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ABSTRACT 

Chitosan has been a successful choice for tissue-engineering applications over the last 

few decades. Chitosan is a natural polysaccharide with excellent properties for tissue 

engineering applications, such as biodegradability, biocompatibility, and 

antimicrobial activity. Available free amine groups in its structure allows further 

chemical modifications, so new properties could be added for specific tissue 

engineering application. This dissertation highlights the advances made in 

biomaterial production and describes novel polyelectrolyte-based (PEC) cryogel that 

contains chitosan (CHI) and heparin (Hep). We will discuss the preparation of new 

cryogel material and its physico-chemical properties. Additionally, the measurement 

of biological activity would be addressed in vitro and in vivo.  In particular, the 

cryogels obtained will be tested to induce differentiation of mesenchymal stem cells 

(rat BMSCs) derived from rat bone marrow into the osteogenic lineage.  Additionally, 

this study will show potential uses of novel PEC-based cryogel for skin regeneration 

in vitro and in vivo, demonstrating the broad application of established scaffolding.  

 

The research in this dissertation is important because it demonstrates the efficacy of 

PEC cryogels for tissue engineering applications. This is the first PEC cryogel scaffold 

based on CHI-Hep made from a one-step reaction with effective loading of growth 

factors and cytokines.  
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CHAPTER 1. INTRODUCTION 

The main objective of the current work is the design of biocompatible biomaterials 

based on CHI and synthetic polymers, capable of binding active biological molecules 

such as various growth factors and cytokines. An obtained scaffold should be able to 

promote regeneration of the bone and skin either by stimulation of cell proliferation 

or by differentiation of stem cells.  During the design, it is important to understand 

the properties of its main component CHI, and how it is used in tissue engineering.  

This chapter summarizes the progress made in developing CHI-based biomaterials 

for tissue engineering applications, in particular for bone and skin regeneration. More 

details on the main objectives of the present thesis are represented and the part of the 

work in this Chapter has been published in [1,2].  

 

1.1 Chitosan-natural polymer for tissue engineering 

Biomaterial design is an active research field to develop scaffolds for the regeneration 

of disease- or injury-damaged tissues and organs. A crucial step in tissue engineering 

and regenerative medicine is the identification and design of suitable materials for 

tissue engineering [3]. Owing to their biocompatibility and structural similarity with 

the extracellular matrix components, greater attention has been dedicated to natural 

polymers over the past decades.  The wide availability and specific biological activity 

of each natural polymer make them a suitable candidate for the production of new 

natural or/and semi-synthetic materials closely resembling the natural structure and 

tissue functionality necessary for successful regeneration. Starch, collagen, alginate, 

cellulose, hyaluronic acid, chitin, and CHI are attractive natural polymers for scaffold 

design which could be used for the regeneration of the tissues. CHI is a chitin-derived 

linear natural carbohydrate biopolymer with structural similarities to extracellular 

matrix (ECM) glycosaminoglycans (GAGs) involved in cell-cell adhesion [4]. The 
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hydrophilic structure of CHI facilitates the cell adhesion, proliferation, and 

differentiation of different cell types and the polycationic structure of mildly acidic 

CHI allows the immobilization of negatively charged enzymes, proteins, and DNA 

[5,6]. CHI could be designed for tissue engineering and regenerative medicine in 

various forms, such as hydrogels, sponges, fibers, sheets, films, and other structures 

[7].  One critical direction in the development of biomaterials is the possibility to load 

specific active molecules, such as growth factors and cytokines [8].  CHI's 

polycationic nature enables the direct loading of various proteins and molecules and 

the introduction of specific complexes, such as a polyelectrolyte complex (PEC) [9]. 

PECs are formed by electrostatic interaction between oppositely charged molecules. 

PECs avoid the use of chemical cross-linking agents and thus the potential for toxicity 

and other undesired effects [10]. PEC forms between CHI and heparin (Hep) in the 

form of a hydrogel and this configuration allows loading of different bioactive 

molecules which could be used to different tissue regeneration applications [11]. 

1.2 Structure and properties of chitosan 

Chitin is the second most abundant natural polymer [12] and consists of 2-acetamido-

2-deoxy-β-D-glucose via a β (1 →4) link and is usually derived from marine 

crustaceans, insects or fungi. Due to its insolubility in water and most organic 

solvents, its use in scaffold fabrication is limited. CHI is a linear polysaccharide 

derived from partial chitin deacetylation as shown in Figure 1.  

 

Figure 1. Chitin deacetylation to chitosan. 
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It is a copolymer of randomly located (1→4)-2-acetamido-2-deoxy-β-D-glucan (N-

acetyl D-glucosamine) and (1→4)-2-amino-2-deoxy-β-D-glucan (D-glucosamine) units. 

The number of amino groups as a ratio between of D-glucosamine to the sum of D-

glucosamine and N-acetyl D-glucosamine known as a deacetylation degree (DD) and 

should be not less than 60% for CHI. Chitin deacetylation is performed by chemical 

hydrolysis (alkaline conditions) [13] or by enzymatic hydrolysis (chitin deacetylase) 

[14]. CHI is soluble in dilute organic acids such as acetic acid [15], as well as diluted 

hydrochloric acid, alteration of CHI structure is possible due to the presence of amino 

groups [12]. CHI fungal sources are more favored on an industrial scale due to 

narrower molecular mass distribution, year-round availability, more regulated and 

scalable production, and less immunogenicity compared to seafood sources, which 

could cause allergies and restrict biomedical applications [13].  Chitin from seafood 

and fungi is covalently linked to glucans and glycosylated proteins which are the 

cause of the strong immunological response. However, after purification, fungal 

chitin particles are more homogeneous and smaller in size, which results in less 

immunogenicity due to the less aggressive phagocytosis [16].  

The physical properties of CHI depend on several factors, such as molecular weight, 

DD, and product purity [17]. CHI solubility is pH-dependent [18] and soluble in 

dilute acids produced by the protonation of the amino groups of D-glucosamine 

residues [19].  Available amino groups allow CHI to form complexes with metal ions 

[20,21], natural or synthetic anionic (poly(acrylic acid)) polymers [22], lipids, proteins, 

and DNA. CHI based scaffolds are usually cross-linked by glutaraldehyde, oxidized 

dextran, or other oxidized carbohydrates, 1,1,3,3-tetramethoxypropan, and genipin 

[22–24]. It is important to mention that CHI is a unique positively charged semi-

natural polysaccharide [25] and the property is used to produce CHI based PEC films 

via layer-by-layer deposition technique [22]. Its amino groups could react with 

aldehyde groups by reductive amination [15] and hydroxyl groups enable its 
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etherification and esterification [26]. Furthermore, CHI has such essential properties 

as high biocompatibility, biodegradability, antibacterial activity, non-antigenicity, 

and high adsorption properties that make it a strong candidate for tissue engineering 

and other biomedical applications [14]. 

 

1.3 Objectives and structure of the thesis 

The main aim of the thesis was to develop and evaluate the efficacy of PEC-based 

biomaterial for tissue regeneration applications. The objectives required to achieve 

the main objectives were: 

Choose the right polymers for cryogel synthesis with the ability to form PEC; 

Evaluate the physico-chemical properties of  obtained cryogels by conducting 

mechanical testing, FTIR, assess swelling and porosity, conduct  in vitro degradation 

experiments and describe rheological properties; 

Assess the efficacy of obtained cryogels in loading growth factors and defining the 

release kinetics profile;  

Evaluate the biological activity of cryogel loaded with growth factors and cytokines 

for wound healing and osteogenic differentiation of rat bone marrow-derived 

mesenchymal stem cells (rat BMSCs);  

Assess the efficacy of cryogel in vivo in wound healing application. 

Six chapters are included in the PhD thesis. The first chapter describes the role of CHI 

in tissue engineering applications. 

Chapter 2 details the use of CHI in wound healing and bone regeneration 

applications, including the different types of scaffolding and their biological activity. 

Chapter 3 describes the synthesis and characterization of obtained cryogel and its 

application for the differentiation of rat BMSCs into osteogenic lineage in vitro.   

Chapter 4 presents in vitro and in vivo data on the use of obtained cryogels for wound 

healing applications in collaboration with Dr Shiro Jimi from Fukuoka University 
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(Japan). All the in vivo experiments were conducted by Dr Jimi, in vitro experiments 

were conducted by me, Alexandr Jakuparov and Ayan Nurkesh.  
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1.4 Role of Collaborators 

The current dissertation is a multidisciplinary study aimed at developing a novel 

PEC-based CHI scaffold for tissue engineering applications. This thesis was 

supported by the Ministry of Education and Science of the Republic of Kazakhstan, 

which financed the PhD program at the University of Nazarbayev, and was also 

supported by the Erasmus+ Key Action 1 program of the European Union, which 

financed three-month mobility training at the University of Brighton (UK).  

All aspects of this thesis have been reviewed by the team of supervisors: Dr 

Tursonjan Tokay, Dr Arman Saparov, Dr Dmitriy Berillo, and Dr Lyuba Mikhalovska. 

Productive suggestions were made by Dr Dmitry Berillo, Dr Lyuba Mikhalovska, and 

Professor Sergey Mikhalovsky during and after three months of training at the 

University of Brighton. Other collaborations include Dr Shiro Jimi from Fukuoka 

University (Japan), this collaboration was established by Dr Arman Saparov and this 

collaboration resulted in the evaluation of obtained cryogel for wound healing 

application in mice and presentation of the results at international conferences and 

publication [27]. Suggestions and feedback on manuscripts were provided by my 

supervisors: Dr Tursonjan Tokay, Dr Arman Saparov, Dr Dmitriy Berillo, and Dr 

Lyuba Mikhalovska. Several contributions were also received from the colleagues 

working at the National Laboratory of Astana of Nazarbayev University including Dr 

Sholpan Askarova, Sholpan Kauanova, Yulya Yantcen, Dr Andrei Coi, Baurzhan 

Negmetzhanov, Dr Aidos Baumuratov, and Nurlan Mansurov. The contribution was 

also done by colleagues and medical students from Nazarbayev University School of 

Medicine including Ayan Nurkesh, Alexandr Jaguparov, and Saltanat Smagul.  

This thesis is based on my work, and it was written by me. Individual contributions 

are described in detail in the contribution section of the author, where applicable.  
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Drug Delivery System for Tissue Regeneration. Tissue Engineering & Regenerative 

Medicine International Society Meeting, Brisbane, October 2019 (Abstract); 
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CHAPTER 2. LITERATURE REVIEW 

This chapter highlights recent advances in CHI-based biomaterials in drug delivery, 

bone regeneration, and wound healing applications. CHI is the main component of 

the obtained cryogel scaffold evaluated in this dissertation and a short review of 

progress made in CHI-based scaffold in bone and skin regeneration is highlighting 

achieved results in this thesis.  

Part of the work presented in this chapter was published in [1].  

 

2.1 Efficacy of chitosan for wound healing 

Skin regeneration is a complex process and consists of three phases: hemostasis and 

inflammation, tissue proliferation, and remodeling [28]. In other words, skin 

regeneration is a complex process involving blood products, extracellular 

components, secreted factors, and cells. [29]. Therefore, treatment of skin lesions 

involves dressing not only to ensure the physical protection of the wound but also to 

enhance healing, antimicrobial resistance, and minimize the development of scars. 

