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Abstract

:

Cryogels are interconnected macroporous materials that are synthesized from a monomer solution at sub-zero temperatures. Cryogels, which are used in various applications in many research areas, are frequently used in biomedicine applications due to their excellent properties, such as biocompatibility, physical resistance and sensitivity. Cryogels can also be prepared in powder, column, bead, sphere, membrane, monolithic, and injectable forms. In this review, various examples of recent developments in biomedical applications of injectable cryogels, which are currently scarce in the literature, made from synthetic and natural polymers are discussed. In the present review, several biomedical applications of injectable cryogels, such as tissue engineering, drug delivery, therapeutic, therapy, cell transplantation, and immunotherapy, are emphasized. Moreover, it aims to provide a different perspective on the studies to be conducted on injectable cryogels, which are newly emerging trend.
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1. Introduction


Nowadays, the need for injectable biomaterials that have hemostatic effects in the field of tissue engineering and that are used in tissue regeneration is increasing. Furthermore, these biomaterials are preferred in order to minimize the risks and complications that may occur with surgical implantation. In addition to being biocompatible, three-dimensional (3D) scaffold biomaterials with physicochemical properties such as hardness, elasticity, and biological degradation provide a structural support and physical environment for cell attachment and subsequent tissue development. Cryogels, one of the biomaterials with injectable 3D scaffold structures, can be loaded with therapeutic agents or cells in line with the needs developing in clinical and tissue engineering studies. Thanks to their highly macroporous and interconnected structures, cryogels provide a suitable microenvironment for cell transmission, cellular infiltration, and neovascularization [1]. In recent years, the most widely used biocompatible polymeric biomaterials in biomedicine applications are cryogels.



Cryotropic gelation is a gel formation process that is used to produce supermacroporous hydrophilic gels called cryogels. Cryogels are interconnected supermacroporous materials that can be synthesized at sub-zero temperatures using an existing activator/initiator pair [2,3]. Polymerization occurs in a frozen monomer solution in the interstitial spaces between ice crystals. Ice crystals act as a porogen throughout the scaffold during polymerization, and a supermacroporous polymer is formed after thawing [4,5]. Cryogels have important properties such as flexibility, large pores (10–200 μm), high mechanical strength, short diffusion paths, and good biocompatibility [6,7]. Cryogels can be synthesized in different forms such as powder, column, bead, sphere, membrane, monolithic, and injectable. Injectable cryogels with 3D porous structures are used for minimally invasive implantation in biomedicine applications, thanks to the advantages provided by their elastic structures, as well as their adjustable micron-scale and desired geometric structures. Injectable cryogels can be used in a variety of biomedicine applications, including diagnosis, therapy, drug delivery, and tissue engineering [8,9,10].



The purpose of this review is to explain the properties of injectable cryogels and their use in biomedicine applications, to sample literature studies about these uses, and to gain a different perspective for new studies. Firstly, the preparation of cryogels and their structural properties have been explained, with a focus on injectable cryogels obtained by synthesizing cryogels in micron-scales. In the following sections, injectable cryogels are discussed in regard to different subjects such as wound healing, hemostasis, antibacterial activity, tissue regeneration, and cell and drug delivery, and the uses of these biomaterials in biomedical fields are summarized. It is thought that this review will be a guide for the design of injectable cryogels, improving their structural properties and making their use more common in different biomedical fields for future studies.




2. Cryogels


Cryogels are interconnected supermacroporous materials that can be synthesized at sub-zero temperatures by using a monomer solution and an available initiator/activator pair [11,12]. At a temperature below the freezing point of the solvent, the polymerization or crosslinking reaction occurs in the semi-solid phase containing the monomer [13,14]. After the reaction product melts at room temperature, a loose macroporous cryogenic gel is prepared and referred to as a cryogel (Figure 1). Water is used as a solvent, dispersant, and porogen. Water helps the cryogel to form its macroporous structure with a phase separation in which the frozen ice crystals of water temporarily transform into a fully interconnected cryogenic skeleton [15,16].



