#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online
View Journal | View Issue,

REVIEW

Application status and technical analysis of

i") Check for updates‘
chitosan-based medical dressings: a review

Cite this: RSC Adv., 2020, 10, 34308
P

Shanguo Zs\hang,}‘ab Jianyong Li,#?° Jianfeng Li,®® Na Du, & *¢ Donghai Li,®
Fangyi Li ©2° and Jia Man*?®

Chitosan has wide applications in the field of medical dressings due to its good biomedical properties. This
review provides the application status and technical analysis of chitosan medical dressings. First, we
introduce the source and chemical structure of chitosan. Then, we investigate the mechanism of
chitosan showing different medical properties. We also show the application of supramolecular
chitosan-based hydrogels in the dressing field and the formulation optimization and the preparation
technology of chitosan dressings for fabricating chitosan-based dressings with various morphologies and
medical functions. After that, we introduce the research process of the modification method of chitosan

dressings including single modification, blending modification, crosslinking modification, etc. Finally,
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1. Introduction

The primary function of the skin is to serve as a protective
barrier against the environment. The loss of the integrity of
large portions of the skin as a result of injury or illness may lead
to severe disability or even death. Medical wound dressing can
protect the wound from bacterial infection and accelerate
wound healing."” In 1962, Winter found that a wound healed
faster in a humid environment than in dry conditions.® He
proposed a new wet therapy - “sterile, moist and closed.”
According to this theory, the ideal dressing should be able to
keep the wound interface moist and allow gas exchange, be
a microbial barrier, and also be non-toxic, non-allergenic, non-
adhesion, and easy to remove.”® At present, a large number of
research teams are committed to the production of a kind of
medical dressing that meets the above characteristics through
modified or composite polymer materials.

Chitosan is the only basic polysaccharide in nature and
contains numerous amino, hydroxyl, and other active func-
tional groups, which attributes it with the characteristics of
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skin tissue engineering and the development of new chitosan medical dressings.

cationic polymerization, metal chelation, multi-functional
reactivity.>'® The raw materials of chitosan can get from
shrimp and crab, which have a comprehensive resource. Thus,
chitosan is widely used in the wound dressing field.

Traditional dressings like gauze or cotton wool as passive
products are used to cover the wound and the healing process
mainly depends on the capacity of the tissue regeneration.
Besides, traditional dressings are easy adherence to the wound
tissue in the process of wound healing, leading to secondary
damage."* Chitosan has good biomedical properties and can
promote the regeneration, repair, and healing of wound tissue.
In addition, chitosan itself as the powder can be fabricated as
dressings in a variety of shapes such as membranes, gels, and
sponges. Compared with traditional dressings, chitosan wound
dressings are focused to keep the wound from dehydration and
promote healing rather than just to cover it."»*

Wound healing is a dynamic process that could be divided
into four stages including hemostasis phase, inflammatory
phase, proliferative phase, and maturation phase.** Chitosan-
based wound dressings can play a positive effect on the
different stages of wound healing. (I) Hemostasis phase: the
process of clotting and hemostasis occurs immediately after an
injury. The functions of platelets are to clot blood, stop
bleeding, and repair damaged blood vessels."* Chitosan has the
capacities of plasma sorption, erythrocytes coagulation, platelet
aggregation, and platelet activation. Red blood cells are bound
together by chitosan macromolecule chains, leading to agglu-
tination, which can promote the hemostatic process.'*" (II)
Inflammatory phase: in this stage, immune cells will destroy

This journal is © The Royal Society of Chemistry 2020
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bacteria, remove debris, and release growth factors and proteins
that can promote tissue repair, causing the skin symptoms of
swelling, fever, pain, and redness.”® During the state trans-
formation of the immune cell, chitosan can enhance the release
of pro-inflammatory cytokines.'>* The anti-inflammatory effect
of chitosan is achieved by regulating tumor necrosis factor-a to
reduce the production of nitric oxide.* (III) Proliferative phase:
the granulation tissue will proliferate rapidly in this stage.
Beside, epithelial cells begin to grow and proliferate until they
cover the entire wound surface.”” Lysozymes gradually depoly-
merize chitosan via hydrolysis to release N-acetyl-p-glucosamine,
which stimulates fibroblast proliferation and collagen deposi-
tion and remodeling.>® (IV) Maturation phase: the new tissue
slowly gains strength and flexibility by the action of enzymes
and stress, which will result in the formation of scar tissue.**
Chitosan contains a component of N-acetyl glucosamine, which
plays an important role in reducing scar formation.>

To improve the wound-healing effect of chitosan-based
dressing, scholars have treated chitosan with the method of
cross-linking. According to the types of driving forces for cross-
linking, the method can be divided into two major categories:
covalent cross-linking and noncovalent cross-linking. Covalent
cross-linking of the chitosan macromolecules is formed by non-
reversible covalent bonds, which can be formed between chi-
tosan macromolecular chains themselves or between chitosan
macromolecular chains and molecular of cross-linkers such as
glutaraldehyde and acrylic acid.*® For example, pendant amine
groups of chitosan macromolecule can interact with the alde-
hydic group of the glutaraldehyde to form stable imine bonds,
leading to the fabricated chitosan-based membrane with good
mechanical strength.>”?*®* Chitosan supramolecular hydrogel
wound dressing can be obtained by noncovalent interactions
such as metal-ligand, host-guest recognition, and electrostatic
interaction.” For example, the facile complexation of metal ions
with carboxylic, amino, and hydroxyl groups of carboxymethyl
chitosan chains can form supramolecular hydrogels. The
supramolecular structure endows the chitosan-based hydrogel
with excellent elasticity and antibacterial property.*® Also, some
groups (e.g. carboxylic, amino) in chitosan macromolecules
could interact with other special groups or mental iron through
covalent/noncovalent cross-linking. Generally, the chitosan
membrane or hydrogel dressings fabricated by the strong
covalent crosslinking have a better mechanical property than
that of noncovalent crosslinking.

The modification of chitosan and the blending with other
polymer materials both have an essential effect on the bacte-
riostatic and hemostatic property of chitosan-based dressing.
The mechanism of medical performance appears more
complicated with many factors. Thus, it is necessary to study the
mechanism of the chitosan compound after the combination
process to ensure the safety of long-term and large-scale use of it
clinically.

In the process of modification or composite with other
materials, the research of mechanism acts as a fundamental
part of the chitosan-based dressing. This review focuses on the
mechanism of the medicinal properties, formulation optimi-
zation, preparation technology, and the modification method of
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chitosan dressing. According to the trend of the development of
chitosan-based dressing, we summarized the research direc-
tions that need to be explored.

