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Biocompatible cryogels: preparation and application

Polymer cryogels are very promising for producing functional materials. Their porous structure makes them
indispensable for some areas of medicine, catalysis, and biotechnology. In this/review we focused on methods
for producing cryogels based on biopolymers, interpolyelectrolyte complexes ‘of biopolymers, and composite
cryogels based on them. First, the properties of cryogels and brief theoretical information about the production
of cryogels based on biopolymers were considered. The second section.summarizes the latest advances in the
production of cryogels based on complexes of biopolymers and composite cryogels. The features of the syn-
thesis and the factors affecting the final properties of materials were considered. In the final part the fields of
application of cryogels of the considered types in biotechnology, catalysis and medicine were studied in detail.
In biotechnology cryogels are used to immobilize molecules and cells, as a basis for cell growth, and as chro-
matographic materials for cell separation. In catalysis cryogels are used as a matrix for the immobilization of
metal nanoparticles, as well as for the immobilization of enzymes. Biocompatible cryogels and their composites
are widely used in medicine for bone and cartilage tissue regeneration, drug delivery, providing a long-term
profile of drug release in the body.

Keywords: cryogel, biocompatible, biopolymer, macroporosity, immobilization, biotechnology, catalysis, drug
delivery, tissue engineering.

Introduction

Cryogels are porous polymer materials with the system of communicating pores. The term cryogel was
first used by V.I. Lozinsky to referto gels prepared in a frozen solvent medium [1]. Cryogels are synthesized
by cryogelation (cryogenic gelation), based on the use of the effect of lowering the temperature below the
freezing point of a pure solvent [2]. Visually, the mixture is a solid. The uncured zones of frozen multicompo-
nent systems are called non-frozen liquid microphase (NFLMP). The polymer framework of the cryogel is
formed in such.unfrozen micro-regions [1]. When the frozen preparation is thawed, a macroporous cryogel is
formed, the pore-forming agents are polycrystals of the frozen solvent.

The primary condition for the synthesis of cryogels is the content in the initial systems of structural ele-
ments that allow, as a result of forces of different nature (chemical bonds, Van der Waals forces, electrostatic
interactions), to form three-dimensional agglomerates. The following groups of initial systems are distin-
guished [1, 3]: 1) colloidal sols; 2) solutions of monomers; 3) solutions of polymers with a crosslinking agent;
4) solutions of polymers capable of self-stacking; 5) solutions of polyelectrolytes, including low-molecular or
polymer counterions.

The main difference between cryogels and other types of polymer materials is their morphology. The
porous structure of the cryogel in combination with swelling, collapse, thermal and pH sensitivity opens up
broad prospects for the use of these objects in various fields.

Porous materials are divided into 2 groups by origin [4]: addition systems (corpuscular) and subtraction
systems (spongy). According to their structural and geometric characteristics, they are also divided into
2 types: regular porous structures with the same size of pores, channels, and walls, and stochastic bodies, in
which the pore sizes, their location, wall thickness, and other parameters are random. According to this
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classification, cryogels belong to stochastic subtraction systems, in which pores of random sizes are cavities,
channels, or slits in a continuous matrix.

The review presents the data from the sources of recent 15 years on the preparation of cryogels based on
biopolymers, mainly polysaccharides, and their application in different fields. During the making of this review
article we focused on cryogels, which are prepared on the basis of complexes of polymers and biopolymers.
We paid special attention to cryogels prepared on the basis of only natural polymers. Together, the review
summarizes the methods for producing composite cryogels. In the subsequent sections of review the methods
of applications of these cryogels are highlighted, especially in the field of biotechnology, catalysis and medi-
cine.

Biopolymers based cryogels

Biopolymers usually contain a significant number of charged functional groups. This increases their bio-
availability, biodegradability, and ensures their involvement in chemical processes occurring<in.a living or-
ganism. Thus, biopolymers are often polyelectrolytes. If a polyelectrolyte solution is used as the initial system,
the formation of cryogels occurs as a result of the formation of sufficiently stable ion bridges between the
polyelectrolyte units [1, 3].

An example of the formation of cross-linked systems by such a mechanism are gels'based on gellan and
guar gum [5]. However, the implementation of this mechanism for the production of cryogels is a difficult
task. Since the rate of gelation is very high, when the critical concentration of gelation is reached, gelation in
such systems usually occurs earlier than the freezing of initial monomer mixture. This leads to the fact that
there is no cryoconcentration effect in the system and the resulting gels.cannot be attributed to cryogels [1]. In
[6] cryogels based on chitosan and calcium alginate were obtained by freezing the initial solution at —20 °C,
followed by immersion of the frozen mixtures in alcohol solutions containing components that initiate the
gelation process. In the case of chitosan it is NaOH, in the case of alginate it is Ca?* ions. The researchers [7]
obtained an alginate-based cryogel by sublimation of the initial mixture containing sodium alginate and gelatin,
and then they kept the sublimate in a solution containing Ca?* ions for 3 days. The obtained cryogels [6, 7]
were used for cell growth.

