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Abstract: In the times of dynamically developing regenerative medicine, more and more attention is
focused on the use of natural polymers. This is due to their high biocompatibility and biodegradability
without the production of toxic compounds, which means that they do not hurt humans and the
natural environment. Chitosan and its derivatives are polymers made most often from the shells of
crustaceans and are biodegradable and biocompatible. Some of them have antibacterial or metal-
chelating properties. This review article presents the development of biomaterials based on chitosan
and its derivatives used in regenerative medicine, such as a dressing or graft of soft tissues or bones.
Various examples of preparations based on chitosan and its derivatives in the form of gels, films,
and 3D structures and crosslinking products with another polymer are discussed herein. This article
summarizes the latest advances in medicine with the use of biomaterials based on chitosan and its
derivatives and provides perspectives on future research activities.

Keywords: chitosan; chitosan derivatives; cross-linking; biomaterials; polysaccharides

1. Introduction

Tissue engineering is focused on the creation of tissues to repair or replace diseased
or damaged organs. Recently, natural polymers have become of increasing interest due
to rapidly developing medical applications. This is due to their biodegradability and
non-toxicity. They also mimic tissue structure better than synthetic polymers due to their
physicochemical similarity. The development of new products based on tissue-mimicking
biopolymers that are more robust, non-toxic, and biodegradable is a key issue that will
guarantee rapid growth in the development of tissue engineering. Biomimetic natural
polymers and hybrid polymer materials have the advantage of combining desired functions
with tailored morphology and superior chemical and physical stability. These polymeric
materials aim to cover all aspects of the subject, including, for instance, the design of
hybrid materials, films, gel, sponge, nanocomposites, and hydrogels, without forgetting
studies of structure—property relationships, production of materials with precise structural
control and advanced properties, and applications of bioinspired polymers for various
fields including tissue engineering, drug delivery systems, or wound dressings [1—4].

The main problems of the resulting materials made from single polymers are insuffi-
cient mechanical properties and too rapid biodegradability. Therefore, mixtures of polymers
and the use of a cell-free tissue matrix started to be used. Silk fibroin [5-7], collagen [8,9],
hyaluronate [10,11], or gelatin [12] were used for this purpose. The materials obtained
should be biodegradable and the biodegradation products must be non-toxic and removed
from the body without any effect on other tissues. Furthermore, the materials should
support cell adhesion, migration, and proliferation through appropriate porosity, pore size,
and their appropriate combination. The physicochemical and mechanical properties should
be as similar as possible to those of the tissue to be replaced and should be strong enough
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to allow its implantation during surgery [13,14]. These materials can take the form of thin
films, hydrogels, membranes, 3D structures, fibers, and nanofibers.

Herein, we reviewed various examples of chitosan-based biomaterials, mixed with
other polymers and cross-linked with chemical agents, in biomedical applications based on
previous research.

2. Chitosan and Its Derivatives

Chitosan (CS) (poly($3-(1,4)-2-amino-2-deoxy-D-glucopyranose) is a natural polymer
obtained by partial deacetylation of chitin in an alkaline medium (Figure 1). Chitin was
produced from the exoskeletons of crustaceans. Chitosan also occurs naturally in the
cell walls of some fungi. Chitosan is a polymer with a degree of deacetylation of at
least 60%. The polymer’s molecular weight and the degree of deacetylation determine
its properties such as biodegradability, biocompatibility, viscosity, hydrophilicity, and
antibacterial or antifungal properties. The major disadvantage of chitosan is its lack of
solubility in water [15-21].
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Figure 1. Structures of chitosan (a) and carboxymethyl chitosan (b).

The most important properties are shown in Figure 2. Chitosan is the only naturally
occurring polysaccharide classified as a cationic polyelectrolyte, which allows it to interact
with different types of molecules. The polymer’s positive charge is responsible for its
antibacterial properties, attaching to the negatively charged cell membrane of various
microorganisms [14,21].

Carboxymethyl chitosan (CMC) is a chitosan derivative in which the carboxymethyl
group is attached to either an amino group or a hydroxyl group (Figure 1).