2. General properties of chitosan

Chitosan is the deacetylated product of chitin to at least 50% of
the free amine form. Chitin has abundant sources, unique
structure, and excellent biomedical properties. It can not only
be used as raw materials for the synthesis of various materials
but can be made into gels, fiber, film or microsphere, etc., which
has a wide range of applications. As a result, the study of chitin
has attracted more and more attention of scholars.

2.1 The source and extraction of chitosan/chitin

As a natural biomacromolecule material, chitin extensively
exists in the shells of lower animals, especially arthropods, as
well as the cell walls of lower plants, bacteria, and algae. For
example, the content of chitin in shrimp/crab shell, mollusks
(such as squid, snail, and oyster), and fungi (such as basidio-
mycete and alga) is 15-25%, 3-26%, less than 45%, respectively.

Because of the low price and high content of chitin, shrimp/
crab shells are currently used as the main raw material for
obtaining chitin. Approximately 1 tonne of chitin can be
produced from 7 tonne of crab shells and 2 tonne can be pro-
cessed from 7 tonne of shrimp shells.* Chitin is an important
component of insect cuticle, which has less inorganic substance
than shrimp/crab shell, leading to an easy demineralization
treatment. Besides, insects account for more than 90% of the
number of animals on the earth, thus, species-rich insects have
gradually become a raw material for chitin
development.®>*

In raw materials, chitin is found as a constituent of
a complex network with proteins onto which calcium carbonate
deposits to form the rigid shell.** Thus, chitin isolation from
raw materials mainly requires the removal of proteins and
inorganic calcium carbonate.* The acid-alkali method is often
used for the extraction of chitin from raw materials. It includes
the steps of degreasing, deproteinization, demineralization,
and decoloration, in which the process of deproteinization and
demineralization can be exchanged. The treatment with organic
solvents such as diethyl ether could remove lipids from the raw
material, leaving insoluble proteins, calcium carbonate, and
chitin. Demineralization is generally performed by acid treat-
ment using HCIl, HNO;, H,SO,, CH;COOH, and HCOOH,
among which the preferential reagent is dilute hydrochloric
acid.*® The water-insoluble calcium carbonate can react with
dilute hydrochloric acid to form water-soluble calcium chloride.
The common method of deproteinization is alkali liquor treat-
ment. NaOH is the preferential reagent and it is applied at the
concentration ranging from 0.125 to 5.0 M, at varying temper-
ature (up to 160 °C) and treatment duration (from few minutes
up to a few days).** Using strong oxidants such as potassium
permanganate or hydrogen peroxide for bleaching treatment in
the decolorization process. Although the traditional acid-alkali
method has been widely used in the extraction of chitin, the
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waste acid and alkali liquor produced in the production process
not only has a negative impact on the environment but carries
on the follow-up treatment, which increases the production
cost. The steps of deproteinization and demineralization can
also be achieved by the fermentation process. Although micro-
bial fermentation has a long production cycle, it is environ-
mentally friendly and the cost of microbial culture is relatively
low, thus it is increasingly being applied.

Both acids and alkalis can be used to deacetylate chitin.
However, glycosidic bonds are very susceptible to the acid;
therefore, the method of alkali deacetylation is used more
frequently in the production of chitosan.?”

2.2 Chemical structure of chitosan/chitin

Chemical structure of chitin made up of 1-4 linked 2-acet-
amido-2-deoxy-B-p-glucopyranose. After the deacetylation of the
chitin, chitosan is a copolymer of N-acetyl-p-glucose amine and
p-glucose amine as shown in Fig. 1.*® The different chemical
structures attribute to the different physical and chemical
properties.

The solid morphology of chitosan is maintained mainly
through two hydrogen bonds, one intrachain and one inter-
chain.** The macromolecular chain of chitosan obtained by the
deacetylation of chitin contains amino groups, so it has higher
reactivity. The presence of amino groups provides the possi-
bility for many chemical reactions, such as quaternization,
alkylation, and metal chelation.* The acetaminophen on chitin
can also complete chemical reaction under certain conditions,
but its chemical reaction activity is not as strong as amino
groups on chitosan. The sequence of amino groups and acety-
lamino groups in chitosan molecules is an important parameter
that affects the physical properties of chitosan. Amino makes
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Fig.1 Chemical structure of chitin and chitosan.
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the charge state of chitosan susceptible to the influence of the
pH value. When the pH value of the chitosan dissolution system
is less than 6, the amino group is positively charged by
protonation, which makes the chitosan become water-soluble
cationic polysaccharide. When pH value is greater than 6,
deprotonation of the groups will lead chitosan macromolecules
to lose charge and insoluble in water.** Therefore, chitosan is
often dissolved in dilute acids.

2.3 Properties and the corresponding mechanism of the
chitosan-based medical dressing

Chitosan as a kind of biocompatible and antimicrobial
biomaterial is generally selected to prepare wound dressings,
which have the suitable properties of air permeability and water
vapor transmission for wound healing.** Exploring the mecha-
nism of the above medical characteristics plays a vital role in the
broad application of chitosan dressing. Fig. 2 shows properties
and the mechanism of the chitosan-based medical dressing.
2.3.1 Air permeability property. Wound dressings with
excellent property of air permeability are important for wound
healing because the anaerobic bacteria can proliferate rapidly
in the hypoxia environment.*” American Society of Testing
Materials (ASTM) defined the term air permeability as the rate
of air flow passing perpendicularly through a known area under
a prescribed air pressure differential between the two surfaces
of a material.*® After dissolved chitosan into suitable solvents,
the chitosan membrane can be generally fabricated by casting
and evaporation of the chitosan solution.** A scanning electron
microscope can found that there are many micropore structures
with different sizes inside the chitosan membrane, thus chito-
san dressing can maintain gas exchange between the wound
and outside environment.** To explore the factors affecting the
air permeability, chitosan membranes with different molecular
weights were prepared by Yao et al.,*® and the air permeability of
the membrane was analyzed by the breathable instrument. It
was found that the permeability decreased with the increase of
the molecular weight of chitosan. Chitosan with large molecular
weight has long molecular chains, which are intertwined with
each other in the process of film formation, leading to the
compact structure of the membrane and poor air permeability.
In contrast, chitosan with small molecular weight can form the
membrane with larger microporous structure. The integration
of other polymer materials such as gelatin or alginate into the
chitosan matrix will change the air breathability of the chitosan
membrane. Ding et al.*” fabricated chitosan/polyvinyl alcohol

Antimicrobial property

Cell wall adhesion theory

Air permeability property

Properties of the
[<=—]| chitosan-based
medical dressing

Water vapor permeability
property

| Mechanism__ | [Coagulation waterfall theory]

Biocompatibility

Hemostatic property

Fig. 2 Theory of chitosan medical properties.
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composite membrane and compared the air permeability of it
with that of pure chitosan membrane. The result showed that
the air permeability of the chitosan membrane was better than
that of the chitosan/polyvinyl alcohol composite membrane.
The hydroxyl in the polyvinyl alcohol molecule can combine the
amino in the chitosan molecule to form strong hydrogen bonds,
resulting in a low porosity in the membrane. After being casting
and freeze-drying of chitosan solution, chitosan dressing with
the morphology of sponge can be formed. There are many
macropores/micropores inside the sponge-like chitosan
dressing, which always has a good property of air permeability.

