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Abstract

:

The application of biopolymers in tissue engineering is of a great interest due to of their inherent properties such as cell adhesion, biodegradation, bioavailability, and viscoelasticity. In this study, we synthesized cryogels based on biopolymers of gelatin, chitosan, and chondroitin sulfate by cryopolymerization and studied the effect of chondroitin sulfate on changing the physicochemical properties of cryogels such as pore size, pore volume, density, gel fraction, and biodegradation. A macroporous surface of the synthesized polymers has been investigated by SEM. The glass transition temperatures of the crosslinked cryogels, determined by the DSC method, were higher compared to that of the non-crosslinked cryogel used as a reference. The results of the MTT test showed that aqueous extracts of the prepared cryogels had no toxic effect on rat adipose-derived mesenchymal stem cells. The research in this area is of great importance and provides new insights into novel, effective methods for obtaining biopolymers that can be used as carriers of cells.






Keywords:


cryogels; gelatin; chitosan; chondroitin sulfate; biopolymers; cells












1. Introduction


Developments in the field of tissue engineering give impetus to the creation of new biomaterials that can be used to repair damaged tissues such as bone, muscle, skin, cartilage, the liver, and the heart [1,2,3]. Biopolymers used for tissue engineering should comply with the following requirements: high biodegradability, non-toxicity, porosity for cell attachment and proliferation, mechanical resistance to the pressure created by tissue, and the ability to mimic the damaged tissue [4,5].



Biomaterials can be synthesized using various techniques, such as electrospinning and 3D printing. Among those, cryopolymerization is a unique method and has several advantages over other methods. A porous structure can be produced by cryo-freezing with the controllable size and volume of the pores that can be adjusted by changing the temperature and the concentration of the starting monomers or prepolymers. The advantage of using cryogels over conventional nano/mesoporous hydrogels is their well-developed 3D porous structure, consisting mainly of open pores, which can be used as a scaffold and carrier of cells [6,7,8,9,10].



The synthesis of materials at low temperatures provides cryogels with large pores (up to 200 μm) with a spongy and elastic morphology [6,7,8,9]. The stage of cryogel polymerization occurs through two main mechanisms: chemical or physical [7,8,9,11,12]. Chemically crosslinked cryogels can be obtained by covalent crosslinking of monomers or prepolymers with the aid of crosslinking agents [13,14]. These bonds have a higher binding energy and, therefore, provide better stability of the chemical interaction between polymer macromolecules due to crosslinking agents [15,16]. Physically crosslinked cryogels are formed due to ionic/hydrophobic interactions between polymer chains, creating polyelectrolyte complexes (PECs) [3,8,17,18,19,20,21].



Synthetic and natural polymers are used as polymers for tissue engineering. Synthetic polymers such as poly (lactic acid) (PLA), poly (lactic-co-glycolide) (PLGA), poly (ε-caprolactone) (PCL), and polyethylene glycol (PEG) are widely used as carriers for peptides, drugs, genes, proteins, and so on due to high mechanical strength and biocompatibility [22,23,24]. Natural polymers, due to the presence of certain segments that contribute to an additional therapeutic effect during tissue regeneration, are also widely employed for biomedical applications. Due to their superior biocompatibility, negative immunological influence, elastic and diffusive properties, and low toxicity, natural polymers such as collagen, chitosan, alginate, silk, fucoidan, elastin, gelatin, and hyaluronic acid are extensively used in tissue engineering [25,26,27,28].



Gelatin (Gel) is a biopolymer derived from animal collagen. It is a cheap, biocompatible, biodegradable, non-immunogenic biopolymer widely used in clinical applications [29]. In terms of chemical composition, gelatin is close to collagen. However, unlike collagen, gelatin, whose macromolecules do not have an ordered structure, is soluble in water, which makes it a convenient material for the preparation of initial gel-forming systems for the formation of cryogels or cryostructures [30,31].



Chitosan (Ch), a naturally occurring unsulfated glycosaminoglycan (GAG), is a linear polysaccharide that is a part of the extracellular matrix (ECM), consisting of β (1→4) linked D-glucosamine residues with a variable number of randomly located n-acetyl-glucosamine groups [32,33]. Chitosan (Ch) has excellent biocompatibility, biodegradability, non-toxicity, adsorptive properties, and degradability by lysozyme, a natural enzyme [34].