This chitosan derivative is water soluble and this is one of the main reasons for the
increased interest in this polymer by researchers. It can be obtained in many types: N-
carboxymethyl chitosan N,N-carboxymethyl chitosan, N,O-carboxymethyl chitosan, and
O-carboxymethyl chitosan. During the substitution reaction, the listed types of derivatives
or their mixtures can be obtained [22,23]. CMC is characterized by high viscosity, biocom-
patibility, and biodegradability, and is non-toxic. It also has antimicrobial activity, with
O-carboxymethyl chitosan showing greater activity due to the more abundant presence
of amino groups. Carboxymethyl chitosan shows improved physicochemical and biologi-
cal properties relative to chitosan. The properties of CMC are influenced by the average
molecular weight, degree of deacetylation, and degree of substitution. In addition, CMC
has antioxidant activity, antibacterial or antifungal properties, and the ability to chelate
metals [22-26]
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Figure 2. Chitosan properties.

Chitosan acetate is obtained by reaction with acetic acid in an aqueous—ethanol en-
vironment. It is water soluble and its solution is more stable than chitosan dissolved in
acetic acid, while retaining the physicochemical and biological properties of chitosan. It
exhibits stronger antimicrobial activity against Gram-positive bacteria than against Gram-
negative bacteria. It is used as a dressing material (Chitopack C®) and a hemostat (Hemcon
Bandage®) approved by the FDA [27].

There are other chitosan derivatives such as sulfopropylchitosan, O-quaternary am-
monium salt of chitosan, N-succinylchitosan, and others [28,29].

3. Chitosan and Its Derivatives in Medicine

Due to its properties, chitosan and its derivatives can be used in the production of
dressing materials, in the manufacture of drugs as a controlled-release active substance
carrier, or in tissue engineering involving soft tissues, nerves, cartilage, bones, or arteries.
Studies on the use of chitosan are summarized in Table 1 and studies on its derivatives are
in Table 2.

Table 1. Application of chitosan-based materials in tissue engineering.

Composition Method Application In Vivo/In Vitro Advantages Ref.
Low cytotoxicity,
Crosslinkin, Spinal cord tissue high
Chitosan, genipin e prhat . In vivo (rats) histocompatibility, ~ [30]
freeze-drying engineering .
good mechanical
properties
Decellularized extracellular s A . The high n.10.dulus
matrix/gelatin/and chitosan Crosslinking, Skin tissue In vitro (L929 of elasticity, [31]
/ freeze-drying engineering fibroblasts) biodegradability,

EDC/NHS

non-cytotoxic
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Table 1. Cont.
Composition Method Application In Vivo/In Vitro Advantages Ref.
Cellulose acetate Electrospinning, . Good mechanical
. . — o Smooth muscle In vitro (smooth .
nanofibers/chitosan/fibroin crosslinking, . . . properties, good [32]
. g . tissue engineering muscle cell) . :
silk cryogel scaffold, genipin freeze-drying proliferation
. . Electrospinning Cartilage tissue In vitro Good cell adhesion
Chitosan/poly (ethylene oxide) scaffold engineering (chondrocyte cells)  and proliferation 331
Hyaluronic acid/chitosan Centrifuge, Cartilage tissue In vitro Good proliferation [34]
coacervate-based scaffolds incubation engineering and cell viability
PCL/chitosan-PEO with Two—no.zzl.e Skl}’l tissue n vitro (HDF cells) Good proh.ferét.lon [35]
A. euchroma extract electrospinning engineering and cell viability
Improved thermal
Hydrogels of Stab;gc(i}; S:;Slmg
chitosan/oxidized-modified . . . . In vitro (NIH3T3 J
. Encapsulation Tissue engineering . degradation rate of ~ [36]
quince seed fibroblast cells) h
. ydrogels,
gum/curcumin-loaded e
non-cytotoxicity,
good proliferation
Chitosan scaffolds, sodium . Cartilage tissue In vitro Higher elastic
hydroxide-crosslinking agent 3D print engineering (ATDCS cells) modulus, good 371
y biocompatibility
Improved surface
bioactivity and
. . . . . biomimetic
Gelatin/chitosan/ polyvmyl Freeze-drying Bor}e tissue In vitro structure, high [38]
alcohol /nano-hydroxyapatite engineering (BMSC:s cells) .
osteogenic
differentiation
ability
Non-cytotoxicity,
good mechanical
properties, good
Polycaprolactqne— Fre?ze-.drymg, Bor}e tlss.ue In vitro (hBMSCs) promothn of the [39]
polyurethane/chitosan drying in oven engineering formation of
calcium levels,
good gene
expression
Good
biocompatibility
Chitosan-hydroxyapatite— Drving in oven Bone tissue In vitro (human with human [40]
carbon yms engineering osteoblasts) osteoblasts, good
mechanical
properties
High cell viability
Polycaprolactone/chitosan-g- Electrospinning, Bone tissue In vitro (NIH3T3 and proliferation, [41]
polycaprolactone/hydroxyapatite ~ drying in oven engineering fibroblast cells) good mechanical
properties
Good
biocompatibility,
Chitosan—vanillin-BG (CVB) Freeze-drying Bonoe tls&‘:ue In v1vo.(female b19act1v1ty, strc?r}g [42]
engineering mice antibacterial ability,
good promotion of
osteoblastic
differentiation,
ectopic bone
formation in vivo
Electrically active  In vitro (SH-SY5Y biocorcriOZilibﬂi ¢
Chitosan-pyrolyzed cork Freeze-drying biological tissue neuroblas- . P Y [43]
) . high mechanical
engineering toma cell)

