials containing cells or other bioactive factors, sacrificial materials should be chosen to ensure non-toxic and non-stimulatory conditions. Also, the conditions for their state transformation and removal should be mild and easy to achieve, preserving the shape and properties of the scaffold. When exposed to living cells in vivo or bioactive components, cytotoxicity, biocompatibility, and whether the removal conditions are inconducive are usually considered first.
Currently the commonly used sacrificial materials that come closest to meeting the conditions described earlier are carbohydrate glass (Miller et al., 2012), Pluronics (Afghah et al., 2020), and PVA (Zou et al., 2020). Carbohydrate glass and Pluronics are nonbiodegradable materials. Carbohydrate glass is a simple glass consisting of a mixture of carbohydrates, including glucose, sucrose, and dextran, and was one of the first materials applied to indirect 3D bioprinting as a sacrificial biomaterial ink (Miller et al., 2012). The synthetic glass shows sufficient mechanical stiffness to maintain its shape in air, as well as rapid dissolution to accelerate the process. Results demonstrated that it can be compatible with a variety of natural or synthetic hydrogel materials, such as agarose, alginate, fibrin, and Matrigel, adapting well to their different properties and means of crosslinking (Miller et al., 2012). Currently, vessels with diameters ranging from 150 μm to 1 mm and smooth in-plane junctions can be achieved with this sacrificial ink (Pollet et al., 2019). Pluronics are a class of amphiphilic tri-block copolymers popular in drug and clinical applications. Because they have the characteristics of solubilizer, emulsifier, and stabilizer, they are often used as excipients in pharmaceutical preparations (Jarak et al., 2020). The most frequently used Pluronic in tissue engineering is Pluronic F127, which can rapidly dissolve in aqueous media or biological fluids. Its sol-gel transition at room temperature and convenient removal attracts attention as a sacrificial ink. Channels with a diameter as small as 150 μm can now be printed with Pluronic F127 (Homan et al., 2016). However, both carbohydrate glass and Pluronic F127 show cytotoxicity when dissolved, which is one of the most prominent shortcomings (Miller et al., 2012; Deng et al., 2020). Besides, Pluronic F127 liquifies at low temperatures, making it difficult to use with some scaffold materials that require these temperatures during casting, such as collagen and matrix gelatin (Ding and Chang, 2018; Hu et al., 2018).
As mentioned above, nonbiodegradable materials usually exhibit certain cytotoxicity and their removal is relatively cumbersome. As a result, researchers have investigated biodegradable materials, which show higher biosafety and are expected to achieve direct application in vivo.
PVA, a commonly used biodegradable sacrificial material, has satisfactory biocompatibility and similar functions to natural tissues, including high water content, high elasticity, and low interfacial tension with biological fluids (Teodorescu et al., 2019). It shows resistance to protein absorption, which is important for bone formation (Kim et al., 2018). The ease of printability allows it to be used for repeatable fabrication of complex vascular patterns (Hu et al., 2018). In terms of mechanical properties, PVA has good strength and stiffness at 25°C (Charron et al., 2019) and fits well with different biodegradable natural polymers, such as gelatin and silk (Mohanty et al., 2016). Tocchio et al. used PVA successfully to make sacrificial templates with characteristic sizes of 100–500 μm in multi-branch structures, which helped to further simulate the complex environment of cell growth, and showed great potential for production of large-sized vascularized scaffolds that would meet clinical needs (Tocchio et al., 2015). Compared to other sacrificial materials, the stable chemical properties, convenience of preservation, and low cost of PVA are huge advantages for its use in industrial production. However, owing to the lack of bioactive components, PVA tends to be resistant to protein absorption and cell adhesion, which limits its further application outside bone tissue engineering (Schmedlen et al., 2002). Furthermore, if PVA filaments are too large in diameter (>500 μm reported), they are likely to deform as they cannot support their own weight (Hernández-Córdova et al., 2016). More in-depth research is needed in the future.
HA-based enzymatically degradable photoink was developed by different research teams (Zhu et al., 2017; Thomas et al., 2020). HA is a linear polysaccharide. It is an essential component of the ECM and has vital effects on many cellular responses, including cellular signaling, wound repair, morphogenesis, and angiogenesis (Burdick and Prestwich, 2011). In the abovementioned two experiments, HA was chemically modified to achieve photopolymerization and mixed with gelatin to form the photoink. The hydrogels could be digested with hyaluronidase to achieve fast (within hours) and collaborative (not limited by graft size) degradation. Channels ranging from 50 to 720 µm have been successfully fabricated and achieved vascularization. However, the enzymolysis process may reduce EC activity, and because the enzyme is encapsulated in the bioink, degradation occurs at the same time as printing, which exerts a certain amount of time pressure (Zhu et al., 2017; Thomas et al., 2020).
Other research teams have also produced alternate solutions; for example, agarose was used as a sacrificial ink (Massa et al., 2017). It shows good rheological properties and printability similar to Pluronics when combined with alginate (López-Marcial et al., 2018). Currently, agarose has been shown capable of fabricating 100–1,000 μm diameter pipes and forming a smooth channel surface for cell inoculation (Massa et al., 2017). Another example is gelatin, that has been used as a sacrificial material and is removed by warming (Skylar-Scott et al., 2019). Channels over 400 μm in diameter could be printed with high fidelity. Another team used alginate and CaCl2 to create ultrafine fibers with a size range of 150–200 μm, and clear, interconnected microchannel structures were observed through the hydrogel as a result (Hammer et al., 2014). It is worth mentioning that some of the removal processes of these biodegradable sacrificial materials are physical processes. The utilization of their biodegradable properties needs to be further explored, as they show great potential to facilitate simplified fabrication processes and direct in vivo application of tissue constructs.
Cells and Biological Factors
When 3D printing techniques print with cells, the printing ink is also referred to as bioink. It includes cells, biomaterials that serve as a cell-delivery medium, and biological factors (Groll et al., 2018). The existence of cells and biological factors require higher biosafety of the materials to maintain good bioactivity of the bioinks as discussed before. Also, to prevent cells from excessive shear forces, low viscosity fluid is required. Viscosity and rheological properties greatly influence the printability of the bioinks, and they are mainly determined by the molecular weight and concentration of polymer in solution (Schwab et al., 2020). Gels with shear-thinning properties or solutions containing hydrogel precursors are preferred. In current studies of indirect 3D bioprinting for vascular systems, HUVECs, smooth muscle cells (SMCs), and fibroblasts have been used, and the cell viability is generally over 80% with high cell density (Table 3). Still, more efforts should be put on developing optimized bioinks in future investigations.
TABLE 3 | Summary of indirect 3D bioprinting applications and bioink selection for different tissue vascularization covered in this review.
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Nowadays, only a few tissues with less stringent vascular structures, such as cartilage and the cornea, have achieved good clinical outcomes (Rouwkema et al., 2010; Seifu and Mequanint, 2012; Pimentel et al., 2018). Advanced techniques and suitable biomaterials are essential for the development of functional engineered tissues. Indirect 3D bioprinting and the related biodegradable inks provide new opportunities for commercial development. The process has been applied to manufacturing various tissues and has achieved corresponding results. In general, our appraisal can be divided into vascular grafts and vascularized tissue; the latter includes highly vascularized tissue, vascularized osteochondral tissue, and vascularized skin, as shown in Table 3.
Vascular Grafts
Most vascular regions treated during surgery are larger than 1 mm in diameter, which, theoretically, both direct and indirect 3D bioprinting can achieve. Biomaterial selection requirements for tissue-engineered vascular grafts are low immunogenicity, good mechanical properties, and similarity to native tissue characteristics (Liu et al., 2018). Compared with non-degradable polymers, biodegradable natural polymers (such as decellularized tissue scaffolds and fibrin) have relatively poor mechanical properties, but they have lower antigenicity and can better simulate natural tissue structures (Aper et al., 2016). Meanwhile, biodegradable synthetic polymers (such as PGA and PCL) can have adjustable mechanical properties and degradation rate, and they are considered the ideal biomaterials for tissue-engineered vascular grafts (Liu et al., 2018). Afghah et al. used embedded extrusion bioprinting with a composite Pluronic-nanoclay support-bath and biocompatible alginate to create a branched vascular structure with diameters of several millimeters. This vascular mold showed good mechanical properties and preservation of shape fidelity after removal from the support-bath, but its biological functions have not yet been verified (Afghah et al., 2020). While Schöneberg et al. used the indirect bioprinting technique to fabricate biofunctional multi-layered blood vessel models in vitro, which direct printing cannot yet achieve (Schöneberg et al., 2018). They used three different degradable hydrogels with three different cell types to simulate and reconstruct the adventitia (fibroblast matrix), medial layer (elastic SMC), and intima (endothelium), and successfully replicate the three-layered natural vascular channel structure with a wall thickness of up to 425 μm, and diameters of around 1 mm (Figure 2). These bioinks provide a friendly living environment for cells. Currently, engineered vascular grafts do not meet human transplantation standards, and most of them are used for in vitro experiments, such as drug prescreening or preliminary concept verification.
[image: Figure 2]FIGURE 2 | Printing of blood vessels with multi-layered structure. (A) Schematic diagram showing the printing procedure in a bioreactor. The printing includes a gelatin core and a surrounding fibrin layer. (B) Results showed that cell viability was not affected after the printing process. (C) Fluorescence micrographs show the homogenous distribution and good combination of ECs, SMCs, and fibroblasts. (D) Permeability testing and cell viability evaluation. Adapted with permission (Schöneberg et al., 2018). Copyright 2018, Nature Publishing Group.
Highly Vascularized Tissue
Currently, most studies are in the conceptual validation phase and, to date, there are no good methods or compatible bioinks to fabricate a 3D functional, highly vascularized network in thick tissue or organ constructs, which limits the development of tissue engineering (Duan, 2017).
For highly vascularized tissue, such as liver, kidney, and heart, more precise microvessels are required, ranging from a few microns to millimeters. However, the current techniques have difficulty achieving this accuracy and resolution. Zou et al. created a valentine-shaped synthetic heart with a simplified aorta by using indirect 3D bioprinting and biodegradable alginate (Zou et al., 2020). They demonstrated no collapse of the scaffold structure and 90% cell viability. Nevertheless, the constructed microchannels are still at the level of hundreds of microns, and it remains difficult to emulate the ultrastructure of capillaries. An in vitro liver model (GelMA loaded with HepG2/C3A) was developed to test drug toxicity (Massa et al., 2017), and 3D human heart- and kidney-like objects, composed of dozens of alginate layers, were produced by embedded extrusion bioprinting (Rocca et al., 2018); however, these models were about 2 cm3 in size, with very simple vascular structure, and were used only for concept validation. Lin et al. used indirect 3D bioprinting to fabricate adjacent open cavities (representing proximal renal tubules and parallel blood vessels) embedded in the permeable ECM. After endothelialization and epithelization, the selective reabsorption and vectorial transmission of solute were realized through external circulation devices, which favor the further study of tissue-engineered kidneys (Lin et al., 2019).
There are also some special needs for biomaterials. Highly vascularized tissues usually consist of large amounts of active cells, which require the biomaterials to be sufficiently friendly to cells and cell migration, growth, and proliferation, and should facilitate substance exchange (Xie et al., 2020). Usually, softer biomaterials are needed; indeed, one important requirement for cardiac scaffolds is that it should not provide resistance to muscle contraction during systole while providing mechanical support to resist the tensile stress during diastole (Hernández-Córdova et al., 2016). This requires the elastic modulus of the biomaterial to match that of the myocardial reported interval (7.9–1,200 kPa) (Courtney et al., 2006; Chan et al., 2013; Hernández-Córdova et al., 2016). Alginate, gelatin, fibrin, and collagen can be used for cardiac scaffolds (Alonzo et al., 2019). In an indirect 3D bioprinting case, PUU was developed as a scaffold material that had suitable elastic modulus. They also used PVA as sacrificial material, and finally created a cardiac scaffold containing 300–500 µm channels. The biomaterial showed good biocompatibility with cardiomyocytes (Hernández-Córdova et al., 2016). Meanwhile, to verify the feasibility of multicellular tissue printing, Skylar-Scott et al. reported an embedded indirect 3D bioprinting method to create perfusable vascular channels in ECM solution with organ building blocks (OBBs) composed of thousands of patient-specific-induced pluripotent stem cell–derived organoids, as shown in Figure 3. As an example, they then fabricated a cardiac tissue with physiological functions over a 7-day period with high cellular density, showing the huge prospects of indirect 3D bioprinting (Skylar-Scott et al., 2019).
[image: Figure 3]FIGURE 3 | Printing of highly vascularized tissues with high cell density. (A) Schematic diagram of the indirect 3D bioprinting workflow. (B) Organ building block (OBB) tissue matrix formation. (C,D) Sacrificial ink writing within an embryoid body (EB) matrix. (E) Examples of different OBB-based matrices. (F) Fabrication of a helical vascular structure in an EB matrix. Reproduced with permission (Skylar-Scott et al., 2019). Copyright 2019, American Association for the Advancement of Science (AAAS).
Vascularized Osteochondral Tissue
The 3D printing technique is relatively mature in the field of osteochondral tissue engineering and has been used in the fabrication of long bones, mandibles, cheekbones, human finger bones, and other structures (Hollister et al., 2005; Lee et al., 2005; Wang et al., 2009). Biomaterials for osteochondral tissue engineering emphasize mechanical properties (Daly et al., 2017). For the design and production of vascularized bone tissue engineering scaffolds, pore-forming agents are usually added to form pores of specific sizes (>300 μm) to promote angiogenesis (Karageorgiou and Kaplan, 2005; Wang J.-Q. et al., 2019; Gonzalez-Fernandez et al., 2019). Uniform channels of controlled size that simulate the natural morphology of bone tissue, including Volkman’s and Haversian canals for better osteogenesis, are more and more created in molds via indirect 3D bioprinting (Houben et al., 2016; Houben et al., 2017). However, few studies have focused on the analysis of angiogenesis and new bioink development.
For endochondral bone repair, current techniques enable in vivo angiogenesis around cartilage models (Thompson et al., 2016), but the internal regions of the models remain nonvascular (Mesallati et al., 2015). Daly et al. constructed a microchanneled cartilage template using sacrificial Pluronic ink. After in vivo cultivation, they found that, compared to solid templates, channeled templates showed better vascularization, more degradation of cartilage precursor hydrogel in the core region, less ectopic bone formation, and better integration with the host tissue, which are all clinically important (Daly et al., 2018). However, more evidence is needed to demonstrate a difference in total bone formation between the channeled and solid templates for endochondral bone repair.
Vascularized Skin
Creating man-made skin grafts for wounds and burn healing is the primary purpose of skin tissue engineering (Adams and Ramsey, 2005). Tissue-engineered skin grafts should be non-toxic, have low inflammatory response, allow water vapor transmission, and act as a barrier. They are also expected to quickly adhere to the wound surface, have controllable degradation, and promote angiogenesis (MacNeil, 2007). Biodegradable, non-toxic, non-immunogenic, and non-inflammatory biomaterials with low risk of disease transmission and easy access are ideal skin substitutes (Vig et al., 2017). To date, indirect 3D bioprinting has not been widely applied in vascularized skin tissue fabrication. Wu et al. created a thermoresponsive stiffness memory elastomer nanohybrid scaffold via indirect 3D bioprinting and found that the scaffold promoted fibroblast proliferation in vitro and angiogenesis in vivo (Wu et al., 2019). Another team found that by combining bioactive peptide hydrogels with scaffolds having finger-shaped pores created via indirect 3D bioprinting, more vessels and more collagen I and III formed in the scaffolds (Im et al., 2018). Most studies that focused on tissue design have been based on simplified skin models, while few models consider controlled porosity, biodegradable material selection, and cell distribution (Lee V. et al., 2014; Yan et al., 2018). It is important to mention that for the reconstruction of simple epidermis or thin dermis, vascularization is not necessary.
CONCLUSION