[30]. CHI has a very high hemostatic activity that is not dependent on the pathway of 

host coagulation [31] but depends on the molecular weight (MW) and DD of CHI 

[32,33]. The amount of amine groups has a direct impact on blood coagulation, where 

moderate DD (68.36 %) allows the mesh-like structure to form within CHI, thus 

promoting interaction with blood components, while higher DD results in stronger 

hydrogen bonds within CHI causing the formation of a crystalline structure with 

restricted ability to interact with red blood cells (RBC) [32–35]. Due to increased 

interaction between polyelectrolytes, higher MW could further increase the 

procoagulation effect [36,37]. Several CHI containing hemostatic products are 

available and approved by the United States Food and Drug Administration (FDA), 

such as Celox ®, HemCon ®, Axiostat ®, Chitoflex ®, and Chitoseal ®  [38]. 
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In addition to the hemostatic effect of CHI, it has been shown that CHI affects all 

stages of healing in different ways. CHI has been shown to induce neutrophil 

migration [39], neutrophil-like HL60 cells secret IL-8, a potent neutrophil chemokine 

in direct correlation with the N-acetylation level in response to CHI [40]. CHI has an 

immunomodulatory effect that is essential to wound healing and is DD-dependent 

[41]. Micro- and nano-sized CHI particles cause inflammasome formation by the 

macrophages [41–44]. In comparison, macro-sized CHI scaffolds inhibit the release of 

IL-1 and thus the formation of inflammasomes in vitro in mouse and human 

macrophages [45]. This allows the use of macro-sized CHI scaffolds when excessive 

inflammation occurs. CHI also affects growth factor expression by increasing early 

post-injury expression of TGF-1 [46] and decreasing at a later stage by binding to 

anionic growth factors [47]. High DD CHI induces the proliferation of dermal 

fibroblasts, allowing the development of fibrous tissues and re-epithelialization 

[48,49]. CHI containing wound healing scaffolds could be produced as 2D (films and 

fibers) and 3D (gels and sponges) all with the different properties required for wound 

healing. [50]. Addition of antimicrobial agents may improve the antimicrobial effect 

of CHI. Complex CHI-cordycepine hydrogel with increased antimicrobial activity has 

recently been developed through a freeze-drying process without the addition of any 

cross-linking agents, with negatively charged cordycepine adhering to positively 

charged CHI chains. [51]. In another research, textile polyethylene terephthalate 

(PET) composed of layer-by-layer coated CHI was filled with chlorhexidine, thermal 

post-treatment improved the mechanical stability of the composite, which also 

improved the chlorhexidine release time up to 7 weeks [52]. CHI is often used as part 

of asymmetric membranes on its own or in combination with other natural polymers, 

typically in the underlying layer in contact with damaged skin [53]. Adding 

nanoparticles (NPs) to hydrogels is another strategy used in the preparation of 

biomaterials [20]. Recently developed triple-component nanocomposite film 
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containing CHI-silver-sericin loaded with high antimicrobial moxifloxacin against 

methicillin-resistant Staphylococcus aureus (MRSA) strains (clinical isolates) also 

promote rat wound healing and effective as commercial wound dressings [54]. The 

majority of collagen-containing CHI composite films have inherent properties to 

induce healing, but the major disadvantage is an allergic reaction to non-human 

collagen and therefore other safe substitutes are required. As a substitution human 

keratin-CHI UV-crosslinked membranes with improved mechanical properties show 

potential as a wound dressing [55]. CHI-chondroitin based polyelectrolyte complex 

exhibits an effective antimicrobial activity and cytocompatibility suitable for wound 

healing applications [56]. Also, positively charged CHI containing biomaterials may 

be treated with growth factors and cytokines to increase their efficacy in the 

treatment of wounds. Recently GM-CSF was loaded into CHI NPs which were 

prepared via the ionotropic gelation method using tripolyphosphate [57,58]. GM-

CSF's loading efficiency was 97.4 % ±1.68 % with a continuous release of ~100 % over 

48 hours, and in vivo results demonstrate that composites filled with encapsulated 

GM-CSF in CHI NPs induce greater closure of the wound compared to composite 

alone [57]. Nanofibers containing CHI NPs loaded with GM-CSF also showed 

accelerated wound closure [59]. CHI also could be modified with peptides for 

enhanced wound closure, as it was shown with CHI-peptide hydrogel containing Ser-

Ile-Lys-Val-Ala-Val [60], in vivo results on mice show that applied hydrogel induces 

angiogenesis, expression of collagen and TGF-β1, inhibits expression of TNF-α, IL-1β 

IL-6 [61]. Sulfonation degree of CHI could also elevate its affinity to growth factors, 

for example, VEGF has higher affinity 2-N, 6-O-sulfated than to Hep [62,63].  
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2.2 Bone and Cartilage Regeneration 

It is important to build not only a biocompatible and biodegradable scaffold while 

developing biomaterials for bone and cartilage regeneration, but porous material [22] 

promoting cell differentiation [64]. Biomaterials with these desirable properties 

cannot always be produced using just one polymer, so composite materials are 

manufactured or hybrid materials where a supporting scaffold can be added to 

satisfy the required mechanical properties [65]. CHI could be used to design 

biomaterials suitable for hard tissue regeneration. CHI scaffolds lack mechanical 

stability in a hydrated state and thus need extra modifications [66]. CHI causes 

apatite deposition [67–69] and this property has been used to promote the 

biomineralization of composite materials, for example, biomineralization of 

poly(ethylene glycol) diacrylate/CHI based hydrogel [53].  

 

2.2.1 Bone 

CHI mechanical properties are generally increased by the addition of hydroxyapatite 

(HA) due to its biological similarity to the inorganic bone portion [70]. Other 

composites with suitable mechanical properties were also designed and include 

nano-zirconia/CHI, nano-calcium zirconate/CHI, and strontium-

modified CHI/montmorillonite composites [71,72]. Pre-osteoblast cells MC3T3-E1 

have been shown to have significantly higher alkaline phosphatase activity, calcium 

deposition, and ECM synthesis when cultured on the CHI-graft-polycaprolactone 

copolymer surface compared to tissue culture treated with polystyrene (TCPS) 

surface [73]. Enhancement of mechanical properties of composite scaffolds is possible 

due to the polycationic structure of CHI which enables the design of PECs with 

polyanionic polymers [22,74]. It was shown that PEC based CHI/chondroitin/nano-

bioglass composite material in addition to the accumulation of apatite increased 
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expression of type-1 collagen by MG63 osteoblast-like cells in vitro and enhanced 

osteointegration in vivo [75]. Increased ECM production, minimal inflammatory 

response, and enhanced bone regeneration of implanted CHI/gelatin scaffolds were 

shown in mice [76]. Biomineralization properties of CHI could be further enhanced 

by the addition of fucoidan [24,77] and bioglass [78]. Thermosensitive hydrogel based 

on CHI has been also developed but has some biocompatibility problems due to an 

increase in the amount of beta-glycerophosphate required for gelation at body 

temperature. In comparison to CHI, TEMPO-oxidized cellulose nanofibers induce 

faster gelation, good porosity with better biocompatibility in vitro and in vivo [79]. 

Osteointegration of metal implants could be increased by layering CHI on top of 

metal ([80,81]. Protection against corrosion could be also achieved by using CHI, 

polypyrrole/CHI composites synthesized through in-situ electrochemical 

polymerization in oxalic acid medium and coated on the surface of 316L SS implants 

has increased protection of metal against corrosion [82]. CHI  has been utilized in 3D 

printing [83]. For example, CHI-HA hydrogels produced by thermal cross-linking 

reaction using glycerol phosphate disodium salt were successfully printed on 

extruder based bioprinter with increased osteogenic markers expression by seeded 

cells [84]. 

 

2.2.2 Cartilage 

For modern orthopedics, regeneration of cartilage weakened by injury, disease 

(osteoarthritis), and degeneration arising from aging is an important task. 

Microfracture (MF), mosaicplasty (MO), autologous chondrocyte, and biomaterial 

implantation are methods used to regenerate cartilage [85]. A significant limitation is 

the absence of blood vessels in the cartilage tissue, thus, the main objective of tissue 

engineering is to build a biomaterial capable of stimulating cartilage regeneration 

under avascular conditions. [86]. Therefore, designed biomaterials made to 
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regenerate cartilage should be capable of promoting cell proliferation and 

differentiation [87,88]. The scaffold's microstructural, physicochemical, and 

biochemical properties should be able to provide a temporary template for cells and 

promote ECM synthesis required for the formation of cartilage tissue [89]. This means 

the scaffolds should be porous with interconnected pores, in addition to 

biocompatibility and biodegradability [87]. For the cartilage regeneration, 3D 

scaffolds such as hydrogels, fibrous materials, and foams/sponges are typical 

scaffolds [89]. Scaffolds usually comprise cells (differentiated chondrocytes and stem 

cells) and bioactive molecules (peptides, growth factors, and cytokines). In this regard, 

hydrogels have high water content, could support chondrogenesis, ability to implant 

without open surgery, offering in situ scaffold formation. The low mechanical 

properties of hydrogels (E ≈ 200 kPa) [85] can be resolved by using strong supporters 

that enhance hydrogel's mechanical stability[90]. CHI structure is close to 

endogenous sulfated GAGs, therefore provides a compatible microenvironment for 

chondrocyte proliferation, ECM synthesis, and chondrogenesis [86,88,91–93]. 

Chondrocytes cultured in CHI-alginate beats in comparison to alginate beads only 

secrete less inflammatory cytokines (IL-6 and IL-8) and increase cartilage ECM 

(hyaluronan and aggrecan) synthesis in vitro [94]. Chondrocytes cultured in vitro on 

carboxymethyl-CHI (CHI derivative) show reduced the inflammatory profile 

detected by reduced iNOS expression and upregulation of the anti-inflammatory 

cytokine IL-10 [95]. In another study, co-culture of the human infrapatellar fat pad 

(IPFP)-derived mesenchymal stem cells (MSCs) with the osteoarthritic chondrocytes 

after the addition of hyaluronic acid-CHI NPs resulted in the development of healthy 

chondrogenic differentiation [96]. 3D-printed CHI scaffolds support differentiation of 

human IPFP-MSCs cultured in chondrogenic media containing TGFβ3 and BMP6 into 

chondrocyte-like cells and the formation of cartilaginous like tissue in vitro [97]. The 

abundant presence of amino and sulfo groups in CHI allows its electrostatic 
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interaction with collagen [98], collagen-CHI hybrid scaffolds show improved 

mechanical properties, with a good porous structure similar to cartilage [99]. 

Mechanical properties of collagen-CHI scaffolds for cartilage regeneration were 

further improved in combination with PLGA as a bi-layer [100]. CHI blended with 

silk fibroin has also demonstrated the potential for cartilage regeneration [101,102]. 

CHI in the form of fiber with a diameter of 300 nm produced by the electrospinning 

method has shown efficacy for inducing collagen II/collagen I expression by bovine 

chondrocytes, making it approximately 2-fold higher when compared to other 

sponge-like scaffolds [103]. A new type of supermacroporous scaffold made by 

cryogelation is getting a lot of attention. Supermacroporous ( 85–100 µm pore 

diameter) CHI-agarose-gelatin cryogels made by the cryogelation method possess 

good mechanical properties with a compression modulus approximately 44 kPa [104]. 