strength
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Table 1. Cont.
Composition Method Application In Vivo/In Vitro Advantages Ref.
High porosity,
Polycaprqlactone o Cartilage In vitro (chondro-  good mechanical
(PCL)—chitosan/ Electrospinning . . . . [44]
tissue engineering cytes cells) properties, good
carboxyl carbon bi s
iocompatibility
Good cell
attachment,
Decellularized Alstroemeria Freeze-drvin Tissue In vitro proliferation and [45]
flower stem/chitosan ymg engineering (MC3T3 cells) migration, good
mechanical
properties
Chitosan/hydroxypropyl . . . Antimicrobial
methyl cellu- Freeze gelation Bone tissue In vitro activity (S. aureus) [46]
lose/hydroxyapatite/ method engineering (MC3T3 cells) y o !
. non-toxic
lemon grass oil
Good cellular
Chitosan/pBGP/NaHCO3/ Gelation in a Bone tissue In vitro proliferation, [47]
HAp/PECs/gelatin water batch engineering (MG63 cells) osteogenic
differentiation
Exploiting dialysis Good
Chitosan-tripolyphosphate technique, "ljlssue. In. vitro (NIH3T3 blocompatlbﬂ.lty, [48]
. engineering fibroblast cells) good mechanical
freeze-drying .
properties
Combining a 3D Good cell
printing microfiber . proliferation and
Chitosan scaffolds with template-leaching Tissue Ir} vitro (NIH3T3 distribution,
. . . fibroblast cells), . [49]
controllable microchannel method and a engineering in vivo (rats) improved cell,
freeze-drying tissue growth and
method vascular formation
Good cell
Chitosan/loofah/Poly(3- Electrospinning, Tissue In vitro (human pr(.)hfer‘atlon and
: . . . migration, good [50]
hydroxybutyric freeze-drying engineering mesenchymal harical and
acid-co-3-hydroxyvaleric acid) stem cells) mechanical an
viscoelastic
properties,
differentiation into
adipogenic,
osteogenic, and
chondrogenic
tissues
Improved
Xylan/chitosan/nano- . . mineralization
. . Bone tissue In vitro tendency,
HAp/graphene oxide/reduced Freeze-drying . . . [51]
. engineering (MG-63 cell) osteogenic
graphene oxide . -
differentiation
capability
i . Good porosity,
Hybrid bionanocomposite of ) :
. . . . better antibacterial
chitosan/poly(vinyl . Bone tissue In vitro (red .
S Drying in oven . . effect (E. coli, S. [52]
alcohol) /nanobioactive engineering blood cells) .
lass /nanocellulose aureus), improved
& hemocompatibility
Good compressive
Bacterial cellu- . . Cartilage In vitro (human St?ength’ St?b.ﬂ.lty’
. . . Stirring with heat . . . mesenchymal biocompatibility, [53]
lose/chitosan/alginate/gelatin tissue engineering
stem cells) good cell