As described in this paper, tissue vascularization has always been a critical issue in tissue engineering and is key to the application and survival of engineered tissue constructs in vivo. Many accomplishments have demonstrated the feasibility of indirect 3D bioprinting for manufacturing blood vessels and vascularized tissue constructs, and most experiments show that indirect 3D bioprinting has advantages in channel structure design and construction. On the other hand, the selection of biodegradable inks is an important aspect of indirect 3D bioprinting for successful 3D tissue construct fabrication and in vitro/vivo application. Theoretically, indirect 3D bioprinting allows a wider range of materials to be used, since the use of sacrificial materials lowers the mechanical performance requirements for scaffold materials. However, this introduces new requirements for the sacrificial materials. At present, owing to the lack of satisfactory biodegradable materials, further in vivo applications are limited. A large number of studies are investigating advanced sacrificial/scaffold bioinks, which assists in the assembly of biodegradable, biosafe, bioactive, and more bionic structures at higher resolution. Efforts are now transitioning from theoretical verification to tissue and organ model construction. We expect that with the future continuous development of biodegradable materials, the use of indirect 3D bioprinting will continue to increase and will contribute to the field of tissue engineering.
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Biomaterials have long been the focus of research and hydrogels are representatives thereof. Hydrogels have attracted much attention in the medical sciences, especially as a candidate drug-carrier. Mesenchymal stem cells (MSC) and MSC-derived secretome are a promising therapeutic method, owing to the intrinsic therapeutic properties thereof. The low cell retention and poor survival rate of MSCs make further research difficult, which is a problem that hydrogel encapsulation largely solved. In this review, safety and feasibility of hydrogel-encapsulated MSCs, the improvement of the survival, retention, and targeting, and the enhancement of their therapeutic effect by hydrogels were studied. The status of the hydrogel-encapsulated MSC secretome was also discussed.
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1 INTRODUCTION
The study of biomaterials has been advancing rapidly in recent years. On the one hand, biomaterials can fill and repair tissue defects directly as accessible grafts, for example, calcium phosphate materials have been studied widely in the treatment of bone defects (Humbert et al., 2019). On the other hand, biomaterials enhance the effects of other therapies by various methods, such as drug delivery, targeted injury, and controlled release. Of those biomaterials, hydrogels have attracted attention in drug-delivery investigations due to their outstanding biocompatibility, degradability, and processability. There are various preparation methods for hydrogels, including covalent bonding, photopolymerization, thermo-gelation hydrogels, cryo-gelation, and other non-covalent bonding (Huang et al., 2017a). According to the origin of the gel precursor molecules, hydrogels can be divided into natural and synthetic hydrogels: the former hydrogels demonstrate better biocompatibility; while the latter has better stability (Salinas and Anseth, 2009). Additionally, based on application purpose, strong machinability enables hydrogels to be formed into different shapes and sizes, such as fibers, microbeads, or nanoparticles (Pishavar et al., 2021).
MSCs, multipotential stem cells, are derived from various tissues, including bone marrow (BM-MSCs), adipose (AD-MSCs), umbilical cord (UC-MSCs), peripheral blood, etc. According to “Minimal criteria that define multipotent mesenchymal stromal cells,” MSCs adhere to plastics under standard culture conditions; CD105, CD73 and CD90 are specific surface markers; through in vitro induction, MSCs can differentiate into bone, adipose, and cartilage (Dominici et al., 2006). Early studies also generally suggested that differentiation is the main mechanism of MSC therapy (Lange et al., 2005). With further exploration, secretomes such as soluble trophic factors and extracellular vesicles (EVs) play a more important role in the treatment of MSCs. The MSC secretome includes soluble trophic factors (secreting growth factors, chemokines, cytokines, etc.) and EVs. The sac-like structures formed by EVs can encapsulate specific factors (DNA, RNA, protein, and amino acids metabolites) secreted by mother cells to transmit information in a stable manner in vivo and vitro (Kalluri and LeBleu, 2020). Numerous preclinical studies confirmed the benefits of MSCs and their secreted factors. For example, UC-MSC administration improved the outcomes of patients with severe COVID-19 pneumonia without any infusion reaction (Guo et al., 2020). Mesenchymal stem cell-derived extracellular vesicles (MSC-EVs) attenuated renal inflammation and fibrosis in pigs with metabolic syndrome and renal artery stenosis (Eirin et al., 2017).
Infusion of MSCs and their derived secretome, as an emerging therapeutic modality, which can be proregenerate, proangiogenisis, immunomodulate, anti-inflammatory, anti-fibrotic, etc. has been recognized by experts in many diseases. Clinically, MSCs have been approved for the treatment of Crohn’s complicated intestinal fistula and graft-versus-host disease. However, the non-targeted distribution of MSCs and their derived secretomes, low tissue retention, and high metabolic rate greatly limit their applications. Hydrogel encapsulation can solve the above problems and provide a new drug route for MSCs. More interestingly, incorporation of various bioactive factors can improve directional delivery and promote specific behavior of MSCs. Therefore, hydrogel encapsulation may bring the treatment of MSCs and their secretome to the next level (Figure 1). The manuscript will be generally introduced from two aspects: hydrogels encapsulate MSC and hydrogels encapsulate MSC secretome: the former includes premise, mechanism, and advance of hydrogels-encapsulated MSCs; the latter is composed according to the classification and components of MSC secretome.
[image: Figure 1]FIGURE 1 | Hydrogel encapsulation may bring the treatment of MSCs and their secretome to the next level. MSCs are derived from various tissues, including bone marrow, adipose, umbilical cord, peripheral blood, etc. MSCs can be encapsulated by hydrogel in various formation (single-cell hydrogel encapsulation, MSC spheroid hydrogel encapsulation, and MSCs hydrogel encapsulation). Also, MSC-EVs can be encapsulated by hydrogel for pro-regenerative, pro-angiogenic, immunomodulation and anti-fibrotic effects. MSC: mesenchymal stem cell; MSC-EVs: mesenchymal stem cell-derived extracellular vesicles.
2 HYDROGELS ENCAPSULATE MESENCHYMAL STEM CELLS
Biomaterials combined with MSCs were initially mainly used for tissue regeneration, especially bone regeneration. Researchers found that the addition of MSCs can significantly promote regeneration compared with the filling of defective bone tissue with biomaterials (De Kok et al., 2003). Later, the same researchers proposed that injecting the hydrogel could help stimulate bone marrow to produce stem cells to grow new cartilage in cartilage repair surgery (Huang et al., 2010). Subsequently, hydrogels have been widely recognized as a high water-absorbing and high water-holding material to load medicines in drug delivery applications. It is noteworthy that the focus of the present research is to encapsulate MSCs with hydrogels to achieve targeted delivery, increase the retention at the injury site, and enhance the function of MSCs. This is different from the addition of MSCs when the biomaterial fills the defective tissue. A wide variety of hydrogels are used to encapsulate MSCs. The main natural polymer hydrogels are comprised of alginic acid (Ho et al., 2016), hyaluronic acid (Liu et al., 2019), chitosan (Boido et al., 2019) and collagen (Huang et al., 2017b), etc. Synthetic hydrophilic polymers include polyethylene glycol (PEG) (Sylvester et al., 2021) and acrylic acid (Qiu et al., 2011). In addition, based on a single hydrogel, mixing other hydrogels and incorporating some bioactive factors can guide MSCs to exert more specific functions. Hydrogel-encapsulated MSCs are widely used, and existing studies involve various tissues and organs: bone, cartilage, heart, kidney, skin, spinal cord, etc.
2.1 Safety and Feasibility of Hydrogels-Encapsulated Mesenchymal Stem Cells
The safety and feasibility of hydrogel-encapsulated MSCs are the prerequisites for the clinical translation of this therapy. On the one hand, whether MSCs can successfully perform their therapeutic functions in hydrogels is very important. Wu et al. found that self-assembled supramolecular hydrogel-encapsulated MSCs could maintain cell morphology and viability, which demonstrate the biocompatibility and non-cytotoxicity of the hydrogels (Wu et al., 2008). In the chitosan-based hydrogel developed by Boido et al., the viability and paracrine activity of MSCs were not affected by the hydrogel, and the encapsulated MSCs could release MSC vesicles and maintain their antioxidant function (Boido et al., 2019). Papa et al. found that MSCs in arginine-glycine-aspartate (RGD) -extracellular matrix hydrogel scaffolds could maintain cellular structure in situ and gradually release CCL2 chemokine, which can promote functional recovery from spinal cord injury (SCI) (Papa et al., 2018). The study of Bussche et al. showed that the microencapsulation of MSCs did not interfere with the release of bioactive factors (Bussche et al., 2015). Furthermore, co-gelation of acellular vascular matrix and collagen enhanced the survival and paracrine effects of MSCs in the injured kidney (Huang et al., 2017b). However, some studies pointed out that the 3D microenvironment hinders the trans-differentiation of MSCs and the production of secreted factors in the onerous microenvironment of myocardial infarction (MI) (Sylvester et al., 2021).
On the other hand, the biocompatibility of hydrogels as allografts is worth investigating. Yuan et al. studied and compared the changes in immunological properties associated with different scaffolds and found that MSC-hydrogel structures caused rather low proliferation of allogeneic lymphocytes, especially when prepared from higher concentrations of collagen in the hydrogel (Yuan et al., 2011). Also, attenuating innate immune responses could be achieved by modifying hydrogels. Ghanta et al. used immune-evasive and small-molecule-modified alginate encapsulation to enable MSCs to persist and localize on the heart, and then to improve cardiac function after acute MI (Ghanta et al., 2020). Similarly, Alvarado-Velez et al. engineered an agarose hydrogel that releases Fas ligand, a protein that induces apoptosis in cytotoxic CD8+ T cells, to increase MSC survival rate of allogeneic transplantation near the injury site (Alvarado-Velez et al., 2021). Moreover, in the clinical study of He et al., intramyocardial injection of UC-MSC-loaded collagen hydrogel showed no serious adverse reactions, proving that the use of collagen hydrogel for cell delivery is safe and feasible (He et al., 2020).
2.2 Hydrogel Encapsulation Improves Mesenchymal Stem Cells Survival, Retention, and Targeting
2.2.1 Improving Mesenchymal Stem Cells Survival
Before encapsulation, several conditions affected the viability of MSCs. Chen et al. proposed hydrogel-induced BM-MSCs under conditions of cell density (<2 × 107 cells/mL), DMSO concentration (<0.5%), and needle gauge (25G or 27G). The survival rate could be maintained above 82% (Chen et al., 2017). Osama et al. proposed a different view: MSCs injected with a 30G needle showed significantly better viability when the hydrogel was in the pre- and post-gel state (Osama et al., 2018). Additionally, the different kinds of hydrogel encapsulation can play different effects. For example, single-cell hydrogel-encapsulated MSCs could interact with the cell-matrix via the activation of ERK/MAPK signaling cascade, thereby increasing cell viability (Karoubi et al., 2009). Isolated MSCs/secretome hydrogel encapsulation is applied in most experiments. Compared with isolated MSCs, MSC spheroids exhibit higher therapeutic potential in various aspects, improving cell survival, anti-inflammatory and angiogenic potential (Ho et al., 2016).
Adding some chemicals or bioactive factors to the hydrogel also promoted the viability of MSCs (Table 1). Cellulose nanocrystal-enhanced collagen-based nanocomposite hydrogels protected cells during injection (Zhang et al., 2020a). In the hypoxic environment of MI, graphene oxide added to alginate composite microgels protected MSCs from the harsh hypoxic environment (Choe et al., 2019). Compared to chemical modification, bioactive factors appeared to have better biocompatibility. Superoxide dismutase also protected MSCs encapsulated in hydrogels from superoxide attack (Li et al., 2009). The platelet-rich plasma gel provided a favorable survival environment for MSCs, and the optimal platelet concentration was 1 × 106 platelets/μl (Jalowiec et al., 2016). Fibrin hydrogels that were loaded with platelet-derived growth factor BB doubled the survival rate of MSC spheroids, indicating that platelet-derived growth factor BB could serve as a biochemical cue to promote the survival of MSC spheroids in vivo (Zhao et al., 2020). Heparan sulfate mimetic addition to hydrogels restored extracellular matrix network and enhanced growth factor bioactivity, increasing cell engraftment and cell survival (Moussa et al., 2019). In addition, miR-21 was retained in collagen hydrogels, targeted to activate downstream therapeutic cytokines, and significantly enhanced the anti-apoptotic capacity of MSCs (Zhang et al., 2017).
TABLE 1 | Some chemicals or bioactive factors in hydrogel promoting the viability of MSCs.
[image: Table 1]2.2.2 Improving Mesenchymal Stem Cells Retention, and Targeting
Obviously, hydrogel encapsulation can improve MSC retention, which is closely related with different kinds of hydrogel. The degradation rate of the hydrogel was found to determine the cell delivery, retention, and controlled release to a certain extent (Qiu et al., 2011). In a femoral defect model, Hoffman et al. controlled longitudinal localization of MSCs on the surface of allografts by altering hydrogel degradation kinetics (Hoffman et al., 2014).
Hydrogel encapsulation can improve efficient distribution and targeting of MSCs. The current research mainly achieves target of MSC through direct contact. For example, covering the surface of injured skin can limit the local spread of MSCs (Zhou et al., 2019a). Intramyocardial injection of MSC-loaded collagen hydrogel can improve distribution of MSCs in heart (He et al., 2020). Also, modifying hydrogel is a feasible method, but the research has not applied in hydrogel encapsulation. For example, by the coating of lipid-conjugated heparin, AD-MSCs without hydrogel encapsulation can target the damaged liver with enhanced delivery and longer retention (Hwang et al., 2019).
2.3 Hydrogel Encapsulation Guide Mesenchymal Stem Cells to Perform Specific Functions Using Tailored Biochemical and Biophysical Cues
MSCs have the properties of tissue repair ability and immune regulation ability. Hydrogel encapsulation enhances the therapeutic capacity of MSCs by increasing survival, retention, and targeting. The therapeutic efficacy of hydrogel-loaded MSCs has been demonstrated in many diseases, for example, the function of gel-encapsulated MSCs has been continuously explored in bone and cartilage regeneration, wound repair, MI, and other studies.
2.3.1 Tissue Repair
Angiogenesis plays an irreplaceable role in the process of tissue repair. Glycine-histidine-lysine-modified alginate hydrogels could upregulate the ability of MSCs to secrete pro-angiogenic factors (Jose et al., 2014). Intramuscular injection of MSCs within a PEGylated fibrin gel matrix was found to promote the formation of mature blood vessels in a model of hind limb ischemia (Ricles et al., 2016). Also, a novel hydrogel composed of pooled human platelet lysates could localize ischemic tissue to promote angiogenesis (Robinson et al., 2016).
MI is a common ischemic disease. Gao et al. used BG/γ-PGA/CS hydrogel to activate the interaction between MSCs and cell matrix, resulting in decreased apoptosis and enhanced angiogenesis, improved cardiac function, and attenuated cardiac remodeling (Gao et al., 2020). In addition, epicardial placement of MSCs-loaded POx hydrogels also improved neovascularization in rats with MI (You et al., 2021).
In wound repair, the pro-angiogenic effect of MSCs is crucial. Pharmacological pre-treatment of MSCs with the natural potent antioxidant was reported to increase the amount of pro-angiogenic cytokines and the speed of wound closure (Touani et al., 2021). The pore size of the hydrogel scaffolds can also act as a regulator of the paracrine effects of MSC angiogenesis, with medium-pore-size scaffolds having the highest paracrine effects of angiogenic cytokines (Qazi et al., 2019). MSC spheroids are currently being studied more, and compared with isolated MSCs, MSC spheroids exhibit higher therapeutic potential in various aspects, improving cell survival, anti-inflammatory and angiogenic potential (Ho et al., 2016). Especially in the promotion of wound healing, multiple studies showed that hydrogel-encapsulated MSC spheroids have faster wound closure and more obvious angiogenesis (Murphy et al., 2017; Yang et al., 2020a). For contaminated wounds, adding antibiotics such as minocycline (Guerra et al., 2017) or FMZC to the base hydrogel encapsulating MSCs was able to reduce bacterial bioburden and promote wound repair (Rafie and Meshkini, 2021).
2.3.2 Immunomodulatory and Anti-Fibrotic
In myocardial ischemia/reperfusion injury, MSCs encapsulated in a hydrogel carrier mediate the conversion of AMP to adenosine by CD73, exerting a powerful anti-inflammatory effect (Shin et al., 2020). In osteoarthritis, Gómez-Aristizábal et al. found that hyaluronic acid binding to MSCs has an additive effect on MSC-mediated immune modulation (Gómez-Aristizábal et al., 2016). Sodium alginate microencapsulation could also modulate MSC paracrine function and enhance the therapeutic effect of MSCs in OA (McKinney et al., 2021). In injured vocal cords, MSCs + hyaluronic acid hydrogel exerted an equivalent inhibitory effect on inflammation in vivo (Hertegård et al., 2019). In colonic radiation-induced injury, MSCs in silylated hydroxypropylmethylcellulose hydrogel were capable of secreting trophic factors and responded to the inflammatory milieu (Moussa et al., 2017). In addition to immune regulation, anti-fibrosis is also an important function of MSCs. Gelatin-microcryogel-loaded MSCs protected 5/6 nephrectomized kidneys through anti-inflammatory and anti-fibrotic effects (Geng et al., 2019). In a radiation therapy-induced esophageal fibrosis model, Kim et al. used catechol-functionalized hyaluronic acid hydrogel-encapsulated MSC spheroids to improve esophageal injury (Kim et al., 2021).