In vivo implantation of CHI-agarose-gelatin cryogels for the repair of subchondral 

cartilage defects in a rabbit animal model using have demonstrated the formation of 

hyaline cartilage with the absence of hypertrophy markers by the fourth-week post-

implantation [105]. Biochemical pathways reveal that mTOR/S6K is activated by CHI 

films in human bone marrow mesenchymal stem cells which leads differentiation into 

chondrocyte-like spheroids in vitro [106]. The advantages of CHI for skin, bone, and 

cartilage regeneration are highlighted in Figure 2.  
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2.3 Chitosan for Drug Delivery 

CHI found its use in drug delivery applications. It is biodegradable and degraded by 

mucosal tissue lysozyme [107] and chitinase produced by intestinal flora [108]. Low 

solubility under physiological pH possesses some limitations, however, it could be 

used for oral drug delivery due to increased solubility under acidic conditions. Due 

to its mucoadhesive nature [109], CHI has been used as a vehicle for the delivery of 

drugs to the nasal [110], ocular [111], buccal [112], and pulmonary tissues [113]. CHI 

is used for drug delivery in the form of nano/micro-particles that are synthesized by 

emulsion, coacervation/precipitation, ionic gelation, reverse micellar methods, etc. 

[15]. CHI is usually modified to increase the solubility of CHI under physiological 

conditions and includes quaternization, alkylation, acetylation, carboxymethylation, 

CHI/polyol salt combinations, synthesis of N-trimethyl chitosan, generation of sugar-

Figure 2. Fundamental rational of chitosan usage for skin, bone, and cartilage 

regeneration. 
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bearing chitosan, conjugation with polyethylene oxide, generation of glycol-CHI, etc. 

[15,114]. Amphiphilic CHI derivatives are used for the encapsulation of hydrophobic 

substances [115]. CHI derivatives could form micelles in aqueous media via the 

addition of alkyl groups (hydrophobic) to CHI moiety and the addition of succinyl 

groups (hydrophilic) such as succinyl to the amino groups [116]. Micelle-forming CHI 

derivatives, such as N-succinyl-N'-octyl chitosan (SOC), N-octyl-N-trimethyl chitosan 

(OTMC) and N-octyl-O-sulfate were studied to deliver doxorubicin (DOX), 

hydroxycamptothecin (10-HCPT), paclitaxel for tumor-targeted therapy and 

demonstrated increased encapsulation [115]. 

CHI NPs could be produced by the emulsion method and were studied for the 

delivery of proteins and peptides demonstrating high loading efficiency and 

sustained release [117]. However, CHI NPs production includes the use of cross-

linking agents (tripolyphosphate, GA, and genipin) which could affect the biological 

activity of loaded proteins [118]. This could be prevented with the use of 

coacervation/precipitation, ionic gelation, polyelectrolyte formation, spray drying, 

and supercritical fluid drying methods [119]. For example, CHI microspheres 

carrying recombinant human interleukin-2 have been prepared by the 

coacervation/precipitation method [120]. PECs are also could be used, for example, 

CHI-Hep complexes can bind growth factors and cytokines [121–125]. CHI-Hep PECs 

were also shown to be effective than plasmid DNA in delivering siRNA against 

VEGF in human retinal epithelial cells (ARPE-19) demonstrating 2-fold higher 

transfection efficiency [126]. CHI could be modified to deliver growth factors and 

cytokines [127]. Hep and heparan sulfate like properties were given to CHI via the 

addition of sulfate group, importantly, this modification didn't affect the intrinsic 

antimicrobial properties of CHI [128]. Sulfated CHI can bind and protect FGF-2 [129], 

BMP-2 [130] from proteolytic cleavage [131], showing a higher affinity that Hep [132]. 
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In 1995 CHI was used as a plasmid delivery vehicle [133] and explored as a non-viral 

gene delivery system [15,134]. Today, CHI is widely used in the delivery of siRNA 

[135] and miRNA [136,137]. Ionic gelation and [138,139]  coacervation [140,141] are 

the main methods for preparing CHI for gene delivery. The polycationic nature of 

CHI allows the formation of PECs with not only negatively charged nucleic acid 

molecules [142,143], but also with negatively charged cellular membranes, this results 

in increased uptake efficiency [144]. Table 1 summarizes the application of CHI and 

its derivatives for drug delivery.  

 

 



Table 1. Chitosan and chitosan derivatives for drug delivery applications. 

Modification Type Application Ref. 

N-succinyl-N'-octyl chitosan (SOC) Forms micelle in aqueous media 

with hydrophobic and  hydrophilic 

moieties  

A sustained release of doxorubicin (DOX), 10-

Hydroxycamptothecin (10-HCPT) 

Macrophage engulfed SOC-paclitaxel 

(PTX) particles for tumor-targeted therapy 

[116,145] 

1.  

[146] 

N-octyl-N-trimethyl chitosan 

(OTMC) 

 

 

 

Forms spherical micelles in aqueous 

media with hydrophobic and 

hydrophilic moieties. Cytotoxic due 

to exposed positive charge  

Increases solubility of 10-HCPT 80,000-fold 

Coated with two anionic polymers, heparin 

sodium and sodium carboxymethyl cellulose with 

decreased cytotoxicity,  enhanced the delivery and 

tumor targeting of PTX 

[147] 

[148] 

N-octyl-O-sulfate chitosan 

 

 

Forms micelle in aqueous media 

with hydrophobic and  hydrophilic 

moieties  

Enhancement on oral absorption of PTX 

Optimal cytotoxicity to multidrug resistance 

HepG2 (HepG2-P) cells 

Increases stability of docetaxel (DTX) liposomes in 

vitro and in vivo 

[149,150] 

[151] 

2.  

[152] 
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2-[phenylhydrazine (or hydrazine)-

thiosemicarbazone]-chitosan 

Antioxidant activity higher than 

ascorbic acid 

Possible use in pharmaceutical and food 

industries. 

[153] 

(Ser-Ile-Lys-Val-Ala-Val) peptide-

modified chitosan 

Hydrogel Skin substitutes for wound closure in mice [154] 

Galactosylated chitosan (GC) NPs Calcium leucovorin loading for colon cancer cell-

targeted drug delivery 

[155] 

O-palmitoyl chitosan (OPC) Liposomes Increased intestinal absorption of OPC containing 

liposomes  

[156] 

HA/CHI NPs CD44-targeted delivery of Everolimus [157] 

CHI coated with HA NPs Delivery of anti-angiogenic siRNA on CD44-

positive tumor endothelial cells  

[158] 

CHI loaded with resveratrol loaded 

DMAEMA-HEMA-block-(DEAEMA-

FMA NPs 

Hydrogel Mucoadhesive, resveratrol release for 

inflammatory bowel disease, Crohn's disease 

[159] 

PEGylated CHI NPs Methotrexate (MTX) plus pemetrexed (PMX) 

delivery for the lung cancer 

[160] 

CHI-DNA (pcDNA3.1-VP1 plasmid 

encoding VP1 capsid protein of 

Polyelectrolyte Intranasal CHI-DNA vaccine  [161] 
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Coxsackievirus B3)  

 



2.4 SUMMARY 

This Chapter described the intrinsic properties of CHI and its use in biomedical 

applications. CHI as a natural polymer is actively used in tissue engineering and 

regenerative medicine on its own as well as in combination with other polymers. CHI 

has a natural capacity to promote tissue regeneration, in addition to its appropriate 

mechanical physico-chemical properties. Active research on improving CHI-

containing scaffolds for wound healing, bone, cartilage regeneration, drug delivery is 

ongoing. Further work on CHI-containing scaffold preparation through 3D printing 

and cryogelation methods would accelerate the application of CHI in biomedicine.  

As part of any material, CHI could introduce valuable properties such as 

antimicrobial activity, mucoadhesive property, and biocompatibility which are 

required for biomedical use. Research on CHI and combinations of its use with other 

polymers will show even greater prospects and properties for biomedical 

applications of this particular polymer.  The following Chapter will describe novel 

CHI-based PEC cryogel material resulted from the work accomplished in this thesis 

for bone regeneration applications. 
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CHAPTER 3. PEC-BASED CRYOGEL FOR BONE REGENERATION 

APPLICATION 

This Chapter provides an evaluation of obtained cryogels for bone regeneration 

applications. Includes physico-chemical characterization of obtained cryogel material 

and its biological activity. The work presented in this Chapter was published in [2]. 

Macroporous scaffolds made up of CHI, HA, Hep and polyvinyl alcohol (PVA) were 

prepared by cryogelation using as a GA cross-linker. The addition of PVA to the 

reaction mixture slowed the formation of a PEC between CS and Hep which allowed 

for more thorough mixing and led to the development of the homogeneous matrix 

structure. The freezing of the CHI-HA-GA and PVA-Hep-GA mixture results in the 

development of a non-stoichiometric PEC between oppositely charged groups of CHI 

and Hep, allowing more efficient immobilization of the bone morphogenic protein 2 

(BMP-2) due to electrostatic interactions. The obtained cryogel matrix, loaded with 

BMP-2, has been shown to stimulate differentiation of rat bone marrow mesenchymal 

stem cells (rat BMSCs) into the osteogenic lineage. Rat BMSCs attach to BMP-2 loaded 

cryogel and express osteocalcin in vitro. A composite cryogel with PEC may have a 

high potential for bone regeneration applications.  

 

3.1 INTRODUCTION 

. Bone regeneration is a complex and continuous process happening in the human 

body all the time [162]. Bone resorption and bone formation are the core processes in 

bone regeneration and disbalance in one of them could lead to bone disorders such as 

osteoporosis [163]. Osteoclasts are a type of bone cell which are derived from 

macrophages and responsible for bone resorption [164] Initially bone resorption is 

initiated by osteocytes, which are the most abundant cells in the bone and responsible 

for the initiation of bone resorption via RANKL expression [165]. Elevated RANKL 
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initiates the attraction of osteoclasts which further attracts osteoblasts to the injury 

sites [164]. The process is complex and includes different pathways where hormones, 

small molecules, vitamins and cytokines play the major roles [162]. One of the main 

molecule implicated in bone remodeling is BMP-2. Usually, BMP-2 is released from 

the bone matrix during osteoclast initiated bone resorption [166] and differentiates 

mesenchymal stem cells into osteoblast-like cells. Moreover, BMP-2 released by 

differentiated osteoblasts also induce survival and differentiation of osteoclasts, 

however only on RANKL expressing cells [166]. This is just a small part of 

biochemical pathways that are implicated in the complex process of bone remodeling, 

where bone regeneration is just one part of a life-long continuous process. BMP-2 

belongs to the TGF-beta superfamily of growth and differentiation factors which play 

an important role in stem cell differentiation [167]. The addition of BMP-2 induced 

ectopic bone formation in the animal model and human model [168] and is FDA 

approved growth factors. The role of BMP-2 is still debated, especially its role in 

osteogenic differentiation of human mesenchymal stem cells [169]. It is generally 

accepted that BMP-2 increases the expression of Runx2 transcription factors which 

activates a group of genes required for osteogenic differentiation of stem cells [170]. 