Cryogels are produced with a wide variety of morphologies and properties that can be used for different applications. Cryogels are heterogeneous, non-transparent, large macroporous materials [17,18]. The macroporous size of cryogels varies depending on experimental synthesis conditions such as the concentrations and ratios of monomer, solvent, initiator and cross-linkers, temperature, and freezing rate. Supermacroporous cryogels are usually spongy materials with interconnected porous structures. The properties of cryogels depend on the pore structure, the thickness of the pore wall, and the density expressed as polymer density in the swollen pore walls [19,20].



The pore size of the cryogel is mostly dependent on many factors such as the initial concentration of monomers, physicochemical properties, and the degree of freezing. Additionally, it controls the mass transfer in the cryogel together with the connection between the pore networks. The macroscopic mechanical properties of the cryogel are determined by its pore wall thickness and density. Cryogels contain large amounts of liquid. The most common solvent used is water [21].



The highly porous interconnected structure allows for the unhindered diffusion of all solutes, including macromolecules and even colloid particles (protein micelles and viruses) in the cryogels with pores larger than 50 µm. This property makes cryogels attractive materials for bioseparation and cell culture [22,23,24,25]. The synthesis, structure, and applicability of cryogels that can be used in a variety of biomedicine applications, including enzyme activity [26], drug delivery [27], protein purification [28], and tissue engineering [29], are very important. The heat and mass transfer of cryogels is faster than normal gels with the same chemical composition. Moreover, the response time of cryogels is fast at short distances in the thin walls of macroporous structures [30,31,32,33]. The flow channel in a cryogel is large enough due to the interconnected macropore structure. Pore wall thickness and density determine the macroscopic mechanical properties of the cryogel, and the interconnectedness of the pores in the cryogel controls mass transport [34,35,36,37].



Cryogels, which are spongy materials prepared by the cryopolymerization of an aqueous solution containing gel-forming monomers under freezing conditions, can be prepared in the form of powder, column, bead, sphere, membrane, monolithic, and injectable material. Cryogels have advantages such as high blood compatibility, high water content, resistance to degradation, no toxicity, and pressure drop properties. These advantages allow them to be used without any diffusion problems when working with biological macromolecules [38,39,40,41,42].




3. Injectable Cryogels


In recent years, injectable cryogels have been investigated for the minimally invasive implantation of 3D skeletons. The injectability of cryogels is a result of their elastic structure. These properties are very important for applications in soft tissue reconstruction when cryogels are injected subcutaneously. Cryogels have unique structural properties such as shape memory properties, degrees and mechanisms of crosslinking, interconnected macropores, and dense polymer walls [43].



Both micro- and macroscale injectable cryogels are used to provide a 3D porous structure, help protect encapsulated biological agents against degradation, and control the delivery of mammalian cells and biomolecules to host tissues. In addition, particle-based biomaterials, with their small size, can show insufficient retention at the injection site. This limitation increases the need for repeated injections, causing both serious side effects and increased costs. To reduce these limitations, macroscale cryogels are being investigated, as they can form a localized structure at the injection site [44,45].



With their shape memory properties and sponge-like macroporous structural features, injectable cryogels, which have similar properties to cryogels, can be easily recognized and accepted by the body with cell and purposeful ligand immobilization. For this reason, they have the potential to be the preferred biomaterial for many biomedical applications. These biomaterials have been used in many biomedicine applications such as immunotherapy, drug delivery, and tissue engineering. [27,46,47,48,49,50].



Biodegradable cryogels that provide temperature sensitive sol–gel transitions between body and room temperature are used in biomedicine applications. Biodegradation, which is an important element when preparing scaffolds for tissue engineering, is important for facilitating new tissue formation and integration upon implantation [51,52,53,54,55].