proliferation
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Table 1. Cont.
Composition Method Application In Vivo/In Vitro Advantages Ref.
Better tensile
strength, good
Chitosan/poly(vinyl hemocompatibil-
polyviny L Bone tissue In vitro (red ity, antimicrobial
alcohol)/nano bioactive Drying in oven . . . [54]
. . engineering blood cells) activity
glass/nano zinc oxide
(Enterococcus
faecalis, Salmonella
typhi)
. . . . Good cell
Calcium silicate-coated porous . Dental tissue In vitro (human . .
. Freeze-drying . . proliferation and [55]
chitosan engineering dental pulp cells) . —
mineralization
Improved physical
Graphene-oxide-containing . Cartilage In vitro (chondro- and mechanical
. Freeze-drying . . . : [56]
chitosan tissue engineering cytes cells) properties, good
proliferation
Good
Injectable chitosan/beta Cartilace In vitro Elig(:sﬁ a:;gﬁil:y’
glycerophosphate/ Stirring . age (fibroblastoid cell pPatibity, [57]
. tissue engineering electro-activity,
pyrrole oligomers CHO-K1) . .
swelling ratio, and
pore size values
Good porosity,
Cartilage In vitro (human good compressive
Silk fibroin—chitosan Freeze-drying . age mesenchymal strength, [58]
tissue engineering ; :
stem cell) proliferation, cell
viability
Non-cytotoxic,
Microwave good
.(.Ihltosan/ . 1rrad1at19n, Bone tissue In vitro (MG 63 blodegraf:latlon,
modified montmoril- gas-foaming enoineerin osteoblast cell) swelling [59]
lonite /hydroxyapatite method, & & properties, and
freeze-drying good mechanical
properties
Good viability,
Chitosan-grafted-poly(methyl . In vitro (UMR-106 proliferation, and
. Bone tissue cells attachment,
methacrylate)/ Freeze-drying . . osteoblast- hanical [60]
hvd . fold engineering like cell. good mechanica
ydroxyapatite scatfo ike cells) .
properties, good
drug delivery
Good cell viability
Poly-L-lactic L Vascular tissue In vitro and hemolys.15,
acid/chitosan/collagen Electrospinning engineering (lymphocyte T cell) good mechanical [61]
properties, and
bust pressure
Very good porosity,
Skintisie Vit (uman B0 SR
Gelatin/chitosan Electrospinning . . dermal prop 4 [62]
engineering fibroblast cells) non-cytotoxic,
spindle-like
shape cells
Porous structure,
high swelling ratio,
l-chitosan/maleic terminated Freeze-drvin Skin tissue In vitro (HFFF2 biocompatibility, [63]
polyethylene glycol yms engineering cells), in vivo (rats) ~ fully closed wound
with improved
vascularization
Good cell
Chitosan—vitamin C-lactic Freeze-drvin Skin tissue In vitro (NIH3T3 attachment, [64]
acid yms engineering fibroblast cells) proliferation