Based on this observation we used BMP-2 as the main growth factor which will be 

loaded onto developed cryogel. 

Bone regeneration is one of the most active areas of regenerative medicine and bone 

fractures are the most common organ injuries, particularly in the aging population In 

congenital bone defects, tumors, and infections, bone restoration is also required [15]. 

Critical size defects require large-scale surgery and in this case autografting is 

accepted as a gold standard treatment due to its osteogenic, osteoconductive, and 

osteoinductive potentials [171]. However, associated pain and morbidity from 

autografts, shortage of allografts, rejection issues require the development of 

alternative methods. Tissue engineering is a combination of engineering and biology 
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to create biomaterials and could be used for bone regeneration [172]. As a result, the 

development of a variety of natural and synthetic polymer-based materials and 

methods for the production of functionally active scaffolds are underway [173]. 

To replicate or rebuild living tissues, tissue engineering uses engineering methods 

and biological concepts [174]. Developing safe and efficient biomaterials in this 

respect plays a major role in this area of research. Increased demand for materials that 

could be used to regenerate tissues and organs stimulated research into the 

production of synthetic and natural polymers based biomaterials [125,173,174]. 

During the design of bioactive scaffolds, it is necessary to mimic the three-

dimensional structure of the target tissue's extracellular matrix (ECM), which will be 

able to provide structural support and sustain cell proliferation, adhesion, 

differentiation, and biodegradation in a reasonable period to enable replacement with 

the native ECM [175].   

Hydrogels are usually studied in soft tissue regeneration because of properties such 

as injectability, the formation of a three-dimensional network, and the capacity to 

encapsulate cells [176,177]. Despite these benefits, the nanoporous nature of 

hydrogels restricts proper vascularization as well as the movement of cells and 

nutrients to some extent, thereby reducing cell viability [177]. Cryogels are good 

alternatives to hydrogels and are easily made by physical or chemical crosslinking 

under freezing conditions [178–180]. A cryogel can be formed with pores of different 

sizes and increased interconnectivity through regulated freeze-thaw cycles. Cryogels 

made from natural polymers have a macroporous structure and are excellent 

candidates for bone regeneration due to their good mechanical properties. [180]. 

Crosslinking reactions of cryogel precursors occur at freezing temperatures, resulting 

in the formation of water ice crystals which after thawing results in highly porous 

and interconnected structures [178,181].  
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Because of CHI's biocompatibility and biodegradability, natural CHI scaffolds are 

promising structures for bone regeneration [7]. Bone consists mainly of an 

extracellular collagen matrix containing ~90% type I collagen, mixed with HA 

(Ca10(PO4)6(OH)2) crystals. The compact bone comprises an average of 70% calcium 

salts and a 30% matrix [182,183]. It has been shown that mineralized scaffolds support 

osteogenic activity and overall bone formation [184]. HA assists in imitating the 

extracellular natural bone matrix (ECM), providing a native chemical and physical 

structure for the formation of new bone.  Increasing the rate of HA accumulation 

during bone tissue regeneration is beneficial [74]. Moreover, HA is considered to be 

biocompatible and osteoconductive and is commonly used for many orthopedic 

applications, including bone fillings and implant coatings [185]. Another major 

problem to be addressed when designing a scaffold appropriate for bone 

regeneration is the ability of the scaffold to promote vasculogenesis, which can be 

achieved either by immobilizing growth factors or by adding substances with an 

inherent capacity to bind growth factors [186].  

The main focus of this thesis is the development of a one-step preparation method for 

Hep containing biologically active composite cryogel. Protonated amino groups of 

CHI form PEC immediately with sulfo and carboxyl groups of Hep, thereby reducing 

the possibility of mixing and obtaining a homogeneous solution for cryogel 

production. There are a limited number of studies directly related to cryogel scaffolds 

based on PEC, but extensive work has been done on PEC based on hydrogel, 

particularly containing CHI [9]. Researchers were able to obtain CHI-Hep PEC by 

blending and subsequent crosslinking with GA [187]. The possibility of preparing a 

biocompatible PEC cryogel with the internal porosity of walls composed of CHI, 

gelatin, and dextran dialdehyde was shown [22]. In this dissertation, CHI-PVA-Hep-

GA biocompatible PEC cryogel was obtained, internal porosity of the walls as a sign 

of PEC was shown [22,188]. The key hypothesis of the current study is that the 
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incorporation of Hep into CHI-PVA cryogel allows BMP-2 to be immobilized without 

further chemical modifications of a growth factor or cryogel. Figure 3 shows the PEC 

cryogel structure and chemical interactions between each component. Biocompatible 

with the cells, obtained cryogel possesses biological activity and induces the 

differentiation of rat BMSCs into osteogenic lineage by sustained release of BMP-2. 

 

 

 

 

 

 

Figure 3. Schematic representation of polyelectrolyte complex (PEC)-based cryogel synthesis 

demonstrating interactions between cryogel components. 
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3.2 MATERIALS AND METHODS 

CHI (low viscosity), GA (25% v/v) and polyvinyl alcohol were purchased from Fisher, 

UK; Leucine, Dulbecco’s modified eagle’s medium-high glucose (DMEM), 

dexamethasone, β-Glycerophosphate disodium salt hydrate 98%, ascorbic acid-2-

phosphate, lysozyme, 75 µm HA particles, fetal bovine serum (FBS), rhodamine B 

were purchased from Sigma-Aldrich (St. Louis, MO, USA); Hep ≥150 I.U./mg 

(ACROS Organics, USA), antibiotic cocktail (penicillin and streptomycin Gibco®, MA, 

USA). rhBMP-2 (Sigma-Aldrich, St. Louis, MO, USA) and rhBMP-2 ELISA kits (R&D 

Systems, USA), Alizarin Red (ACROS Organics, USA), MTT Cell Growth Assay Kit 

(CT01, Merck, USA), mouse monoclonal osteocalcin antibody [OCG3] (ab13420, 

Abcam, UK), goat anti-mouse IgG, Superclonal™ Recombinant Secondary Antibody, 

Alexa Fluor 488 (Thermo Fisher, USA). 

 

3.2.1  Synthesis of composite cryogels 

CHI of 2% w/v was dissolved in 1% v/v acetic acid at room temperature for 1 hour at 

a magnetic stirrer. HA (20% w/v) was added into the ready CHI solution (5 ml) and 

mixed by stirring until a clear white solution was formed. The solution of the two 

remaining ingredients, Hep (2.5 ml with a concentration of 1 mg/ml) and PVA (2.5 

ml) was made in deionized (DI) water. PVA was dissolved in DI water (5% w/v) 

under prolonged heating at 80 °C until a clear solution was obtained. Both CHI/HA 

and Hep/PVA ready solutions were kept on ice all the time during the experiments. 

CHI/HA (5 ml) with a Hep/PVA solution (5 ml) solutions were mixed to form a 

cryogel solution. The final concentrations of CHI, HA, PVA, and Hep in the final 

solution were 1%, 10%, 1.25%, and 0.25 mg/ml (unless indicated otherwise). After the 

addition of ice-cold GA (0.5% (v/v)) into the cryogel solution, the mixture was stirred 

for 10 seconds, and 0.3 ml of the final solution was quickly transferred into special 
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glass tubes (d=7 mm). Glass tubes were placed into a cooling chamber (Arctest) at 

−12 °C for 12 hours. After incubation, the tubes were removed, and cryogels were 

thawed at room temperature and washed at least 3 times with DI water. After that 

cryogels were incubated with 2% glycine for 12 hours. Glycine blocks unreacted 

aldehyde groups in cryogel [189]. Ready cryogels were washed with DI water and 

freeze-dried until use. Control cryogels (2%CHI-10%HA) were also prepared. 

3.2.2 Swelling properties of cryogels and porosity 

Freeze-dried cryogels were sliced into small discs (n =3, d=7 mm, 2 mm thickness), 

weighed, and placed into DI water. At different time-points (1/3 min, 2/3 min, 1 min, 

1 min 20 sec, 1 min 40 sec, 2 min, 1 hour), the weight of cryogel samples was recorded. 

The swelling degree was determined according to the following equation:  

 

                      Swelling degree = (mswollen - mdry) / (mdry)                                                       (1) 

 

The relative porosity of cryogel was estimated according to water uptake experiments 

[190]. Equilibrium reached cryogels were weighed (swollen cryogels, mswollen, g) then, 

swollen cryogels were squeezed to remove excess water and weighed again (msquezzed, 

g). Estimated porosity was estimated according to the equation: 

                      Porosity (%) = ((mswollen - msquezzed)/(mswollen)) x 100                                        (2) 

 

3.2.3 Mechanical testing 

Texture Analyser TAXT Plus (Stable Micro System, UK) was used to measure the 

compressive moduli of the cryogel cylinders at room temperature (with a 5N load 

cell). All measurements were done on swollen cryogel cylinders. 5N load was used to 

compress cryogels at the rate of 0.05 mm/s. The compressive Young's modulus was 

calculated from <10% strain, at least 5 measurements were made. 
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3.2.4 In vitro degradation 

Cryogels were sterilized in 70% ethanol solution, washed with DI water, and freeze-

dried before use. The degree of degradation (α(%)) was calculated by comparing the 

initial freeze-dried weight of cryogels (mi - initial mass in mg) to freeze-dried weights 

at different time points after incubation in PBS at 37 °C for 1, 2 and 4 weeks. At each 

time point, the freeze-dried weight of cryogels was recorded (mf - final mass in mg). 

α(%) was calculated according to the equation: 

                           α(%) = ((mi - mf)/ mi)) x 100                                                                        (3)          

    

3.2.5 Rheological analysis  

HAAKE™ RheoStress™ 1 Rheometer (Thermo Scientific, UK) with a 0.5 mm gap 

between the cone and plate was used to measure the flow behavior and viscoelastic 

properties of the solutions. To determine the linear viscoelastic region of the tested 

gel solutions, amplitude sweep tests were performed at a constant frequency (ω) of 

10−1 and an amplitude range of 0.1–100%. All experiments were performed at 25 ± 

1 °C. 

 

3.2.6 FTIR  

Universal ATI, Perkin Elmer (Spectrum 650) FT-IR spectrometer, USA was used to 

conduct FTIR measurements. Mortar and pestle crushed freeze-dried cryogels were 

prepared for FTIR spectroscopy. FTIR spectra were obtained in the range of 4000 - 650 

cm-1 during 64 scans, with 2 cm-1 resolution, using diffuse reflectance mode.  

 

3.2.7 Microscopy 

Optical microscopy (EVOS FL Auto 2 Cell Imaging System, USA), Confocal Laser 

Scanning Microscopy (Carl Zeiss, LSM 780, Germany) and Scanning Electron 
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Microscopy (Jeol, JSM-IT200 InTouchScope™, Japan) were used to visualize the 

porosity and internal structure of obtained cryogels. Cryogel slices (1 mm thick) were 

stained with 50 mM Rhodamine B (Sigma-Aldrich, USA) for 30 minutes before taking 

images with CLSM. Excitation and emission wavelengths were chosen according to 

the manufacturer's instructions. Freeze-dried slices of cryogels without coating were 

used for SEM imaging. Images were taken at variable accelerating voltage and 

magnifications.  