3 HYDROGELS ENCAPSULATE MESENCHYMAL STEM CELLS SECRETOME
According to the current study, MSCs mainly exert their therapeutic effects through paracrine. Compared with MSCs, MSC secretome has more advantages: 1. Cell-free treatment reduces the requirement for MSCs, resulting in a large amount of storage and transportation logistics; 2. MSC secretome shows a smaller risk of embolism; 3. MSC secretome avoids the potential of MSC tumorigenicity. Therefore, hydrogel-encapsulated MSC secretome in treating diseases is also a key research topic (Table 2).
TABLE 2 | Hydrogel-encapsulated MSC secretome in treating diseases.
[image: Table 2]Just like MSCs, multiple experiments have shown that hydrogels can continuously release MSC secretome, and effectively exert pro-regenerative, pro-angiogenic, and anti-fibrotic effects. Achieving sustained release is one of the important reasons for the recognition of hydrogels. In a rat model of Asherman syndrome, Liu et al. loaded a cross-linked hyaluronic acid gel with MSC secretome to create a sustained release system that repaired endometrial damage and enabled viable pregnancy (Liu et al., 2019). Hydrogels composed of bovine collagen type I (COLI) and low molecular weight hyaluronic acid (LMWHA) or COLI and PEG could control the release of active AD-MSC secretome, counteracting 6-OHDA toxicity while upregulating antioxidant enzymes Sirtuin 3 (SIRT3) in a neurodegeneration-related experimental setting (Chierchia et al., 2020). Liguori et al. proposed that trophic factors have different release kinetics and hydrogelation by a study of bioactive decellularized cardiac extracellular matrix-based hydrogels to release MSC secretome-derived trophic factors in a sustained manner, which is related to the initial concentration of conditioned medium (CM) in the gel (Liguori et al., 2021).
Pro-regeneration is the main function of the MSC secretome, and encapsulation with hydrogels significantly enhances the therapeutic effect, especially in skin lesions. In diabetic wounds mimicking fibroblasts cultured in a high-glucose environment, cell-free hydrogel dressings loaded with MSC-CM were shown to improve cell proliferation and migration through controlled release of bioactive factors (Sears et al., 2021). Pro-regenerative and pro-angiogenic can promote rapid skin repair. Kraskiewicz et al. demonstrated that collagen hydrogel maintained the therapeutic effect of AD-MSC secretome and improved chronic wound healing through proliferation of skin-derived cells and increased angiogenesis of endothelial cells (Kraskiewicz et al., 2021). Similarly, MSC-CM/hydrogel limited inflammatory development, promoted re-epithelialization and granulation tissue formation, and attenuated fibrotic and hypertrophic scar tissue formation outside the wound in third-degree burns in mice (Zhou et al., 2019a).
3.1 Hydrogels Encapsulate Mesenchymal Stem Cells-Extracellular vesicles
Hydrogel encapsulation can help to achieve spatio-temporal control of MSC-EVs activity in vivo, thereby increasing the therapeutic efficiency of EVs in various disease studies. In mice with renal ischemia-reperfusion injury, EVs released from matrix metalloproteinase-2-sensitive self-assembled peptide (KMP2) hydrogels demonstrated similar structures and bioactivities to fresh, isolated EVs, indicating that the hydrogels can effectively preserve biological function of EVs. The experimental results also proved that KMP2-EVs better promote endothelial cell proliferation and angiogenesis, and subsequently reduce renal chronic renal fibrosis, compared to KMP2 or EVs alone (Zhou et al., 2019b). In vivo tracking of labeled EVs showed that RGD peptide hydrogel increased EV retention and stability and promoted the efficacy of MSC-derived let-7a-5p-containing EVs in the treatment of AKI models (Zhang et al., 2020b). PEG hydrogels were found to sustain the release of EVs for up to 1 month in a rat model of chronic liver fibrosis (Mardpour et al., 2019). In the study of skin aging treatment, after subcutaneous injection treatment, CS hydrogel also prolonged the release of EVs and significantly increased the retention of EVs in vivo, delaying the skin-aging process (Zhao et al., 2021). In addition, hydrogel encapsulation also provides a new method of delivery of EVs compared to traditional arterial, intravenous, or intramuscular injection. For example, EVs were physically encapsulated in a GelMA hydrogel network covering the surface of the heart, and this local delivery could significantly improve retention (Tang et al., 2021).
3.2 Hydrogels Encapsulate Mesenchymal Stem Cells-Derived Exosomes
According to the diameter of the vesicles, EVs can be further divided into micro-vesicles (200–1,000 nm), exosomes (30–150 nm) and apoptotic bodies (800–5,000 nm). This subset of exosomes has been recognized as a new candidate for cell-free therapy of various diseases. Like MSC-EVs, the hydrogel enhanced the retention and stability of MSC-Exos in vivo. Yang et al. discovered that the thermosensitive PF-127 hydrogel delivered UC-MSC-exos, enhanced the regenerative capacity of exosomes, and promoted diabetes compared with UC-MSC-exos, UC-MSC-exos, PF-127-only, or control treatments (Yang et al., 2020b). Li et al. grafted MSC-Exos immobilized in peptide-modified adhesive hydrogels. The efficient retention and sustained release of MSC-Exos could attenuate inflammation and oxidation resulting in significant neurological recovery and urinary tissue protection, thereby effectively treating SCI (Li et al., 2020). In mice with hind limb ischemia, Gaussia luciferase imaging verified that CS hydrogels significantly increased the stability of proteins and microRNAs in MSC-Exos, and further enhanced MSC-Exos endothelial protection and pro-angiogenic capacity (Zhang et al., 2018).
3.3 Hydrogels Encapsulate Mesenchymal Stem Cells-Small Extracellular Vesicles
It is difficult to purify already pure exosome subsets further so people usually purify vesicles with a diameter of less than 200 nm, so people refer to them as small extracellular vesicles (sEVs). Yang et al. suggested that intra-articular injection of Diels-Alder cross-linked hyaluronic acid/PEG hydrogels achieved sustained release of MSC-sEVs through degradation control, enhancing the efficacy of MSC-sEVs in improving OA (Yang et al., 2021). In a model of MI, the addition of alginate hydrogels to MSC-sEVs significantly increased their retention in the heart, decreased cardiomyocyte apoptosis, and increased scar thickness and angiogenesis compared with sEV-only treatment (Lv et al., 2019).
4 CONCLUSION AND FUTURE PERSPECTIVES
In conclusion, the clinical translation of hydrogel encapsulation into MSCs and their secretome is a novel step to a very promising technology. Biomaterials are now a research hotspot, garnering more attention among researchers in the medical sciences. As a representative, hydrogel is summarized in this paper as a carrier to encapsulate MSCs and the related literature on their secretome is reviewed. At present, although there are many preclinical studies on hydrogel-encapsulated MSCs, the research is not deep enough, and clinical research therein remains sparse. There are still many gaps in the understanding of targeting of MSCs in vivo. The current research on hydrogel encapsulation tends towards cell-free therapy, and the MSC secretome may be the future development direction. However, MSCs still play an irreplaceable role in treatment of utilizing MSC differentiation. The texture of the gel is soft, and most of them are currently suitable for soft tissue, which limits the application on hard tissue to a certain extent. For the delivery of hard tissue MSCs and their secretome, more materials need to be explored to supplement. The composition of most gel carriers with obvious functions is relatively complex, and it may be possible to undertake further study in the future to achieve a simpler composition with stronger functions.
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In this study, poly (trimethylene carbonate) (PTMC) with excellent biocompatibility was synthesized via ring-opening of TMC to prepare the Ciprofloxacin-loaded PTMC implants, and antibacterial effects in vitro or in vivo of the resulting implants were investigated to evaluate the potential for treating chronic osteomyelitis. The in vitro results showed the Ciprofloxacin-loaded PTMC implants could sustain release ciprofloxacin at a release amount of about 90 μg/d for 28 days and possessed excellent antibacterial effect, as evidenced by the smaller size of the antibacterial ring of 32.6 ± 0.64 mm and the biofilm inhibition of 60% after 28 days of release. The in vivo results showed that after 28 days of treatment, the body weight and the white blood cell counts of chronic-osteomyelitis-model rats in the treatment group reached 381.6 ± 16.8 g and (7.86 ± 0.91) ×109/L, respectively, returning to normal rapidly compared with the control and blank group, indicating the remarkable antibacterial effect of the Ciprofloxacin-loaded PTMC implants. X-ray images and HE staining results also confirmed that most of the proximal and middle parts of the tibia returned to typical structures and new and trabecular bone had been formed for the rats in the treatment group, and no inflammatory cells were found as compared to the control and blank groups, after 28 days of treatment. The significant lower number of colonies of (9.92 ± 1.56) × 10 CFU/g in the treatment group also suggests that the Ciprofloxacin-loaded PTMC implants achieve a practical antibacterial effect through a local application.
Keywords: poly(trimethylene carbonate), ciprofloxacin, chronic osteomyelitis, antibacterial activity, efficacy evaluation
INTRODUCTION
Osteomyelitis is inflammation of the bones caused by infectious microorganisms. Chronic osteomyelitis is difficult to cure and easy to relapse, bringing significant psychological and economic burden to patients (Barakat et al., 2019). Due to the severe damage to the local blood supply of the lesion, it is difficult for the blood to carry antibiotics to the infected area by oral or intravenous antibiotics, and the effective bactericidal concentration cannot be reached, which makes the infection remain and the recurrence rate is high. Toxic and side effects damage vital organs of the body, and the emergence of drug resistance quickly occurs after repeated administration of large doses (Fantoni et al., 2019).
With the development of medical and health technology, slow-release carriers loaded with antibiotics are gradually applied to treat osteomyelitis. Compared with traditional treatment methods, the sustained-release carrier has the characteristics of releasable antibiotics and absorbability. Based on controlling infection, it avoids secondary surgery to remove, and there is no need to wait for infection control before performing secondary surgery. At present, the carriers of antibiotic sustained-release systems can be mainly divided into two categories: non-biodegradable and biodegradable (Liu et al., 2021; Wassif et al., 2021). The non-biodegradable carrier is polymethylmethacrylate (polymethylmethacrylate, PMMA) (van Vugt et al., 2019; Patel et al., 2021). It is the first carrier to treat chronic osteomyelitis. With further experimental and clinical research development, PMMA gradually affects clinical application due to its non-degradable properties and the need to remove after infection control (van Vugt et al., 2019). Biodegradable carriers mainly include calcium sulfate, polylactic acid, PLGA, etc. (Cheng et al., 2018; Nabipour et al., 2018; Andreacchio et al., 2019; Zhao et al., 2020; e Silva et al., 2021). Among them, the long-term sustained-release effect of the drug delivery system based on PLA and PLGA is ideal, and it is more suitable for treating chronic osteomyelitis [ (Nabipour et al., 2018; e Silva et al., 2021; Cheng et al., 2018)]. However, the characteristic of PLA or PLGA to produce acidic degradation products during the degradation process is unavoidable (Zaaba and Jaafar, 2020; Jin et al., 2021; Ko et al., 2021), which can easily have side effects on drug activity or cause the pH of the application site to decrease, inducing sterile inflammation affects the therapeutic effect. Therefore, selecting carrier materials for biodegradable drug delivery systems is crucial for treating chronic osteomyelitis. Poly (trimethylene carbonate) (PTMC) is a polymer with excellent biocompatibility and good degradation properties, which has great potential in the fields of drug sustained release and tissue engineering (Dienel et al., 2019; Mohajeri et al., 2020; Weisgrab et al., 2020; Brossier et al., 2021). More importantly, Yang et al. show that PTMC does not generate acidic degradation products during the degradation process (Yang et al., 2014; Yang et al., 2015; Yang et al., 2016; Hou et al., 2017; Hou et al., 2019; Cai et al., 2021; Hou et al., 2021) and is an ideal carrier material for biodegradable long-acting sustained-release implants (Yang et al., 2012; Yang et al., 2013).
Ciprofloxacin has been demonstrated to be effective against a broad spectrum of bacteria associated with osteomyelitis and is an effective drug for treating osteomyelitis (Lin et al., 2019). In this study, ciprofloxacin hydrochloride, a commonly used drug for treating osteomyelitis, was used as a drug model, and PTMC was used as a drug carrier to construct a biodegradable long-term drug delivery system. The release and antibacterial properties of the Ciprofloxacin-loaded PTMC implants were investigated in vitro. Furthermore, a rat model of chronic osteomyelitis was established to investigate the in vivo antibacterial effect of PTMC implants, with the aim to verify the feasibility of PTMC implants loaded with Ciprofloxacin in the treatment of chronic osteomyelitis.
MATERIALS AND METHODS
Materials
Trimethylene carbonate (TMC) was purchased from Daigang Co., Ltd. (Jinan, Shandong, China). Sn(Oct)2 (95%) was purchased from Sigma-Aldrich and used as received. Ciprofloxacin HCl was purchased from Dalian Meilun Biotechnology Co., Ltd.; Staphylococcus aureus was purchased from Shanghai Benoy Biotechnology Co., Ltd.; SPF Wistar rats were purchased from Liaoning Changsheng Biotechnology Co., Ltd. Cell Counting Kit-8 was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
Synthesis of PTMC
PTMC was synthesized via the ring-opening polymerization (ROP) of TMC using Sn(Oct)2 (1/5000 eq) as a catalyst, according to the reference (Hou et al., 2021). Briefly, the TMC monomer and the catalyst were accurately weighed and placed in an ampoule. The ampoules were purged with dry nitrogen and then heat-sealed under vacuum. Then the ampoule was immersed into an oil bath at a preset temperature of 130 ± 2°C for 24 h. After the reaction, the ampoules were cooled to room temperature and smashed to obtain the polymer. The crude oligomers were purified using ice-methanol and dried under vacuum at 37°C to constant weight.
The Biocompatibility of PTMC
The extracts of PTMC were used for the in vitro cell proliferation and cytotoxicity tests. PTMC samples were immersed in an α-DMEM medium with 10% fetal bovine serum for 72 h at 37°C in a humidiﬁed atmosphere of 5% CO2. The immersion ratio was 0.1 g/ml according to ISO 10993 Part 12. α-DMEM medium with 10% fetal bovine serum is also immersed in the same volume for 72 h under the same conditions. The extracts and α-DMEM medium were ﬁltrated and collected.
The cytotoxic effects and proliferation ability of the PTMC to MC3T3-E1 cells were evaluated using the CCK8 assay. MC3T3-E1 cells were seeded in 96-well culture plates at a 1.5 × 104 cells/ml density. 100μL extracts were added in each well of the PTMC group, 100 μL α-DMEM medium was added in each control group well. After incubation for 24, 48 and 72 h, respectively, the PTMC group and the control group were rinsed with phosphate buffer solution (PBS) for one time. Then the PTMC group and control groups were then observed under a ﬂuorescence microscope (Nikon, Japan). The cytotoxicity evaluation was conducted by 10% (v/v) concentration of CCK-8 reagent. The spectrophotometric absorbance was measured at 450 nm using a microplate reader (Infinite M200, Tecan, Austria). Relative growth rate (RGR) was also used to evaluate the biocompatibility of PTMC. The formula for calculating RGR was RGR = ODe/ODc × 100%. ODe is the average OD value of the experimental groups. ODc is the average OD value of the control group. The cell toxicity grade (CTG) is obtained according to the standard United States Pharmacopeia. A material is considered non-toxic when the sample has an RGR value greater than 80 and a CTG rating of 0 or one according to the standard.
Preparation and in vitro Release of Ciprofloxacin-Loaded PTMC Implants
Precisely weigh 5 g of PTMC, dissolve it in chloroform, and add 0.5 g of ciprofloxacin hydrochloride in a weight ratio of 1:10 of drug and carrier. The mixture was vortexed and poured into a PTFE dish. After the chloroform had evaporated entirely, the films were peeled off and dried to constant weight. Then the film was cut into small pieces and extruded into cylindrical implants (od = 1.5 mm, length = 2 cm) with a hot-melt extruder at 180 °C. After manufacture, the implants were packed in sealed bags and then irradiated with 25 kGy of 60Co for sterilization.
The PTMC implants loaded with Ciprofloxacin HCL were immersed in a glass container filled with 10 ml of PBS solution (pH = 7.4) and shaken at a frequency of 65 times/min in a constant temperature air bath at (37 ± 1) °C. The PBS solutions were changed every 24 h. Then, the replaced PBS solution was filtered through a 0.22 μm nylon membrane filter, and 2 μL of the filtrate was injected into the UHPLC system, using a mixture of 0.025 mol/L phosphoric acid solution (pH = 3.0 ± 0.1)-acetonitrile (75: 25) as mobile phase, at a flow rate of 0.1 ml/min to measure Ciprofloxacin concentration in each sample at 277 nm. The procedure was performed in triplicate for each time point, and the results were expressed as mean ± standard deviation.
Antibacterial Activity in vitro of Ciprofloxacin-Loaded PTMC Implants