and spreading
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Table 2. Applications of chitosan-derivative-based materials in tissue engineering.
Composition Method Application In Vivo/In Vitro Advantages Ref.
Good cell attachment
Carboxymethyl Stirrin Skin tissue In vitro (HSFs and proliferation, [65]
chitosan/genipin & engineering cells) in vivo (rats) ~ good wound healing
promotion
Polyvinyl alcohol, Antibacterial
ca.rbo>.<ymethy1 chltgsan Stirring Skl.n tlss.ue In vitro (L929 cells) propgrtles, good. 6]
with silver nanoparticles engineering mechanical properties,
and borax non-cytotoxic
Carboxymethyl
chitosan/carboxymethyl Stirrin Skin tissue In vivo (rats Accelerated open [67]
cellulose hydrogel with & engineering with diabetes) wound healing
heparin and glutaraldehyde
Carboxymethyl chi- . Dental tissue In vitro (dental Antlb?ctenal
tosan/genipin/Zn scaffolds Freeze-drying engineering pulp stem cells) properties, good [68]
cell proliferation
Good mechanical
Thiolated c.hltolsan and silk Incubating at 37 °C Cartﬂgge tissue In vitro (chondro- properties, high [69]
fibroin engineering cytes cells) porosity, good
cell proliferation
Lactoferrin-loaded . -
. . . . . Good biocompatibility,
carboxymethyl cellulose Stirring, 3D Tissue engineering In vitro (mouse .
O .o . good physician [70]
glycol printing applications osteoblastic cells) .
chitosan properties
Silk fibroin/carboxymethyl . Good biocompatibility,
. . . In vitro . 1
chitosan hydrogel . Cartilage tissue biodegradability, good
L . Stirring . . (chondrocytes . [71]
crosslinking by horseradish engineering cells) mechanical and
peroxidase rheological properties
Carboxymethyl .
chitosan/oxidized In ‘;:;r(;grl::an Good biocompatibility,
pullulan with Stirring Drug delivery P non-cytotoxic, good [72]
SMMC-7721 and
methotrexate-loaded . drug release
e hepatic LO2 cells)
mesoporous silica
Polymerized Mixing the powder Dental tissue . . Good antibacterial
CMC-modified adhesive with the adhesive engineering Antibacterial test properties (S. mutans) 73]
.1 . . Good mechanical,
Oxidized microcrystalline A . .
. Skin tissue In vitro blood self-healing
cellulose/ Stirring . . s .. [74]
. engineering compatibility test characteristic, good
carboxymethyl chitosan )
coagulation
Non-toxic, good
Silk fibroin/carboxymethyl hemocompatibility,
chitosan/strontium Freeze-drvin Bone tissue In vitro good gene expression [75]
substituted yms engineering (BMSCs cells) (osteogenic gene
hydroxyapatite/cellulose markers), high
porosity
Good biocompatibility,
. Carboxyn}e%thyl . Dental tissue In vitro (NIH 3 T3 good attacljlmenfc ,and
chitosan-modified glass Mixing . . . cell proliferation, [76]
. engineering fibroblast cells) .
ionomer cement better mechanical
properties
Good biodegrada-
tion and electrocon-
Poly(3,4- . ductivity, good
ethylenedioxythiophene)/ Vibration Neural tissue compressive modulus,  [77]

carboxymethyl chitosan

engineering

better cell adhesion,
viability
and proliferation
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Table 2. Cont.
Composition Method Application In Vivo/In Vitro Advantages Ref.
Excellent
Benzaldehyde-terminated tﬁgﬁ?;lgz?sbcﬂalt};cfi?t
4-arm PEG/ carboxymethyl . Skin tissue In vitro pacity
: s Stirring . . strong wet-tissue [78]
chitosan/basic fibroblast engineering (blood cells) adhesion
growth factor self-mending, and
| 1 antibacitlerial proplerty
Polycaprolactone Excellent tensile
/ carboxymethyl Emulsion Periosteal tissue In vitro strength, no significant [79]
chitosan/sodium alginate electrospinning engineering (osteoblasts cells)  cytotoxicity, good cell
micron-fibrous adhesion
Antibacterial,
Carboxymethyl In vitro (human antl—mﬂa}mmatory
. . . o . properties, good
chitosan/sodium alginate A umbilical vein . >
hydrogels with Immersion Skin tissue endothelial cells) antibacterial [80]
}(,)l d% amine engineering in vivo (rats , properties
polydop - (Methicillin-resistant
coatings with MRSA)
Staphylococcus aureus),
fast wound healing
Good mechanical
Chitosan/carboxymethyl Skin fi In vitro (human properties, good
cellulose with silver Stirring on li;ef:;e skin antibacterial [81]
nanoparticles & & fibroblasts) properties (E.coli),
non-cytotoxic
High porosity, slow
enzymatic
. . degradation, good
Gelatin/carboxymethyl . In vitro (human ) .
chitosan/ Freeze-drying Bone tissue Wharton’s jelly mechanical properties, [82]
. engineering N good viability, the
nano-hydroxyapatite MSC microtissue) . .
proliferation of human
Wharton’s jelly MSC
microtissue
Good mineralization,
. . good physical
N’Q carboxym.ethyl Freeze-drying Bor}e tlss.ue In vitro (L929 cells)  properties, good cell [83]
chitosan/fucoidan engineering . :
proliferation and
mineralization
High drug
Diselenide-crosslinked encapsulation
carboxymethyl chitosan .. . . . In vitro efficiency, high drug
nanoparticles Stirring, dialysis Drug delivery (tumor cells) accumulation, and [84]
with doxorubicin cytotoxicity in
tumor cells
Thiolated carboxymethyl . In vitro (human High porosity, good
chitosan-based 3D Freeze-drying . Theragnostic (.)f dermo fibroblast ~ mechanical properties,  [85]
tissue regeneration .
scaffolds cells) non-cytotoxic
: Good mechanical
Quaternized . .
. . .. Bone tissue In vitro strength, drug release,
chitosan/hydroxyapatite Stirring . . . s [86]
. engineering (MG-63 cells) good biocompatibility
curcumin-loaded . .
and cell proliferation
Good blood
Carboxymethyl Freeze-drying, Skin tissue . absorption, and
chitosan/cellulose nanofiber ~ drying in the oven engineering In vivo (rats) excellent (871