 

3.2.8 Release of BMP-2 from cryogel matrix 

Cryogel slices (n=3, d=7 mm, 2 mm thickness) were incubated with 20 ng/ml rh-BMP-

2 overnight at room temperature and 50 rpm. After incubation, cryogels were 

transferred to the tube with fresh PBS (1 ml). Supernatants were collected at different 

time points (days 1, 7, 15 and 30), with fresh PBS added each time. ELISA assay (R&D, 

USA) was used to measure loading efficiency and release kinetics of BMP-2 by 

analyzing collected supernatants. 

 

3.2.9 MTT Assay 

Powders of freeze-dried CHI-PVA-HA-Hep-GA cryogel slices (n=3, d=7 mm, 2 mm 

thickness) were previously neutralized with 50mM sodium borohydrate were 

incubated in 1 ml growth media (10% FBS, DMEM, 1% penicillin/streptomycin) for 6 

hours. After incubation, the supernatants were collected by centrifugation at 6000 × g 

for 10 minutes and sterile filtered through a 0.22 µm to prepare cryogel extract 

solution. NIH/3T3 cells at concentration 5 × 104 were seeded into a 96-well plate and 

incubated at 37 °C in a humidified 5% CO2 atmosphere for approximately 18 hours 

until reached required confluency. 10 µl of supernatant was mixed with 90 µl of fresh 

media and added into each well with the NIH/3T3 cells. Culture media only was 
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included as a negative control. The cells were further incubated with cryogel extracts 

for 24 hours. After incubation, the cell viability of NIH/3T3 was measured using MTT 

Cell Growth Assay Kit (CT01, Merck, USA) according to the manufacturer's 

instructions.  

 

3.2.10 Rat BMSCs differentiation into osteogenic lineage 

Cryogel slices, (n=5, d=7 mm, thickness = 2 mm) were inactivated with 50 mM sodium 

borohydrate (NaBH4) and cut into 4 pieces. And then incubated overnight in 1 ml of 

BMP-2 solution (1µg/ml). Rat BMSCs passage 5 were used to assess BMP-2 release 

from cryogels. BMSCs cells were seeded (1 × 105 cells per well in a 24-well plate) in 

osteogenic media (OS media). The OS media was prepared and composed of DMEM, 

FBS 10%, 50 µg/ml ascorbic acid, 10 mM β-glycerophosphate, 10 nM dexamethasone. 

To assess the effect of BMP-2 released from cryogels 3 groups were formed: cells 

cultured in osteogenic media without cryogel (OS media), cultured in osteogenic 

media with cryogel pre-loaded with BMP-2 (OS-BMP media), and growth media only 

(DMEM, 10% FBS, 1% penicillin/streptomycin). On days 7, 14, and 21 days, cells were 

fixed with 2.5% GA for 30 min and washed three times with PBS (5 min incubation) 

before being stained with 1% Alizarin Red solution (pH 4.2) for 10 min. After the 

aspiration of the Alizarin Red solution, cells were washed with PBS and air-dried 

before taking color images (EVOS FL Auto 2 Cell Imaging System, Thermo Fisher 

Scientific, Bothell, WA, USA). 

 

3.2.11 Rat BMSCs in cryogel  

50 mM NaBH4 neutralized cryogel slices (n=5, d=7 mm, thickness = 2 mm) were 

incubated overnight in 1 ml of BMP-2 solution (1µg/ml). Rat BMSCs passage 5 were 

seeded (1 × 105 cells per well in a 24-well plate) on top of cryogels and cultured for 2 
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weeks with OS media changed every 3. After 14 days, the cryogels were fixed with 

2.5% GA overnight at +4 0C and washed 3 times × 10 min with PBS and then stained 

with mouse monoclonal osteocalcin antibody [OCG3] (ab13420, Abcam, UK) and goat 

anti-mouse IgG (H+L), Superclonal™ Recombinant Secondary Antibody, Alexa Fluor 

488 (Thermo Fisher, USA) according to the manufacturer's instructions. After that 

osteocalcin stained cryogel slices were washed with PBS and stained with DAPI for 5 

minutes and washed with PBS again (3 times). The negative control is cells grown on 

cryogel without BMP-2 in OS media. Images of stained cryogels were taken on a 

ZEISS LSM 880 confocal laser scanning microscope. 

 

3.2.12  Statistical analysis 

Data are represented as mean ± SD and all analysis has been done using an unpaired 

t-test. For experiments with more than 3 groups/time points, one-way ANOVA was 

used. p-value <0.05 was considered statistically significant. All experiments were 

carried out at least in triplicates (n=3) unless otherwise specified. 
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3.3 RESULTS  

3.3.1 Cryogel Synthesis And Physico-chemical Characterization 

Novel PEC-based CHI-PVA-HA-Hep-GA cross-linked cryogel was synthesized. As a 

control, cryogels without Hep were also included in this study to estimate the effect 

of each component on the physico-mechanical properties of cryogel. Cryogel 

synthesis was based on the polycondensation reaction of CHI-HA and PVA-Hep 

mixtures followed by GA crosslinking at −12 °C. Obtained composites had channels 

of large continuous interconnected pores (Figure 4a–d) with the surface area available 

for intermolecular binding. Microscopic imaging (CLSM and SEM) of cryogels 

(Figure 4) demonstrate high porosity and the PEC structure presence shown by 

porous cryogel walls (Figure 4d).  

Figure 4. Microscopic images of obtained cryogel. Rhodamin B-stained CLSM images of cryogel 

(a,b). SEM images demonstrating porous structure  (c) and porosity of the cryogel walls (d) 

representing  PEC structure. 
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3.3.2 Mechanical and Rheological Properties 

Representative stress-strain curves for each cryogel group are demonstrated in Figure 

5a.  A concave upward curve characteristic of elastomeric materials with large 

deformation has been observed. Classical CHI-HA-GA cryogels possess a 

significantly larger elastic modulus (2011.9 ± 328.80 kPa) in comparison to CHI-GA 

and PEC-based CHI-PVA-HA-Hep-GA (10.8 ± 0.47 kPa and 1085.2 ± 427.97 kPa, 

respectively) (Figure 5b). Addition of HA increases of the elastic modulus, which 

results in increased mechanical properties of the cryogels. 

The flow behavior of CHI-PVA-HA-Hep solutions is between the pristine polymers 

(CHI and PVA) and represented on time-dependent viscosity charts of the different 

solutions (Figure 5c,d). The viscosity of CHI alone did not significantly change under 

applied shear stress, and interestingly the viscosity of the CHI-PVA-HA-Hep was 

predicted to be lower by the rule of mixtures [191] thus leaving questions on causes 

underlying of this behavior. The decreased viscosity at higher shear rates is caused by 

the shear itself, a high rate of stress causes the network of polymer mixtures to 

become more compact and triggers the formation of stochiometric PEC between the 

CHI and Hep polymers. This stochiometric PEC is more hydrophobic and thus tends 

to collapse, which explains a viscosity drop in the blend solution caused by the stress-

induced additional interaction between available functional groups of CHI-PVA-HA-

Hep. The viscosity values of other solutions are in line with their molecular weights. 

Multiple inflections were observed in the shear rate curve of the CHI-PVA-HA-Hep 

blend (Figure 5c) and could be explained by the formation and tearing of local 

structures. If more specifically as a result of the collapse and aggregation of PEC 

between CHI and Hep under applied stress. 
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3.3.3 FTIR  

FTIR spectra of initial components of CHI, PVA, Hep, HA, and the composite cryogel 

was analyzed and shown in Figure 6. The peak at 1635 cm−1 is the signature of CHI 

amide bond carbonyl stretching frequency [192]. 1550 to 1590 cm−1 shift in amino 

bond frequency is representing the reaction between the CHI primary amino groups 

and GA aldehyde. The peak at 3270–3400 cm−1 represents hydroxyl and amine groups 

of CHI [192], PVA, and Hep. CHI, PVA, and Hep functional groups were detected at 

2929–2880 cm−1 (–C–H), 1548 cm−1 (–NH2), 1404 cm−1 (the coupling of –C–N and –N–H 

[192], 1062 and 1026 cm−1 (–C–O), and 896 cm−1 (C–C ring of CHI and Hep). Schiff’s 

base formation from 1633 to 1592 cm−1 is attributed to GA cross-linked composite 

cryogels. Frequencies CHI-PVA-HA-Hep cryogel functional groups are shifted and 

represent electrostatic interactions. Hep presence in the cryogel structure is 

Figure 5. Physico-mechanical and rheological measurements. Stress–strain curves (a) and elastic 

moduli (b). Representative graph of viscosity measured at constant shear rate (c). Viscosity versus 

shear rate plot (d). 
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represented by a  small intensity peak at 820 cm-1(C–S–O group). The absorbance at 

1230 cm−1 was attributed to asymmetric S = O bond is seen at 1230 cm−1 [193]. 

 

 

3.3.4 Degradation and BMP-2 release kinetics 

In vitro degradation experiments in PBS for a period of 4 weeks (Table 2) revealed 

that PEC-based CHI-PVA-HA-Hep-GA cryogel is more stable and degrades slowly 

comparison to CHI-GA and CHI-HA-GA cryogels. According to published data non-

Figure 6. FTIR spectra. Functional groups of CHI, PVA, and Hep were detected at 2929–2880 cm−1 

(–C–H), 1548 cm−1 (–NH2), 1404 cm−1 (the coupling of –C–N and –N–H), 1062 and 1026 cm−1 (–C–O), 

and 896 cm−1 (C–C ring of CHI and heparin). 
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Table 2. Degradation of obtained cryogels in saline and lysozyme solutions. 

 

reduced Schiff’s base cryogels are degraded in the range of 25% to 35% [22] which is 

in line with our observation. 

 

Sample 
Degradation (%) Degradation (%) in Lysozyme (10,000 U/mL) 

1 Week 2 Weeks 4 Weeks 1 Week 2 Weeks 4 Weeks 

CHI-GA 5.50 ± 0.71 11.93 ± 0.39 20.43 ± 0.18 19.48 ± 0.62 25.54 ± 0.40 41.22 ± 0.60 

CHI-HA-GA 2.50 ± 0.70 4.68 ± 0.62 8.08 ± 0.41 8.65 ± 0.31 14.70 ± 0.35 22.55 ± 0.55 

CHI-PVA-HA-Hep-GA 2.58 ± 0.60 5.20 ± 1.32 6.99 ± 0.16 10.22 ± 0.30 18.90 ± 0.95 25.61 ± 0.70 

 

ELISA results show sustained and time-dependent release of BMP-2 (30 days) from 

obtained PEC-based cryogels (Figure 7a). BMP-2 loading efficiency was as high as 

~83.2% and the total cumulative release of BMP-2 was found to be  ~ 4.52%. This data 

follows the degradation cryogel matrix in PBS (Table 2) representing a high affinity of 

BMP-2. Toxicity experiments represented in Figure 7b, shows no cytotoxic effect of 

PEC-based cryogel extracts on NIH/3T3 cells after 24, 48, and 72 h incubation. 

 

 

 

 

 

Figure 7. Release kinetics of loaded BMP-2 over 30 days (a) and cytotoxicity results (b). 