Macro-scale protein drug delivery systems are used to control the delivery of drugs to specific tissues. Careful material selection is often required for establishing an effective polymer drug delivery system for a particular protein, achieving the desired protein release profile, and maintaining bioactivity [56]. In drug-loaded cryogels, because the porous structure triggers the burst release of the drug, the use of a nanocarrier to overcome this situation could be a potential candidate for both controlling the drug release rate and enhancing the cryogels [57].



For many biomedicine applications, there is an increasing need for the tissue engineering of advanced 3D scaffolds to provide mechanical and structural support to tissue and cell regeneration. For this reason, 3D scaffolds should be made of resorbable and biocompatible polymers and have large macropores linked to each other [58].



Bone defects often require invasive surgery and are difficult to treat. Injectable cryogels are often used for bone tissue regeneration in the treatment of pathological fractures. Hixon et al. used injectable alginate-based cryogels with platelet-rich plasma (PRP). Although the use of PRP adversely affected the physical properties of cryogels, the freeze–thaw cycle improved their porosity and compressibility. These PRP-loaded, injectable cryogels have been shown to increase the proliferation and mineralization of human bone osteosarcoma cells. Injectable cryogel studies in biomedicine will be discussed in the following sections [59].



Improving the properties of injectable cryogels has provided promising results for biomedicine applications, and many methods are currently being studied in this regard. One of the major problems is insufficient control over the release of biomolecules, particularly low molecular weight components. Due to the high porosity in their structure, drug-loaded cryogels result in a burst release that limits their potential as a drug delivery carrier. Koshy et al. used injectable cryogels to improve drug release kinetics. Injectable cryogels combined with laponite nanoparticles (NPs) preloaded with immunomodulatory factors. Unlike freely injectable laponite cryogels, laponite NPs immobilized in injectable cryogels have been observed to inhibit burst release. In addition, the varying laponite content better adjusts the release kinetics from the cryogels while maintaining the injectability of the syringe [60].



Cryogels are reversible, collapsible, and elastic materials, and these properties make them suitable for injection. Generally, 16-gauge (16 G) is the preferred needle size for injecting 8 × 8 × 1 mm³. 16 G needles reduce penetration compared to surgical implantations, so the use of smaller needles will also reduce tissue damage and eliminate this problem. Therefore, optimization studies are required to improve the injectability of cryogels. While this size of injectable cryogel is used in biomedicine applications where large scaffolds are required, some optimization studies are carried out to avoid problems. In addition to the geometry and crosslinking mechanisms of injectable cryogels, it is necessary to optimize macrostructural properties such as pore size, pore connectivity, and flexibility. It is important to design injectable cryogels to prevent postoperative complications [10,61].




4. Injectable Cryogels in Biomedicine Applications


4.1. Wound Repair Applications of Injectable Cryogels in Tissue Engineering


Different skin defects appear due to diseases, various traumas, aging, or post-operative situations. In most cases, the spontaneous healing of these wounds takes time, and the individual faces the risk of infection that may occur in the injured area. At this point, studies in the field of tissue engineering and biocompatible, biodegradable materials developed in this field gain great importance. One of them is injectable cryogels, whose high mechanical and physical stability contribute to tissue regeneration. Another superior feature of injectable cryogels is their placement with minimal intervention in the tissue to avoid complications such as wound infection due to surgical scaffold implantation. In addition, they support the treatment with the antimicrobial effects of the materials used in injectable cryogel synthesis [62,63,64].



Sener et al. aimed to prepare injectable zwitterionic cryogels that help speed up the wound healing process. Skin wounds from various causes, such as diabetes, burns, vascular insufficiency, and post-surgical wounds, are difficult to heal and take a long time. This situation increases the need for materials that will contribute to the repair of the injured area. For this purpose, firstly, they synthesized crosslinker-free injectable cryogels using different monomer compositions such as 2-hydroxyethyl methacrylate (HEMA), 3-[[2-(methacryloyloxy)ethyl] dimethylammonio] propionate (CBMA), or [2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl) ammonium hydroxide (SBMA) and different copolymer molar ratios, and then loaded miRNA146a coupled cerium oxide nanoparticles into these cryogels. As a result of experiments with biocompatible cryogels with advanced mechanical properties in a diabetic mouse model, it was proven that the wound healing time was accelerated, and the risk of infection was also reduced [65].