coagulation ability
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Table 2. Cont.
Composition Method Application In Vivo/In Vitro Advantages Ref.
Good pOIZOSiFY, good
s Sy
Carboxymethyl i Skin tissue cells), P Y
. . Stirring . . - . significantly improved  [88]
chitosan—plantamajoside engineering in vivo (rats with :
wound healing,
burn wounds) S
granulation tissue
proliferation
Polycaprolactone/galactosylated Freeze-drying, Liver tissue In vitro Non-eytotoxic, good
chitosan electrospinnin: engineerin, (HepG2 cells) cell growth, and (891
P & & & P proliferation
Good wound healing
Cotton Pad—dry—cure A . properties,
fabric/carboxymethyl method, drying Skl?‘ tlsspe IT‘ vivo (rats antibacterial [90]
. . . . engineering with wounds) .
chitosan/silver nitrate in oven properties
(E. coli, S. aureus)
Good mechanical
. . properties, flexible
Chitosan—gelatin— . Skin tissue In vitro (fibroblast scaffold/cells, artificial
o Freeze-drying . . and . [91]
hyaluronic acid engineering Kerati skin, good cell
eratinocytes cells) . A
proliferation in
co-cultures
Mannose-anchored Non-cytotoxic, high
quaternized s . . hydrophilicity, good
chitosan /thiolated Freeze-drying Drug delivery In vitro (293T cells) drug release [92]
carboxymethyl chitosan and stability
Chitosan, carboxymethyl Good mgcharycal
properties, high
cellulose and . . .
. . . Bone tissue In vitro porosity, excellent
silver-nanoparticle- Freeze-drying . . . . L [93]
o engineering (MG63 cells) antimicrobial activity
modified cellulose .
. (E. coli), good
nanowhiskers o .
biomineralization
Good antibacterial
N, O-carboxymethyl A In vitro (NIH 3T3 properties (E. coli, S.
. L1 . Skin tissue aureus), excellent
chitosan/oxidized cellulose Freeze-drying . . cells), . . . [94]
containing e-poly-L-lysine engineering in vivo (rabbit) biological security and
compatibility in vitro
and in vivo
High drug loading
capacity and high
O-carboxymethyl In vitro (L929 effectively released
chitosan/sodium alginate Stirring Drug delivery mouse fibroblast drugs as oral drugs, [95]
with insulin cells), in vivo (rats) lower glucose level
compared with
insulin injections
. In vitro (human . -
Polycaprolactor}e / Flectrospinming Bonoe tlss'ue osteoblast cells Good blOCOIn}f.)atlbl'llty, [96]
carboxymethyl chitosan engineering MG63) good cell proliferation
. In vitro (L929 Good mechanical
Chitosan . .
mouse fibroblast properties, good cell
. needle-punched - S o
O-carboxymethyl chitosan . Skin tissue cells), in vivo (rats migration, and
. nonwoven reaction . . . . . [97]
nonwoven fabrics with engineering with a proliferation, good
. partial-thickness healing rate,
chloroacetic acid - .
burn) good angiogenesis
. In vitro (NIH 3T3 Good blocompat.lblhty,
Recombinant human Soft tissue cells) non-cytotoxic,
collagen/carboxylated Stirring ! acceleration of the cell [98]

chitosan

engineering

in vivo (rats with
open wounds)

infiltration
and wound closure
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Table 2. Cont.