Measures were done in triplicates. Data is represented as mean±SD and all analysis has 

been done using an unpaired t-test.).  
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Figure 8. Osteogenic differentiation of rat BMSCs. Mineralized cells stained with Alizarin Red on day 

21 (a). Differentiated rat BMSCs cultured on cryogel, stained with DAPI (blue) and anti-osteocalcin 

antibodies (green). Negative control—rat BMSCS grown on cryogel without BMP-2 in OS media. 

 

3.3.5 Osteogenic differentiation of rat BMSCs 

Calcium deposition is a marker of bone mineralization caused by osteogenic 

differentiation of stem cells. Mineralization of rat BMSCs is visible on day 14. Rat 

BMSCs incubated in OS-BMP media (Figure 8a) mineralized by day 21 in comparison 

to the cells incubated in OS media only. However, the mineralization was not efficient 

as seen with commercial cell lines, possibly due to the use of primary cell lines which 

were heterogeneous and not enriched further against MSC markers using cell sorter 

or other techniques. Nevertheless, rat BMSCs grown for 2 weeks on BMP-2 loaded 

CHI-PVA-Hep-HA-GA cryogel (Figure 8b) are already expressing osteocalcin 

demonstrating no interference to osteogenic differentiation of stem cells. 
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3.4  DISCUSSION 

The ECM plays an important role in tissue integrity and regeneration, and mimicking 

the target tissue matrix is important during the design of scaffolds for tissue 

engineering application. Cryogels have become a common material for tissue 

engineering purposes thanks to their macroporous structure, biocompatibility, and 

good mechanical properties [194,195]. The unique sponge-like structure of cryogels 

made them attractive to create scaffolds, bioreactors, and many other materials 

[179,196,197]. For example, cryogel bioreactors were used to produce antibodies, cell 

culture, separation and as a substrate for cryopreservation of cells [22,195,198–201]. 

More significantly, they have proven to be good candidates for scaffold engineering 

and show promise in tissue regeneration [180,202]. 

The objective was to develop PEC cryogel scaffold with the ability to bind growth 

factors and promote bone regeneration. Obtained PEC-based cryogel binds BMP-2 

BMP-2 without any additional modifications of growth factor. Release kinetics and 

degradation experiments demonstrated an efficient loading of BMP-2 (~82.3%) and 

sustained release of bounded growth factor. As pointed in Table 1, CHI-PVA-HA-

Hep-GA cryogel lost 7 % of its weight, which corresponded to the BMP-2 release of 

4.52 % (700 pg). Heparin-binding sites are present in BMP-2 [203] which in addition 

to affinity also affects its biological activity [204]. Due to the PEC and heparin-binding 

sites, BMP-2 was released from the cryogel as a result of the natural degradation of 

the scaffold which is in line with obtained results. Experiments on BMP-2 release by 

control cryogels (results are not shown) was not conducted because the majority of 

growth factors failed to load onto cryogel materials.   It is also known that HA has a 

natural ability to interact with BMP-2 via −OH, −NH2, and −COO− functional groups 

of BMP-2 [205]. Therefore, HA was introduced to improve the strength and to 

increase the biocompatibility of the cryogel. Mechanical tests demonstrated that the 

addition of HA to CHI-PVA-Hep-GA cryogel significantly increased the elastic 
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modulus of cryogel (1085 ± 428 kPa) in comparison to other cryogel-based scaffolds 

produced for bone regeneration [206–212]. In vitro degradation rate of HA-containing 

cryogels confirmed a decrease, which is also supported by published data [208,213]. 

This could be explained by the removal of hydrolytically active groups by NaBH4, in 

other words by reduction of Schiff’s base groups [23]. Lysozyme is responsible for the 

in vivo degradation of CHI, which could be above 50% of its weight within 30 days 

[214,215], which is in line with our data. Microscopic imaging (Confocal and SEM 

images) of composite cryogels shows a highly porous structure with interconnective 

pores required for tissue engineering applications. Due to the positively charged 

nature of CHI and it is almost impossible to prepare a CHI-Hep cryogel by just 

mixing due to the instant formation of a PEC hydrogel. Through intensive 

experimentation it was found that the pre-mixing of Hep with PVA inhibits the rate 

of PEC formation when mixed with CHI, the explanation could be the formation of a 

non-stoichiometric interpolymer complex (IPC) between Hep and PVA at low 

temperatures. Decreased temperature is the best condition for the formation of 

hydrogen bonds. Rheological analysis has shown fluctuations in the flow curve of 

cryogel mixture, a sign of PEC formation. The significant decrease in viscosity of the 

solution in comparison to CHI and CHI-HA solutions is another signature of PEC 

which was also supported by the inflections on shear rate curves. These changes were 

not caused by HA, as the shear rate of CHI-HA is normal. We believe that 

fluctuations are the results of PEC formation and tearing between CHI and Hep. The 

detailed mechanism of PVA on PEC formation is out of the scope of the current study. 

However, IPC between PVA and negatively charged polymers were reported [216–

218]. IPC between PVA-Hep is a possible cause of Hep's sulfo groups shielding from 

CHI which leads to an inhibited rate of PEC formation. The cryogelation of PVA-Hep 

and CHI-HA mixtures results in the formation of nonstoichiometric PEC between 

CHI and Hep as a result of the cryoconcentration effect. SEM images confirm the 
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presence of pores within cryogel walls, which was previously described as a PEC 

structure formation signature in cryogels  [22]. 

Another important property of cryogels is their swelling kinetics. Composite cryogels 

swell within minutes with the high water absorption and reaching swelling 

equilibrium within 20-25 minutes. With the 9.5 ± 0.84 swelling ratio, 1085.2 ± 427.9 

kPa average elastic moduli, CHI-PVA-HA-Hep-GA cryogel is a suitable substrate for 

implantation into the bone. CLSM imaging and staining of seeded rat BMSCs on 

BMP-2 loaded cryogel show good attachment, proliferation, and expression of 

osteocalcin by the cells in vitro, without any signs of cytotoxicity. BMP-2 in addition 

to the presence of the Hep-binding domain [167] loaded onto cryogel via electrostatic 

interactions with. In vitro experiments have shown that rat BMSCs differentiate into 

osteogenic lineage supported by BMP-2 released from cryogel in line with 

degradation rate. Further studies should explore the potential use of obtained novel 

PEC-based cryogel for bone regeneration in vivo. 

 

3.5 SUMMARY 

The possibility of a one-step preparation of a biologically active PEC-based cryogel 

scaffold for growth factor delivery, such as BMP-2 was evaluated. Novel PEC-based 

cryogel containing CHI and Hep is an appropriate scaffold supporting cell 

proliferation and differentiation. The potential application of the PEC-based CHI-Hep 

cryogels as a carrier of growth factors was demonstrated.  
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CHAPTER 4. EFFICACY OF OBTAINED CRYOGEL FOR WOUND HEALING 

APPLICATION  

In this Chapter, in vitro and in vivo results of cryogel on enhancing wound 

regeneration will be discussed. Growth factors and cytokines loading and release 

kinetics will be assessed. Biological activity data will be discussed. To assess the in 

vivo effect of cryogel loaded with growth factors and cytokines, our cryogel sample 

was sent to Dr Shiro Jimi from Fukuoka University (Japan). As a result of our 

collaboration, the data present in this chapter is published in [27] and in vivo results 

are presented. 

Healing of tissue from the injury depends on growth factors and cytokines that are 

secreted by different types of cells. To maximize healing and minimize side effects 

those factors should be released in a controlled manner at a specific time. Two growth 

factors (VEGF and FGF) and two cytokines (IL-10 and TGF-β) were incorporated onto 

novel PEC-based cryogel demonstrating sustained release kinetics and biological 

activity of factors in vitro. Used cytokines belong to inflammation modulatory factors 

and VEGF and FGF are well-known for the induction of wound healing. Biological 

activity of secreted factors released by cryogel was assessed using mouse mast cells 

(MC/9), mouse mammary gland cells (NMuMG), mouse fibroblasts (NIH/3T3), and 

human umbilical vein endothelial cells (HUVECs). 

 

4.1 INTRODUCTION 

Wound healing is a complex process and generally has four overlapping stages: 

hemostasis, inflammation, proliferation, and remodeling [219]. During tissue injury, 

affected cells release damage-associated molecular patterns which cause the 

formation of inflammasome which is associated with paracrine secretion of pro-

inflammatory cytokines IL-1β and IL-18 [220,221]. Activated platelets secrete clotting 
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factors and facilitate matrix production required for migration of inflammatory cells 

into the damaged area and as well as secrete different paracrine factors such as 

platelet-derived growth factor (PDGF), IL-1, TGF-α and TGF-β implicated in tissue 

regeneration [221]. Neutrophils are attracted to the damaged site by pro-

inflammatory cytokines and in addition to phagocytosis secrete proteases, reactive 

oxygen species, TNF-α, IL-1, IL-6, and chemokines that stimulate migration 

monocytes [222,223]. Monocytes start to differentiate into either pro-inflammatory 

macrophages or reparative macrophages [221]. Fibroblasts are also migrated and start 

to produce matrix metalloproteinases required for tissue remodeling which include 

newly synthesized ECM [223]. TGF-β which is highly present at the injury site cause 

differentiation of fibroblasts into contractile myofibroblasts required for wound 

closure [221,224].  Secreted  VEGF and FGF induces endothelial cells proliferation and 

angiogenesis (proliferative phase), thus allowing oxygenation and nutrients delivery 

to the site of injury [225]. Re-epithelization is activated by EGF, TGF‐α, and FGF via 

promoting epithelial cell migration and proliferation [226]. 

In the past few decades, different types of drug delivery systems based on polymers 

were developed to deliver secreted factors for wound healing applications [1,125]. 

Different biomaterials loaded with cytokines and growth factors have been studied. 

Hep-based hydrogels loaded with human EGF in addition to epithelialization, 

increases tissue granulation, and angiogenesis during wound healing [227]. Scaffolds 

incorporated with TGF-β reduce the production of pro-inflammatory cytokines TNF-

α, IL-12, and MCP-1 and decrease leukocyte migration post-implant which enhances 

wound regeneration [228]. TGF-β in combination with anti-inflammatory factors IL-4 

and IL-10 promotes a healing environment [229]. So, a combination of anti-

inflammatory cytokines and pro-healing growth factors loaded into scaffold could 

accelerate tissue regeneration [230]. Based on widely published data on the healing 

effects of IL-10 and TGF-β as well as angiogenic properties of VEGF and FGF, these 
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secreted factors were chosen to assess their efficacy for wound healing application 

when loaded onto PEC-based cryogel. The main hypothesis is that sequential delivery 

of IL-10/TGF-β and FGF/VEGF by novel PEC-based cryogel would positively affect 

the inflammation and proliferation and thus accelerate tissue regeneration in vitro 

and in vivo. 

 

4.2 MATERIALS AND METHODS 

4.2.1 Preparation of Cryogel 

Cryogels were prepared as previously described in the Materials and Methods 

section of Chapter 3, with one exception, no hydroxyapatite was added. 