Chondroitin sulfate (CS) is a sulfated polysaccharide in C4 or C6 of its repeating unit, containing GAG and galactosamine [35]. CS attaches to proteins as part of proteoglycan, an important component of cartilage, and its inclusion in a scaffold allows for the secretion of proteoglycans and type II collagen [36]. Due to its physicochemical, mechanical, and biological properties, CS is used as a polymer network for tissue engineering [37,38,39].



Obtaining cryogels based on biopolymers containing polysaccharide and polypeptide residues make it possible to impart desired properties to polymers, such as cell adhesion and degradability [10]. To date, there are works on the synthesis of cryogels based on gelatin, chondroitin-6-sulfate, and chitosan using crosslinker, gelatinization and modification agents [39,40,41,42]. It is known that cryogels containing mainly glycosaminoglycans (GAG), or composites of GAGs and other natural or synthetic polymers, have a number of advantages since they correspond to the native extracellular matrix (ECM) [36,43,44,45]. Such cryogels have a macroporous structure, strength, mechanical resistance, and they can be used in regenerative medicine, mainly as a polymeric matrix for the delivery of drugs and cells to the damaged tissues. The purpose of this investigation is to study the effect of CS on the physical and chemical properties of Gel/Ch-based cryogels. Cryopolymerization enables the synthesis of macroporous structural cryogels with large pore size compared to hydrogels. The novelty of this work lies in the preparation of macroporous cryopolymers based on Gel, Ch, and CS containing GAGs. Cryogels were obtained in two stages: initially, by preparing PECs and then by chemically crosslinking them using a carbimide such as N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC). To determine the optimal concentration of CS in Gel/Ch cryogels, the properties of polymers were studied using FTIR, SEM, TG/DTA/DSC, degradation experiments, and swelling tests, and the potential of cryogels as a matrix for tissue engineering were determined through MTT assay.




2. Materials and Methods


2.1. Materials


Gelatin (Type A), chitosan (low molecular weight, 75–85% deacetylated), acetic acid (ReagentPlus, 99% pure), sodium hydroxide powder (NaOH, analytical grade, 99% pure), phosphate buffered saline (PBS, pH 7.4), N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC), and Dulbecco’s Modified Eagle medium (DMEM) were all purchased from Sigma-Aldrich and used without purification. Chondroitin sulfate A sodium salt was purchased from Glentham Life Sciences, Ltd. MilliQ water (18.2 MΩ cm) was used for the preparation of all aqueous solutions.




2.2. Preparation of the Cryogels


The cryogels were prepared in an aqueous 1% (v/v) acetic acid solution of Gel, Ch, and CS using EDC as a crosslinker. The synthetic strategy consists of two steps, namely (i) the preparation of physically crosslinked cryogels via ionic interactions, and (ii) their chemical crosslinking using the EDC crosslinker. In the preliminary experiments, the concentration ratio of gelatin to chitosan in the reaction solution was varied to obtain mechanically stable physical cryogels that do not lose their shape upon repeated washing (data not shown). The ideal concentrations to form water-stable physically crosslinked cryogels were 0.4 and 0.2% (w/v) for Gel and Ch, respectively. They were fixed in our experiments, while CS concentration was varied between 0.01 and 0.25% (w/v) (Table 1). Typically, to prepare cryogels with 0.01% (w/v) CS, Gel (40 mg), and CS (20 mg) were dissolved in 10 mL of acetic acid solution on a mechanical rotor at 37 °C overnight. The acidity of the solution was then adjusted using 1 M of NaOH to pH = 5 to protonate amine groups of Ch. After the addition of CS (10–250 mg), the solution was transferred in syringes and incubated at −12 °C for 24 h. After thawing at room temperature, the physically crosslinked polymers thus formed were washed with MilliQ water and PBS (pH = 7.4) to neutralize the residual acetic acid. They were then frozen at −70 °C and lyophilized using a Martin Christ Beta 2–8 LDplus freeze dryer. Disks of 2 mm in thickness and 10 mm in diameter were cut from the cryogels with a sharp blade. Freeze dried cryogels in the form of disks were then chemically crosslinked using 1% EDC in ethanol solution for 16 h. They were washed three times with MilliQ water to remove residual EDC and freeze-dried. The cryogels were denoted as GelChCSx, where x is the amount of CS, in milligrams, in a 10 mL reaction solution.