Cryogels of cationic polyelectrolyte chitosan were prepared by crosslinking at subzero temperature. Glu-
taraldehyde (HA) [8], diglycidyl ethers of glycols [9] were used as crosslinking agents; the authors [10] used
non-toxic biodegradable crosslinking agents-oxidized dextran and 1,1,3,3-tetramethoxypropane.

A new cryogel was prepared by cryopolymerization of salecan and acryloyloxyethyltrimethylammonium
chloride using triallyl cyanurate (TAC).as.a crosslinking agent [11]. The structure of cryogels was confirmed
by IR spectroscopy and X-ray analysis. Adding more hydrophilic salecan inside of cryogels has significantly
increased the water absorption. In"vitro cytotoxicity analysis the non-cytotoxic nature of cryogels has been
confirmed. They were biocompatible and maintained the adhesion, proliferation, and viability of L929 and 3
T3-L1 cells, as shown by cell proliferation and live/dead cell analysis. Overall, this work opens the door to the
design and development of a mechanically robust salecan-based cryogel for cell adhesion and proliferation, as
well as further applications in soft tissue engineering.

For the preparation of new biocompatible macroporous cryogels based on dextran and hyaluronan deriv-
atives, the electron-beam reaction of free-radical crosslinking was used [12]. This approach ensures the pro-
duction of high-purity materials with high porosity without the use of additional crosslinkers or initiators. It
was found that the applied radiation dose and chemical composition strongly affect the properties of the re-
sulting cryogel materials. Preliminary cytotoxicity tests illustrate the excellent in vitro cytocompatibility of the
obtained cryogels, which makes them attractive as matrices for tissue regeneration procedures.

The use of non-toxic crosslinking agents in the production of biocompatible cryogels is also important.
In [13] a single-stage method for producing chitosan or gelatin cryogels is proposed. For this purpose, non-
toxic and biodegradable crosslinking agents such as oxidized dextran and 1,1,3,3-tetramethoxypropane are
used. The chitosan cryogels prepared in this way had a degree of degradation ~2 times higher than the cryogels
prepared by the two-stage method, i.e., reduced with borohydride. In addition, these cryogels showed signifi-
cantly higher viability (~80 %) of fibroblast cells in vitro compared to cryogels crosslinked with glutaralde-
hyde (~40 %). Thus, cryogels prepared without the use of harmful crosslinking agents can be used as biocom-
patible and biodegradable scaffolds for cell culture and other biomedical applications.

A natural derivative of dialdehyde carboxymethylcellulose (DCMC) was used as a crosslinking agent for
the production of spongy collagen cryogels by freezing-thawing [14]. Studies have shown that the crosslinking
reaction and cryogenic treatment do not destroy the triple helix of collagen, but increase the thermal stability
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of collagen; cryogels have a heterophase structure with interconnected macropores, and swell quickly. The
swelling coefficient depends on the content of DCMC and on the medium pH. Tests for compatibility with
blood in vitro showed that the introduction of DCMC does not cause a decrease in hemolysis and blood clotting
compared to pure collagen. Thus, the resulting cryogels have great potential in tissue engineering and other
biomedical applications.

Macroporous cryogels of hyaluronic acid (HA) with a tunable porous structure, viscoelasticity, and high
mechanical strength were synthesized from methacrylated HA in aqueous solutions at a temperature of —18 °C
by a free radical mechanism [15]. Poly(N,N-dimethylacrylamide) (PDMAA) was used as a filler. The porosity
and average pore diameter decrease with increasing PDMAA content in cryogels due to a decrease in the
amount of ice template during cryogeling. In addition, there is a reversible gel-sol transition due to the outflow
and inflow of water through the pores. This flow-dependent viscoelasticity is of great interest, since.it protects
the cryogel network from damage during deformations, and therefore acts as a self-defense mechanism.

The review [16] considered the formation of various physically cross-linked cryogels from. polysaccha-
rides, such as hyaluronan, carboxymethylated cottage cheese, carboxymethylated cellulase, xanthan, B-glucan,
locust bean gum, starch, maltodextrins, and agarose. Cryogels have tunable structural, mechanical, and bio-
logical properties, and therefore can have numerous applications.

Complex and composite cryogels of biopolymers

The synthesis of complex, composite, hybrid cryogels allows researchers to solve issues related to the
improving the mechanical characteristics of materials, chemical properties of substances, as well as to give
cryogels the ability to respond to changes in external conditions such as temperature, pH, and ionic strength.
Therefore, cryogels based on pure polymers have a much smaller scope of application, and therefore are much
less often used.