Zhao et al. prepared injectable antibacterial conductive nanocomposite cryogels for use in the wound healing process and as a hemostatic agent. A large number of people are faced with death around the world, especially in emergencies due to the inability to control hemorrhage. Therefore, the use of hemostatic agents to control bleeding quickly and effectively is critical. For this, they designed glycidyl methacrylate (GMA) functionalized quaternized chitosan (QCSG)-based cryogels reinforced with carbon nanotubes (CNTs). The hemostatic effects of shape memory cryogels obtained in this way, which have strong mechanical properties, were studied. As a result of their work with mouse and rabbit models, it was observed that the cryogels they prepared performed better than the gelatin hemostatic sponge and gauze [66].



Çetin et al. demonstrated the preparation of micron-scale cryogels with antibacterial properties, called microcryogels. Lysozyme, which is considered an antibacterial agent of our body against antibiotic-resistant bacteria, also has an important place in the field of biotechnology because of its antineoplastic effect. Based on this information, three different types of gelatin-based microcryogels were obtained by loading lysozyme solutions at different concentrations. Microcryogels were characterized in detail in terms of gelation efficiency, surface area, thermal stability, surface morphology, degree of swelling, and macroporosity. Thanks to the MTT method, it was possible to evaluate the cell viability, and a negligible reduction was observed for a period of 72 h. The prepared microcryogels greatly impacted the growth of E. coli, B. subtilis, and S. aureus, thus the antibacterial activity of microcryogels was proven with the large contribution of lysozyme [67].



In cases of incompressible bleeding in deep wounds, the production of agents with high hemostasis is still a challenge. Zhao et al. presented antioxidant and biodegradable injectable dry cryogels with a distinguished photo-thermal capacity to be able to control bleeding. In the synthesis of cryogels, polydopamine cross-linked chitosan was used because chitosan posesses antibacterial activity as well as good hemostatic effects. Dopamine concentrations of the cryogels were studied at values ranging from 0.5 to 9.0 mg/mL to determine the optimum contents. As a result of detailed animal model experiments, where statistical analyses were also carried out, it was revealed that the CS20/PDA4.5 coded cryogel, consisting of 4.5 mg dopamine and 20 mg chitosan, was a much better hemostatic candidate compared to gelatin sponge and combat gauze [68].



Besides being an extracellular matrix (ECM) component, hyaluronic acid (HA) is a polysaccharide that it has an important role in conditions such as wound healing and angiogenesis. In the studies of cryogel scaffolds related to this, it was observed that the structure formed with HA has various properties such as good flexibility and rapid absorption of body fluids, which are important in the field of tissue engineering. In addition, the combination of HA with gelatin from hydrolyzed collagen, which is abundant in our body, has been used to improve cell adhesive characteristics. Rezaeeyazdi et al. fabricated injectable hyaluronic acid-co-gelatin cryogels for use in tissue engineering (Figure 2). In the study, important points such as pore size, swelling rate, syringe injectability, and mechanical behavior of cryogels synthesized under different conditions including fabrication temperature were emphasized. It was stated that these biomaterials, which demonstrated advance cell adhesive properties with minimal cytotoxicity, were promising due to their contribution to the field of new, minimally invasive treatments and tissue regeneration [51].