2.3. Gel Fraction Analysis


The Gel fraction of the cryogels was determined using a gravimetric method. The cryogel specimens were immersed in an excess of deionized water for 48 h at room temperature during which water was refreshed twice to extract the soluble species. After freeze-drying, the gel fraction was estimated by [46]:


   Gel     %  =    W w     W i    × 100  



(1)




where Ww and Wi are the masses of the specimens after and before extraction with water.




2.4. Swelling Behavior


The swelling degree of cryogels was measured using a gravimetric procedure [47,48]. The dry cryogel specimens of a mass around 50 mg (Wd) were incubated in 0.1 M of PBS (pH 7.4), and their swollen masses (Ws) were recorded after 24 h. All the samples were taken in triplets to reduce any errors. The swelling ratio (SR) of the cryogels was calculated by:


   SR     %  =    W s  −  W d     W d     



(2)








2.5. In Vitro Degradation


Cryogels were weighed (W1) and transferred to 50 mL tubes filled with 0.1 M of sterile PBS (pH 7.4). The tubes were incubated at 37 °C for 8 weeks during which the solution was refreshed twice in a week. At predetermined times, cryogel samples were taken from the solution and washed with deionized water after freeze-drying overnight and weighing (W2). The degree of degradation (DD) was determined using the following equation [49]:


  DD  %  =    W 1  −  W 2     W 1    × 100  



(3)








2.6. Density and Pore Volume of Cryogels


The density of the cryogels was evaluated from the mass-to-volume ratio of the dry cryogels. The apparent density ( ρ ) was estimated as [50]:


  ρ =  W  π ×     D / 2    2  × H    



(4)




where W, D, and H are the mass, diameter, and thickness of the dry cryogels.



The pore volume of the cryogels was estimated from the uptake of ethanol into the pores. Ethanol is a non-solvent for the cryogels, and it easily penetrates into the pores. The measurements were conducted by immersing dry cryogel specimens with a mass of WD into absolute ethanol for 1 h and then recording their final mass WS. The pore volume (PV) was estimated as [51]:


   PV   %  =      W S  −  W D       W S    × 100  



(5)








2.7. Culture of Rat Adipose-Derived MSC


In this study, outbred male Wistar rats weighing 280–330 g were used, purchased from the Pushchino Laboratory Animal Nursery (Russia). The animals were kept in a vivarium, including a 12-h day/night cycle, at a temperature of 22–23 °C. This study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Local Ethics Committee of the National Center for Biotechnology (number NCB-04-2020). The adipose tissue was isolated from the kidney area, washed of blood with PBS, and cut into small pieces with a scalpel. Next, the adipose tissue was digested in a 0.25% collagenase type I solution for 1 h at 37 °C. Afterwards, the cell suspension was filtered through a cell strainer and suspended in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma, Saint Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, Paisley, UK) and 1% penicillin/streptomycin. Then, the cells were incubated in a 5% humidified CO2 chamber at 37 °C. When the cells reached 80% confluence, they were trypsinized with 0.25% trypsin for 1 min at 37 °C. Cells were passed once per week, and the third passages of ADMSC were seeded on scaffolds at a density of 5 × 105 cells/mL. Then, they were cultured in an incubator at 37 °C and 5% humidified CO2.