In [17] the features of the formation of cryogels of interpolyelectrolyte complexes (IPEC) based on chi-
tosan and sodium alginate were studied. Complexation occurs by the:mechanism of electrostatic interaction
between oppositely charged carboxyl groups of pyranose cycles of L-guluronic acid of neighboring alginate
polymer chains and chitosan amino groups, as well as due to numerous hydrogen bonds. It is shown that the
conformational state of the lyophilizing component,"'which is:in excess in the system, has a decisive influence
on the mechanism of IPEC formation. It was found that changes in the degree of binding of chitosan and
alginate significantly affect the formation of the inner surface of cryogels based on them. It is shown that the
most developed mesoporous structure is obtained when a denser gel is formed in the system.

Cryogels based on pectin and chitesan were prepared by cryotropic gelation. A 1 % solution of pectin
was layered on a frozen solution of chitosan and CaCl,, the mass ratio of pectin and chitosan was 3:1. The
cryogel was formed for 4-6 hours-at a temperature of 15-22 °C with slow thawing of the chitosan and CaCl;
solution. According to SEM data, cryogels have a macroporous leaf-like structure [18]. It was found that cry-
ogels based on Heracleum pectin are more resistant to degradation in vitro compared to cryogels from apple
pectin. The inclusion of chitosans with a high degree of deacetylation in the composition of cryogels increases
the time of their degradation [19].

pH-Sensitive cryogelsbased on two biodegradable polyelectrolytes (chitosan and 2-hydroxyethylcellu-
lose (HEC)) were prepared by cryogenic treatment of semi-diluted aqueous solutions and UV-induced cross-
linking in.the frozen state. H,O, and N,N'-methylene bisacrylamide, were used as the photoinitiator and cross-
linking agent respectively. The resulting cryogels were opalescent spongy materials that rapidly release/absorb
water due to their open porous structure [20].

New porous films based on xanthan and polyvinyl alcohol (PVA) were obtained by a universal and non-
destructive freezing/thawing method. The stability of the films depends on the crystal zones created by the
PVA during the freeze/thaw treatment. Cryogels with increased mechanical strength were synthesized by in-
creasing the number of freeze/thaw cycles from three to seven, and pore stability was improved by applying
grape pomace. The resulting film showed excellent antioxidant and antimicrobial activity, which indicates the
possibility of using these systems in food packaging [21].

A new cryogels consisting of various compositions of chitosan and hyaluronic acid (0, 10, 20, 30 and
50 wt. % hyaluronic acid) were prepared. Morphological studies have shown that the porosity of cryogels is
90-95 %. It is noted that the mechanical properties of the cryogels are better than those of pure chitosan cryo-
gels. The new cryogels do not have a significant cytotoxic effect and can be used in tissue engineering [22].
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Applications of biocompatible cryogels

The physical and chemical properties of cryogels, such as macroporosity, elasticity, water permeability,
and ease of chemical modification, are of great practical interest in various fields, such as biotechnology,
catalysis, regenerative medicine, bioremediation, and water purification.

Application in biotechnology

The use of cryogels in biotechnology as chromatographic materials, templates for the immobilization of
molecules and cells and the basis for cell growth is associated with high biocompatibility, non-toxicity, and
excellent mechanical characteristics [23].

The separation of protein mixtures on cryogels was carried out in [24-26]. It should be noted that cryogels
have a relatively low sorption capacity relative to proteins (less than 100 mg/g), which limits their wide use in
protein separation processes compared to classical chromatographic methods [26].

Cryogels are used for the production of chromatographic columns, for this purpose, the starting materials
must have the following properties [27]:

— high porosity;

— high capacity for the retained substance;

— low cost of manufacture and ease of filling the column.

Cell separation on chromatographic columns is a common application of cryogels [28]. When cells come
into contact with the column material, multiple interactions of different nature occur, as a result of which the
cells can become so firmly fixed in the column volume that their removal is impossible [23]. The use of
macroporous cryogels as the column material reduces the multiplicity of bonds formed between the material
and the cell. This is achieved by selecting a cryogel material that has a small supply of functional groups that
bind cells. Reducing the activity of cell binding by functional groups of cryogel can be achieved by changing
the external parameters or by preliminary functionalization of the cell surface [26]. The advantage of cryogel
chromatographic columns in comparison with classical ones is their elasticity. This property allows the re-
moval of bound cells by mechanical action on the column (Fig. 1) [29, 30].

liquid
flow

\ A3
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—

Figure 1. Mechanism of removal of bound cells from the cryogel column under mechanical action [30]

Mechanical actions break the bonds between the cryogel and the substrate and allow removing most of
the bound particles.

Cell immobilization in PVA-based cryogels is widely used for cleaning environmental objects from pol-
lutants in analytical practice [26]. When immobilizing cells in cryogels, they do not use direct cell culture on
the cryogel, but add spores of microorganisms to the initial mixture. After immobilization of the spores in the
resulting cryogel, cell growth is initiated [31].