2.3.2 Water vapor permeability property. The water vapor
transmission rate (WVTR) is used to quantify the vapor
permeability. According to the terminology used by ASTM
related to WVTR “is the steady water vapor flow in unit time
through unit area of a body, normal to specific parallel surfaces,
under specific conditions of temperature and humidity at each
surface”. The presence of a large number of hydrophilic
hydroxyl groups on the chitosan molecular chain allows water
molecules to pass through its molecular structure, and thus
chitosan-based membrane shows water permeability.**** The
water permeability of the chitosan membrane is correlated with
the pressure of the environment, the degree of deacetylation of
chitosan, and the type of blended material. Scholars have
studied the effects of the above factors on the permeability of
chitosan dressing. Takahashi et al.>® studied the WVTR of chi-
tosan membranes with different deacetylation degree. They
found that the permeable flux of chitosan membranes
increased linearly with the deacetylation degree. The phenom-
enon could be ascribed to that the deacetylation of chitin
converts the acetamide group into a primary amine group,
which is generally more hydrophilic than its acetamide.” Reis
et al.>® produced emulsified chitosan films with the addition of
lipid palmitic acid. The result showed that the water vapor
permeability of emulsified chitosan film was eight times larger
than the film of pure chitosan, which may be associated with
the formation of a matrix with micropores possible, facilitating
the passage of moisture.

2.3.3 Biocompatibility. When the medical dressing is
applied in the wound, the immune system is bound to produce
some responses or rejection phenomena. The strength of this
rejection phenomenon is associated with the biocompatibility
of chitosan.”® The successful application of chitosan-based
dressing depends on biological safety evaluation. Gao et al.>*
implanted chitosan material into the mouse brain. Chitosan in
the brain could inhibit the inflammatory response of small glial
cells, indicating that chitosan is safe and harmless to mice. The
mechanism of biocompatibility can be explained from many
angles. Yao et al.*® found that with the increase of the deacety-
lation degree, the biocompatibility would be better. The theory
of the electrostatic attraction between the chitosan molecules
and the cells was accepted by some researchers. Freier et al.>®
found that the chitosan molecular carried a positive charge and
animal cells carried a negative charge in the typical environ-
ment. So, the cells were adsorbed on the surface of the material.
However, some studies disagree with the theory of electrostatic
attraction. Mingyu et al.>” demonstrated that proton chitosan
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was almost not positively charged, and Qing et al.*® measured
the electric potential of the chitosan-based membranes at
different acidity-alkalinity conditions to explore the adsorption
ability between the film and recombinant polypeptide of fibro-
nectin. The results showed that the biocompatibility of chitosan
did not have an association with positive charges, but the
preferential adsorption of chitosan on the recombinant poly-
peptide of fibronectin. At present, the specific mechanism of
biocompatibility of chitosan has not been decided, which has
become a severe problem in this field. It is worth noting that
chitosan modification or blending with other materials will
have an uncertain effect on its biocompatibility.

2.3.4 Antimicrobial property. Chitosan has an inhibitory
effect on many kinds of bacteria, so it is a broad-spectrum
antimicrobial agent. However, the antibacterial mechanism of
chitosan is complicated. The inactivation mode of different
bacteria is not the same. Besides, the effect of the bacteriostatic
property of chitosan is affected by many factors, such as
molecular weight, PH value of solvent, deacetylation degree,
and the concentration of metal ions. In general, antimicrobial
property increases with the increase of chitosan molecular
weight. The addition of metal ions could reduce the antimi-
crobial property of chitosan itself but improve the overall anti-
bacterial property of chitosan-based dressings due to metal-
chelating cooperation.® The higher the deacetylation degree
of chitosan, the weaker the antibacterial property.*®® Chitosan
has a better antibacterial effect in solvents with pH 6 than other
pH degrees.®* Heng et al.®* explored the bacteriostatic property
of chitosan on Escherichia coli and Staphylococcus aureus and
proposed two antibacterial mechanisms. One is that chitosan
adsorbed on the surface of Staphylococcus aureus cells, forming
a layer of the polymer membrane, preventing the transport of
nutrients inward. And the other is that chitosan molecule could
penetrate Escherichia coli cells, absorbed cytoplasm with anions
in the cell, disrupting the regular physiological activity of
bacterial cells. Jing et al.®® studied the antimicrobial properties
of chitosan with different molecular weight through six kinds of
bacteria, and the experimental results were different from those
in Zheng et al.,*” indicating that the type of bacterial strain was
the most critical factor to determine the antibacterial property
of chitosan. Wang et al.** suggested that chitosan interacted
with proteins on the cell membranes of Escherichia coli, altering
cell permeability, and causing cell rupture.

2.3.5 Hemostatic property. The hemostatic mechanism
depends on the vascular wall, platelet, coagulation factor,
anticoagulant factor, fibrinolytic system, the integrity of hem-
orheology, the physiological regulation, and the balance
between them.® The hemostatic effect of chitosan was affected
by many factors. Yang et al.®® found that deacetylation degree
had a significant influence on erythrocyte aggregation effect
through animal coagulation experiments, suggesting that a low
deacetylation degree was helpful to enhance the hemostatic
effect of chitosan. Li et al.*” improved the hemostatic property of
chitosan by loading ammonia ring acid in chitosan micro-
spheres. At present, the studies on the hemostatic mechanism
of chitosan can be divided into platelet excitation theory,
coagulation waterfall theory, and erythrocyte aggregation

RSC Adv, 2020, 10, 34308-34322 | 3431
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theory. Some researchers believe that during the process of
coagulation, coagulation factors are activated by enzymatic
hydrolysis. Chitosan stimulates the coagulation waterfall
mechanism to condense blood. Sagnella et al.®® found that there
were positive and negative electrostatic forces between chitosan
and platelets, which accelerated the aggregation of platelets.
However, some researchers disagreed that electrostatic attrac-
tion existed between chitosan and platelets. Yang et al®
confirmed that the positively charged chitosan molecule
combining with negatively charged erythrocyte surface material
could accelerate the rapid formation of blood clots for hemo-
stasis without platelet participation. To ensure the insoluble
property and suitable strength of chitosan, it should have a high
molecular weight.”