2.8. MTT Assay


The cytotoxicity of the aqueous extracts from the cryogel samples on the viability of rat ADMSC was assessed with an MTT assay. The aqueous extracts were obtained after the incubation of the cryogel samples (1 mg) in basal culture media alpha-MEM (1 mL) at 37 °C for 24 h. Rat ADMSC were seeded at a density of 5 × 103 cells per well in 96-well plates and incubated at 37 °C and 5% CO2. After 16 h, the culture medium (alpha-MEM supplemented with 10% FBS) was replaced by an experimental one with different dilutions of extract, ranging from 0.78 to 100%, in triplicate, and reincubated for 24 h at 37 °C and 5% CO2. Culture medium without extract served as a control in this assay. After removing culture supernatants, the resulting purple formazan crystals were dissolved in 200 µL of dimethyl sulfoxide. Optical density was measured at a wavelength of 580 nm using a microplate reader (Bio-Rad 680, California City, CA, USA). Cell viability values were calculated by the formula Atest/Acontrol × 100, where Atest is the optical density of the test wells, Acontrol is the optical density of thecontrol wells, and 100 is 100% value.




2.9. Characterization


Fourier transform infrared (FTIR) spectra of the samples in a dried state were recorded on a Thermo Scientific Nicolet iS10 FTIR spectrometer in the wavelength range of 4000–400 cm−1.



The morphology of the dried cryogels was observed using a scanning electron microscope (SEM, Auriga Crossbeam 540, Carl Zeiss, Oberkochen, Germany) after coating with gold. The average diameter of the pores was measured using the image-processing tools of the ImageJ software.



The thermal behavior of the cryogels was analyzed by thermogravimetry (TG), differential thermogravimetry (DTG), and differential scanning calorimetry (DSC) using a Simultaneous Thermal Analyzer STA 6000 (PerkinElmer, Waltham, MA, USA) under a nitrogen atmosphere at a heating rate of 10 °C/min in the range +30 to 950 °C.




2.10. Statistical Analysis


The obtained data were analyzed using the statistical software Origin 8.1. and GraphPad Prism. Student’s t-test was used to analyze the significant difference between two groups, and the difference among multiple groups was determined according to one-way ANOVA (Tukey’s posttest). A p value ≤ 0.05 was considered statistically significant. Results are given as mean ± SD.





3. Results and Discussion


It is known that Ch contains amine groups and exhibits typical polyelectrolyte properties [52], while Gel is a polyampholyte containing negative carboxyl and positive amine groups [29]. The third component of the cryogels, namely CS, is an anionic polysaccharide containing sulfo groups [24]. Thus, the formation of a water-stable cryogel with a 3D macroporous structure was due to the ionic interactions of carboxyl and amine groups of Gel, amine groups of Ch, and the sulfo group of CS. The so-formed physical cryogels were further crosslinked using the chemical crosslinker EDS to produce dual crosslinked cryogels (Figure 1).



The presence of the functional groups in the cryogels is confirmed by FTIR measurements (Figure 2). To confirm the effect of the EDC crosslinker, a control sample without chemical crosslinking was also measured. The spectra show a band in the range 3000–3600 cm−1, which is related to the stretching vibrations of the O–H and N–H functional groups (amide A) involved in the intramolecular hydrogen bond between chitosan and gelatin molecules. The bands at 3000–3500 cm−1 are due to several symmetric and asymmetric stretching vibrations of C–H. Bands at 1636 cm−1 refer to CO- and CN-amide I. The bands at 1544 cm−1 refer to the deformation vibrations of NH groups and the stretching vibrations of CN groups (amide II). The absorption of the spectrum in the 1250 cm−1 range belongs to the stretching vibrations of CN groups (amide III). The main peaks corresponding to amide I, amide II, and amide III are characteristic of Gel, Ch, and CS. The band at 1019 cm−1 is due to the stretching vibrations of C–O groups. The shift of the peaks in the region of 1406 and 1636 cm−1 in the control sample without chemical crosslinking relative to those of the cryogels indicates the formation of hydrogen bonds between Ch and Gel. Comparing the spectra of cryogels with and without EDC, one can notice the disappearance of the peak in cryogels (GelChCS10–GelChCS250) in the region of 1406 and a shift of the peak at 1636 cm−1, indicating the formation of a bond between chitosan and gelatin, while the disappearance of the peak at 1340 cm−1 indicates the formation of CONH2 (CS crosslinking with chitosan), which confirms the formation of crosslinked cryogels.