The authors [32] showed that immobilized cells don’t lose the ability to secrete various hydrolytic en-
zymes — amylases, proteases, and lipases. Cryogel-immobilized cells are used in the waste water treatment
processes of the food industry. Fats and oils inhibit the metabolism of the active biomass used to treat such
wastewater by forming a hydrophobic film on its surface. Preliminary treatment of wastewater using the pro-
posed biocatalysts reduces the level of oxygen consumption required for oxidation by 2.7-3 times and in-
creases the efficiency of wastewater treatment.
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Application in catalysis

Catalysis is one of the most promising applications of cryogels. This fact is due to the large surface area
per unit volume of the cryogel material. The elasticity, the possibility of varying the pore size, the ease of
functionalization-all this opens up wide prospects for the use of cryogel materials in catalysis. One of the most
promising developments related to the use of cryogels in catalysis is the so-called flow-through catalytic reac-
tor (Fig. 2) [33, 34]. A special feature of this development is that the reaction mixture is pumped through the
volume of the cryogel, while the reaction occurs on the surface of the cryogel pores, which are saturated with
catalytically active groups (nanoparticles, enzyme molecules, etc.). This approach allows to get the finished
product in one stage without further cleaning it from the catalyst particles.

N

w

1 — initial mixture; 2 — cryogel-catalyst; 3 — Schott filter; 4 — mixture of reaction products
Figure 2. Schematic structure of a flow-through catalytic reactor

In [34, 35] the results of the use of a macroporous amphoteric cryogel based on methacrylic acid (MAA)
and dimethylaminoethyl methacrylate (DMAEM) crosslinked with methylene bisacrylamide (MBAA) for the
immobilization of gold nanoparticles (GNP) are presented. The resulting DMAEM-MAA/GNP composite was
used as a flow-type catalytic reactor for the reduction of 4-nitrophenol. The high stability of the prepared
catalysts, which withstood at least 100 catalytic cycles, is shown.

Cryogels based on poly-1-vinylimidazole (p-VI) were synthesized by cryopolymerization [36]. After
modification with dihaloidalkyl, the synthesized cryogels were used as templates for in situ production of
cobalt and nickel metal nanoparticles (Fig. 3A). Poly(1-vinyl imidazole) (p-VI1)/metal composites are also used
as a catalyst for the hydrolysis of NaBH. to produce hydrogen. The cryogel matrix based on p-VI showed good
operational properties even after’s catalytic cycles, and the catalyst based on the p-VI/Co composite provided
100 % substrate conversion with a slight loss of catalytic activity. In addition, the proportion of nanoparticles
in the cryogel matrix comparedto hydrogel and microgel matrices was significantly higher (Fig. 3B).

A cochEton | NaBH. 300
—_————— —_— E
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£
p(VI)-Co?* p(VI)-Co® g 2501
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ryog ryog 2 200
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cryogel | NiCl,/EtOH NaBH,_ & g 1001 _
E 504
<
p(VI)-Ni2* p(VI)-Ni® odl—, . . .
cryogel cryogel cryogel hydrogel microgel  porous microgel

Type of polymer matrix

Figure 3. (A) Scheme for the production of cobalt and nickel nanoparticles in a matrix of cryogels based on
poly-1-vinylimidazole. (B) The dependence of amount of Co® nanoparticles on the type of polymer matrix [36]
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A cationic cryogel based on poly(3-acrylamidoproply)trimethylammonium chloride (p-APTMACI) was
used to stabilize Co and Ni nanoparticles [37].

A series of papers are devoted to the immobilization of enzymes in the cryogel matrix [35, 38-40]. En-
zyme immobilization is a promising method for a variety of applications, including biotechnology, medicine,
biochemistry, and environmental protection. Enzymes have a very high sensitivity to external conditions and
are quickly deactivated when optimal conditions are violated, which, in turn, leads to the impossibility of their
repeated usage [38, 41]. However, the immobilization of enzymes in cryogel matrix significantly expands the
possibilities of their application.

The resulting composite poly(methyl methacrylate-glycidyl methacrylate (p-MMA-GMA)/amylase is
used for the catalytic hydrolysis of starch to produce glucose. It was found that the rate of starch hydrolysis by
amylase immobilized in the cryogel matrix is 4 times less than in the case of free amylase, but the stability of
the catalyst exceeds the stability of free amylase.

The authors [38, 41] note the prospects of the developed catalysts in comparison with. the‘available ana-
logues, since cryogel-immobilized enzymes allow to prepare the finished product, avoiding the stage of puri-
fication and separation of the substrate and the enzyme (Figure 4).

An interesting method of amylase immobilization in a PVA-based cryogel is described in [42]. An aque-
ous solution of PVA and amylase was frozen and then lyophilized. It is known [1] that eryogenic treatment of
aqueous PVA solutions leads to the formation of PVA cryogels. It was found [42] that suchtreatment of PVA-
amylase solutions also leads to the formation of cryogels, and the amylase is automatically integrated into the
PVA cryogel matrix. The resulting cryogels were tested in the starch hydrolysis reaction. The substrate con-
version rate averaged 70-90 %. Based on the obtained PVA-amylase cryogels, microreactors were constructed
by freezing the initial mixture in the capillary. It is shown that the conversion of the substrate in the case of
using a microreactor, with rare exceptions, did not exceed 30 %.