The activated Staphylococcus aureus was appropriately diluted with PBS solution to obtain a 106 CFU/ml bacteria solution. 0.1 ml of Staphylococcus aureus bacterial solution was pipetted and evenly inoculated into a nutrient agar Petri dish. Holes were punched on the nutrient agar plate in the dish, and 0.2 ml of PTMC implants release solution from days 1, 7, 14 and 28 were added. Then, the dish was incubated at 37°C for 24 h. Then, the diameter of the bacteriostatic zones was measured accurately. The procedure was performed in triplicate, and the results were expressed as mean ± standard deviation. Staphylococcus aureus was also incubated in the 25 mg/ml leaching solution of the blank PTMC implants.
After 1, 7, 14 and 28 days of the PTMC implants release, 90 μL of the release solution was taken into a 96-well plate, added with 10 μL of TSB solution containing S. aureus (approximately 1 × 106 CFU/μL) and incubated at 37°C for 24 h. Then the medium was removed, and each well was washed with 100 µL of PBS for three times, stained with 100 μL of 1% (w/v) crystal violet in water for 15 min, and then rinsed with demineralized water. 100 µL of ethanol/acetone (80:20) was added to each well to dissolve the crystal violet, and the absorbance of the crystal violet solution was measured at a wavelength of 575 nm. The absorbance (A1) of crystal violet solution is proportional to the biofilm amount grown in each well, and the biofilm inhibition was calculated according to the following equation:
[image: image]
where A was the absorbance of the crystal violet solution for the PTMC implants without Ciprofloxacin.
Establishment and Treatment of Chronic Osteomyelitis Model
The chronic osteomyelitis model was established on Wistar rats according to Karau et al. (Karau et al., 2013), and the Animal Ethics Committee of The Central Hospital Affiliated to Shenyang Medical College approved all the surgical procedures. Twenty-four rats were weighed and anaesthetized by intraperitoneal injection of sodium pentobarbital (50 mg/kg). The proximal 1/3 of the tibia of rats was exposed by the skin incision of 1.5 cm made under the right knee along the medial anterior tibial condyle. Then the bone marrow cavity of the tibia was exposed using an electric drill with a diameter of 1.5 mm, rinsed with saline, injected with 50 μL of morrhuate sodium injection, and 50 μL sterile saline of Staphylococcus aureus was injected. After that, the bone marrow cavity was closed with bone wax and sutured. After surgery, the rats were caged and allowed to move freely and eat regularly. Four weeks later, six rats were sacrificed, and the formation of chronic osteomyelitis was confirmed by X-ray (Xie et al., 2019) and HE staining (Musher and Arasaratnam, 2021).
Eighteen model rats of chronic osteomyelitis were randomly divided into a treatment group, a control group, and a blank group, with six rats in each group. The model rats were anaesthetized by intraperitoneal injection of sodium pentobarbital (50 mg/kg). Then the bone marrow cavity was exposed and opened again through the original incision with a 1.5 mm diameter electric drill for debridement to remove necrotic, sclerotic, and infected tissues, and then repeatedly flushed with 2% hydrogen peroxide and saline. The treatment group was given a 2 cm Ciprofloxacin-loaded PTMC implant, the control group was assigned a 2 cm PTMC implant without Ciprofloxacin, and the blank group has received no treatment. Afterwards, the marrow cavity was closed with bone wax and sutured. The body weight and the white blood cell (WBC) counts of rats in the three groups were observed on the 0, 7, 14, 21, and 28 days after the treatment. After 28 days of treatment, all the rats were sacrificed, and the right tibia specimen was taken. Three for HE staining and three for X-ray analysis and then pulverized into powder. 1 g of bone powder was accurately weighed and added into 1 ml of physiological saline to make a suspension. After tenfold serial dilution with saline, 0.1 ml of the diluted sample was inoculated onto blood agar plates and incubated at 37°C for 48 h to count the number of bacterial colonies. All tests were carried out in triplicate and under aseptic conditions.
RESULTS AND DISCUSSION
Synthesis of PTMC
PTMC was synthesized by bulk ring-opening copolymerization of trimethylene carbonate monomer in the presence of SnOct2 as a catalyst at 130°C, as illustrated in Figure 1. The structure of PTMC was determined by 1H NMR [(δ, ppm from TMS in CDCl3): 2.02 (-CH2--CH2--CH2-) and 4.14 (-OCH2--CH2-)]. The molecular weight and polydispersity of PTMC were determined using GPC, showing a polydispersity of 1.07 and a molecular weight of 3.29 × 105 g/mol. The intrinsic viscosity of the resulting PTMC was 6.54 dl/g. The thermal properties of the PTMC were determined using DSC and TGA. The TGA thermogram of PTMC showed that the polymer began to degrade at 267.0 °C, and the DSC studies showed that the PTMC polymer was amorphous with only one glass transition temperature of -13.9 °C. The water contact angle results show that the obtained PTMC was hydrophobic with a static water contact angle of 87.25 ± 0.92°.
[image: Figure 1]FIGURE 1 | The synthetic route of PTMC.
The Biocompatibility of PTMC
In this study, the biocompatibility of PTMC was investigated using cell proliferation and cytotoxicity tests. The MC3T3-E1 cells cultured in the well with PTMC for 24, 48 and 72 h are shown in Figure 2A. The results show that cells grew well in solutions containing PTMC extracts. Compared with the control group, there are no significant differences in the number and morphology of cells in the PTMC group. Figure 2B shows the optical densities of MC3T3-E1 cells in PTMC extracts measured by the CCK8 test. It could be seen that the optical density (OD) values of all the groups increased gradually with increasing cultivation time.
[image: Figure 2]FIGURE 2 | The morphology (A) and proliferation (B) of MC3T3-E1 cells cultured in PTMC extracts.
The relative growth rates (RGR) of MC3T3-E1 cells in PTMC extracts are shown in Table 1. From 24 to 72 h of incubation, the average RGR value was greater than 80%, and all the experimental groups showed grade 1. The cell proliferation assay results showed no significant difference between the groups, indicating that PTMC has excellent biocompatibility and would not be deleterious to cell viability. The result was similar to that of Papenburg’s report (Papenburg et al., 2009), which also revealed the high cell attachment and proliferation of PTMC.
TABLE 1 | The relative growth rates (RGR) and cell toxicity grade (CTG).
[image: Table 1]In vitro Release of Ciprofloxacin-Loaded PTMC Implants
Figure 3 shows the in vitro release behaviour of the Ciprofloxacin-loaded PTMC implants. The relatively high release rate indicates a “burst release” occurred in the early stage of the in vitro release. Apparently, the average release amount was 284.7 ± 11.6 μg/d at day 1. It was attributed to the preferential release of Ciprofloxacin enriched on the surface of PTMC implants, as evidenced by the holes displayed on the SEM of the implant surface (Figure 4). As shown in Figure 4, ciprofloxacin particles were distributed on the surface of PTMC implants before release, while the holes rather than particles were seen after release.
[image: Figure 3]FIGURE 3 | In vitro release of the Ciprofloxacin-loaded PTMC implants in PBS solution.
[image: Figure 4]FIGURE 4 | Surface morphology of the ciprofloxacin-loaded PTMC implants before (A) and after (B) release in PBS solution.
After the “burst release”, the release of PTMC implants decreased gradually to 96.4 ± 7.2 μg/d at day 4, and then the release tended to be gentle, with an average release amount of 89.9 ± 12.6 μg/d on day 28. The result indicates that the Ciprofloxacin concentration released from PTMC implants exceeded the minimum inhibitory concentration of Ciprofloxacin (0.4 μg/ml) and was sufficient for osteomyelitis treatment (Mirzaie et al., 2020). The “burst release” in the early stage of in vitro release helps to quickly inhibit inflammation, while the sustained and stable release of ciprofloxacin hydrochloride in the later stage helps to control inflammation and consolidate the anti-inflammatory effect effectively. Hence, the synergistic effect of early “burst release” and late stable, sustained release of PTMC implants is ideal for treating chronic osteomyelitis.
Furthermore, the release behaviour of PTMC implants was similar to that of poly (d, l-lactide-co-glycolide-co-ε-caprolactone) (PLGC) reported in our previous work (Liu et al., 2020). However, unlike PLGC, there is no second “burst release” caused by autocatalytic degradation of the acidic degradation products was observed for PTMC implants, resulting in much more stability of the PTMC implants and much more controllable to the release of ciprofloxacin HCL.
Antibacterial Effect in vitro of Ciprofloxacin-Loaded PTMC Implants
For a more direct measurement of the antimicrobial efficacy of PTMC implants in vitro, a semi-quantitative evaluation of the antibacterial effect was performed by measuring the diameter of the antibacterial ring (Figure 5). The presence of the bacteriostatic ring indicates that Ciprofloxacin was biologically active in PTMC implants. As shown in Figure 3, the size of the antibacterial ring was 38.7 ± 0.52 mm for the release solution after 1 day of release of PTMC implants. The antibacterial ring sizes of the released solutions after 7, 14 and 28 days of release were 30.6 ± 3.21 mm, 33.3 ± 1.52 mm, and 32.6 ± 0.64 mm, respectively. The results confirm that Ciprofloxacin-loaded PTMC implants could inhibit the growth of S. aureus for up to 28 days. No bacteriostatic rings were presented for the blank PTMC group, indicating that PTMC has no antibacterial effect.
[image: Figure 5]FIGURE 5 | Bacteriostatic rings produced by the release solution of the ciprofloxacin-loaded PTMC implants at day 1 (A), day 7 (B), day 14 (C), day 28 (D); Bacteriostatic rings produced by the leaching solution of blank PTMC at day 1 (E) and day 7 (F). The scale bar is 1 mm.
The inhibition of S. aureus biofilm formation by the release solution of the ciprofloxacin-loaded PTMC implants at day 1, day 7, day 14, and day 28 (d) is presented in Figure 6, and the inhibition was 83.50 ± 8.52%, 66.77 ± 9.65%, 70.81 ± 10.34%, 64.44 ± 12.26%, respectively. The inhibition efficiency was proportional to the release concentration of ciprofloxacin. The higher the release concentration of ciprofloxacin (Figure 3), the higher inhibition efficiency (Figure 6), and the larger the diameter of the bacteriostatic zone (Figure 5). The results confirmed that after 28 days, the ciprofloxacin-loaded PTMC implants could still inhibit Staphylococcus aureus biofilm formation by more than 60%, indicating that the delivery system has an excellent antibacterial effect.
[image: Figure 6]FIGURE 6 | Inhibition of S. aureus biofilm formation by the release solution of the ciprofloxacin-loaded PTMC implants at day 1, day 7, day 14, and day 28.
Establishment and Treatment of Chronic Osteomyelitis Model Rats
To honestly evaluate the antibacterial effect in vivo, the Wistar rat model of chronic osteomyelitis was first established in Wistar rats. The successful establishment of chronic osteomyelitis was confirmed by X-ray imaging (Figure 7A). As shown in Figure 7A, the tibia of all rats showed apparent signs of osteomyelitis, such as marked reduction of bone density, thinning or even disappearance of trabecular bone, damage of cortical bone, and formation of sequestrum. Other signs such as a widening of the proximal medullary cavity and periosteal reactions were also observed in Figure 7A. The successful establishment of chronic osteomyelitis was also confirmed by HE observation (Figure 7B). As shown in Figure 7B, many inflammatory cells, mainly plasma cells and lymphocytes, were seen in the microcavity lesions, and sequestrum formation and fibrous tissue proliferation were seen in HE sections, indicating the formation of osteomyelitis.
[image: Figure 7]FIGURE 7 | X-ray (A) and HE-stained section (B) of the chronic osteomyelitis model. Black arrows: deadbone; green arrows: inflammatory cells.
After the formation of osteomyelitis, the rat model was treated as follows according to the group, the treatment group was given a Ciprofloxacin-loaded PTMC implant, the control group was assigned a PTMC implant without Ciprofloxacin, and the blank group has received no treatment. Observation of physical signs showed that the mobility of the treatment group was significantly better than that of the other two groups. Seven days after implantation of PTMC implants, the swelling of the surgical site of the rats in the treatment group disappeared, and the walking was more flexible than before. Fourteen days after implantation, the wound at the surgical site of the rats was healed entirely, and the gait returned to normal.
During the treatment, we assessed the body weight changes of the model rats (Figure 8). As shown in Figure 8, after 7 days of treatment, the bodyweight of the rats in the treatment group gradually increased, and after 14 days, the bodyweight of the rats returned to normal and reached the preoperative value. After 28 days of treatment, their body weight increased to 381.6 ± 16.8 g. The weight gain in the treatment group was thought to be due to increased appetite led by reduced inflammation. Rats in the control and blank groups gained to 312.3 ± 15.9 g and 307.6 ± 13.5 g, respectively, lower than that of the treatment group because they did not significantly reduce inflammation due to insufficient antibiotic treatment. The body weight changes in each group indicate that our ciprofloxacin-loaded PTMC implants had a significant antibacterial effect.
[image: Figure 8]FIGURE 8 | Changes in body weights of chronic osteomyelitis model rats during treatment.
At the same time, we also monitored the changes in the rats’ white blood cell (WBC) counts in each group during the treatment (Figure 9). Before implantation, WBC counts of the rats in the treatment group was (14.01 ± 0.99)×109/L, significantly higher than the standard value, resulting from chronic bacterial inflammation. Due to postoperative stress response, it further increased to (14.96 ± 1.65)×109/L after 3 days of implantation, then it decreased slowly and returned to an average value of about (7.86 ± 0.91) ×109/L after 28 days. The trends in WBC counts in the control and the blank group were similar, but the downward trend was much slower, and WBC counts were (12.56 ± 1.05) ×109/L and (12.76×±0.93) ×109/L, respectively, at day 28, higher than that of treatment group. The statistical results showed that after 28 days of treatment, the WBC changes between the treatment group and the other groups were statistically significant (p < 0.05), while there was no significant difference between the blank and control groups (p > 0.05). These results indicate that Ciprofloxacin-loaded PTMC implants have significant antibacterial efficacy.
[image: Figure 9]FIGURE 9 | Changes in white blood cell counts s of chronic osteomyelitis model rats during treatment.
Twenty-eight days after treatment, the X-ray imaging of the model rats in each group was determined (Figure 10). The radiographic results show that most of the proximal and middle parts of the tibia in the treatment group returned to typical structures, and no bone destruction and periosteal reaction were found (Figure 10A), while the signs as mentioned above of osteomyelitis were still found in the control group, and blank group (Figures 10B, C). The results confirmed the effective antibacterial activity of the Ciprofloxacin-loaded PTMC implants in vivo.
[image: Figure 10]FIGURE 10 | X-rays of chronic-osteomyelitis-mode. treatment group (A), control group (B) and blank group (C) after 28 days of treatments.
We also performed HE staining analysis on the tibia tissue of the model rats in each group after treatment. The results showed that the new and trabecular bone in the treatment group had been formed, and no inflammatory cells were found (Figure 11A). However, the dead bone and inflammatory cells were clearly visible in the control and blank groups (Figures 11B, C). These results directly indicate that the Ciprofloxacin-loaded PTMC implants can eliminate bacterial infections.
[image: Figure 11]FIGURE 11 | HE-stained sections of the chronic-osteomyelitis-mode. Treatment group (A), control group (B) and blank group (C) after 28 days of treatments. Red arrow, new bone; yellow arrow, trabecular bone; black arrow, dead bone; green arrow, inflammatory cells.
Finally, we evaluated the therapeutic efficacy of the Ciprofloxacin-loaded PTMC implants in treating chronic osteomyelitis using a microbiological test, and the results were expressed as bacterial colonies per Gram of bone tissue (Table 2). The results showed that the number of colonies in the treatment group was (9.92 ± 1.56)×101 CFU/g, while that in the control and blank groups were (6.37 ± 0.31)×105 and (6.70 ± 0.38)×105, respectively. Obviously, the number of colonies in the treatment group was significantly lower than in the other groups. The statistical results showed that the difference between the treatment group and the other groups was statistically significant (p < 0.05), while the difference between the control group and the blank group was not statistically significant (p > 0.05). These results suggest that the Ciprofloxacin-loaded PTMC implants achieve a practical antibacterial effect through a local application.
[image: image]
TABLE 2 | Counts of bacterial content in each group of bone tissue after 28 days of treatment.
[image: Table 2]CONCLUSION
To overcome the disadvantages of non-degradable PMMA and acidic degradation products of PLGA in the existing local treatment methods for osteomyelitis, PTMC was synthesized as the carrier to fabricate a ciprofloxacin-loaded PTMC implant in this study to develop a new strategy for the treatment of chronic osteomyelitis. The antibacterial effect and the therapeutic effect of the resulting system on chronic osteomyelitis were investigated.
In vitro, drug release results and antibacterial effects such as antibacterial rings and biofilms inhibition suggest that ciprofloxacin-loaded PTMC implants can sustainably release Ciprofloxacin HCL at sufficient concentrations and maintain antibacterial effects for 28 days. In vivo, treatment of chronic osteomyelitis model rats showed the considerable antibacterial effect of the ciprofloxacin-loaded PTMC implants, as evidenced by the gradual return of rat body weight and WBC counts to pre-implantation levels. X-ray imaging, HE staining, and lower bacterial colonies per Gram of bone tissue also confirmed the unique antimicrobial effect of ciprofloxacin-loaded PTMC implants. Through in vitro and in vivo antibacterial results, this study confirmed the great potential of the ciprofloxacin-loaded PTMC implants in treating chronic osteomyelitis.