To determine the efficiency of chemical crosslinking, the gel content of the cryogels was determined as it affects their physicochemical properties (Table 1). For the GelChCS50 and GelChCS100 cryogels, the gel fraction was maximum, i.e., 82 ± 1% and 80 ± 2%, respectively. This can be caused by the formation of a stable crosslinked polymer network, in which the sol (soluble part) fraction is present to a lesser extent. This may also be due to the hydrophilic properties of gelatin and the non-dense polymer structure for the rest of the samples.



When the cryogels thaw after preparation, macropores are formed in the place of ice crystals while the crosslinked polymer chains act as the pore walls, providing a large surface area for cell attachment and proliferation. Moreover, the more porous the polymer, the better it is for the penetration of fluids and cells. Table 1 shows the density, porosity, and surface area of the cryogels formed at various CS contents. The general trend is that, as the CS concentration increased, the density of the scaffolds also increased while their porosity slightly decreased. Decreasing the pore volume of the scaffolds with increasing CS content could be attributed to the decrease of the freezing temperature of the reaction system reducing the amount of ice crystals and hence, the pores. Table 1 shows that all the cryogels had pore volumes around 80%, and hence they are ideal for use in tissue engineering [47]. Based on the results obtained, it can be concluded that the cryogels have rather favorable properties for their use as a carrier and for cell proliferation.



The swelling capacity of polymers is inherent in biomedical applications and tissue engineering. The swelling capacity of polymers makes it possible to use them in drug delivery systems [53]. The equilibrium swelling ratio of the cryogels was determined in PBS (pH 7.4) at 37 °C after an immersion time of 24 h, while at longer times, they started to biodegrade. The results showed that the samples GelChCS10, GelChCS25, and GelChCS50 had the highest swelling ratios of around 12 as compared to other cryogels (the data points at time = 1 h in Figure 3). Apparently, with increasing CS concentration, more porous polymer networks are formed, which provide the greatest swelling ability. However, the GelChCS10 and GelChCS25 cryogels were less stable and degraded over time. The cryogels GelChCS100 and GelChCS250 ha closed and large pore morphologies (SEM results are shown below), which cannot swell like previous cryogels.



The biodegradation of polymers also plays an important role in their use in tissue engineering. Partial degradation makes it possible to use the polymer for a longer time as a carrier of cells without additional implantation of the biomaterial into the studied healing site. The lower the degree of biodegradation, the longer the period of time the polymer can be used to deliver a biological object, such as drugs and cells. Thus, we investigated the degradation of the cryogel matrices GelChCS10, GelChCS25, GelChCS50, GelChCS100, and GelChCS250 in a sterile solution of 0.1 M of PBS (pH 7.4) at 37 °C under sterile conditions for 8 weeks. The in vitro decomposition rate of the cryogels was 58 ± 2.5, 55 ± 3.5, 40 ± 2.1, 43 ± 2.5, and 81 ± 1.6% for GelChCS10, GelChCS25, GelChCS50, GelChCS100, and GelChCS250, respectively (Figure 4).



During biodegradation, polymer chains forming the pore walls of the cryogels break down into low-molecular weight polymers, and thereby they dissolve in the solvent and lead to weight loss. The presence of water-soluble gelatin in the present cryogels provided an additional hydrophilicity and enhances biodegradation. As seen from Figure 4, GelChCS50 and GelChCS100 cryogels had the lowest degree of degradation which is likely due to the larger number of covalent bonds between Gel, Ch, and CS via the EDC crosslinker. In contrast, the GelChCS250 sample lost its shape after a week in PBS and exhibited the maximum degree of degradation. Apparently, the excessive amount of CS anionic groups does not create conditions for covalent crosslinking with EDC so that weakly crosslinked polymer chains are formed, thereby destroying intermolecular chains inside the cryogel. It is assumed that with an excess of CS, a large number of unreacted chains is formed, which makes the cryogel unstable. On week 6, visual observation showed that the GelChCS10 and GelChCS25 samples had also lost their original shapes. These results suggest that weakly crosslinked polymer chains are formed in the samples, which are unable to withstand the effect of PBS (pH 7.4) at long times. An increased biodegradation of polymers with increasing CS concentration was also reported in the literature [24].