chitosan

Composition Method Application In Vivo/In Vitro Advantages Ref.
Ne'mo—hydroxyapatlte / Stirring, filtration, Bone tissue In Vl'tI'O (murine Good thermal stab'lhty
chitosan/polyethylene drving in the oven eneineerin fibroblast and swelling ratio, [99]

glycol yms & & L929 cells) non-cytotoxic
Inhibitory effects on
the proliferation and
migration of cells,
In vitro (BEL-7402 changes in cell
Norcantharidin-conjugated . . cells), in vivo structure, reduction in
carboxymethyl chitosan Vacuum-dried Drug delivery (mice with H22 the distribution of [100]
cells, tumor cells) norcantharidin in
heart and kidney
tissues, diminished
systemic toxicity
Poly (vinyl alcohol) and . . Good a.ntlbacter}al
. . . A In vitro (skin properties (E. coli, S.
fungal mushroom-derived Solution casting Skin tissue .
. . . fibroblasts aureus), good [101]
carboxymethyl technique engineering . . 1
. and keratinocytes) biocompatibility,
chitosan :
good hemolysis
In vitro (L929 Red blood cells could
Carboxymethyl Mixing with a . .. cells), . adhere to the surface
. o Skin tissue in vivo (rat liver of hydrogel, good
chitosan/oxidized double- . . .. . [102]
. ) . engineering injury model and hemostasis, good
dextran/sodium alginate barreled syringe . . :
mouse tail antibacterial
amputation model)  properties (S. aureus)
Good drug delivery,
NO-carboxymethyl Stirring Drug delivery In vivo (rabbit) non-cytotoxic to [103]

the cornea,
good degradability

The team of Fangsong Zhang et al. [30] used two chemical agents, glutaraldehyde,
genipin, and a physical agent, ultraviolet light, to crosslink nerve extracellular matrix/chitosan
scaffolds. Scaffolds cross-linked with genipin were characterized by higher porosity and
regular structure in contrast to scaffolds cross-linked with glutaraldehyde and UV. The de-
gree of crosslinking for genipin-crosslinked and glutaraldehyde-crosslinked scaffolds were
similar to each other. Genipin-crosslinked scaffolds had the lowest degree of cytotoxicity
and the highest histocompatibility, with good mechanical properties.

Another team, Jie Xu et al. [31], prepared a scaffold based on decellularized extracel-
lular matrix, gelatin, and chitosan cross-linked EDC/NHS. The resulting scaffolds were
characterized by a high modulus of elasticity and biodegradability. The obtained scaffolds
are not cytotoxic and provided a good substrate for cell proliferation. The scaffolds were
also characterized by antibacterial properties (E. Coli, S. Aureus). The scaffolds obtained
could be used in skin tissue engineering.

A scaffold for use in muscle tissue engineering is a project by the team of Weiguang
Zhao et al. [32]. They used genipin as a crosslinking agent and electrospun cellulose
acetate nanofibers that were incorporated into a chitosan/fibroin silk cryogel scaffold. The
resulting scaffolds were characterized by larger pores and roughness than the cryogel
scaffold itself. They are also a good substrate for smooth muscle cell proliferation, which
showed a higher potential for the expression of genes related to muscle contraction. They
also exhibit good mechanical properties.

Scaffold for use in cartilage tissue engineering is a study by Christian E. G. Gar-
cia et al. [33]. The properties of chitosan in two forms were compared: thin film and
electrospinning scaffold chitosan/poly (ethylene oxide) (PEO). PEO of two different molec-
ular weights was used and different weight ratios of Cs/PEO were applied. Some of the
materials obtained were neutralized in order to compare the effect of neutralization on
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the properties of the scaffolds. The scaffolds after neutralization were characterized by
better adhesion of chondrocyte cells and better proliferation; the worst properties were
characterized by the chitosan film.