To sum up, the medicinal properties of chitosan medicine is
related to many factors, and it is necessary to clarify these rules
to improve its healing effect. The theories of hemostatic and
antibacterial properties of chitosan were comprehensive and
interrelated, but the mechanism of the biocompatibility was
still unclear. The changes in cell adhesion factor and cytokines
determined the rejection reaction between the material and the
human body, which have been proved by the biological evalu-
ation of molecules. The next stage of the research method on
the biocompatibility of chitosan can be proposed from the
aspects of adhesion factor and cytokines.

2.4 Chitosan-based supramolecular medical dressings

Supramolecular hydrogels are formed in an aqueous solution by
the interaction of two or more types of molecules through non-
covalent bonds (e.g., stacking, oxygen bonding, hydrophobic
interaction, coordination of metal ions, and host-guest inter-
action).”%”” Compared with traditional polymer hydrogel,
supramolecular hydrogels have good reversibility. Because of
the lower activation energy of non-covalent bonds, the supra-
molecular hydrogels can respond to various stimuli of the
external environment. It is mainly showed that the hydrogen
bonding interaction is sensitive to the temperature and the
electrostatic interaction is sensitive to the pH value, etc.”
Besides, supramolecular medical dressings can keep the wound
microenvironment moist, prevent the invasion of external
bacteria from the wound, remove harmful reactive oxygen, and
promote wound healing. Thus, supramolecular hydrogels have
been used in the fields of medical dressings, which could be
capable of dissolution upon the application of a stimulus.”™
However, the supramolecular hydrogels are mechanically weak
due to the low strength of non-covalent bonds.”

Due to the special macromolecular structure of chitosan, it is
easy to form supramolecular hydrogels driven by the non-
covalent bond. The supramolecular chitosan-based hydrogel is
usually prepared by integrating chitosan with other materials,
which mainly include other macromolecular material such as
polyvinyl alcohol, supermolecular material such as the peptide,
and inorganic materials such as graphene oxide.

2.4.1 The compound of chitosan and other macromolec-
ular polymers. In the presence of chitosan, the polymerization
of acrylamide will form the supramolecular polymer hydrogels
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with the property of self-healing in the aqueous solution. Dutta
et al’® incorporated chitosan molecules into a hydrogen-
bonded gel network of polyacrylamide to fabricate the supra-
molecular hydrogels, which could be stretched up to around 30
times their original length and showed high stretchability and
toughness, along with good anti-fatigue properties. The excel-
lent mechanical properties could attribute to the poly-
acrylamide-chitosan interchain hydrogen bonding as physical
cross-linking interactions acting as sacrificial bonds to dissi-
pate energy when the hydrogel received an applied force and the
physical entanglement of polyacrylamide and chitosan chains.

Diels-Alder cycloaddition could be used to fabricate chito-
san supramolecular hydrogels with the advantages of fast rate,
high yield, being free of byproducts and organic solutions in the
reaction process.”””® Zhang et al.” used hydroxypropyl B-cyclo-
dextrin as a green cross-linker to form a chitosan-based supra-
molecular hydrogel by the Diels-Alder reaction in aqueous
solution. The process was completed in two steps. One is that
the synthesis of furfural functionalized chitosan and maleimide
functionalized hydroxypropyl B-cyclodextrin. Another is that the
two synthesized complementary precursors were mixed in
aqueous media to form supramolecular hydrogels through the
Diels-Alder reaction. With the increase of the degree of furfural
substitute on chitosan, the hydrogel strength increased readily,
which could ascribe to the more furfural groups as reaction sites
on the chitosan macromolecular chain. In addition, the
supramolecular hydrogel has the drug continuously released
property. The supramolecular polymer hydrogel composed of
poly(vinyl alcohol) (PVA) and chitosan carbon dots could be
prepared using the freezing/thawing method, which was
formed by the hydrogen bonds between PVA chains and chito-
san carbon dots.*

2.4.2 The compound of chitosan and supermolecular
polymers. The extracellular matrix (ECM) is a complex network
composed of multidomain macromolecular arrays organized in
a cellular/tissue-specific manner. It is also a repository for
growth factors and bioactive molecules.® Hydrogels that mimic
the structure and function of EMC are suitable for applications
in medical dressings. Short peptide-based 3D nanostructured
supramolecular hydrogels are excellent candidates for ECM
mimicry as they provide networks of fibers that resemble the
ECM structure.®>% Fmoc-RGD [Fmoc =
N-(fluorenyl-9-methoxycarbonyl)] is one type of tripeptide
sequence Arg-Gly-Asp derivatives, which can form hydrogels
with an inter-connected fibrous network.

Chakraborty et al.** adapted the “supramolecular polymer-
-covalent polymer” combination approach to fabricate super-
molecular hydrogels with good mechanical properties and
stability. Fmoc-RGD was chosen as the supramolecular polymer
component and chitosan as the covalent polymer component.
The preparation of the Fmoc-RGD supermolecular hydrogel was
simple that it could be formed by dissolving the Fmoc-RGD
powder in ultrapure water at ambient temperature. To prepare
the Fmoc-RGD/chitosan composite hydrogels, the chitosan
acetic acid solution was mixed with the Fmoc-RGD solution in
water. The mixed solution was incubated in ambient condi-
tions, resulting in the gelation process.

This journal is © The Royal Society of Chemistry 2020
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Chitosan has the propensity to form H-bonding with the C
terminal free carboxylic acid groups of Fmoc-RGD, resulting in
non-covalent functionalization of the peptide.*® Apart from
H-bonding, electrostatic interactions also play a crucial role in
non-covalent attachment of Fmoc-RGD and chitosan.

2.4.3 The compound of chitosan and metal ions or inor-
ganic materials. The integration of metal atoms/ions with
polymers could expand the properties of composite materials.
The capacity of chitosan to form hydrogels with metal ions (Ag",
Cu*", and Zn**) has received attention from scholars.*® Wahid
et al. prepared the antibacterial supramolecular hydrogels by
the ionic complexation of carboxymethyl chitosan with metal
ions. The carboxymethyl chitosan-Ag supramolecular hydrogel
was prepared by adding the AgNO; solution into carboxymethyl
chitosan acetic acid solution. In this process, the carboxylic
group, OH and NH, groups were all involved in the fast
complexation of metal ions with carboxymethyl chitosan.?” The
supermolecular hydrogel has a good property of antibacterial,
which could ascribe to the release of the Ag® from it.