G / STARCH

—

\ GLUCOSE

STARCH GLUCOSE

Figure 4. Scheme for the production of glucose from starch on the p-MMA-GMA/amylase catalyst [41]

The laccase enzyme (broad-spectrum oxidase) was immobilized in a cryogel based on polyethylene gly-
col methacrylate (PEGMA) and tetraethylene glycol diacrylate (TEGDA) [43]. Redox mediators were intro-
duced into the initial mixture: lilac aldehyde or 2,2'-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid. The
polymerization reaction was initiated by electron beam irradiation. The resulting cryogels were used as a bio-
reactor in the oxidation reaction of bisphenol A, as a model wastewater pollutant. It was found that the cryogel-
laccase biocatalytic reactor is effective in disinfection of wastewater and completely decomposes the pollutant
bisphenol A in the model wastewater within 24 hours.

Cryogels based on functionalized polyacrylamides and alginate were also used to immobilize laccase
[44]. It has been shown that the immobilized laccase enzyme successfully removes 70 % of phenolic com-
pounds, more than 55 % of dyes from wastewater and provides 93-99 % of the discoloration of some dyes in
solution.

PAA-based cryogel was used to produce a series of modified cryogels that exhibit the properties of cati-
onic (allylamine), anionic (acrylic acid), and amphoteric (allylamine-acrylic acid) cryogels for use as catalysts
in the production of biofuels. For this purpose, cryogels of various compositions were mixed with a mixture
of methanol and oleate. It is shown that the activity of the cationic catalyst is significantly higher than that of
the anionic and amphoteric ones. The relatively high stability of the catalyst over 5 cycles was established [44].
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Thus, catalysts based on cryogels and nanoparticles, enzymes, and microorganisms immobilized in their
matrix can be successfully used as wide-spectrum catalytic systems.

Application in medicine

Biocompatible cryogels and their composites are used in medicine for drug delivery, wound healing, and
as materials for bone and cartilage tissue regeneration [45, 46]. The frames made by cryogelization are spongy,
highly porous, mechanically stable, elastic, and can be easily cut into any desired shape. Therefore, cryogel
materials are of great interest in tissue engineering.

Restoration of bone and cartilage tissue

Bone and cartilage are relatively rigid structures compared to other types of tissue. Therefore, materials
for the restoration of such tissues must have appropriate mechanical characteristics, as well as be suitable for
the germination of osteocytes (bone tissue cells) and chondrocytes (cartilage tissue cells). Cryogels are very
promising materials for use in cartilage and bone engineering due to their porosity and.functionality. The
necessary mechanical strength is achieved by introducing inorganic fillers. For example, in [47], the authors
used a polyelectrolyte chitosan/chondroitin sulfate complex modified with nanobio-glass based.on silicon,
calcium, and phosphorus oxides. An increase in the mass content of nano bio-glass in‘the composite leads to
an increase in the mechanical strength of the composite and a decrease in the pore size:"Invivo studies have
shown excellent bioactivity: increased bioapatite formation, suitable pore size, porosity, and suitable mechan-
ical strength in biological conditions.

Also cryogel chitosan/gelatin crosslinked with glutaraldehyde or genipine was used for bone tissue re-
generation by the authors of [48]. For the synthesis the cryogels used covalent crosslinking of macromolecules
of chitosan with glutaraldehyde and genipin. The formation of a porous structure is provided by the method of
lyophilic drying. The use of genipin provides high biocompatibility of.cryogels, however, when studying cell
infiltration, it was found that cryogels crosslinked with genipin da not reach the desired level of infiltration
and do not provide conditions for cell proliferation.

A composite cryogel based on the chitosan/gelatin-hydroxylapatite system crosslinked with glutaralde-
hyde was also prepared by freezing and thawing [49]. The cryogel was saturated with hydroxyapatite at a
temperature of 37 °C, pH 7.4 in a synthetic body fluid medium (Figure 5). With an increase in the gelatin
content in the cryogel, it leads to an increase in the contentof hydroxyapatite. The cryogels do not have cyto-
toxicity against fibroblasts, which was proved in the experiment on rats.

r?h:oG:II T — hydroxyapatite
ryog coated Ch:Gel

soaking in synthetic cryogel
body fluid

Figure 5. Scheme of preparation a composite cryogel chitosan/gelatin-hydroxylapatite [50]

Modification of hydroxylapatite with cerium and zinc was carried out in [50]. Modified cryogel chi-
tosan/gelatin-Ce-Zn-hydroxylapatite has higher protein adsorption rates, lower biodegradation and cell germi-
nation compared to cryogel chitosan/gelatin-hydroxylapatite.

Restoration of cartilage tissue

Physical cryogels have an advantage over synthetic ones in the processes of cartilage tissue repair, since
they do not require the use of toxic crosslinking agents and do not harm cells [51]. In addition, the lack of
blood vessels in the cartilage tissue is a serious limitation of the creation of cartilage substitutes [46]. Elastic
macroporous cryogel framework gelatin/chondroitin-6-sulfate/hyaluronan (GCH) is used for the restoration of
cartilage tissue.