Navare et al. presented a study on injectable microcomposite cryogels with superior properties due to their antimicrobial identity. One of the main studies in the field of tissue engineering is the work on producing 3D scaffolds for damaged tissue repair. For this purpose, microcomposite cryogels were obtained by using methacrylated hyaluronic acid (HAGM) and calcium peroxide (CP) at different concentrations (0–0.2% CaO2). The principle here was that the decomposition of CP to form hydrogen peroxide and calcium hydroxide can have an antibacterial, antiviral, and antifungal effect. When studying antibiotic-resistant Pseudomonas aeruginosa and Staphylococcus aureus (MRSA) bacteria to test antimicrobiality, it was observed that the prepared cryogels inhibited these bacteria. In the mouse model experiment, a negligible inflammatory response was observed as a result of subcutaneous injections with antimicrobial cryogels after deliberate contamination with pathogenic bacteria (Figure 3) [69].



Larsson et al. reported a novel study on the synthesis of thermoresponsive cryogels with improved mechanical properties. Cellulose nanocrystals (CNCs) are known to contribute to strong durability and high elasticity in studies carried out with cryogels. As in the classical cryogelation procedure, N,N’-methylenebisacrylamide (MBAm) was used as the crosslinker to synthesize poly(N-isopropylacrylamide) (PNIPAAm) cryogels, defined as a thermoresponsive polymer. At this stage, different concentrations of acrylate-functional cellulose nanocrystals (CNC-AA) and HCl–cellulose nanocrystals (CNC-HCl) were added to the solution, and cryogels containing two different types of cellulose nanocrystals were obtained. Characterization studies with Fourier transform infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA), and field emission scanning electron microscopy (FE-SEM) proved that the addition of CNCs to the cryogel structure both changed the morphological structure and contributed to the improvement of the mechanical properties. PNIPAAm25CNC-AA1% cryogel (containing 1% (wt%) CNC-AA and ratio of MBAm: NIPAAm is 1:25] was determined as the most suitable thermoresponsive cryogel with the desired properties [70].



In the production of scaffolds that are useful to support cell proliferation in tissue damaged due to various reasons, care should be taken against situations that may pose an infection risk. Demir et al. published an experimental research on developing injectable cryogel microspheres that can be used in the field of tissue engineering. By an in situ chemical reduction method, chitosan-based cryogel microspheres containing silver nanoparticles (AgNPs) were prepared. Finally, with the preparation of silver nitrate (AgNO3) solution in three different concentrations, microspheres containing different proportions of AgNPs were obtained. Characterization processes with a wide variety of instruments proved that the desired microspheres were successfully synthesized. DPPH procedure is a radical scavenging of 1,1-diphenyl-2-picrylhydrazyl (DPPH) stable at 25 °C which, when prepared in methanol, exhibits a violet color. When free radical scavenging activities were evaluated by DPPH procedure, it was seen that microspheres containing AgNPs with the highest concentration took the first place. It was also stated that the same chitosan microspheres showed a high rate of antimicrobial activity against seven different microorganisms [71].




4.2. Cell and Drug Delivery Applications of Injectable Cryogels in Tissue Engineering


Systematic and controlled delivery of drugs used to treat diseases is valuable in terms of obtaining an efficient therapeutic effect. Otherwise, interactions of drugs delivered to non-target areas may adversely affect patients’ health and cause unwelcome complications. Thanks to the 3D polymeric scaffolds provided by tissue engineering, it is possible to perform high drug loading and to repair damaged tissue by administering the appropriate drug dose at the desired time interval. Likewise, efficiency is increased in the cell-based therapies with injectable cryogels referred to above. Injectable cryogels allow for local delivery without cells being damaged during injection [72,73,74].



Schirmer et al. conducted a study on injectable cryogels that enable the delivery of interleukin-13 (IL-13) to the brain. The application approaches that ensure the safe sustained release of protein therapeutics are still limited. Here, microscale cryogels (microcarriers) containing heparin and PEG were employed, and characterization processes were carried out. Immunomodulatory activity of IL-13 loaded microcarriers was evaluated in vitro on bone marrow-derived macrophages and in vivo in mouse brain, and it was emphasized that a slow and sustained IL-13 release was achieved with microcryogels for at least seven days [56].