Graphene oxide has excellent medical properties such as the
ability to promote angiogenesis and relatively high biocom-
patibility, which makes it one of the most favorable materials
for the application of wound healing.>**® The complex interac-
tion will be formed between the hydroxyl and amino groups of
cationic chitosan and hydroxyls and epoxide groups of nega-
tively charged graphene oxide. Han et al. compound chitosan
with the graphene oxide to prepare the supermolecular hydro-
gel, in which the graphene oxide nanosheets work as cross-
linkers. The compound supermolecular hydrogel owned the
thermal-reversible property by adjusting the concentration of
chitosan.

In conclusion, the mechanical properties of chitosan-based
supramolecular hydrogels can be greatly improved by adjust-
ing the parameters to strengthen the non-covalent bonds in the
experiment. However, the application of chitosan-based supra-
molecular hydrogels in medical dressings is not comprehensive
and most of the researches are still in the preliminary stage. At
present, researches on the supramolecular hydrogels based on
chitosan only focus on the formulation that can be formed by
chitosan and different materials, and the corresponding phys-
ical and chemical properties. Further medical exploration of the
chitosan-based supramolecular hydrogels on wound healing is
still in a state of scarcity. It is no doubt that chitosan-based
supramolecular hydrogel plays an important role in the
medical dressings field due to its excellent physical and medical
properties. The research should focus on the medical properties
and the formulation of the chitosan-based supramolecular
hydrogels simultaneously.

3. Formulation optimization and
preparation technology of chitosan-
based dressing

The formulation for chitosan dressing is composed of chitosan,

other polymer materials with medical effects, or drugs. The
process of formulation optimization refers to adjust parameters
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of different components such as concentration and quantity to
make the chitosan-based dressings with excellent medicinal
properties. To make each component in dressings work effi-
ciently, different preparation technologies were used to fabri-
cate chitosan dressing. Fig. 3 is a research framework for the
formulation optimization and preparation process of chitosan
dressing. In this section, the formulation optimization methods
of different chitosan dressing are reviewed with the preparation
technology as the mainline.

3.1 Immersion precipitation phase inversion method

An immersion precipitation phase inversion method contains
at least three kinds of substances, polymers, solvents, and non-
solvents. Its basic process is to add non-solvent to the polymer-
solvent system. In the polymer solution, the solvent spreads
into the solidification bath, and the non-solvent in the solidi-
fication bath will also spread to the polymer solution. With the
continuous development of this process, the system occurs
phase separation. Finally, polymer sedimentation curing to
form a chitosan film with different morphology and proper-
ties.** This method is widely used in the preparation of porous
and high permeability dressing membranes because of its
diverse membrane morphology and excellent mechanical
property. The technological process is shown in Fig. 4.
Reasonable solvent/non-solvent formulation and polymer
selection can significantly improve the permeability and scal-
ability of the chitosan-based dressing. Mi et al.®® used acetic
acid aqueous solution as the solvent, NaOH (2 wt%)-Na,CO3
(0.05 wt%) solution as non-solvent and chitosan as a polymer to
prepare chitosan dressing. The size of the microporous struc-
ture inside the membrane increased with the increase of the
evaporation time, leading to the abilities of excellent oxygen
permeability, controlled evaporative water loss, and promoted
fluid drainage. Liang et al®' added cellulose acetate with
excellent water permeability to the mixed solvent composed of
1,4-dioxane and acetone. In the solvent system, methanol/
maleic acid solution as non-solvent and formic acid dissolved
chitosan as a polymer. The higher the concentration of chito-
san, the smaller the thickness of the film. With the addition of
cellulose acetate, the hydrophilicity and antibacterial property
of the membrane improved compared with the pure chitosan
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Fig. 3 The preparation technology of chitosan dressing.
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membrane. For obtaining dressing with an asymmetric porous
structure, Hua et al.*> successfully combined liquid nitrogen
fracturing technology with an immersion precipitation phase
conversion method by glacial acetic acid/sodium hydroxide as
a preparation system. The chitosan membrane dressing was
composed of thick epidermis, transition zone, and the
cavernous porous layer. The animal test showed that it did not
cause an allergic reaction, hemolysis, cytotoxicity, and thermal
effect. Poonguzhali et al.®* used an immersion precipitation
phase conversion method to prepare a double-layer asymmetric
chitosan dressing, which was composed of the spongy lower
layer and membranous upper layer. The histological examina-
tion has evaluated its medical performance, suggesting that this
asymmetric chitosan dressing could improve the proliferation
of epidermal cells and make the dermis collagen tissue depo-
sition well.

The selection of solvent and non-solvent is an essential
factor that affects the liquid-liquid phase separation process
and forms of dressings. High compatibility between solvent and
non-solvent is the crucial point in the process of preparing
chitosan dressing by immersion precipitation phase conversion
method; the concentration of chitosan is also a problem to be
considered in different reaction systems.

3.2 Solvent evaporation method

The solvent evaporation is a method to achieve crystal growth by
increasing the concentration of solute through the evaporation
of solvents to obtain a saturated solution.”® Growth can be
maintained at a constant temperature by adjusting evaporation
to control the solution's over-saturation. The solvent evapora-
tion method is widely used in the preparation of chitosan-based
wound dressing.

To obtain the chitosan membrane with controllable micro-
porous structures, Zeng et al.*> added silicon particles with
different diameters into acetic acid dissolved chitosan solution.
After solvent evaporation, the silicon particles could be inserted
in the chitosan membrane. Then, the membrane was immersed
in sodium hydroxide, leading the dissolution of silicon particles
and the formation of the chitosan membranes with micropores.
Azad et al.”® got the chitosan membrane by drying the chitosan
acetic acid solution at 37 °C for 24 h and made micropores with
a mesh grafting machine. Compared with the xerox gauze on
the market, the chitosan dressing had a better effect on wound
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healing. Scholars tried to compound chitosan with other poly-
mer materials to improve the property of chitosan-based
dressing. Xu et al® prepared chitosan/hyaluronic acid
membrane dressings by drying the solution at 50 °C for four
hours with the different proportions of the mixed solution. The
experimental results illustrated that with the increase of hya-
luronic acid content, the water contact tentacle and the water
absorption rate gradually increased while the permeability of
the dressing and the adsorption of the protein decreased.
Compared with vaseline, the dressing could promote wound
healing more effectively. Chinese herbal medicine (CHM) has
been used for treating wounds, which aims to eliminate toxins,
improve circulation and dispel blood stasis, and promote
wound healing.”® CHM can be used orally or topically, alone or
in combination with conventional western medicine. The
application of the solvent evaporation method in combining
chitosan and CHM can obtain the dressing owning good
medical property. Linggen et al.®® used chitosan, purple grass,
angelica, pearls, and other traditional CHM to make the
compound film by the solvent evaporation method. The wound
healing rate of the chitosan/CHM compound film was superior
to the traditional CHM - “To the raw muscle jade red paste”.
Considering that the composition of compound CHM is
diverse, Liu et al' added cork, astragalus, rhubarb, and
angelica to make composite membranes. The TLC result
showed that there was no interference between Chinese herbal
components, which could be used as the basis for quality
evaluation of chitosan film.