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Background: The Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) scaffold has proven to be a promising three-dimensional (3D) biodegradable and bioactive scaffold for the growth and proliferation of cartilage progenitor cells (CPCs). The addition of Bioglass into PHBV was reported to increase the bioactivity and mechanical properties of the bioactive materials.
Methods: In the current study, the influence of the addition of Bioglass into PHBV 3D porous scaffolds on the characteristics of CPC-based tissue-engineered cartilages in vivo were compared. CPCs were seeded into 3D macroporous PHBV scaffolds and PHBV/10% Bioglass scaffolds. The CPC–scaffold constructs underwent 6 weeks in vitro chondrogenic induction culture and were then transplanted in vivo for another 6 weeks to evaluate the difference between the CPC–PHBV construct and CPC–PHBV/10% Bioglass construct in vivo.
Results: Compared with the pure PHBV scaffold, the PHBV/10% Bioglass scaffold has better hydrophilicity and a higher percentage of adhered cells. The CPC–PHBV/10%Bioglass construct produced much more cartilage-like tissues with higher cartilage-relative gene expression and cartilage matrix protein production and better biomechanical performance than the CPC–PHBV construct.
Conclusion: The addition of Bioglass into 3D PHBV macroporous scaffolds improves the characteristics of CPC-based tissue-engineered cartilages in vivo.
Keywords: cartilage progenitor cells, PHBV, Bioglass, hydrophilicity, cartilage engineering
INTRODUCTION
Cartilage defects caused by trauma, tumors, and degenerative diseases are becoming increasingly popular, which resulted in significant morbidity and pain over time. Cartilage regenerative medicine and cartilage tissue engineering provide a new and more effective treatment option for the repair of cartilage deficiencies (Hacken et al., 2020). Seeding isolated chondrocytes, mesenchymal stem cells, or cartilage progenitor cells on three-dimensional (3D) biodegradable scaffolds to produce tissue-engineered cartilages is a promising method in cartilage tissue engineering and cartilage regenerative medicine (Kwon et al., 2019).
Autologous chondrocytes is the first option of seeding cells. Vacanti et al. reported the regeneration of nasoseptal cartilage replacements constructed by biodegradable polymers and chondrocytes (Puelacher et al., 1994). Kyoung-Ho Yoon et al. reported that autologous costal chondrocyte implantations can be used as a promising treatment option for repairing articular cartilage defects with good structural regeneration and clinical outcomes and with stable results at midterm follow-up (Yoon et al., 2020). Ning Ma et al. used the tissue-engineered cartilage constructed by autologous chondrocytes and allogeneic, acellular cartilage matrices to repair the cartilage defects (Ma et al., 2017). However, cartilage tissue engineering needed a large number of cells, while chondrocyte expansion in vitro led to aging and loss of the chondrocyte phenotype (Thompson et al., 2017).
Bone marrow-derived stem cells (BMSCs) were considered to be promising seeding cells due to their multipotent differentiation ability toward osteogenesis, adipogenesis, and chondrogenesis and high proliferation ability (Fu et al., 2019). Liu et al. reported that BMSC combined with the PRP scaffold differentiated into cartilage tissues and may be a promising therapeutic option for the repair of cartilage defects (Liu et al., 2019). Xue et al. indicated that acellular cartilage sheets could efficiently repair articular cartilage defects by promoting endogenous chondrogenesis in situ or inducing chondrogenic differentiation of BMSCs (Xue et al., 2018a). However, it is reported that BMSCs underwent “dedifferentiation” and “phenotypic loss” during in vitro expansion and the chondrogenic differentiation process (Vinardell et al., 2012).
In our previous studies, we found that cartilage progenitor cells (CPCs) could be promising alternative cell sources in cartilage tissue engineering and regenerative medicine, and the CPC–poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) constructs could form ivory-whitish cartilage-like tissues, with typical cartilage structures (Xue et al., 2019). However, PHBV has weak surface hydrophilic properties, which led to a low number of adhered cells.
Bioglass is a bioactive inorganic material consisting of CaO, Na2O, SiO2, and P2O5 in certain proportions. 45S5 is the original component of Bioglass (Islam et al., 2022). It has been reported that the addition of 45S5 Bioglass into PHBV can increase the hydrophilicity of the biomaterials. Therefore, PHBV and PHBV/10% Bioglass (45S5) 3D biomaterial scaffolds were prepared in this study, CPCs were combined with two different scaffolds and incubated in vitro for 6 weeks, and then subcutaneous transplantation was performed for another 6 weeks. The cell adhesion, production of the extracellular matrix, size, structure, and functional and biomechanical characteristics of the regenerated cartilage were determined to analyze the influence of the addition of 10%Bioglass into the PHBV scaffold on the function and structure of the neocartilage.
MATERIALS AND METHODS
All animal experimental procedures and operation in the current research have been approved by the Ethics Committee of Shanghai 9th People’s Hospital, Shanghai Jiao Tong University School of Medicine (SH9H-2021-A416-SB).
Preparation of PHBV and PHBV/10%Bioglass Composite Scaffolds
PHBV (Mw = 300,000), consisting of 3 mol% 3-hydroxyvalerate units, was purchased from Tianan Biologic Material Co., Ltd. (Ninbo, China). A solvent casting/particulate leaching method was used to produce PHBV and PHBV/10%Bioglass bioactive composite scaffolds as reported previously (Aboudzadeh et al., 2021). Briefly, the dissolution of 1 g of PHBV powder into 10 ml of chloroform produced a concentration of 10% (w/v), and then Bioglass powder (0.125 g) was dissolved into the mixture to obtain the PHBV/10%Bioglass composite scaffolds. After the sodium chloride (NaCl) particles were mixed into the above solution as porogens, the mixture was transferred to a Teflon mold (inner diameter 80 mm, height 2 mm). The samples were air-dried for 24 h to remove the solvent and then were vacuum-dried for 48 h at 60°C to evaporate any remaining water-insoluble solvent.
The NaCl (porogens) in the dried scaffold was leached out by immersing in deionized water and then was vacuum-dried to produce porous 3D bioactive scaffolds. The scaffolds were prepared in the shape of a cylinder (5 mm side diameter, 2 mm thick) in the current research.
Property of the PHBV and PHBV/10%Bioglass Scaffolds
Optical microscopy and scanning electron microscopy (SEM) were used to evaluate the difference between the two kinds of scaffolds. ImageJ software was used to analyze/process the SEM images of the scaffolds to obtain the porosity and pore size distribution data. The mass of the scaffolds and dimensions were measured to analyze the porosity ratio of the 3D porous bioactive scaffolds as previously described (El-Shanshory et al., 2022). The compressive strength of the 3D bioactive scaffolds was determined according to the force–displacement curve with a Shimadzu AG mechanical tester (Wright et al., 2022) (Shimadzu Co., Japan).
Hydrophilicity, Water Absorption, and Cell Adhesion Determination
The water contact angles of the nonporous PHBV and PHBV/10% Bioglass composite cuboids were evaluated to determine the hydrophilicity of the two kinds of scaffold composites. The sessile drop technique was used to evaluate the water contact angles at 25°C using a contact angle measuring instrument (SZ10-JC2000A, Shanghai, China) (Yang et al., 2020).
The water absorption of the two kinds of 3D scaffolds was tested according to the protocol described previously (Tan et al., 2022). The weights of completely dried PHBV and PHBV/10%Bioglass bioactive scaffolds were measured (W dry), and then they were immersed in deionized water to achieve water absorption equilibration for 4 h at 25 °C. Then, the weight of hydrated 3D scaffolds was measured (W wet), and the water absorptivity was determined according to the formula 
[image: image]
The percentage of adhered cells was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazonium bromide (MTT)-based colorimetric assay as previously described (Xue et al., 2019). Briefly, the CPCs at passage 2 were harvested and seeded onto the sterilized PHBV and PHBV/10%Bioglass composite substrates and then cultured in a CO2 incubator for 4 h. Then, 1 ml of fresh low-glucose Dulbecco’s modified Eagle’s medium (DMEM) was dropped into each well, and the MTT method was used to measure the number of living cells.
Cell Harvesting and Construction of Tissue-Engineered Cartilages
The differential adhesion to the fibronectin method was used to obtain CPCs from chondrocytes. The harvested articular cartilage mass was cut into (1–2) mm2 fragments and then washed with sterile chloromycetin and phosphate-buffered saline (PBS) thrice. The minced cartilage fragments were digested in a solution of collagenase II (0.2% w/v) in high-glucose DMEM, then were filtered with a 200 μm filter to remove undigested tissues, and then were subjected to cell suspension. 5,000 cells/ml were plated onto 100 mm dishes (prior treated with 10 μg/ml fibronectin for 24 h) at 37°C for 20 min in a Thermo Scientific™ CO2 incubator. The nonadherent cells were removed after 20 min and washed with PBS twice, and then 10 ml of low-glucose DMEM with 10% fetal bovine serum (FBS) was dropped into each dish. The remaining cells were incubated for 7–10 days until the cell confluence reached 80%. Then, the cells were subcultured at a density of 3×104 cells/cm2.
The cylindrical PHBV scaffold and PHBV/10%Bioglass scaffold were sterilized and placed in the center of six-well polystyrene culture plates. 30 µl (5 × 107 cell/ml) of the CPC suspension at passage 2 was seeded onto the 3D bioactive scaffold and inoculated at 37°C for 4 h. This allowed adequate attachment of the CPCs onto the 3D bioactive scaffolds. Then, 5 ml of low-glucose DMEM with 10% FBS was dropped into each well after 4 h, and the culture medium was refreshed every 2 or 3 days. The athymic C57BL/6 nude mice were anesthetized intraperitoneally with sodium pentobarbital (60 mg/kg); then the cell-scaffold constructs after 6-week in vitro culture were transplanted into the subcutaneous tissue of the back of the mice for another 6 weeks, and then the specimens were harvested.
Cell Proliferation
The DNA content of the samples was tested to determine the number of CPCs on the scaffolds after being in vitro cultured for 1 week and 2 weeks (Luo et al., 2021). The cell proliferation on the scaffolds was assessed via the MTT assay, and the CPCs were incubated for 1 day, 3 days, and 5 days and then tested with the MTT method.
Chondrogenic Induction in Vitro
After 3 days of incubation in low-glucose DMEM composed of 10% FBS, the regular culture medium was refreshed with a chondrogenic induction medium containing high-glucose DMEM containing 10% FBS supplemented with 50 ng/ml insulin-like growth factor 1 (IGF-1, Peprotech, Rocky Hill, NJ), 10 ng/ml transforming growth factor β1 (TGF-β1, Peprotech, Rocky Hill, NJ), and 40 ng/ml dexamethasone (Sigma, St. Louis, MO). The culture medium change was performed every 3 days.
Characterization of in Vivo Tissue-Engineered Cartilages
Gross Evaluation of in Vivo Tissue-Engineered Cartilages
After 6 weeks of subcutaneous implantation, the thickness and diameter of the cell–scaffold construct were measured using a vernier caliper, and the volume of the cell–scaffold construct was determined using a volumenometer.
Quantitative Evaluation of in Vivo Tissue-Engineered Cartilages
The wet weight, total collagen content (Guedes et al., 2022), and glycosaminoglycan (GAG) content (Nunes et al., 2021) of the specimen after 6 weeks of subcutaneous transplantation were determined using the protocol previously reported. The biomechanical testing was tested using a biomechanical analyzer according to the previous protocol, and the force–displacement curve was used to calculate the compression strength of the cell-scaffold construct (Wright et al., 2022).
Histological Evaluation
The specimen after subcutaneous implantation for 6 weeks was immersed in 10% neutral buffered formalin, washed with PBS, dehydrated, embedded in paraffin, cut into slices of a 5 μm thickness, and stained with hematoxylin and eosin. 5 μm slices were immunostained with a type II collagen antibody as previously described (Lv et al., 2020).
RT-PCR Analysis
Total RNA was extracted from the specimen, and cDNA was harvested by reverse transcription (RT) using previous protocols (Xue et al., 2018b). Real-time quantitative polymerase chain reaction (RT-PCR) was used to analyze the cartilage-specific gene expression: type II collagen (COL II) a1 (Sense 5′-TGC​TGC​TGA​CGC​TGC​TC-3′, Antisense 5′-GTT​CTC​CTT​TCC​TGT​CCC​TTT​G-3′), SOX-9 (Sense 5′-GGC​TCG​GAC​ACA​GAG​AAC​AC-3′, Antisense 5′-GTG​CGG​CTT​ATT​CTT​GCT​CG-3′), and aggrecan (Sense 5′-GGG​GAA​TCT​TCT​GGC​ATT​AA-3′, Antisense 5′-CGT​TGG​AGC​CTG​GGT​T-3′). The β-actin (Sense 5′-ACA​TCA​AGG​AGA​AGC​TCT​GCT​ACG-3′, Antisense 5′-GAG​GGG​CGA​TGA​TCT​TGA​TCT​TCA-3′) mRNA level was used as an internal control.
Statistical Analysis
All harvested data were expressed as the means ± standard deviation (n = 6). The data differences between the PHBV and PHBV/10%Bioglass bioactive scaffolds were evaluated by Student’s t-test. A p-value less than 0.05 was considered to be statistically significant.
RESULTS
Optical Microscopy and SEM of PHBV/10%Bioglass Scaffolds and the CPCs–PHBV/10%Bioglass Construct
The PHBV/10%Bioglass scaffolds exhibited a cylindrical porous scaffold shape (Figure 1A). PHBV/10%Bioglass composite scaffolds show a three-dimensionally interconnected macroporous structure with the pore diameter distribution varying from 30 to 300 μm (Figure 1B). A gross view of in vitro CPC–scaffold constructs after culture for 6 weeks shows that these engineered tissues maintained their original sizes roughly and exhibited a yellowish appearance (Figure 1C). The SEM view of cell–PHBV/Bioglass constructs after 6 weeks of in vitro culture shows that the CPCs adhered to the scaffold pore walls and distributed throughout the scaffold pores homogeneously, showed an extended morphology, and exhibited abundant extracellular matrix production and good compatibility of the CPCs with the PHBV/10%Bioglass (Figure 1D).
[image: Figure 1]FIGURE 1 | Optical microscopy and SEM of PHBV/10%Bioglass scaffolds and the CPC–PHBV/10%Bioglass construct. (A) The PHBV/10%Bioglass scaffolds exhibited a cylindrical shape (5 mm diameter and 2 mm thickness), with a lot of pores on the surface of the composite scaffolds. (B) PHBV/10%Bioglass composite porous 3D scaffolds had a macroporous structure with interconnected open pores of 30–300 μm in diameter. (C) Gross view of in vitro CPC–scaffold constructs after 6 weeks of in vitro culture. These engineered tissues roughly maintained their original cylindrical shape and size and exhibited an ivory-whitish appearance. (D) SEM view of CPCs-PHBV/10%Bioglass constructs after 6 weeks of in vitro culture, exhibiting abundant extracellular matrix production and good compatibility of the CPCs with the composite scaffold.
Properties of PHBV and PHBV/10%Bioglass Bioactive Scaffolds
The PHBV and PHBV/10%Bioglass 3D scaffolds had similar porosities (p > 0.05), and the size of interconnected open pores varied from 30 to 300 μm (shown by SEM analysis). The compressive modulus of the PHBV scaffolds was 0.13 ± 0.01 MPa, while the compressive modulus of the PHBV/10%Bioglass scaffolds was 0.18 ± 0.02 MPa (p < 0.05) (Figure 2).
[image: Figure 2]FIGURE 2 | Characterization of PHBV and PHBV/10%Bioglass 3D porous scaffolds. The PHBV and PHBV/10%Bioglass 3D porous scaffolds exhibited the same volume (A) and dry weight (B) and the same porosity (C) (p > 0.05). The compressive modulus (D) of the CPC–PHBV/10%Bioglass constructs was greater than that of CPC–PHBV constructs (p < 0.05).
Contact Angle, Water Absorptivity, and Cell Adhesion of the PHBV and PHBV/10%Bioglass Scaffolds
The water contact angle of the PHBV/10%Bioglass is (49 ± 5.1°), while the water contact angle of pure PHBV composites is (67 ± 7.2°) (p < 0.05) (Figures 3A,B). The water absorptivity of the PHBV/10%Bioglass is (72 ± 8.1%), while the water absorptivity of pure PHBV composites is (57 ± 6.2%) (p < 0.05) (Figure 3B). The percentage of adhered cells of the PHBV/10%Bioglass is (75 ± 7.6%), while the percentage of adhered cells of pure PHBV composites is (51 ± 5.2%) (p < 0.05) (Figure 3C).
[image: Figure 3]FIGURE 3 | Contact angle, water absorptivity, and cell adhesion of the scaffolds. (A) The water contact angles of the PHBV/Bioglass composite scaffolds were significantly lower than that of the pure PHBV scaffold, indicating that there was a significant increase in surface hydrophilicity with the addition of Bioglass into PHBV (p < 0.05). (B) The water absorptivity of the PHBV/Bioglass composite scaffolds was obviously greater than that of pure PHBV (p < 0.05). (C) The percentage of adhered cells increased significantly with the addition of Bioglass (p < 0.05).
Cell Proliferation
There was an obvious difference in the cellular proliferation of CPC–PHBV constructs and that of CPC–PHBV/10%Bioglass constructs (p < 0.05). The DNA content of CPC–PHBV/10%Bioglass constructs is higher than that of CPC–PHBV constructs (p < 0.05) (Figure 4).
[image: Figure 4]FIGURE 4 | Cell Proliferation. There was an obvious difference in the cellular proliferation between the CPC–PHBV construct and CPC–PHBV/10%Bioglass construct (p < 0.05) (A). The DNA content of the CPC–PHBV/10%Bioglass construct is higher than that of the CPC–PHBV construct (p < 0.05) (B).
Analysis of in Vivo Tissue-Engineered Cartilages on PHBV and PHBV/10%Bioglass Scaffolds
Gross Analysis of in Vivo Tissue-Engineered Cartilages
After subcutaneous transplantation for 6 weeks, the CPC–PHBV constructs and CPC–PHBV/10%Bioglass constructs kept their original cylinder shape and size basically and demonstrated a white cartilage-like appearance. The thickness, diameter, volume, and wet weight of CPC–PHBV/10%Bioglass constructs were more than that of CPC–PHBV constructs (p < 0.05) (Figure 5).