By replacing 20 % of gelatin by chitosan a new GCH-chitosan cryogel has been synthesized with larger
pores, higher ultimate strain (stress) and elastic modulus, and a lower stress relaxation percentage comparing
to GCH cryogel. Chondrocytes proliferate and differentiate in cryogels. Implantation of a cryogenic chondro-
cyte/GCH-chitosan structure into a full-thickness articular cartilage defect regenerates cartilage with a modulus
of elasticity similar to native cartilage [52].
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Cryogels of the composition gelatin/hyaluronic acid, gelatin/chondroitin sulfate modified with methacry-
late were prepared in [53]. It was found that cryogel gelatin/chondroitin sulfate in vitro showed significant
stimulation of cartilage tissue. In addition, when placed in the subcutaneous tissue of the mouse for 6 weeks,
the cryogels showed a uniform distribution of cells with the preservation of the normal phenotype. And when
implanted in the osteochondral defect of the New Zealand white rabbit, complete integration with the host
tissue and cell germination were observed.

Cryogel based on chitosan and gluconic acid was synthesized by freezing-thawing without the use of
crosslinking agents [54]. To prepare materials of cartilage tissue substitutes an average pore diameter of 100
to 300 microns is a prerequisite. The authors established the optimal synthesis temperature and the initial ratio
of the components to achieve the desired pore diameter. In experiments on the stability of cryogels in the
cellular environment and the proliferation of DNA and glucosaminoglycans, the superiority of a cryogel with-
out a crosslinking agent over a chemically crosslinked cryogel of a similar structure was shown.

The authors of [55] used platelet lysate and oxidized dextran to produce cryogel as a material for cartilage
tissue. The complete biodegradability of the synthesized materials under in vivo conditions.was demonstrated
in experiments with rats.

Cryogels in drug delivery systems

Cryogel-based drug and biomolecule delivery systems are the subject of intensive research. Biopolymers
are widely used for the construction of such materials by combining them with synthetic polymers [56, 57],
forming polymer complexes [58] and individually [59]. It is important to note that for drug delivery systems,
an important condition is not only and not so much the porosity of the gel material, but the binding of the drug
with the polymer matrix as well. Often, hydrolytically cleavable bonds suchas simple and ester bonds are used
to conjugate the drug with the matrix. These types of bonds provide.a long-term drug release profile and in-
crease the half-life of drugs in the body [60].

Three-dimensional (3D) biocomposites based on chitosan:and clinoptilolite were obtained by cryogela-
tion. Biocomposites were studied as carriers of the medicinal substances sodium diclofenac and indomethacin.
It has been shown that drug delivery preferably occurs at pH 7.4 (intestinal environment), and at pH 1.2 (stom-
ach environment) there is a decrease in drug release [59].

Chitosan cryogel scaffolds including Hypericum perforatum (HP) vegetable oil have been developed,
which exhibit unique antimicrobial and antioxidant properties [61]. The composition showed the greatest an-
timicrobial activity against E. coli and L. pneumapbhila. The resulting cryogel scaffolds are promising materials
as wound dressings for exudative and long-term healing wounds.

Collagen cryogels with polysaccharide functional components (dextran and carboxymethylcellulose)
showed good bio- and hemocompatibility. These cryogels can be used as potential scaffolds for use in tissue
engineering and regenerative medicine [62]

Cryogels based on apple-pectin and chitosan are used as anti-adhesive barrier materials [63]. The anti-
adhesive effect is provided due to.the short time of biodegradation of cryogels based on apple pectin, non-
degradable cryogels based on hogweed pectin do not have an anti-adhesive effect.

A series of cryogels.based on glycol chitosan and e-polylysine significantly reduce bleeding. The inclu-
sion of e-polylysine significantly increases the ability to kill a multidrug-resistant bacterial infection (MDR).
The effectiveness of wound healing, treated with cryogel, was significantly higher compared to the control.
Polysaccharide-peptide cryogels can become competitive multifunctional wound dressings for the control of
bleeding and healing of MDR-infected wounds [64].

Examples of medical application and initial polymers for the synthesis of cryogels are shown in Table.