The methods used in intervertebral disc degeneration (IVDD), whose treatment starts with painkillers and requires invasive operations in later stages, cannot fully provide the increase of intervertebral disc functionality. Zeng et al. manufactured injectable microcryogels to form 3D microcellular niches for use in IVDD. In research, after the encapsulation of the mesenchymal stromal cells (MSCs) in the alginate precursor, they were loaded into poly(ethylene glycol) diacrylate (PEGDA) microcryogels (PMs). The PMs-enhanced alginate hydrogel outperformed the alginate hydrogel alone in terms of protecting encapsulated cells as well as elasticity. It was concluded that microcryogels prevent cell leakage due to high pressure in an ex vivo organ culture model, and degeneration was reduced after six months in an in vivo canine IVDD model [75].



Kim et al. proposed a heparin/gelatin-based injectable cryogel that is effective in neovascularization. Injectable biocompatible materials, which are frequently preferred in minimally invasive surgery, should fully contribute to tissue regeneration. Targeted injectable cryogels were obtained as a result of different concentration ratios of heparin and gelatin. These cryogels were characterized in many aspects such as injectability, mechanical properties, swelling rate analysis, and porosity. As a result of the studies, it was observed that gelatin1 cryogels (containing 1% (w/v) gelatin] had a larger pore area and a higher swelling rate compared to gelatin1.5 cryogels [containing 1.5% (w/v) gelatin]. Considering the controlled vascular endothelial growth factor (VEGF) release of gelatin1/heparin0.3 cryogel (containing 1% (w/v) gelatin and 0.5% (w/v) heparin] for up to 21 days and its application in an in vivo hind limb ischemic mouse model, it was concluded that this cryogel could be used for neovascularization-promoting cell and protein delivery [45].



In Parkinson’s disease, which is a neurodegenerative disease that affects millions of people worldwide, treatment success varies depending on individual factors, treatment methods, stage of the disease, and some unknown elements. Filippova et al. designed injectable macroporous cryogels to improve cell therapy for use in Parkinson’s disease. They aimed to achieve in vivo transplantation of mature dopaminergic neurons using injectable cryogels. They performed the synthesis of injectable porous cryogel structures, called “neurothreads”, by crosslinking carboxymethylcellulose at subzero temperatures. In the study, the selection of adhesion molecules for cell seeding and in situ maturation and optimization of the functionality of cryogels was provided. The highest neural spread was determined in laminin 111 and Matrigel functionalized cryogels when covalent immobilization of the three commonly preferred neural adhesion molecules (laminin 111, collagen IV and fibronectin), as well as the extracellular matrix extract Matrigel, was performed. When the injectability of the obtained cryogels was tested, it was seen that they were resistant to compression during minimally invasive injection, and they kept mature neurons alive [76].



Bruns et al. conducted a study in which they aimed to control PEG cryogel microstructure without changing the cryogel composition. The modification process after cryogelation is problematic due to the absence of functional groups on the PEG polymer chains. The key is to ensure that PEG cryogels are pre-functionalized. Prior to cryogelation, PEG polymers were covalently pre-functionalized with the cell adhesive ligand arginine–glycine–aspartic acid–serine (RGDS). After the characterization processes, studies were carried out to prove that different polymer concentrations, polymer solvent, and quenching affect the structural properties of the cryogel. On the seventh day in cell viability analyses, cryogels containing RGDS displayed a higher rate of cell viability than cryogels without RGDS [77].



In their experimental research, Koshy et al. proposed a strategy that allows proteins to be released in a continuous and slow way. The realization of a polymer drug delivery system that can be efficient for the target protein is directly related to the various optimization processes, as well as maintaining the bioefficacy of the protein. The first step in creating injectable cryogels was the bio-orthogonal crosslinking of alginate by utilizing a tetrazine–norbornene conjugation. Proteins were pre-adsorbed onto charged laponite nanoparticles placed within the walls of the cryogels, which bind to themselves quite strongly. In detailed research, it was concluded that protein release from these nanocomposite cryogels can be controlled when different laponite concentrations were used [60].