[image: Figure 5]FIGURE 5 | Gross analysis of in vivo engineered tissue cartilages. The diameter (A), thickness (B), volume (C), and wet weight (D) of the CPC–PHBV/10%Bioglass construct were higher than those of the CPC–PHBV construct in vivo (p < 0.05).
Histological and Immunohistochemical Evaluation
The cartilage-like tissue was produced in both CPC–PHBV constructs and CPC–PHBV/10%Bioglass constructs, with mature cartilage lacuna structure formation and obvious positive type II collagen expression (Figure 6). The histological and immunohistochemical analyses show that the tested specimen produced more cartilage extracellular matrices and created much more cartilage-like tissues in the CPC–PHBV/10%Bioglass constructs than that in CPC–PHBV constructs.
[image: Figure 6]FIGURE 6 | Histological and immunohistological analysis of in vivo engineered constructs. There is an obvious difference in the thickness between the CPC–PHBV/10%Bioglass construct and CPC–PHBV construct (p < 0.05). The CPC–PHBV/10%Bioglass construct produced much more cartilage-like tissues than the CPC–PHBV construct. Scale bar = 100 μm. 
Collagen Content, GAG Content, and Compression Strength
The collagen content of CPC–PHBV/10%Bioglass constructs was 8.1 ± 1.1 mg/g, while the collagen of CPC–PHBV constructs was 13.6 ± 1.45 mg/g (p < 0.05). The GAG content of CPC–PHBV/10%Bioglass constructs was 2.3 ± 0.32 mg/g, while the GAG content of CPC–PHBV constructs was 3.6 ± 0.45 mg/g (p < 0.05). The compression modulus of CPC–PHBV/10%Bioglass constructs was 11.5 ± 01.7 MPa, while the compression modulus of CPC–PHBV constructs was 18.3 ± 2.2 MPa (p < 0.05) (Figure 7).
[image: Figure 7]FIGURE 7 | Collagen content, GAG content, and compression modulus. There is a significant difference in terms of collagen (A) and GAG (B) contents and the compression modulus (C) between the CPC–PHBV construct and CPC–PHBV/10%Bioglass construct (p < 0.05).
RT-PCR Analysis
PCR analysis exhibited that aggrecan, collagen II, and SOX-9 of CPC–PHBV/10%Bioglass constructs were all significantly highly expressed compared to CPC–PHBV constructs (p < 0.05), indicating that the addition of Bioglass into PHBV may enhance the chondrogenic differentiation of CPCs (Figure 8).
[image: Figure 8]FIGURE 8 | Chondrogenic differentiation of the CPC–PHBV construct and CPC–PHBV/10%Bioglass construct. RT-PCR analysis reveals the stronger expression of COL II (A), aggrecan (B), and the SOX-9 gene of the CPC–PHBV/10%Bioglass construct than the CPC–PHBV construct (p < 0.05).
DISCUSSION
Seed cells, biodegradable scaffolds, and the environment are three key elements in tissue engineering (Antunes et al., 2020). The seed cells on the biomaterial scaffolds should maintain their mature and stable chondrogenic phenotype and produce rich extracellular matrices, which can replace the biodegradable scaffolds eventually and determine the fate of tissue-engineered cartilages (Francis et al., 2018). Due to “dedifferentiation” and “phenotypic loss” during in vitro expansion and the chondrogenic differentiation process, bone marrow-derived stem cells (BMSCs) and chondrocytes were not the ideal seeding cells (Shi et al., 2017; Ripmeester et al., 2018). CPCs harvested from cartilage tissues present chondrogenic characteristics and good proliferation ability, thus becoming novel promising seeding cells (Xue et al., 2019).
Due to its appropriate biodegradability and biocompatibility, PHBV has been shown to be a biodegradable biomaterial scaffold used in cartilage tissue engineering and regenerative medicine (Rodrigues et al., 2021). In our previous research, the feasibility of combining CPCs with PHBV to construct tissue-engineered tissues was explored, and we found that the tissue-engineered cartilage on PHBV scaffolds had an insufficient thickness and inadequate biomechanical strength due to the surface hydrophobicity of the scaffold (Xue et al., 2019).
The hydrophilicity is a critical element influencing cell attachment, growth and proliferation, biocompatibility, fast cell adhesion and growth, and physical–chemical resistance (Wang et al., 2022). Hydrophilicity of the material surface can influence cell attachment and cell shape, which can also dictate proliferation and differentiation of cells on the material surface or in the materials (Kunrath et al., 2020). Marcel F Kunrath et al. proposed that the application of plasma-treated surfaces resulted in the most hydrophilic specimen (Kunrath et al., 2020). Some studies have proposed the application of nonthermal atmospheric pressure plasma, and ultraviolet treatments change negatively charged hydrophobic (bioinert) surfaces into positively charged hydrophilic (bioactive) surfaces, improving osteoblastic cell adhesion, albumin adsorption, and cytoskeleton development (Choi et al., 2016). Similarly, UV light has been used to increase hydrophilicity (Ogawa, 2014).
The addition of hydrophilic inorganic substances into hydrophobic materials (PHBV) has been found to be a feasible approach to increase the hydrophilicity of PHBV (Li et al., 2005). Therefore, we investigated the addition of 45S5 Bioglass into PHBV to increase the hydrophilic property of the PHBV scaffold. 45S5 Bioglass is a bioactive glass with remarkable biodegradability and biocompatibility, composed of 24.5 wt% Na2O, 45 wt% SiO2, 6 wt% P2O5, and 24.5 wt% CaO (Rizwan et al., 2017). Compared with the pure PHBV 3D porous scaffolds, the addition of 45S5 Bioglass into PHBV has been proven to have better biodegradation, bioactivity, and mechanical properties (Li et al., 2005). Therefore, 10% Bioglass was added into PHBV scaffolds to prepare PHBV/10%Bioglass porous composite scaffolds in current studies.
The water contact angle values are an important measure of the hydrophilicity/hydrophobicity that gives information on the surface properties and wettability of the material surface (Huhtamäki et al., 2018). The superhydrophilic materials (a contact angle less than 10°) will be superhydrophilic with good self-cleaning ability and higher wettability. Similarly, if the contact angle is greater than 150°, the materials will repel water and reduce the water absorption (Yorseng et al., 2020). The water contact angle of PHBV/10%Bioglass composites decreased with the addition of Bioglass. Compared with pure PHBV composites, the water contact angle of the PHBV/10%Bioglass decreased significantly, indicating faster liquid spread over the material surface and better wettability and suggesting that PHBV/10%Bioglass is a more hydrophilic composite biomaterial scaffold. The water absorptivity increased with the addition of Bioglass into PHBV, which indicated that the addition of Bioglass resulted in better wettability and water absorptivity. In addition, the addition of Bioglass did not decrease porosity, the dry weight, the volume, and the structure of the scaffold. The hydrophilicity may increase due to the Bioglass addition, leading to improved cell-adhesion ability. The histological and immunohistochemical staining of the in vivo tissue-engineered tissue shows that the CPC–PHBV/10%Bioglass constructs producedmuch more cartilage-like tissues than CPC–PHBV after 6 weeks of subcutaneous implantation.
The compression modulus analysis suggested that tissue-engineered cartilages constructed by PHBV/10%Bioglass scaffolds had better biomechanical properties. On one hand, the addition of Bioglass into PHBV enhanced the mechanical strength of the composite scaffold; the compressive modulus of the PHBV/10%Bioglass composite scaffolds was significantly greater than that of PHBV scaffolds as the PHBV/10%Bioglass composite scaffolds and pure PHBV scaffolds had the same size, volume, and porosity. This indicated that the addition of the Bioglass increased the compressive properties of the 3D composite porous scaffolds significantly. On the other hand, the improved hydrophilicity led to improved cell-adhesion ability. The much more cartilage-like tissues produced by the CPC-PHBV/10%Bioglass construct may be due to increased cell-adhesion ability, leading to the increased compressive strength of the tissue-engineered cartilage.
The extracellular matrix content (GAG and total collagen) determined the mechanical properties of the tissue-engineered cartilage. It was found in our study that the GAG content and the total collagen content of the CPC–PHBV/10%Bioglass construct were significantly greater than those of the CPC–PHBV construct, which also resulted in the increased mechanical strength. In addition, the result of PCR analysis suggested that the addition of Bioglass into PHBV may enhance the chondrogenic differentiation of CPCs.
CONCLUSION
The addition of Bioglass into PHBV improved the properties of CPC-based tissue-engineered cartilages in vivo, which provide an effective approach for the preparation of 3D porous biodegradable scaffolds with improved bioactivity and mechanical properties for cartilage tissue engineering and cartilage regeneration.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by the Ethics Committee of the Shanghai Jiao Tong University School of Medicine.
AUTHOR CONTRIBUTIONS
Conceptualization, KX and KL; methodology, LQ; software, JG; validation, KX and JG; formal analysis, LQ; investigation, KX and SZ; resources, KL; data curation, KX; writing—original draft preparation, KX; writing—review and editing, KL; visualization, SZ; supervision, KL and QW; project administration, KL and QW; funding acquisition, KX. All authors have read and agreed to the published version of the manuscript.
FUNDING
This work was supported by Hainan Province natural Science Foundation of China (822CXTD537) and the National Natural Science Foundation of China (81801929).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article or claim that may be made by its manufacturer is not guaranteed or endorsed by the publisher.
REFERENCES
 Aboudzadeh, N., Khavandi, A., Javadpour, J., Shokrgozar, M. A., and Imani, M. (2021). Effect of Dioxane and N-Methyl-2-Pyrrolidone as a Solvent on Biocompatibility and Degradation Performance of PLGA/nHA Scaffolds. ibj 25 (6), 408–416. doi:10.52547/ibj.25.6.408
 Antunes, A., Popelka, A., Aljarod, O., Hassan, M. K., Kasak, P., and Luyt, A. S. (2020). Accelerated Weathering Effects on Poly(3-Hydroxybutyrate-Co-3-Hydroxyvalerate) (PHBV) and PHBV/TiO2 Nanocomposites. Polymers (Basel) 12 (8), 1743. doi:10.3390/polym12081743
 Choi, S.-H., Jeong, W.-S., Cha, J.-Y., Lee, J.-H., Yu, H.-S., Choi, E.-H., et al. (2016). Time-dependent Effects of Ultraviolet and Nonthermal Atmospheric Pressure Plasma on the Biological Activity of Titanium. Sci. Rep. 6, 33421. doi:10.1038/srep33421
 El-Shanshory, A. A., Agwa, M. M., Abd-Elhamid, A. I., Soliman, H. M. A., Mo, X., and Kenawy, E. R. (2022). Metronidazole Topically Immobilized Electrospun Nanofibrous Scaffold: Novel Secondary Intention Wound Healing Accelerator. Polymers (Basel) 14 (3), 454. doi:10.3390/polym14030454
 Francis, S. L., Di Bella, C., Wallace, G. G., and Choong, P. F. M. (2018). Cartilage Tissue Engineering Using Stem Cells and Bioprinting Technology-Barriers to Clinical Translation. Front. Surg. 5, 70. doi:10.3389/fsurg.2018.00070
 Fu, X., Liu, G., Halim, A., Ju, Y., Luo, Q., and Song, A. G. (2019). Mesenchymal Stem Cell Migration and Tissue Repair. Cells 8 (8), 784. doi:10.3390/cells8080784
 Guedes, P. L. R., Carvalho, C. P. F., Carbonel, A. A. F., Simoes, M. J., Icimoto, M. Y., Aguiar, J. A. K., et al. (2022). Chondroitin Sulfate Protects the Liver in an Experimental Model of Extra-hepatic Cholestasis Induced by Common Bile Duct Ligation. Molecules 27 (3), 654. doi:10.3390/molecules27030654
 Hacken, B. A., LaPrade, M. D., Stuart, M. J., Saris, D. B. F., and Krych, A. J. (2020). Small Cartilage Defect Management. J. Knee Surg. 33 (12), 1180–1186. doi:10.1055/s-0040-1716359
 Huhtamäki, T., Tian, X., Korhonen, J. T., and Ras, R. H. A. (2018). Surface-wetting Characterization Using Contact-Angle Measurements. Nat. Protoc. 13 (7), 1521–1538. doi:10.1038/s41596-018-0003-z
 Islam, M. T., Nuzulia, N. A., Macri-Pellizzeri, L., Nigar, F., Sari, Y. W., and Ahmed, I. (2022). Evolution of Silicate Bioglass Particles as Porous Microspheres with a View towards Orthobiologics. J. Biomater. Appl. 36 (8), 1427–1443. doi:10.1177/08853282211059294
 Kunrath, M. F., Vargas, A. L. M., Sesterheim, P., Teixeira, E. R., and Hubler, R. (2020). Extension of Hydrophilicity Stability by Reactive Plasma Treatment and Wet Storage on TiO 2 Nanotube Surfaces for Biomedical Implant Applications. J. R. Soc. Interf. 17 (170), 20200650. doi:10.1098/rsif.2020.0650
 Kwon, H., Brown, W. E., Lee, C. A., Wang, D., Paschos, N., Hu, J. C., et al. (2019). Surgical and Tissue Engineering Strategies for Articular Cartilage and Meniscus Repair. Nat. Rev. Rheumatol. 15 (9), 550–570. doi:10.1038/s41584-019-0255-1
 Li, H., Du, R., and Chang, J. (2005). Fabrication, Characterization, and In Vitro Degradation of Composite Scaffolds Based on PHBV and Bioactive Glass. J. Biomater. Appl. 20 (2), 137–155. doi:10.1177/0885328205049472
 Liu, F., Xu, H., and Huang, H. (2019). A Novel Kartogenin-Platelet-Rich Plasma Gel Enhances Chondrogenesis of Bone Marrow Mesenchymal Stem Cells In Vitro and Promotes Wounded Meniscus Healing In Vivo. Stem Cel Res Ther 10 (1), 201. doi:10.1186/s13287-019-1314-x
 Luo, L., Foster, N. C., Man, K. L., Brunet, M., Hoey, D. A., Cox, S. C., et al. (2021). Hydrostatic Pressure Promotes Chondrogenic Differentiation and Microvesicle Release from Human Embryonic and Bone Marrow Stem Cells. Biotechnol. J. 1, e2100401. doi:10.1002/biot.202100401
 Lv, X., Sun, C., Hu, B., Chen, S., Wang, Z., Wu, Q., et al. (2020). Simultaneous Recruitment of Stem Cells and Chondrocytes Induced by a Functionalized Self-Assembling Peptide Hydrogel Improves Endogenous Cartilage Regeneration. Front. Cel Dev. Biol. 8, 864. doi:10.3389/fcell.2020.00864
 Ma, N., Wang, H., Xu, X., Wan, Y., Liu, Y., Wang, M., et al. (2017). Autologous-cell-derived, Tissue-Engineered Cartilage for Repairing Articular Cartilage Lesions in the Knee: Study Protocol for a Randomized Controlled Trial. Trials 18 (1), 519. doi:10.1186/s13063-017-2251-6
 Nunes, R. d. M., Girão, V. C. C., Cunha, P. L. R., Feitosa, J. P. A., Pinto, A. C. M. D., and Rocha, F. A. C. (2021). Decreased Sulfate Content and Zeta Potential Distinguish Glycosaminoglycans of the Extracellular Matrix of Osteoarthritis Cartilage. Front. Med. 8, 612370. doi:10.3389/fmed.2021.612370
 Ogawa, T. (2014). Ultraviolet Photofunctionalization of Titanium Implants. Int. J. Oral Maxillofac. Implants 29 (1), e95–e102. doi:10.11607/jomi.te47
 Puelacher, W. C., Mooney, D., Langer, R., Upton, J., Vacanti, J. P., and Vacanti, C. A. (1994). Design of Nasoseptal Cartilage Replacements Synthesized from Biodegradable Polymers and Chondrocytes. Biomaterials 15 (10), 774–778. doi:10.1016/0142-9612(94)90031-0
 Ripmeester, E. G. J., Timur, U. T., Caron, M. M. J., and Welting, T. J. M. (2018). Recent Insights into the Contribution of the Changing Hypertrophic Chondrocyte Phenotype in the Development and Progression of Osteoarthritis. Front. Bioeng. Biotechnol. 6, 18. doi:10.3389/fbioe.2018.00018
 Rizwan, M., Hamdi, M., and Basirun, W. J. (2017). Bioglass 45S5-Based Composites for Bone Tissue Engineering and Functional Applications. J. Biomed. Mater. Res. 105 (11), 3197–3223. doi:10.1002/jbm.a.36156
 Rodrigues, A. A., Batista, N. A., Malmonge, S. M., Casarin, S. A., Agnelli, J. A. M., Santos, A. R., et al. (2021). Osteogenic Differentiation of Rat Bone Mesenchymal Stem Cells Cultured on Poly (Hydroxybutyrate-co-hydroxyvalerate), Poly (ε-Caprolactone) Scaffolds. J. Mater. Sci. Mater. Med. 32 (11), 138. doi:10.1007/s10856-021-06615-6
 Shi, Q., Qian, Z., Liu, D., Sun, J., Xu, J., and Guo, X. (2017). Maintaining the Phenotype Stability of Chondrocytes Derived from MSCs by C-type Natriuretic Peptide. Front. Physiol. 8, 143. doi:10.3389/fphys.2017.00143
 Tan, Y., Chen, D., Wang, Y., Wang, W., Xu, L., Liu, R., et al. (2022). Limbal Bio-Engineered Tissue Employing 3D Nanofiber-Aerogel Scaffold to Facilitate LSCs Growth and Migration. Macromol Biosci. 1, e2100441. doi:10.1002/mabi.202100441
 Thompson, C., Plant, J. C., Plant, J., Wann, A., Bishop, C., Novak, P., et al. (2017). Chondrocyte Expansion Is Associated with Loss of Primary Cilia and Disrupted Hedgehog Signalling. eCM 34, 128–141. doi:10.22203/ecm.v034a09
 Vinardell, T., Sheehy, E. J., Buckley, C. T., and Kelly, D. J. (2012). A Comparison of the Functionality and In Vivo Phenotypic Stability of Cartilaginous Tissues Engineered from Different Stem Cell Sources. Tissue Eng. Part. A. 18 (11-12), 1161–1170. doi:10.1089/ten.TEA.2011.0544
 Wang, C., Lin, B., and Qiu, Y. (2022). Enhanced Hydrophilicity and Anticoagulation of Polysulfone Materials Modified via Dihydroxypropyl, Sulfonic Groups and Chitosan. Colloids Surf. B: Biointerfaces 210, 112243. doi:10.1016/j.colsurfb.2021.112243
 Wright, D. J., DeSanto, D. J., McGarry, M. H., Lee, T. Q., and Scolaro, J. A. (2022). Nail Diameter Significantly Impacts Stability in Combined Plate-Nail Constructs Used for Fixation of Supracondylar Distal Femur Fractures. OTA Int. 5 (1), e174. doi:10.1097/OI9.0000000000000174
 Xue, J., He, A., Zhu, Y., Liu, Y., Li, D., Yin, Z., et al. (2018). Repair of Articular Cartilage Defects with Acellular Cartilage Sheets in a Swine Model. Biomed. Mater. 13 (2), 025016. doi:10.1088/1748-605x/aa99a4
 Xue, K., Zhang, X., Gao, Z., Xia, W., Qi, L., and Liu, K. (2019). Cartilage Progenitor Cells Combined with PHBV in Cartilage Tissue Engineering. J. Transl Med. 17 (1), 104. doi:10.1186/s12967-019-1855-x
 Xue, V. W., Ng, S. S. M., Leung, W. W., Ma, B. B. Y., Cho, W. C. S., Au, T. C. C., et al. (2018). The Effect of Centrifugal Force in Quantification of Colorectal Cancer-Related mRNA in Plasma Using Targeted Sequencing. Front. Genet. 9, 165. doi:10.3389/fgene.2018.00165
 Yang, J., Gu, C., Chen, W., Yuan, Y., Wang, T., and Sun, J. (2020). Experimental Study of the Wettability Characteristic of Thermally Treated Shale. ACS Omega 5 (40), 25891–25898. doi:10.1021/acsomega.0c03258
 Yoon, K.-H., Park, J.-Y., Lee, J.-Y., Lee, E., Lee, J., and Kim, S.-G. (2020). Costal Chondrocyte-Derived Pellet-type Autologous Chondrocyte Implantation for Treatment of Articular Cartilage Defect. Am. J. Sports Med. 48 (5), 1236–1245. doi:10.1177/0363546520905565
 Yorseng, K., Mavinkere Rangappa, S., Parameswaranpillai, J., and Siengchin, S. (2020). Influence of Accelerated Weathering on the Mechanical, Fracture Morphology, Thermal Stability, Contact Angle, and Water Absorption Properties of Natural Fiber Fabric-Based Epoxy Hybrid Composites. Polymers (Basel) 12 (10), 2254. doi:10.3390/polym12102254
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 © 2022 Xue, Zhang, Ge, Wang, Qi and Liu. 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.