Pore size and shape play an important role in tissue engineering scaffolds. The pores provide intercellular contact between cells, showing higher markers of chondrogenesis, and can be used for the treatment of bone regeneration and in tissue engineering in general. It is known that pores above 500 μm are the limit for scaffolds, since at a given size, cell infiltration is enhanced instead of promoting cell adhesion to the scaffold [54,55].



The surface morphology of the synthesized polymers was examined by SEM analysis (Figure S1). All the cryogels exhibited a macroporous structure consisting of pores having different shapes and sizes. The average pore sizes of the cryogels significantly changed depending on the CS concentration. For instance, they were 123 ± 75, 174 ± 68, 230 ± 76, 217 ± 124, and 185 ± 83 μm for GelChCS10, GelChCS25, GelChCS50, GelChCS100, and GelChCS250, respectively. The GelChCS100 sample had pores above 500 μm, which does not allow MSC cells to proliferate directly onto the polymer, since the cells may not attach to the cryogel. The GelChCS50 and GelChCS100 samples had sufficient pores. The pores on the surface of the GelChCS50 cryogel were evenly distributed and may be sufficient for chondrogenic differentiation, since the largest pore size accommodates more cells that can agglomerate.



The TG/DTA results of the scaffolds together with the control scaffold without chemical crosslinking are shown in Figure 5. TG curves show the weight loss of the samples in the temperature ranges of 30–100 °C and 200–500 °C. The weight loss at low temperature (<100 °C) is due to the loss of water in the samples. It is known that at 40–60 °C and 80–120 °C, free water and water bound with hydrogen bonds are released, respectively [47]. At higher temperatures until 160 °C, water molecules more strongly linked through polar interactions with carboxylate groups are released [42]. At the high temperature range (200–500 °C), an average weight loss of 60% of the substance occurred, which corresponds to the thermal and oxidative decomposition of the cryogel components. The decomposition of the control sample occurred at 110 °C, reaching a maximum at 270 °C, while in other cryogels, decomposition occurred on average from 200 °C and decomposed to the maximum at 280–311 °C; this confirms the formation of chemical crosslinks between the functional groups of gelatin, chitosan, and chondroitin sulfate with EDC. Upon reaching the final temperature, the weight losses became 80, 78, 79, 81, and 82% for GelChCS10, GelChCS25, GelChCS50, GelChCS100, and GelChCS250, respectively, as compared to 95% for the control sample.



The DSC thermograms of the cryogels show an endothermic peak up to 100 °C that is seen for all cryogels, which corresponds to the release of residual water. Moreover, the glass transition temperature Tg of the cryogels was 354, 591, 443, 389, and 397 °C for GelChCS10, GelChCS25, GelChCS50, GelChCS100, and GelChCS250, respectively, as compared to 291 °C for the control sample. This also demonstrates the formation of more stable structures between the polymer chains in the cryogel network due to the chemical crosslinks in the cryogels.



The MTT assay gives information regarding metabolic activity and proliferative capacity of cells seeded on a scaffold which differ by variated concentrations of chondroitin-6-sulfate (Figure 6). The maximal concentration (100%) was equal to 1000 μg of GelChCS dissolved in 1 mL of media, sequentially, 50%-500 μg/mL, 25%-250 ug/mL, 12.25%-122.5 μg/mL, 6.25%-62.5 μg/mL, 3.1%-31.3 μg/mL, 1.56%-15.6 μg/mL, and 0.78%-7.8 μg/mL. According to the obtained data, the cells cultivated in media with the titrated GelChCS50 extract showed a higher ability to proliferate, while for GelChCS250 the same concentrations induce inhibition of cell growth. Also, IC50 was determined for each scaffold: GelChCS10-24.11 μg/mL, GelChCS25-88.48 μg/mL, GelChCS50-275.8 μg/mL, GelChCS100-111.7 μg/mL, and GelChCS250-7.257 μg/mL. It can be seen that the GelChCS50 scaffold has the highest maximum permissible concentration and is suitable for cell cultivation.