 

4.2.2 Cell Lines 

Mouse mast cells, MC/9 (ATCC, USA), mouse mammary gland cells, NMuMG 

(ATCC, USA) and mouse fibroblasts, NIH/3T3 (ATCC, USA) were maintained in 

DMEM with 4.5 g/L glucose, 2.0 mM L-glutamine, sodium pyruvate, and sodium 

bicarbonate (Sigma, USA), supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin (Sigma, USA). Also, 4.0 mM L-glutamine, 10% Rat T-STIM 

with Con A (Corning, USA), and 0.05 mM 2-mercaptoethanol (Sigma, USA) were 

added to MC/9 cells and 10 µg/ml insulin (Sigma, USA) was added to NMuMG cells. 

Human umbilical vein endothelial cells (HUVECs) (Sigma, USA) were cultured in 

M199 (Sigma, USA) medium supplemented with 10% FBS (Gibco, USA).  

 

4.2.3 Loading of secreted factors onto cryogel 

Cryogel samples were sliced and sterilized as described previously. The following 

recombinant secreted factors were used: IL-10 (Gibco, USA), TGF-β1 (Gibco, USA), 

VEGF-165 (Invitrogen, USA), and FGF2 (Invitrogen, USA). All cryogel samples were 
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divided into 7 groups: 1) negative control - cryogel incubated with PBS; 2) cryogel 

incubated with 1 µg/ml of IL-10 and TGF-β1; 3) cryogel incubated with 0.3 µg/ml of 

IL-10 and TGF-β1; 4) cryogel incubated with 0.1 µg/ml of IL-10 and TGF-β1; 5) 

cryogel incubated with 10 µg/ml of VEGF-165 and FGF2; 6) cryogel incubated with 3 

µg/ml of VEGF-165 and FGF2; and 7) cryogel incubated with 1 µg/ml of VEGF-165 

and FGF2. At initial incubation, samples were incubated for four hours at room 

followed by centrifugation at 4,000 g for 10 min to remove unincorporated factors. 

After that, the cryogels were washed with PBS (3x times), dried and incubation at 37° 

C in PBS supplemented with 10,000 U/ml of lysozyme (Sigma, USA). To assess release 

kinetics, the supernatants were collected at 1, 3, 5, 7, and 10-day intervals and stored 

at -20 °C.  

 

4.2.4 ELISA 

ELISA was performed according to instructions provided by the manufacturer (All 

Invitrogen, USA). All measurements were done in duplicates at 450 nm (Mithras LB 

940, Berthold, Germany).  

 

4.2.5 Wound healing assay to assess FGF biological activity 

CytoSelect 24-well Wound Healing Assay (Cell Biolabs, USA) was used to determine 

the biological activity of released FGF.  All manipulations were done according to the 

manufacturer's instructions. 0.9 mm wound field inserts were placed into collagen-

coated (50 µg/ml in 0.1 M acetic acid (Millipore, USA)) 24-well plate. 10 x 105 of 

NIH/3T3 mouse fibroblasts in 500 µl low-glucose DMEM (Sigma, USA) with 10% FBS 

(Sigma, USA) and 1% of penicillin/streptomycin (Sigma, USA) were added into insert 

placed wells and incubated at 37° C overnight. To assess the biological activity of FGF 

released from cryogel, the experimental set up was divided into 3 groups: PBS 
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(negative control), 50 ng/ml of FGF (positive control), and FGF released from the 

cryogel (day 3). Images were taken at 0 hrs and then every 2 hrs using EVOS™ FL 

Auto 2 Imaging System (Invitrogen, USA). After 24 hrs of incubation, cells were fixed 

with 4% formaldehyde and stained with DAPI for further analysis of cells-free 

surface area using free license Fiji software. 

 

4.2.6 HUVEC proliferation assay for assessing VEGF biological activity  

The proliferation of HUVEC cells was measured using Alamar Blue staining protocol 

(ThermoFisher Scientific, USA) according to the manufacturer’s instructions. 104 

HUVEC cells/well were seeded into a 96-well plate (TPP, Switzerland). After cells 

adhered to the wells, 10 ng/ml VEGF (Sigma, USA), cryogel released VEGF (day 3) 

and PBS were added. 10 µl of Alamar Blue reagent was added into wells, and after 4 

hours of incubation, the absorbance at 570 nm was measured. Average values were 

taken from six samples of each measured group. 

 

4.2.7 MTT Assay for assessing IL-10 biological activity 

The biological activity of IL-10 was assessed by the proliferation of MC/9 cells. 5 x 103 

of MC/9 cells were treated with 50 ng/ml IL-4 (Sigma, USA); 25 ng/ml IL-10 (Gibco, 

USA); 50 ng/ml IL-4  + 25 ng/ml IL-10;  cryogel sample (Day 3), and cryogel sample + 

50 ng/ml IL-4. Cells were incubated at 37° C for two days and followed by the 

addition of 10 µl of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 

(MTT solution) to each well. After 4-6 hrs incubation at 37° C, 100 µl of 10% SDS in 

0.01M HCl was added to each well and the absorbance was measured at 570 nm 

(Varioskan Flash, Thermo Scientific, USA). 
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4.2.8 MTT Assay for assessing TGF-β biological activity  

5 x 103 of NMuMG cells in the well were treated with: PBS, 2 ng/ml TGF-β (Gibco, 

USA), and cryogel sample TGF-β (Day 3). Cells were incubated at 37° C for 48 hours 

before proceeding with MTT assay. 10 µl MTT solution was added to each well and 

left at the incubator for 4-6 hrs. After incubation, 100 µl of isopropanol in 0.04M HCl 

was added to each well and the absorbance was measured at 570 nm (Varioskan 

Flash, Thermo Scientific, USA).  

 

4.3 RESULTS 

4.3.1 Growth Factors/Cytokines release kinetics from cryogel  

To determine the effectiveness of cryogel as a drug delivery system, the rate of 

growth factors and cytokines release was evaluated over 10 days. Four groups 

containing different growth factors and cytokines (secreted factors) were prepared: 1 

µg/ml, 0.3 µg/ml and 0.1 µg/ml of TGF-β and IL-10 or 10 µg/ml, 3 µg/ml and 1 µg/ml 

of VEGF and FGF. Loaded proteins should bind PEC-based cryogel via electrostatic 

interactions. Secreted factors loaded cryogels were incubated with 37° C with 10,000 

U/ml of lysozyme [231] to mimic in vivo environment due to the ability of lysozyme to 

degrade CHI. Supernatants were collected at the specific days (1, 3, 5, 7 and 10) and 

the released concentration of loaded secreted factors was measured using ELISA. 

Figure 9 demonstrates that cryogel releases secreted factors in a controlled manner.  
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Figure 9.  Release kinetics of secreted factors. Cumulative release is demonstrated, ELISA 

measurements were at 1, 3, 5, 7 and 10 days. 

 

 

The cumulative release of TGF-β and IL-10 increases gradually reaching the highest 

release at 1 µg/ml. In contrast, VEGF and FGF loaded cryogels show similar results 

demonstrating the highest release at 10 µg/ml concentration and plateau after day 1 

at low concentration (Figure 9). Obtained data demonstrate high loading efficiency 

and sustained release of loaded substances. Based on this the highest concentrations 

of secreted factors were used in subsequent experiments.   

4.3.2 Assessing Biological activity of released secreted factors 

The supernatants collected on day 3 were used to perform in vitro experiments on 

different cell models. For TGF-β, epithelial mouse mammary gland (NMuMG) cells 

were used due to the ability of TGF-β to suppress the proliferation of these cells. It 

was shown that TGF-β significantly inhibits the proliferation of NMuMG cells in vitro 

[232]. Our data also shows that TGF-β released from cryogel also inhibits the 

proliferation (34%) of NMuMG (Figure 10a)  and thus biologically active. IL-10 

biological activity was tested using MC/9 mast cells [233] because they proliferate 

when IL-10 and IL-4 are added in vitro. The proliferation of the MV/9 cells increases 
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Figure 10.  Biological activity experiments. (a) Inhibition of NMuMG proliferation by the cryogel 

released TGF-β, (b) Stimulation of MC/9 proliferation by the cryogel released IL-10, (c) 

Stimulation of HUVEC proliferation by the cryogel released VEGF, (d) Decrease in the wound 

area by the cryogel released FGF, (e) Wound areas are quantified in panel d. Data were analyzed 

using one-way ANOVA with Bonferroni’s multiple comparisons test. **p< 0.01, *** p< 0.001, ****p < 

0.0001 compared with the control group. 

 

 

by 68% for IL-4 and by 23% for IL-10 respectively (Figure 10b). The combination of 

both IL-10 and IL-4 increases MC/9 cell proliferation more than a two-fold (118%) and 

a similar increase in cell proliferation is demonstrated when cryogel released IL-10 is 

used (93%). Thus showing IL-10 sustains it biologically activity when released from 

cryogel.   

HUVEC cells were used to test the biological activity of VEGF [234]. Released VEGF 

has the same effect on HUVEC cells as non-loaded VEGF (Figure 10c) demonstrating 

that VEGF released from cryogel is biologically active.  A wound healing assay using 

NIH/3T3 cells was used to verify the activity of cryogel released FGF in vitro. 

NIH/3T3 fibroblasts proliferate when FGF is added [235]. The closure rate of the 

artificially made gap and surface area were calculated after overnight incubation of 

cells. Fibroblast proliferation under cryogel released FGF group demonstrates the 

same rate as the free FGF group. Wound closure was  53% higher for free FGF and 
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65% higher for released FGF in comparison to the control group (Figure 10d and e). It 

is important to note that the amount of released FGF was lower than in the positive 

group demonstrating that even the smaller amounts of the released growth 

factors/cytokines are enough to have a biological effect.  

 

4.3.3 Effect on Wound Healing 

This part of the research was done by Dr Shiro Jimi from Fukuoka University (Japan), 

materials and methods used are described in [27]. Novel PEC-based cryogels samples 

with protocols for loading secreted factors were shared with Dr Shiro to assess the 

efficacy of the developed strategy to induce wound regeneration in vivo.   

The internal splint model established by Dr Shiro's group was used [236], the wound 

was located on the back of the mice. It is generally accepted that the inflammation 

stage occurs in the first 3 days and the proliferation stage is initiated after 

inflammation [237]. Therefore, the addition of growth factors and cytokines at days 0 

and 3 were chosen as the most appropriate timing. Anti-inflammatory factors (TGF-β/ 

IL-10) should be added at day 0 and proliferation-inducing factors should be added 

on day 3. To determine whether cryogel loaded with secreted factors affect wound 

regeneration, the four groups of mice were established.  

The first group was treated on days 0 and 3 with cryogel (Group with cryogel), the 

second group was treated on day 0 with cryogel containing TGF-β/ IL-10 and on day 

3 with cryogel alone  (Group with cryogel +TGF-β/IL-10). The third group was treated 

on day 0 with cryogel alone and on day 3 with the cryogel incorporated with 

VEGF/FGF (Group with cryogel + VEGF/FGF). The fourth group was treated on day 0 

with cryogel containing TGF-β/IL-10 and on day 3 with cryogel containing 

VEGF/FGF on day 3 (Group with cryogel + GF/C). On day 3, before the addition of 

cryogel materials, wounds were cleared from previously applied cryogels. Obtained 

data show no statistically significant difference between the groups treated with 
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Figure 11.  Wound healing after treatment with different cryogel groups: treated with cryogel alone, 

cryogel + IL-10/TGF-β, cryogel +VEGF/FGF and cryogel + all factors (GF/C). Wound area changes 

over time are shown (% vs. Day 0). Wound areas in the fourth group (cryogel + GF/C) significantly 

decreased on days 7 and 10 in comparison to the other groups. Values: mean ± SE. ***p < 0.01 

compared to other groups, *p < 0.05 compared to cryogel alone group. 