[image: image]


OPS/images/fbioe-10-868719/math_qu1.gif
ratio (%) = (Wwet = Wdry)/Wdry x 100%.





OPS/images/fbioe-10-856398/fbioe-10-856398-g002.gif





OPS/images/fbioe-10-856398/fbioe-10-856398-g003.gif





OPS/images/fbioe-10-856398/fbioe-10-856398-t001.jpg
3D bioprinting
techniques

Extrusion

Inkjet

Light-assisted

Embedded
extrusion

Sacrificial mold or
patrix fabrication

Sacrificial mold and patrix
fabrication

Sacrificial mold and patrix
fabrication

Sacrificial mold and patrix
fabrication

Patrix fabrication in
sacrificial supporting bath

Supported bioink
viscosity

Wide range of 30-6 x

10" mPas

Low in most cases

Low

Low to medium

Minimum feature
resolution

>100 um

10-100 pm

5-300 pm

At milimeter level

Printing
speed

Moderate

High

High

Slow

Shape
fidelity

Good

Poor

Good

Medium

Frequency
of use

s

s

e

References

Murphy and Atala,
(2014)

Massa et al. (2017)
Yang et al. (2020)
Zou et . (2020)
Yeong et al. (2007)
Chahal et al. (2012)
Schineberg et al.
(2018)

Xu etal. (2018)
Kang and Cho,
(2012)

Mandrycky et al.
(2016)

Jietal (2019)
Thomas et al. (2020)
Rocca et al. (2018)
Stumberger and
Vihar, (2018)
Afghah et al. (2020)
Chiesa et al. (2020)





OPS/images/fbioe-10-856398/fbioe-10-856398-t002.jpg
Biomaterials

Gelatin

Fibrin

Aiginate

SF

PVA

Agarose fiver

Carbohydrate
glass
Pluronic F127

Scaffold
or
sacrificial
material

Scaffold and
sacrificial
material

Scaffold
material

Scaffold and
sacrificial
material

Scaffold
material

Sacrificial
material

Sacrificial
material

Sacrificial
material

Sacrificial
material
Sacrificial
material

Natural
or
synthetic

Natural

Natural

Natural

Natural

Synthetic

Synthetic

Natural

Synthetic
Synthetic

Biodegradable
or non-
degradable

Biodegradable

Biodegradable

Biodegradable

Biodegradable

Biodegradable

Biodegradable

Biodegradable

Non-degradable

Non-degradable

Biocompatibility ~ Mechanical

Good

Good

Good

Good

Good

Good

Good

Cytotoxic when
dissolved
Cytotoxic

property

Poor

Poor

Medium

Good

Good

Poor

Good

Good

Good

‘Combinations

PVA, Pluroric,
agarose, HA,
xanthan-gum

Gelatin,
carbohydrate
glass

PVA, agarose,
Pluronic F127,
carbohydrate
glass

Thermoplastic,
plaster

Gelatin, sik,
agarose, aginate,
fibvin, Matrigel,
PLCL, PUU

Gelatin

Aginate, Gelatin

PEG, fiorin,
alginate, agarose
Gelatin, sodium
alginate,
decellularized
extracelular matrix

Applications

Earlobe-shaped
channel system,
liver mode!

Arteriole/venule

Human heart- and
Kidney-ike objects

Bone and
cartiage
engineering
100-1750 pm
diameter channels

Enzymatically
digestible,
360-720 ym
diameter channels
100-1,000 pm
diameter channels

150750 um
diameter channels
150-3,000 pm
diameter channels

References

Liu et al. (2008)
Benton et 4. (2009)
Nichol et al. (2010)
O'Bryan et al. (2017)
Stumberger and
Vinar, (2018)

Hu et al. (2018)
Schoneberg et al
(2018)

Duarte Campos et al.
(2020)

Lee and Mooney,
(2012)

Rocca et al. (2018)
Piras and Smith,
(2020)

Liu et al. (2013)
Bidgoli et al. (2019)

Tocchio et al. (2015)
Heméndez-Cérdova
etal. (2016)

Hu et al. (2018)

Im et al. (2018)

Kim et al. (2018)
Charron et al. (2019)
Wu et al. (2019)
Thomas et al. (2020)

Bertassoni et al.
(2014)

Massa et al. (2017)
Lopez-Marcial et al.
(2018)

Khattak et al. (2005)
Miller et al. (2012)
Homan et al. (2016)
Daly et al. (2018)
Ding and Chang,
(2018)

Hu et al. (2018)
Xuetal (2018)
Yang et al. (2020)





OPS/images/fbioe-10-859280/math_qu2.gif





OPS/images/fbioe-10-859280/math_qu3.gif
Mg +20H™ — Mg(OH),





OPS/images/fbioe-10-856398/crossmark.jpg
©

|





OPS/images/fbioe-10-856398/fbioe-10-856398-g001.gif





OPS/images/fbioe-10-859280/fbioe-10-859280-g007.gif





OPS/images/fbioe-10-859280/math_qu1.gif
Mg — Mg" + 2e





OPS/images/fbioe-10-868719/fbioe-10-868719-g008.gif
-y *. -y © ey
e, i mme 5 e
T = .
o éé
I i






OPS/images/fbioe-10-868719/fbioe-10-868719-g007.gif





OPS/images/fbioe-10-868719/fbioe-10-868719-g006.gif





OPS/images/fbioe-10-868719/fbioe-10-868719-g005.gif
Diameter (mm)

Volume (mm?)