Table
Composition of cryogels and areas of their application for medical purposes
Chemical composition of cryogel Application area Reference

1 2 3
Chitosan/Chondroitin sulfate 46
Chitosan/Gelatin crosslinked with Glutaraldehyde or Genipine 47
Chitosan/Gelatin-Hydroxylapatite crosslinked with Glutaraldehyde Prosthetics and bone 48
Chitosan/Gelatin-Ce-Zn-Hydroxylapatite regeneration 49
Collagen/Hydroxylapatite 65, 66
Gelatin/Hydroxylapatite 67
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Continuation of Table

1 2 3
Gelat|n/N_anohydroxyI_apatlte Prosthetics and bone 68
Hyaluronic acid/Gelatin reqeneration 69
Alginate g 70, 71
Chitosan-Agarose-Gelatin 72
PVA/Chitosan 73
Polyhydrc.)xythyImethacryla.te-.GeIatln Restoration of 74
Hyaluronic acid/Polyethylenimine - . 75
— cartilage tissue
Hyaluronic acid 76
Gelatin /Hyaluronic acid 77
Carrageenan/Alginate 78
Sodium Alginate/ acetylated Dextran Drua deliver 79
Nanocellulose/Gelatin g Y 80

Conclusions

Thus, based on the literature data, it can be concluded that cryogels based-on biopolymers, especially
polysaccharides, due to their unique properties, namely, macroporosity, elasticity, biodegradability, biocom-
patibility, and biological activity are promising materials for application in biotechnology, catalysis, and med-
icine.

In the field of cryogel synthesis, it is necessary to develop technologies that make it possible to prepare a
biocompatible material without the use of harmful and toxic.substances. In this regard, cryogels based on
interpolyelectrolyte complexes of natural polymers seem promising.

According to the authors, the most promising areas of development of cryogel technologies are the de-
velopment of biocatalytic systems and tissue engineering. The most important task of researchers for a break-
through in these areas in the near future will be to develop a method for producing biocompatible cryogels of
the desired strength. This approach will make it possible to obtain cryogels that are comparable in mechanical
strength to bone and cartilage tissues. Despite the complexity of the task, the authors believe that in the fore-
seeable future the technology of 3D-printing cryogels will'be developed in order to produce catalysts, as well
as joint prostheses based on biocompatible durable cryogels.

The review was written with the financial support of the Ministry of education and science of the Republic
of Kazakhstan, project AP 08956937.
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A H. Knusenko, b.X. Mycabaea, b.C. T'aiicuna, A.H. CabutoBa

BHOYﬁJIGCiM}Ii KpHOreJbaep. ajJdbIHYbBI jKOHE KOJIAAHbLITYbI

Tonumepiti kprorensaep maiaansl GYHKIMOHAIIBI MaTepHaIapIbl aly YIIH 6Te¢ HepCIeKTHUBANbI 3aTTap
Gonbin  TaObuTaAbl. KpuorenbaepaiH KEyeKTi KYpbUIBIMBI ONapisl MEAMIWHAHBIH, KaTAIM3HiH JKOHE
OMOTEXHOJIOTHSIHBIH KeiOip canamapeiaia Oara sxerrec Marepuai ereni. Ochl momyna OHOMOIMMepIepaeH
JKoHE e OMOMOIMMeEpJepAiH HHTEPIOIHIICKTPOIUTTI KOMIUIEKCTEPIHEH aJbIHATHIH KPHOTENbAEpre kKoHe
OJlapFa HETi3JeNreH KOMIIO3UTTIK KPHOTENbIEp ally OHiCTEepiHE epeKlle Ha3zap ayJapbUiFaH. AJLIbIMEH,
KPHOTeJbICPAiH epeKilie KaCHeTTepi Typajbl )KoHe OHOMOJIMMeEpIiep Heri3iHae KpHoreibii MaTepuaimapasl
OHJIpY TypaJibl KbICKAIlIa TEOPUSUIBIK MaTiMeTTep Oepinrer. LllomyapiH exiHmi 6emiMiHAe 6HOMOTUMEpIiep MEH
OJIapJIBIH KOMIUIEKCTEPiHE HETi3AeNTreH KOMIIO3HUTTIK KPUOTeNIbAep OHAIPYIeT]l aIeMIeri COHEBL JKETICTIKTEp
JKUHAKTaFaH. KpHorenbaepai CHHTE3lCY  CpPCEKIICTIKTEpi JKOHE J¢ CHHTE3AEICTIH  KpPUOTEIbIl
MaTepHaIIapIblH KaKeTTI OONATBHIH KacHeTTepiHe acep eTeTiH Qakropiap Kapactseipebiipl. IllomynsH
KOPBITBIHABI 06JIMiH/Ie KapacTHIPhUIATHIH TUITET MOJIMMEpITi KPHOTeNIbAepAl OHOTEXHOIOTHs 1A, KaTaan3/Ie
JKOHE MEIMIMHA/IA KOJIIaHy callajapbl erKeH-TerKelli 3epTTenreH. BUOTEXHONOrUs CaachblHAa KPHOTeNbIi
MaTtepuaIaap MOJeKyJalapabl KoHE Jie OMOJIOTHSUIBIK JKacyluajapabl MMMOOWIN3ALMSIAY YIIiH, jKacya
OCyiHIH HeTi3i peTiHAe, COHBIMEH KOca acymaaapAbl e3apa 0ely YIIiH XpoMaTorpadusuIbIK MaTepHajiap
perinae maiinananpuiagpl. Karamm3 camachlHIAa TONMMMEPNi  KPHOTETbICP METauT HaHOOOIIIEKTepiH
AMMOOWIM3AIMsIIay YIIiH, CoHaaii-ak QepMeHTTepai UMMOOHIM3ANMAIAY VIIH MaTpula peTiHIe
KOJIIaHBLIaAbl. BHONMOTHsUIBIK yitmeciMIl Kpuoreibaep MEH OJapiblH, KOMIIO3UTTEPl MEIWIMHA CajlachIHIa
CYHEK jkoHe HIeMipIIeK YinalapblH KajlllblHa KeNTipy VILiH, COHMal-aK ASpi-TopMeKTepIi aApecTiK jKeTKizy
YILIH KeHiHEeH KOJIJaHbUIAAbI, OYJI OpraHn3M/Ie Aspi-IopMeKTep Il Oeil IbFapy IbIH Y3aK Mep3iMIi TpoiIiH
KaMTaMachkl3 €TEII.