Nihui Zhang and her team [65] used genipin solutions with different concentrations
(2.5%, 5%, 10%, and 15%) to produce carboxymethyl chitosan hydrogels. Analysis of
HSFs cell proliferation and adhesion showed that the best cell adhesion and proliferation
were obtained for the hydrogel with the highest amount of genipin, and the worst for
the hydrogel with the lowest proportion of genipin. The best properties for promoting
wound healing and reducing the appearance of scars in vivo tests were obtained for the
hydrogel carboxymethyl chitosan/genipin 5% (v/v). This was confirmed by an in vivo
test using female rats. With the additional contribution of aloe vera gel, wound healing
results improved even further. In conclusion, genipin-crosslinked chitosan hydrogels are
promising candidates for use as a dressing to accelerate wound healing.

Yalei Liu et al. [66] used polyvinyl alcohol, carboxymethyl chitosan, silver nanopar-
ticles, and borax as a crosslinking agent to produce a hydrogel. The resulting hydrogel,
due to its dual crosslinking (hydrogen bonds and borate ester bonds), has self-healing
properties and is characterized by good mechanical properties. It also exhibits antibacterial
properties, as confirmed by a test with E.coli and S. aureus bacteria. A cytotoxicity test was
also performed using L929 cells, which showed that the resulting scaffolds were non-toxic.

Guozhu Chang et al. [67] produced a carboxymethyl chitosan/carboxymethyl cellulose
hydrogel using heparin and glutaraldehyde as a crosslinking agent. This allowed the
fabrication of a self-healing hydrogel. It is biocompatible with cells and its ability to release
drugs has also been studied. An in vivo study was also performed on rats with diabetes,
where its effect on accelerating open wound healing was confirmed. It can be concluded
that the resulting hydrogel has the potential to be used as a material to accelerate diabetic
wound healing.

To form antimicrobial scaffolds, A. Mishra’s team [68] used carboxymethyl chitosan,
zinc, and genipin. Carboxymethyl chitosan/genipin/Zn scaffolds were obtained. Wet
compression analysis showed that the carboxymethyl chitosan/genipin/Zn scaffold was
more robust than the non-cross-linked scaffold. Degradation testing was carried out
under enzymatic and non-enzymatic conditions. The resulting scaffold also showed
good stability. An adhesion and proliferation test was performed using dental pulp
stem cells; in addition, a biocompatibility test against red blood cells was performed,
which confirmed its good biological properties. An antibacterial test was also performed
(Pseudomonas aeruginosa ATCC 25619, S. aureus ATCC 9144, S. aureus ATCC 25923, and
Staphylococcus epidermidis ATCC 155). No biofilm formed on the surface of the scaf-
fold carboxymethyl chitosan/genipin/Zn. In conclusion, scaffold carboxymethyl chi-
tosan/genipin/Zn can find application in dental tissue engineering due to its
antibacterial properties.

Summarizing the data overview on the use of chitosan and its derivatives in tissue
engineering (Figure 3a,b), it can be written that the most research on chitosan-based materi-
als concerned bone tissue engineering and the least concerned dental tissue engineering.
For materials based on chitosan derivatives, the greatest interest in use was in skin tissue
engineering and the least in tissue engineering applications.
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(a) (b)

Figure 3. Applications of chitosan (a) and its derivatives (b) in tissue engineering. Skin tissue
engineering (dark blue), bone tissue engineering (orange), cartilage tissue engineering (grey), den-
tal tissue engineering (yellow), and other tissue engineering and unclassified tissue engineering
(light blue).

4. Conclusions

The use of chitosan and its derivatives in medicine offers a huge opportunity in the
further development of regenerative medicine. The use of different forms of polymers
such as films, hydrogel scaffolds, or the use of strongly developing ways of producing
materials such as electrospinning and 3D printing open another door to the medicine of
the future. Owing to continuous development, we are able to produce biomaterials that
mimic the structure, morphology, and function of various organs such as blood vessels,
nerves, soft tissues, or bones. Further research using other solvents, new mixtures, or
using a different cross-linking agent may bring us even closer to a perfectly mimicking
tissue biomaterial. A constant challenge is to produce in the spirit of green production and
ecology in a closed loop using natural polymers where their extraction will not adversely
affect the environment.
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