-ee

- e
o EPEVEG ¥ o B

- H
£
. i
-y O mew
- z E=
i
u .,





OPS/images/fbioe-10-868719/fbioe-10-868719-g004.gif
- ey

- PHEV

- PrBvEG

-

- proves

ERERE]
(6 oo vwa

(W0SY) SEA GO

W

o

=





OPS/images/fbioe-10-868719/fbioe-10-868719-g003.gif





OPS/images/fbioe-10-868719/fbioe-10-868719-g002.gif
Porosity (%)

- eV & - eV
= oy B3 VG
w - - r
£
H
» f
Ie
" PHBY  PHBVIBG " PHBV  PHBVIEG
- PRV ° - ey
= oy DR
- £
., fem -
w Fos
» £ o
. 3 e





OPS/images/fbioe-10-868719/fbioe-10-868719-g001.gif





OPS/images/fbioe-10-868719/crossmark.jpg
©

|





OPS/images/fbioe-10-864041/math_qu2.gif





OPS/images/fmats-08-733535/fmats-08-733535-g001.gif





OPS/images/fmats-08-733535/fmats-08-733535-g002.gif





OPS/images/fmats-08-733535/fmats-08-733535-g003.gif





OPS/images/fbioe-09-756758/fbioe-09-756758-g011.gif





OPS/images/fbioe-09-756758/fbioe-09-756758-g012.gif





OPS/images/fbioe-09-756758/fbioe-09-756758-g013.gif





OPS/images/fmats-08-733535/crossmark.jpg
©

|





OPS/images/fbioe-10-864041/fbioe-10-864041-g002.gif





OPS/images/fbioe-09-756758/fbioe-09-756758-g008.gif





OPS/images/fbioe-10-864041/fbioe-10-864041-g003.gif





OPS/images/fbioe-09-756758/fbioe-09-756758-g009.gif





OPS/images/fbioe-10-864041/fbioe-10-864041-g004.gif





OPS/images/fbioe-09-756758/fbioe-09-756758-g010.gif





OPS/images/fbioe-10-859927/fbioe-10-859927-t001.jpg
Factor
Cellulose
Nanocrystal
Reduced

graphene oxide
ROS

Platelet-rich
plasma
PDGF-BB

Heparan sulfate
mimetics

miR-21

Type of
hydrogels

Collagen-Based Nanocomposite
Hydrogel

Reduced graphene oxide

Collagen biocomposite

chitosan, batroxobin, thrombin,
calcium chioride, or acombination of
the latter two.
Aptamer-functionalized fiorin
hydrogel

S-HPMC hydrogel

Coliagen hydrogel

Msc
origin

BM-MSCs

UC-MSCs

BM-MSCs

BM-MSCs

MsC
spheroids
AD-MSCs

AD-MSCs

Characteristic

fast shear thinning, seff-healing and
improved elastic modulus

Anti-oxidant activity

Anti-oxidant activity

promoting growth factor and
inflammatory proteins release

Inhibiting the apoptosis and promoting
the proiferation

Restore the extracelular matrix
network and enhance the biological
ativity of growth factors

interfering the expressions of
apoptotic related proteins

Efficacy

high cel viabilty after extrusion in vitro,
improved implant integrity and higher
cell retention

higher cell viability and cardiac
maturation

suppressed superoxide penetration
into the hydrogel and cell membrane
and stimulating MSC growth

the highest cel viability and DNA
content found in PRP-gels with 1x10°
platelets/mL

promoted the survival of MSC
spheroids

increased cell engraftment and cell
survival, and improved the therapeutic
benefit

protect MSCs from ROS-induced
cellular dysfunction

References

Zhang et al.
(20202)

Choe et al.
(2019)
Li et al. (2009)

Jalowiec et al.
(2016)

Zhao et al.
(2020)
Moussa et al.
(2019)

Zhang et al.
(2017)

Adding some chemicals or bioactive factors to the hydrogel also promoted the viability of MSCs. Compared to chemical modification, bioactive factors appeared to have better
biocompatibilty. MSC: mesenchymal stem cel; ROS: reactive oxygen species; BM-MSCs: MSCs derived from bone marrow; UC-MSCs: MSCs derived from umbilical cord; AD-MSCs:
MSCs derived from adipose.





OPS/images/fbioe-10-859927/fbioe-10-859927-t002.jpg
Type of
hydrogel

Hyaluronic acid hydrogel

Composed of COLI and
LMWHA or COLI and PEG

GelMA PEGDA hybrid

hydrogels
Collagen hydrogel

Chitosan/collagen/p-
glycerophosphate
thermosensitive hydrogel

Self-assembiing peptide
nanofiber hydrogel

RGD hydrogel

PEG hydrogel

Chitosan hydrogel

GelMA hydrogel

Pluronic F127 hydrogel
Peptide-mocified adhesive
hydrogel

Chitosan hydrogel
Diels-Alder crossiinked

hyaluronic acid/PEG hydrogel
Sodium alginate hycrogel

msc
origin

BMMSCs

ADMSCs

BMMSCs

ADMSCs

UCMSCs

BMMSCs

hP-MSCs

ES-MSCs

hP-MSCs
BMMSCs

UCMSCs

hP-MSCs

hP-MSCs

IMSCs

BMMSCs

Type of
secretome

Non-specific

Non-specific

Conditioned
media
Non-speciic

Conditioned
media

Exosomes

Exosomes

Exosomes

SEVs

sEVs

Administration

Intrauterine
administration
In vitro study

In vitro study

In vitro study

Covering the wounds

Renal capsule
injection

Kidney cortex
injection

Systemic
administration

Subcutaneous
injection

Sprayed onto the
surface of the heart
Covering the wounds

Intravenous injection

Intramuscular
injection

Intraarticular injection

Intramyocardial
injection

Mechanism

Restored endometrial morphology and
function

Counteract 6-OHDA toxicity with
upregulation of the antioxidant enzyme
sirtuin 3

Promoted proliferative and migratory
activities of hyperglycemic fibroblasts
Increased prolferation of skin-origin cells
and improved angiogenic properties of
endothelial cells

Limited the area of inflammation, enhanced
reepithelialization, promoted the formation
of granulation tissue, and attenuated the
formation of fibrotic and hypertrophic scar
tissue

Reduced tubular cell apoptosis, pro-
inflammatory cytokine expression, and
macrophage infitration

Facilitated MSC derived let-7a-5p-
containing-EVs, improved reparative
potential against AKI

Improved the anti-fiorosis, anti-
inflammation, anti-apoptosis and
regenerative effects of EVs

Delayed the skin aging processes by
ameliorating the function of aging DFLs
Alleviated apoptosis and promote
angiomyogenesis

Enhanced regeneration of granulation
tissue and upregulated expression of VEGF
and TGFB-1

Elicited significant nerve recovery and
urinary tissue preservation by effectively
mitigating inflammation and oxidation
Improved survival and angiogenesis of
endothelial cells and accelerated the
recovery of ischemic hindiimbs

Improved the bicavailability and therapeutic
efficacy of MSC-sEVs for OA improvement
Promoted angiogenesis, reduced cardiac
apoptosis and fibrosis, enhanced scar
thickness, and eventually improved cardiac
function

Application

Asherman’s
Syndrome
Parkinson’s
disease
Diabetic or

chronic wounds
Chronic wounds

Burm wounds

Renal ischenia-
reperfusion injury

AKI

Chronic liver
fibrosis

Aging skin

M

Chronic wounds

Spinal cord injury

Hindlimb ischermia

Osteoarthritis

M

References

Liu et al. (2019)

Chierchia et al.
(2020)

Sears et .
(2021)

Kraskiewicz
etal (2021)

Zhou et al.
(20192)

Zhou et al.
(2019b)

Zhang et al.
(20200)

Mardpour et al.
(2019)

Zhao et al.
(2021)
Tang et al.
(2021)
Yang et al.
(2020b)

Li et al. (2020)
Zhang et al.
(2018)

Yang et al.

(2021)
Lv et al. (2019)

Multile experiments have shown that hydrogels can continuously release MSC secretome, and effectively exert pro-regenerative, pro-angiogenic, and anti-fibrotic effects. MSC:

mesenchymal stem cell; BM-MSCs: MSCs derived from bone marrow; UC-MSCs: MSCs derived from umbilical cord;

\D-MSCs: MSCs derived from adipose; hP-MSCs: MSCs derived

from human placenta; IMSCs: indluced MSCs; COLI: collagen type I; LMWHA: low molecuiar weight hyaluronic acid; RGD: arginine-glycine-aspartate; PEG: polyethylene gicol; M

myocardial infarction.
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Category

Vascular grafts

Highly
vascularized
tissue

Vascularized
osteochondral
tissue.

Vascularized
skin

Sub-category

Arteriole/venule

Branched vascular
structure
Heart-like structure

Valentine-shaped
heart

Simplified cardiac
scaffolds

Cardiac spheroids

Gut-like tissue
fragments

Liver tissue model

Liver tissue
fragments

Renal proximal
tubule models

Kidney-like
structure

Cartiage tissues

Finger-shaped
highly elastic
scaffold

Thermoresponsive
‘stifiness memory’
elastomeric:
nanohybrid
scaffolds

Sacrificial
material

Gelatin

Pluronic-
nanoclay
Pluronic
F127

PVA

PVA

Gelatin

PVA

Agarose
fiber

PVA
and PLA

Pluronic
Ft27

Pluronic
F127

Pluronic
F127

PVA

PVA

Scaffold
material

Fibrin and
collagen/
fibrin
blends

Alginate

Aginate

Alginate
and
agarose

PUU

Collagen |
and
Matrigel

Matrigel,
gelatin,
and fibrin

GelMA

Gelatin

Gelatin

Alginate

GelMA

PLCL

PUU-
POSS

Cells
and cell
density

HUVECs

(~107 cells/ml);
SMCs (~10° cels/
m); normal
human dermal
fibroblasts (—)

HUVEGs (~10°
cells/mL); Hoc2
rat myoblasts
(~10° cells/mi)

Primary human
cardiac myocytes
(-10% cells/
scaffold)

Cardiomyocytes
with primary
cardiac
fibroblasts
(~10° cells/ml in
total); HUVECs
(=107 cells/mi)

Caco-2 intestinal
epithelial cells;
HUVECs

(=107 cells/ml)
HUVECs

(~10° cells/mi);
HepG2/CaA cells
(~10° cells/ml)

Liver
hepatocellular
carcinoma
(HepG) cells
(~10%-10° cells/
mi)

Proximal tubule
epithelial cells
(~107 cells/mi);
glomerular
microvascular
epithelial cels (—)

Bone marrow
derived
mesenchymal
stem cells
(~107 cells/ml)

Human dermal
fibroblasts
(~10° cells/mi)

3T3-J2 mouse
embryonic dermal
fioroblasts (~10*
cels/scaffold)

Cell
viability

~83%/91%
(1d/4d, SMCs)

~85%/90%
(1d/14d)

94% (1d)

Enhanced cell
viabiity
throughout the
buik tissue
compared to
nonvascular
tissue

Good cell co-
culture results

>80% (2d)

Good HepG2
cell
proiferation to
a high cel
density

Healthy cell
phenotype
was observed

Cells remained
viable
after 24 h

Considerable
colagen and
new blood
vessels were
observed at
4 weeks

Good ingrowth
of tissue and
new blood
vessels were
observed at

4 weeks

Progress

In vitro model
success

In vitro non-cell
model success
Simplified models
for conceptual
valdation

A hollow
structure
containing a
network of micro-
fluid channels

A perfusable
scaffold with
mechanical
properties similar
to cardic tissue,
and good
biocompatibilty
with cardiac
myocytes

A perfusable
cardiac tissue
that fuses and
beats
synchronously
over a 7-day
period with high
cellular density
An in vitro gut
model capable of
sustaining cells
fong term

A vascularized
liver tissue model
for mimicking in
vivo conditions
and testing drug
diffusion and
toxicity

A perfusable thick
engineered
construct with
cellular densities
of native tissues

A3Dvasoularized
proximal tubule
modelthat can be
independently
addressed to
investigate renal
reabsorption

Simplified models

for conceptual
validation

A promising
approach for
quiding
vascularization
and implant
remodeling
during
endochondral
bone repair

A customized
scaffold
sucoessful in
animal
experiments and
may act as a
dermis substitute
A unique smart
elastomer
scaffold that can
quide the growth
of
myofibroblasts,
collagen fibers,
and blood
vessels at real 3D
Bonlaa

Limitations

Unable to meet
human
transplantation
standards

No biological
function
Nogood method
to fabricate
complex
structures
Difficult to imitate:
the ultrastructure
of capillaries; low
degree of
simulation

A geometricaly
simpified in vitro
scaffold mainly
for material
performance
test

Lack of sufficient
microvascular
network
formation; a
modest
contractiity
(~1% strain) only

A simplified
model mainly for
conceptual
validation
Difficult to imitate
the uitrastructure
of capillaries

A simplfied
model for
conceptual
valdation;
difficult to create
channels with
diameter <1 mm
The reabsorptive
properties may
be improved by
reducing the
proximal tubule
lumen diameter
and the
separation
distance
between the
proximal tubule
and vascular
condits
Nogood method
to fabricate 3D
highly
vascularized
network in thick
tissue or organ
No obvious
enhanced
overall-level
bone formation

A simplfied
model without
hierarchical
structure

Slow ingrowth of
host blood
capilaries; local
inflammatory
response
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Mechanical methods

Pharmaceutical
prevention

Approaches involving
biomediical polymers

Methods covering
biomediical-derived
materials

Autologous
transplantation

Approaches

Endoscopic balloon dilation

Metal stent implantation

Biodegradable stent implantation

Systemic steroid

Local injection of steroid
Other medicine injections.

PGA sheets

Peptide hydrogels

CMC sheets

Colloidal dressing

Cell sheets

Autologous cell suspension

Extracellular matrix stents

Autologous gastro-esophageal
mucosal/esophageal mucosal/skin
transplantation

Advantages

Sustaining long clinical use with quick effect

Safe and effective to prevent esophageal stenosis

No long-term complications, o need for manual
removal, and can avoid re-injury of the esophagus

Strong anti-inflammation and fibrosis-inhibition
effect, very convenient, and accessible for patients
to take

Powerful for inhibiting inflammation and
decreasing the systematic side effects

Having an inhibitory effect on inflammation and
fibrosis

Successful to cover the defect and promote the
regeneration of mucosal tissue

Supporting the formation of functional and
continued epithelial cell sheet

Biocompatible and biodegradable and exhibit
some preventive effects in several studies
Accelerating blood coagulation in defect,
enhancing epithelialization, interacting with
immune cells, and promoting angiogenesis
Promoting esophageal mucosal repair and
inhibiting the degree of mucosal fibrosis

Simple and accessible to perform without requiring
lots of time and economical expenses

Having lttle pro-inflammatory effect, adapting well
to esophageal defects, and containing a large
number of celuiar active components to promote
tissue repair

Having no inflammatory response and the grafting
process is accessible

Limitations

Demanding multiple dilatations; spending much
time; uncomfortable to patients; and having the
risk of bleeding, bacteremia, perforation, and re-
strioture

Prone to be displaced and having complications
of bleeding and perforation

Poor capabilty of seff-expansion, weak
mechanical strength, and the placing process is
complicated

May induce many systematic side effects and
lacking efficacy to esophageal mucosal defects

Susceptible to compiications related to injection
operation

Optimal dosage and usage time need to be
clarified

Difficult to stay at the defect for a long time, some
patients may be allergic to them, and the feasibilty
and usefulness remain to be discussed for defects
accompanied by bleeding

“The study is performed on an i vitro model and
how to utiize the hydrogeldressing in vivo is to be
disoussed

Larger sample size and longer observation period
are needed

Experiments are done on animals at most
currently, so safety and effectiveness are to be
studled further

Accessible to faling off and having the risk of
infection, huge costs, and the preparation
process is cumbersome

Limited number of isolated cells and low utiization
efficiency and having the risk of tumor recurrence
There are few cinical trials

Lack of dlinical samples
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