At present, the existing volatile solvent cannot dissolve chi-
tosan. Thus, the solvent evaporation method in the preparation
of the chitosan dressing process often needs to raise the
temperature to remove the solvent for the formation of the
membrane. However, heating could undoubtedly affect the
properties of chitosan and composite materials. After water
evaporation, the acid solvent will deposit in chitosan dressing,
producing an uncertain effect on the curative effect. The above
problems are the common problems in the preparation of chi-
tosan dressing by solvent evaporation, which could affect green
and efficient preparation technology of chitosan dressing. The
development of a type of volatile material for dissolving chito-
san to realize the solvents-volatilizing at room temperature may
be a research direction.

3.3 Sedimentation method

Sedimentary is a simple and inexpensive method applied for
wet chemicals. The required materials can be obtained by
adding a sedimentation agent or electrodes in a chitosan solu-
tion. Electrochemical deposition and in situ deposition are two
standard deposition methods in the preparation of chitosan
dressing. The sedimentary method has the characteristics of
uniform mixing, convenient controlling conditions, and easy
industrialization.

The electrochemical deposition method refers to the tech-
nology of forming a coating in a matrix under an external
electric field, in which the negative ions migrate in the elec-
trolyte solution, and the redox reaction of electrons occurs in
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the electrode. Based on the principle that the chitosan in a weak
acidic condition presents a positive charge and not charged in
alkaline states, chitosan always is deposited in the cathode by
the electrochemical deposition method. The chitosan coating
obtained by electrochemical deposition has the characteristics
of controllable process parameters, diverse matrix shape, and
uniform deposition thickness.

The process parameters of the electrochemical deposition
method will affect the physical properties such as thickness and
roughness of the coating. In the acidic solution, Wu et al.'®
obtained a chitosan sedimentary layer on the cathode surface by
electrochemical deposition, which was about four microns
thick in size. Because of the different thermal expansion coef-
ficient between the coating and the substrate, there is a certain
probability that additional cracks would occur during the film
deposition process, failing the film making. To solve this
problem, Pang et al.*** used surface plasma spraying technology
to fabricate a layer of hydroxyapatite (biomedical material) on
the Ti-6Al-4V alloy evenly; the chitosan was deposited on the
alloy with hyaluronic acid as electrophoresis. The results
showed that the content of hydroxyapatite determined the
deposition rate and sediment thickness. In the process of chi-
tosan deposition, the tight state and shedding time of film
adhesion will affect the medicinal property of the film. Liang
et al.'” added the nano-gold powder to chitosan solution for
enhancing the antibacterial property and studied the effect of
deposition time on the adhesion performance of thin films. The
shorter the deposition time, the easier the chitosan membrane
could fall off the electrode. The study showed that the deposi-
tion time of five minutes could form a thin and excellent
mechanical property of chitosan dressing.

The preparation of chitosan dressing by electrochemical
deposition is a new technology, and the influence of process
parameters on the property of the dressing is not discussed in-
depth. Especially, the study of electrolyte formulation only stays
in theory; the effect of bond dissociation/bonding behavior
between solute and ions on the deposition action of chitosan
may need to be explored. In theory, some positively charged
ions will also be deposited in the cathode, creating unnecessary
impurities in chitosan dressing. Process parameter regulation
has become the primary consideration in the process of prep-
aration of chitosan dressing by electrochemical deposition.

In situ precipitation is a method for preparing materials
employing sedimentation agent and metal salt solution. It has
the characteristics of simple operation, effortless control, multi-
component precipitation, and unique positioning point depo-
sition, which is widely used to prepare chitosan composite
dressing. Qiu et al.*® used acetic acid solution to dissolve chi-
tosan and Zn(Ac),-2H,0. A flexible chitosan/zinc oxide nano-
composite film was prepared with sodium hydroxide solution as
precipitator after sealing reaction for 1 h at 80 °C. There was
a strong coordination interaction between zinc ions and chito-
san. Nanometer zinc oxide is dispersed homogeneously in the
chitosan membrane, which could give full play the antibacterial
property of the nano-zinc oxide. In this process, the selection of
sedimentation agents with high deposition efficiency and good
medical effect could simplify the process steps and eliminate
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the damage of alkaline solvents to the human body. Ong et al.**
used phosphates as a precipitator to obtain chitosan dressing.
Animal tests showed that the dressing reduced the mortality
rate of Pseudomonas aeruginosa infection in mice from 90% to
14.3%. Besides, the chitosan-polyphosphate membrane had an
excellent medical performance through blood coagulation test,
platelet adhesion test, and thrombin generation test.

Metallic particles can improve the antibacterial property of
chitosan dressing. By adding reductants to the dissolution
system containing metal ions for precipitating nano-level metal
particles, scholars can study the effect of metal ions on the
structure of chitosan hydrogel. Nie et al'*® added different
metal ions to the chitosan dissolution system and used alkaline
solution as sedimentation agent to fabricate chitosan and metal
ion complexes, revealing that metal ions (such as copper ions)
had a strong affinity with chitosan, resulting in the volume
shrinkage and multi-layer transformation of the structure.
Some metal ions have a weak association with chitosan, such as
calcium ions, which are natural to form precipitation in the
preparation process. The addition of inorganic particles would
not affect the structural characteristics of the chitosan hydrogel.
Since the hydrogel dressing was generated in the liquid reaction
system, the mechanical property can be enhanced by adding
suitable materials before solidification. To improve the
mechanical property, Shen et al.'*” successfully used citric acid
as a coagulant to deposit the chitosan hydrogel with apatite
granules. Scanning electron microscope (SEM) images showed
that the apatite particles were evenly distributed in the hydro-
gel. The mechanical test showed that the mechanical property
was much improved than that of the pure chitosan hydrogel.