Liu et al. reported a study of injectable microscale macroporous cryogels in order for use in cell delivery. The desired success of cell therapy preferred in the field of tissue repair and regeneration depends on the availability of effective cell delivery techniques. To obtain microcryogels with pre-determined dimensions, the microstencil array chip was first designed, then PEGDA microcryogels were synthesized. In the next step, the 3D cellular niches were homogeneously loaded into injectable microcryogels (Figure 4). In the mouse model, induction of angiogenesis was observed in the relevant region after 2 weeks, thanks to injectable microcryogels with superior properties such as shape memory and high elasticity [78].



In a similar study, Zeng et al. prepared gelatin-based injectable microcryogels to contribute to the healing of skin defects. Recently, targeted and minimally invasive cell therapy has become possible thanks to injectable microcryogels that can preserve the integrity and proliferation of the cells they carry, and induce the secretion of bioactive factors. Polymethyl methacrylate (PMMA)-based microstencil array chips with special dimensions were used in the production of gelatin microcryogels. Human adipose-derived stem cells (hASCs) were then loaded into injectable gelatin-based microcryogels. To evaluate the in vivo results, the biological changes of hASCs loaded in gelatin microcryogels were compared with a conventional two-dimensional (2D) cell culture by utilizing many methods such as ELISA, bioluminescence imaging, quantitative reverse transcription-polymerase chain reaction (QRT-PCR), and Western blot analyses. In the injured mouse model experiment, it was observed that cell delivery with the obtained injectable gelatin microcryogels greatly accelerated wound healing [79].



Li et al. designed macroporous microscale cryogels that can be loaded with various cell types to generate 3D microtissues. As well as cell survival after in vivo vaccination being an important consideration in regenerative therapy, efficient drug screening is also crucial to processing thousands of compounds at once. In this study, gelatin, which is biocompatible, cost-effective, and degradable, was used in microcryogel synthesis. The porous structure of microcryogels synthesized with PMMA-based microstencil array chips was examined by scanning electron microscope (SEM), and injectability was also tested. Then, human adipose-derived mesenchymal stromal cells were loaded into microcryogels to create 3D microtissues (Figure 5). As a result of the experimental studies, the therapeutic effect and improved cell viability were observed in the mouse limb ischemia model [80].




4.3. Other Applications of Injectable Cryogels


Sterilization and disinfection are terms that are different from each other, and sterilization is a procedure that should be applied to all biomaterials, devices, tools, and equipment to be used clinically. Although there are a wide variety of sterilization approaches, problems such as toxicity, denaturation, and structural changes occur in these methods. At this point, the autoclave process emerges as a low-cost and reliable approach. Villard et al. demonstrated the design of different types of injectable cryogels that highlight the importance of autoclave sterilization. In the study, the production of methacrylated derivatives of hyaluronic acid (HAGM), alginate (MA-alginate), and gelatin (MA-gelatin) cryogels was realized. Structural properties of cryogels after the application of various sterilization techniques such as ultraviolet irradiation, ethanol treatment, and autoclaving were compared to their conventional hydrogel counterparts (Figure 6a). As a result of SEM analysis, it was determined that the autoclave technique had the best performance in sterilization, and unlike hydrogels, no difference was found in the important properties of cryogels such as morphological structure, mechanical stability, and injectability after autoclaving (Figure 6b). Finally, in vivo and in vitro studies of autoclaved cryogel scaffolds were evaluated, and it was observed that the biocompatibility and bioactivity properties of the relevant cryogels were preserved [81].