 

cryogel alone and groups containing only one pair of secreted factors only groups (2 

and 3) (Figure 11). Group 4, where the sequential delivery of GF/C was made, the 

wound area is significantly reduced in comparison to all groups. It is important to 

note the treatment with factors alone without cryogel: TGF-β/IL-10 on day 0 and 

VEGF/FGF on day 3 didn't improve wound area closure (not included). Possibly, the 

proteolytic enzymes in the wound area degraded cryogel free GF/C factors. Obtained 

data shows that the most efficient wound healing is stimulated by group 4. To further 

assess the efficacy of sequential delivery cryogel loaded GF/C the mice were divided 

into three groups: control group (no treatment), cryogel alone group applied on days 

0 and 3, and cryogel loaded with GF/C applied with TGF-β/IL-10 on day 0 and 

VEGF/FGF on day 3. Sample images of the wounds on day 10 are shown in Figure 

12a. The dynamics of the healing presenting wound area decrease is demonstrated 

(Figure 12b). In the no treatment and cryogel alone groups, on day 10, wound closed 

by 35-40%, whereas the treatment group (cryogel+GF/C) wound closure by 87%. The 

sections of the wounds were also examined (Figure 12c).  
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Figure 12.  Wound healing and epithelial regeneration. (a) Sample images of wound closure on 

day 10. (b) Wound area (% vs. Day 0) over time. Wound areas in the cryogel+GF/C group 

significantly decreased on days 7 and 10 in comparison to others. (c) Wound epithelization. 

Epithelialization was evaluated as CEL and REL. Total epithelial length (CEL+REL) increased with 

time in all groups, with the same CEL among all groups. REL in cryogel+GF/C on day 10 was 

significantly longer in comparison to other groups. n=5. Bar=100 µm. Values: mean ± SE. *p < 0.05 

compared to the no treatment group and group with cryogel alone, #p < 0.05 compared to the no 

treatment group. 

 A contractive length of the epidermis (CEL), regenerative length of the epidermis 

(REL), and total epithelial length (TEL) were also measured. On days 7 and 10, there 
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Figure 13.  Granulation tissue and collagenosis. (a) Granulation tissue MT stained (blue). (b) Tissue 

thickness graph. Granulations in the groups with cryogel alone and cryogel+GF/C were significantly 

thicker in comparison to no treatment group. Collagenosis in the group with cryogel+GF/C progressed 

significantly as compared to the group with no treatment group. n=5. Bar=100 µm. Values: mean ± SE. 

*p < 0.05, **p < 0.01 compared to the no treatment group.   

are no significant differences in CEL and TEL among the groups, however, REL on 

day 10, shows significant elongation in the cryogel+GF/C group in comparison to the 

secreted factors free groups.    

 

4.3.4 Tissue granulation and collagenosis 

The proliferative granulation tissues were present at every group, however, the 

thickness of granulated tissue was different among the groups. For the analysis, the 

edge of the growing epidermis was studied (Figure 13a). On day 10, the granulation 

thickness in cryogel alone and cryogel +GF/C groups was significantly greater in 

comparison to no treatment (Figure 13b, left panel). Collagenosis in the granulation 
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tissue was measured by MT staining (blue color)  demonstrating a significant 

difference between cryogel + GF/C and no-treatment groups. Interestingly, no 

difference was found between no treatment and cryogel alone groups (Figure 13b, 

right panel). 

Also, experiments on detecting neovascularization and blood flow measurement at 

the injured sites were conducted and published in [27]. 

 

4.4 DISCUSSION  

Cells of the immune system and their secreted factors are an important part of tissue 

regeneration [238].  Neutrophils migrate into the injury site and produce ROS which 

further damages tissue [239]. Cellular debris is cleaned by migrated monocytes which 

also secrete various paracrine molecules and participate in the wound healing process 

[240]. Wound healing is the complex process that depends on growth factors, 

cytokines, cells and is the well-orchestrated process of tissue regeneration [240]. For 

healthy tissue regeneration, a fine balance between the local tissue environment and 

immune cells should be reached. There is a fine balance between the detrimental and 

beneficial effects of the cells of the immune system during inflammation [240]. 

Hyperinflammation at the site of the injury worsens tissue damage, leading to 

defective tissue repair [241]. Decreasing inflammation sometimes could be beneficial 

for accelerating tissue regeneration [242]. Here, a novel CHI containing PEC-based 

cryogel was used to modulate and enhance wound repair. The presence of CHI in 

cryogel gives to biomaterial water-holding and antimicrobial properties, it is 

biodegradable, which important for improving wound healing [243]. Secreted factors 

such as growth factors and cytokines are easily incorporated into cryogel due to 

positively and negatively charged residues, and more importantly, cryogel supports 

sustained release of bound factors [2]. Two cryogels containing two different bound 

secreted factors were used. Cryogel was incorporated with TGF-β and IL-10 because 
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they regulate response and suppress hyperinflammation VEGF and FGF were 

incorporated because they stimulate neovascularization, proliferation and tissue 

regeneration. All secreted factors show sustained release kinetics assuring a gradual 

increase of released factors. The released factors maintained their biological activity in 

vitro.  TGF-β suppressed NMuMG cell proliferation, IL-10/IL-4  pair induced the 

proliferation of MC/9 cells, VEGF stimulated the proliferation of HUVEC cells and 

FGF stimulated proliferation of NIH/3T3 cells. 

In vivo mice model showed cell infiltration with macrophages and neutrophils, but 

this was resolved during healing when tissue granulation was established. Cryogel 

was dissolved (biodegraded) on day 7 (last cryogel placed on day 3) which is 

beneficial for epithelization as mechanical removal could damage newly formed 

epithelial tissue and not degrading biomaterial could cause chronic inflammation, 

which should be avoided. It is important to note that the granulation tissue after 

cryogel+GF/C treatment has demonstrated positive myofibroblasts infiltration and 

CD31-positive neovascularization. Granulation gradually regresses during the 

normal healing process, it is formed at initial stages to fill the tissue at the site of 

injury [244]. Granulation tissue is required for the migrating cells to the wound site 

and modulated tissue regeneration [245]. The analysis was focused on granulation 

located at the edge of the growing epidermis, which could be implicated in the 

epidermal extension. CHI-based hydrogels have shown their efficacy for wound 

healing, however, the exact mechanisms are still elusive [246]. Groups of mice treated 

with cryogel independent of the GF/C presence developed granulation, whereas the 

cryogel free group does not. Interestingly, collagen synthesis significantly advanced 

only in cryogel+GF/C group. Cryogel itself caused granulation development, 

however, it wasn't enough to achieve tissue epithelialization. From this, we can 

conclude that secreted factors released from the cryogel significantly contributed to 
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the wound healing. It is important to note that neovascularization was also found to 

significantly increase in cryogel+GF/C group [27]. 

4.5 SUMMARY 

To conclude, this study is the first to show the pathophysiological effect of cryogels 

on wound healing stimulation. Novel PEC-based cryogel acted not only as a drug 

delivery vehicle for secreted factors but as a scaffold for tissue cells, and thus 

accelerated the wound healing. The novel CHI/Hep containing PEC-based cryogel 

has shown its high biocompatibility properties, biodegradability after several days in 

vivo. These suggest that developed cryogel and cryogels themselves. It is obvious that 

developed cryogel and cryogels as s scaffold themselves may have the potential for 

practical use in wound healing applications and could be used in clinical practice in 

the future wound healing treatments in clinical practice in the future. 
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CONCLUSION AND FUTURE PERSPECTIVES 

Today, along with the progress made in the use of stem cells, tissue engineering is 

becoming an important tool and research area, to reproduce the structure of tissues 

and help the same stem cells to become more effective. Scientists, pharmaceutical 

companies are developing a wide range of different biomaterials. They may have 

both a synthetic and a natural nature, with their advantages and disadvantages.  

Extracellular matrix has a polymer base, it is very important to recreate its structure 

when developing biomaterial, as well as to give biodegradation property since it is 

assumed to be replaced by a natural matrix when creating any biomaterial. 

Depending on the tissue in which the material is implanted, the ability of the polymer 

to stimulate angiogenesis must be taken into account. The material should be 

biocompatible, not cytotoxic, or immunogenic. Based on these conditions, we can 

conclude that biomaterials made from the natural polymers are most appropriate.  

There are a large number of biomaterials in various forms, such as gels, sponges, film 

and fiber, bioglasses, composites, and their possible variations. Each of them has its 

advantages and each of them is designed for use in the regeneration of certain tissues.  

Work on the design of cryogel from natural components, such as chitosan and 

heparin, has been done in the current thesis. The resulting cryogels have porous 

structures with interconnected channels. A very important point is that this cryogel 

was created for the first time, it is very difficult to obtain cryogels with chitosan and 

heparin due to the immediate development of the polyelectrolyte complex. 

During the experiments it was revealed that PVA inhibits the rate of polyelectrolyte 

formation, which in turn makes it possible to synthesize cryogel, nevertheless, the 

cryogel is still a polyelectrolyte, as was shown in the SEM images. 

The presence of heparin is of great benefit since a large number of growth factors, 

cytokines and other molecules either have heparin-binding domains or interact with 
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heparin through electrostatic interactions. The presence of a polyelectrolyte complex 

enhances electrostatic interactions to load a wider range of proteins and molecules.  

In the first experimental part, we have shown that the cryogel we developed is 

capable of loading BMP-2, as well as supporting osteogenic differentiation of rat bone 

marrow-derived mesenchymal stem cells in vitro. In addition to the main polymer 

components, we added hydroxyapatite to the cryogel formulation to improve its 

mechanical properties. Moreover, hydroxyapatite is part of the bone structure and is 

already a component of composite implants for bone regeneration. In this study, we 

showed that BMP-2 can be loaded without using any additional cross-linking agents, 

only by electrostatic interaction between the growth factor and cryogel. 

Further, in a collaboration with Dr. Shiru from Fukuoka University (Japan), we 

evaluated our cryogel not only as a biomaterial but also as a delivery vehicle for 

growth factors and cytokines in wound healing model in vivo. The developed cryogel 

itself demonstrated its effectiveness in comparison with the control groups, and the 

cryogel loaded with growth factors and cytokines improved these results. 

Sequential delivery of cytokines and growth factors stimulates wound healing, 

stimulates angiogenesis and epithelization, and our cryogel has shown its good 

biodegradability on wounds, which is an advantage for wound healing applications. 

Further work, of course, will require more extensive and detailed experiments to 

evaluate the cryogel effectiveness for various injuries; fundamental questions remain 

about the effect of PVA on the formation of an electrolyte complex. Moreover, the 

safety of growth factors especially TGF-β should be clinically proven, its effect on 

priming cancer during the prolonged exposure. We believe that our published articles 

will allow other researchers to further study our developed biomaterial and introduce 

new designs and the use of cryogel for tissue regeneration applications. 
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