Compared to the in situ deposition method with the elec-
trochemical deposition method, the difference between them is
the catalytic mode of chitosan deposition. At present, some
researchers used biomaterials as a sedimentation agent.
Considering the principle of ion reduction, most sedimentation
agents with an alkaline solution would cause potential harm to
the human body. The electrochemical deposition has an
advantage in this aspect. To obtain chitosan composite dressing
with a uniform structure, multi-component, and safe green
deposition is the future research direction.

3.4 Freeze-drying method

A freeze-drying method uses the sublimation principle to dry
the freezing material. First, the dried stuff is frozen at low
temperatures, and then the frozen water molecules directly
sublimate into the vacuum environment by adjusting the
temperature. The technology is mainly used in the preparation
of sponge dressing, which is completed primarily in the freeze-
drying machine. Ice crystals are evenly distributed in the
material after frozen. The sublimation process can be evenly
distributed around the content due to dehydration phenom-
enon, avoiding foaming, oxidation, and other side effects
caused by water vapor.'”® After freeze-drying, the material has
a porous sponge shape, which is a suitable carrier for dressing
application. Freeze-drying technology is an effective method to
maintain the long-term stability of medical materials, and thus
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the freeze-dried method is widely used in the preparation of
chitosan dressings.

To obtain chitosan sponge with similar pore size, uniform
texture, and good hemostatic effect, Huang et al.'® grafted 12
alkyls to the nitrogen atom of chitosan molecule and applied
freeze-drying technology in dressing fabrication. The sponge
chitosan obtained by freeze-dried could improve platelet
aggregation in vivo experiments. The rat femoral artery hemo-
static model showed that the sponge could achieve adequate
hemostasis in a wound. Jaiswal et al.'*® used ultrasonic tech-
nology to treat silver nitrate/chitosan solution. The freeze-dried
chitosan nano-silver composite hydrogel dressing could accel-
erate the new angiogenesis process and granulation tissue
formation rate in mice experiments. A variety of parameters in
the freeze-drying process will affect the morphology and prop-
erty of chitosan sponge. Berretta et al.'** proposed that the
suitable freezing temperature should between —45 °C to 80 °C
and the best freezing time was 2-3 days. Besides, chitosan
sponge has a drug release property.

Wu et al.*** prepared chitosan sponge containing ampicillin
by the freeze-drying method, which showed good antibacterial
activity. Agalar et al™® fabricated chitosan/alginate/
ciprofloxacin composite sponge at —80 °C for 12 h in freeze-
dryer. The death rate of Escherichia coli increased with the
release of ciprofloxacin. Guan et al."** made flavonoids/chitosan
sponge. The hemostatic promotion, the growth of blood vessels,
fibroblasts, and granulation showed better in the chitosan/
flavonoids group than the control group of pure chitosan.

The porous chitosan sponge obtained by the freeze-drying
method can maintain the stability of long-term performance
and continuous drug release property. Many studies force on
the drug-loading composite sponge prepared by the freeze-
drying process. To enhance the curative effect of medicine,
repeated tests have been used to explore the suitable compati-
bility, but the mechanism of action was lacking.

3.5 Freeze-thaw method

Chitosan is insoluble in water and organic solvent.** To dissolve
chitosan. The freezing-thawing method for chitosan refers to
the process of adding chitosan to the alkaline solvent system for
melting rapidly at room temperature after cryopreservation. The
dissolution mechanism is the self-assembly of small molecules
and macromolecules driven by hydrogen bonds at low temper-
atures, destroying the original hydrogen bond between poly-
mers and molecules.® For example, the NaOH/urea system can
be used for dissolving chitosan by the freezing-thawing.'*
Scholars have made an in-depth study on the preparation of
chitosan dressing by this method.

Some polymers such as poly(vinyl alcohol) (PVA) can trans-
form into hydrogel from the solution status by freezing-thawing
cyclic processing.'*”'** Besides, PVA as a biomedical material
can be used in wound dressings fabrication."™® Sung et al.***
added minocycline to the PVA/chitosan dissolution system and
successfully made hydrogel dressing by the freeze-thaw
method. Because of the weak cross-link effect between chitosan
and PVA, the hydrogel had greater properties of expansibility,
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flexibility, and elasticity, which had a good wound healing rate.
To increase the bonding strength of chitosan and other polymer
materials in the freezing-thawing method, a crosslinking agent
could be used before freeze-thawing.’' Electronic rays can
induce polymer materials to produce the reaction of grafting,
polymerization, and crosslinking, which enable chitosan
dressing to improve the mechanical property. Zhao et al.**
employed electron beam irradiation in acting on PVA/
carboxymethyl chitosan for fabricating blended hydrogel. The
mechanical and bacteriological properties were significantly
enhanced compared with the PVA hydrogel, but the biosecurity
was not explored. Yang et al."*®* combined the irradiation tech-
nology and freezing-thaw method to make the PVA/chitosan
hydrogel dressing, which was non-toxic to L929 mouse fibro-
blasts, indicating that radiation-freezing-thaw technology was
safe for accelerating the healing of rat trauma (11 days).

The technique of preparing chitosan dressing with the
freezing-thaw method is mature, whose advantages include the
gel-like formation, high water content, and the fantastic cura-
tive effect for erosion and necrotizing wound."* The treatment
effect of chitosan hydrogel dressing on the wound is superior to
that of ordinary dressing. However, repeated freezing and
thawing require a long operation time. The combination of
ultrasonic treatment technology, electronic irradiation tech-
nology, or microfluidic technology with the freeze-thaw method
can improve the morphology and property of chitosan dressing
and shorten the preparation time.

3.6 Electrostatic spinning method

Electrostatic spinning technology refers to that polymer solu-
tion ejects out to form a non-woven state of nanofibers in the
receiving device under a high-voltage electric field. It is a simple
and effective method for the preparation of nanofibers with
diameters of 5-500 nm. Compared with the traditional solution
spinning method or molten spinning method for the prepara-
tion of nano-fiber, the fiber diameter made by electrostatic
spinning technology can be much smaller. The non-woven
fabric produced by electrospinning technology can be used as
a wound dressing.

To solve the problem of high viscosity and poor spinnability
of chitosan, Homayoni et al.'*® used NaOH to hydrolyze chitosan
for reducing the molecular weight, forming the fiber more
natural and stable. Adding an excellent biomedicinal material
to the chitosan solution could be beneficial to the healing of the
wound. Fibrin and collagen are difficult to spin, but the addi-
tion of polyethylene oxide (PEO) can improve the performance
of these polymers in the spinning processing. Chen et al.**® used
chitosan/collagen/polyethylene oxide as raw material and acetic
acid solution as a solvent to prepare electrospinning nano-fiber
dressing. Animal experiments showed that the dressing had
good biocompatibility, and there was no cytotoxicity to 3T3
fibroblasts. The healing rate of the dressing was better than
gauze and medical collagen sponge wound dressing. Zhou
et al.'®” used carboxymethyl chitosan/polyvinyl alcohol (CECS/
PVA) as material and acrylic acid as a solvent to obtain elec-
trospinning fiber dressing. They found that there was a robust
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molecular hydrogen bond between the two molecules; cell
culture experiments showed that the dressing could promote
cell adhesion and proliferation.