Kinm ce30ep: xpuorens, OHoyiieciMai, OHOmonmuMep, MaKpOKEYEKTUIK, HMMOOWIbACY, OMOTEXHOJOTHS,
KaTalu3, Iopi-JopMEKTi )KeTKi3y, YIaIbIK HHKECHEPHS.

A.H. Knusenko, b.X. Mycabaesa, b.C. I'aiicuna, A.H. CabutoBa

BuocoBMecTHMBIE KPHOTeJIN: NMOJy4eHne U MpuMeHeHne

IMTonumepHbIe KPHOTEH SIBISIOTCS BeChbMa IEPCIEKTHBHBIMU BELIECTBAMH IS MOTy4YeHUs (QYHKIIMOHATBHBIX
MmarepuainoB. [Topicras CTpyKTypa JenaeT Kpuoreid He3aMEHHMbIMH MaTepualaMu B HEKOTOPBIX 00JacTsIX
MEIMIMHBI, KaTajlu3a 1 OMOTEXHOJIOTHH. B 1aHHOM 0030pe aBTOPBI COCPENOTOUMINCH HAa METOIaX Oy YeHHs
KpHoreseil Ha 0CHOBE OHOTIONMMEPOB, HHTEPIIOIMAIEKTPOIUTHBIX KOMIUIEKCOB OHOMOIMMEPOB U KOMITO3HT-
HBIX Kpuoreleil Ha ux ocHose. CHavyana pacCMOTPEHbI CBOHCTBA KpHOTeleil 1 KpaTKHe TeOpeTHYECKHE CBeJie-
HHS 0/CIT0cO0ax. IMOTydYeHUs] Kproreneil Ha ocHOBe OmomoirMepoB. Bo BTopoM paszene 0630pa 0000IIEHBI
TOCJIeTHAE TOCTVKEHHS B TPOU3BOJICTBE KPHOTeIeH Ha OCHOBE KOMIUIEKCOB OMOTIONMMEPOB U KOMITO3UTHBIX
KpHorene. PaccMoTpeHbI 0COOEHHOCTH CHHTE3a KpHoTeNel u (pakTophl, BIUSIONINE Ha TpeOyeMble KOHETHBIE
CBOICTBA KPHOTEIEBBIX MaTepHaoB. B 3akmounTensHO yacTH 0030pa MoAPOOHO U3ydeHbI 00IacTH mpuMe-
HeHUsL KpHoreseil paccMaTpvBaeMBIX TUIIOB B OMOTEXHOJIOTHH, KaTallM3e M MeIMiuHe. B OGnorexHomornn
KPHOTEJIeBbIE MaTePHAIIBI NCTIOIB3YIOTCS TSI UMMOOHIIM3AIIMU MOJIEKYJT ¥ OMOJIOTHYECKUX KIIETOK, B KaUeCTBE
OCHOBBI Il POCTA KJIETOK, a TAKXKe XpOMaTorpapuueckux MaTepHaloB I pa3zielieHus KIeToK. B katanuse
KpHOTeJIeBble MaTepHaIIbl IPUMEHSIOTCS KaK MaTPHUIIbI U1l MMMOOWITH3aLH HAHOYACTHI] METAIJIOB U pepMeH-
TOB. BrocoBMecTHMbIE KPHOTEH U KOMITO3UTHI Ha HX OCHOBE HAXO/AT IIMPOKOE PUMEHEHNE B METUIIMHE IS
pereHepaniy KOCTHOH M XpSIIEBOil TKaHH, a TaKKe IS aJpecHO# JOCTaBKH JIEKapCTBEHHBIX CPECTB, 00ec-
HeYnBas JOJITOCPOYHBIH MPOGHIE BEICBOOOKICHHUS JISKAPCTBEHHBIX CPEJICTB B OPraHU3Me.

Kniouesvie cnosa: kpuorenb, OHOCOBMECTHMBIN, OHOTIOIAMED, MAaKPOIIOPHUCTOCTh, MMMOOMITH3ANHs, OHOTEX-
HOJIOTHSI, KaTaJu3, I0CTaBKa JICKAPCTB, TKAHEBAsI MHXKEHEPHS.
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