In order to assess the biocompatibility profiles of cryogels containing different amounts of CS, an MTT assay was conducted using the primary culture of rat ADMSC. Results of the assay showed that the extracts from GelChCS250 exerted high toxic effect on rat ADMSC (Figure 6). The cell viability of rat ADMSC after treatment with GelChCS250 extract (ranging from 1.56% to 100%) was from 58.3 ± 5.1% to 46.9 ± 4.2%, respectively. The extracts from GelChCS10 and GelChCS25 exhibited a weak toxic effect on rat ADMSC and displayed more than 55% of cell viability after treatment with 100% extract. The extracts from GelChCS50 and GelChCS100 did not exert toxic effects on the cells and displayed the highest cell viability in comparison to the other GelChCS extracts. The cell viability of rat ADMSC after treatment by 100% extracts of GelChCS50 and GelChCS100 was 69.9 ± 2.9% and 76.7 ± 1.1%, respectively. Thus, the MTT assay revealed that the cryogels GelChCS50 and GelChCS100 are biocompatible and suitable for further applications in in vivo studies.




4. Conclusions


Macroporous cryogels based on gelatin, chitosan, and chondroitin sulfate were synthesized using the cryogelization method (−12 °C) at various CS concentrations using the physical and chemical method of crosslinking. The presence of characteristic functional groups was confirmed by IR spectroscopy. This paper investigated the effect of linear GAG such as CS on the physicochemical properties of Gel/Ch cryogels. As the study has demonstrated, with an increase in the content of chondroitin sulfate, a decrease in porosity was observed and the density of cryogels increased, which led to the formation of a macroporous structure of polymers. The content of the gel fraction for the GelChCS50 cryogel was the highest (~81%). The swelling capacities of the cryogels GelChCS10, GelChCS25, and GelChCS50 were the highest; however, the studies on biodegradation showed that the cryogels GelChCS50 and GelChCS100 had the least degree of biodegradation in PBS and retained most of their shape for 8 weeks. SEM studies also revealed the most uniform pore distribution in the GelChCS50 cryogel, which is suitable for cell proliferation. The thermogravimetric analysis showed that when the temperature rose to 800 °C, the weight loss of the crosslinked samples was 80% on average, while for the non-crosslinked sample it was 95%. The glass transition temperature for the non-crosslinked sample was also lower compared to that of the crosslinked cryogels. An in vitro study of cytotoxicity showed that the synthesized cryogels are not toxic. Since cryogels are composed of natural polymers, it is expected that degradation products will not cause problems with immune rejection during implantation, which in turn makes such materials promising for applications in the treatment of bone disease. In the future we plan to use cryogels for preclinical study on the treatment of damaged intervertebral discs, since biopolymers used in our study are the main ECM components of the intervertebral disc.
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Figure 1. Scheme showing the formation of the cryogels. 
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Figure 2. FTIR spectra of GelChCS cryogels. 
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Figure 3. Dependence of the swelling capacity of the cryogels in PBS at 37 °C at the time of swelling. 
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Figure 4. Biodegradation behavior of the cryogels in PBS at 37 °C for 8 weeks. 
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Figure 5. TG/DTG/DSC curves of the cryogels. 
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Figure 6. Effects of GelChCS extracts on viability of rat ADMSC presented as percentage of cell viability versus concentration of the extracts. The experiments were repeated in triplicate independently, and the data are expressed as the means ± SD with * p < 0.05; **** p < 0.0001. 
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Table 1. Synthetic parameters, gel fraction, density, pore volume, and surface area of the cryogels.
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	Samples
	Gel:Ch:CS (mg)
	Gel (%)
	 ρ  (g/mL)
	Pore Volume (%)





	GelChCS10
	400:200:10
	74 ± 1
	0.074 ± 0.006
	86 ± 2



	GelChCS25
	400:200:25
	76 ± 2
	0.080 ± 0.008
	86 ± 2



	GelChCS50
	400:200:50
	82 ± 1
	0.081 ± 0.006
	89 ± 2



	GelChCS100
	400:200:100
	80 ± 2
	0.085 ± 0.004
	84 ± 1



	GelChCS250
	400:200:250
	61 ± 1
	0.126 ± 0.019
	78 ± 2
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