Shih et al. produced an injectable tough MA-alginate cryogel as a cancer vaccine. Nowadays, cancer vaccines attract great attention for removing tumor-forming factors and suppressing recurrence of the disease. Previous studies have reported that a covalently crosslinked MA-alginate cryogel vaccine is effective against skin cancer in rodents, but fractured after injection. Based on this study, Shih et al. synthesized a tough cryogel by combining ionic cross-links to covalently crosslinked MA-alginate cryogels by means of calcium ions (Figure 7). In summary, it was investigated whether the obtained MA-alginate cryogels can be injected with a needle without any damage and can be used as a cancer vaccine, and it was observed that it inhibited 80% of tumor formation in the mouse breast cancer model [7].



The 3D bioprinting technique serves as a developing field that allows for the reproduction of human and animal tissues such as skin, nerve tissue, and liver, which are very important in tissue engineering. Béduer et al. developed 3D-printed injectable cryogel scaffolds that could be beneficial for minimally invasive delivery. In the study, it was emphasized that the pore sizes of cryogels created with temperature-controlled 3D printing technology can be adjusted. The characterization of biocompatible and elastic cryogels was performed using techniques such as SEM, injectability, and pore size distribution. In the study conducted with mice, it was concluded that the cryogel scaffolds had very good biocompatibility after three months following their injection [82].





5. Conclusions


During the past several decades, supermacroporous cryogels have already utilized a dramatic effect in biomedical applications. As evident from the research done so far, cryogels can be fabricated from diverse precursors, thereby enabling the modulation of its properties that allows for its usage for varied tissues. In this review, we discussed some examples of recent developments in biomedicine applications of injectable cryogels. Studies in recent years are promising for the use and further development of injectable cryogels in the biomedicine field such as diagnosis, cell therapy, drug delivery, and therapeutics. In the area of soft materials processing and refinement, there is still plenty of room for advancement. In the following years, it is thought that the production of more compressible, self-healing, sensitive to external stimuli, and injectable cryogels with macrostructural features will expand their biomedicine use and increase their applicability in different and wider areas.
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Figure 1. Illustration of supermacroporous cryogel preparation. 
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Figure 2. Schematic representation of the entire process involved in forming injectable cryogels. The methacrylate derivatives of HA (HAGM) and/or gelatin (MA-gelatin) are dissolved in water containing an initiator system. Then, it is frozen at three different temperatures:  − 20,  − 50 and  − 80 °C. Cryogelation occurs around the ice crystals. Interconnected spaces are obtained after melting at room temperature. Ultimately, macroporous cryogels can be injected successfully with a syringe through a 16 G hypodermic needle. [51]. 
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Figure 3. Schematic representation of the entire process involved in forming injectable cryogels: (a) the cryogelation procedure of microcomposite cryogels containing CP: (1) Cryogels were manufactured using 4% HAGM with different amounts of CP (0–0.2% CaO2); an initiator system is added to an aqueous HAGM solution, and then cryopolymerization is performed at  − 20 °C. (2) Ice crystal formation and gelation occurs. With the thawing of the ice crystals, an interconnected macroporous cryogel is formed. (b) dehydrated and hydrated forms of the obtained cryogels, (c) pre- and post-injection cryogel forms from a 16 G hypodermic needle, and (d) cryogels conserve encapsulated CP after injection [69]. 
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Figure 4. Schematic description of the preparation steps of injectable PEGDA-based microcryogels with microstencil array chips (Sandwiching step: Microcryogels are harvested by a simple push-out method using a poly(dimethylsiloxane) (PDMS) ejector pin array.) [78]. 
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Figure 5. Schematic representation of 3D microtissue fabrication in regenerative treatment and drug screening. The obtained microcryogels can be auto-loaded with cells and cultured to generate 3D microtissues for injectable regenerative therapy. The other application is loading cells and culture into 3D microtissue arrays for high-throughput drug screening [80]. 
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Figure 6. Developing different types of injectable cryogels with different polymers and autoclaving process. (A) Stages of the preparation process of cryogels combined with autoclaving sterilization. (B) SEM images of HAGM, MA-alginate and MA-gelatin cryogels (scale bar = 100 µm) [81]. 
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Figure 7. Schematic diagram for the production principle of MA-alginate tough cryogels [7]. 
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