The technology of preparing chitosan dressing by electro-
static spinning has been developed, but there are some tech-
nical challenges for it. For example, beads will appear in the
process of spraying, leading to the weak mechanical properties
of fibers. It is necessary to reveal the influence of process
parameters on the shape of electrospinning chitosan and solve
the problem of condensation beads for improving the medic-
inal properties of electrospinning chitosan dressing.

The six methods above are the most used techniques in the
preparation of chitosan dressing. Chitosan can be combined
with different drugs or other polymer materials. Under
different process preparation conditions, chitosan showed
long-term stability, broadening the method of formulation
optimization of chitosan dressing. However, the preparation
process has pollution. The acidic solution or strong alkaline
solution is often used in the preparation of chitosan solution,
which may cause harm to the human body. As a kind of anti-
bacterial material developing rapidly, nano-silver has a poten-
tial application in the formulation optimization of chitosan
dressing. Combined with different treatment techniques, the
advantages of different technologies can be connected to
realize the green and efficient preparation process of chitosan
medical dressing.

4. Research progress on modification
method of chitosan dressing

Chitosan contains a large number of groups including amino,
hydroxyl, and acetylamino, which can be combined or replaced
in the process of modification. The modification methods of
chitosan include physical modification, chemical modification,
blending modification, and biological modification, among
which chemical modification and blending modification are
widely used in the field of medical dressing. Fig. 5 is a research
framework for the modification of chitosan.

The modification method for single chitosan would enhance
the original medical property or obtain new therapeutic prop-
erty. For example, some severe bleeding wounds often require
the dressing to have a strong hemostatic property. Researchers
grafted guanidine functional groups on chitosan molecules to
enhance the hemostatic property of chitosan. Chitosan had
a strong hemostatic effect when the deacetylation degree was
40%, and hemostatic performance increased with the decrease

Modification method

Single blending
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explanation
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Fig. 5 Research framework for modification of chitosan dressing.

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

of deacetylation degree."® After surface modification of chito-
san by plasma, Luna et al.** found that plasma treatment could
significantly improve the biocompatibility of chitosan
membrane. Eldin et al.*** modified the chitosan membrane for
enhancing antibacterial property, which was prepared by
grafting the polyamine to the chitosan molecular chain.
Besides, the water absorption rate, steam transmittance, and
mechanical property of the chitosan membrane were improved.

Modified chitosan membrane has been evaluated as a bio-
logical material for trauma repair, but the morphology of pure
chitosan prepared by modified dressing is relatively single,
leading to the difficult application in different types of wounds.
To increase the mechanical strength or healing effect of
chitosan-based dressing, scholars conducted the blending
modification of chitosan using different other polymer mate-
rials. The addition of other polymer materials will enhance the
mechanical strength of the dressing, thus the dressing is not
easy to be destroyed in human activity. Bhattarai et al**'
blended the polycaprolactone and chitosan for receiving
chitosan/polycaprolactone nanofibers, which owned the
medical property of chitosan and the mechanical property of
polycaprolactone. Nano-level silver ions chelating with chitosan
can improve the antibacterial capacity of the dressing, but
a high concentration of it will produce cytotoxicity. Zeng et al.***
used acetal reaction in alkaline solution to produce silver
chitosan/polyvinyl alcohol sponge, which owned porous struc-
ture, ideal water absorption, air breathability, and moisturizing
properties as a dressing. The material had no obvious toxicity to
fibroblasts of mice and had an inhibitory effect on Staphylo-
coccus aureus, Escherichia coli, Candida albicans, copper-green
Pseudomonas, and Salmonella typhi.

The covalent crosslinking and the ion crosslinking play an
important role as the modification methods of chitosan, which
can link the molecules of different polymers into a stable
reticulated structure. Zhang"* used butyric acid grafting poly-
ethylene glycol (PVA) to prepare a type of carboxyl modified and
polyvinyl alcohol crosslinked chitosan hydrogel. The mechan-
ical property and the expansion ratio of the cross-linked
hydrogel were improved obviously. The evaluation of water
vapor permeability showed that crosslinked hydrogel film could
keep the wound moist. The biocompatibility test showed that
crosslinking hydrogel was non-cytotoxic. Wu et al.*** utilized the
ion crosslinking method to prepare a quaternary ammonium
chitosan material with thermal effect, which could be changed
from colloidal sol state to gel state. Crosslinking can reduce the
adsorption capacity of chitosan, but the loss of this ability is
a prerequisite for ensuring the stability of polymers.

To sum up, a single modification method has a limited effect
on enhancing the property of chitosan medicine, and blending
modification is the development trend of the chitosan dressing
modification method. Based on the diverse modification
methods, the process of modification of chitosan dressing
should be improved by selecting suitable modification methods
according to the characteristics of various other polymer
materials. Then, the mechanism of the replacement law of
functional groups should be analyzed.
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Table 1 Release kinetics model for in vitro drug release

Zero order First order Korsmeyer-Peppas

model model Higuchi model model
Formulation code R? R* R? R? n Ref.
CC 0.81 0.98 0.9 0.73 0.63 144
CC-G-E 0.83 0.95 0.92 0.93 1.00
2.5-GSNO 0.70 0.51 0.85 0.95 0.53 145
10-GSNO 0.78 0.53 0.92 0.94 0.53
20-GSNO 0.71 0.43 0.84 0.89 0.70
CCS-OA 0.89 0.55 0.90 — 146

5. Data-driven mathematical models
for drug release from chitosan dressing

Through the cross-linking treatment or preparation technology
such as solvent evaporation and freeze-drying, chitosan-based
wound dressings will present different types including hydro-
gel, film, sponge, etc. There are many micro/nano-pores inside
these chitosan-based wound dressing, which are suitable for
drug delivery."*>**” When the drug-loaded chitosan dressing is
applied in the water-rich or biological liquid-rich environment,
the water molecules would penetrate between molecules of
chitosan, leading the volume expansion of chitosan-based
dressing.’*®*** Then, the drug can release from chitosan
dressing. To realize a specific drug release profile and predict
the drug release kinetics quantitatively, a reasonable data-
driven mathematical modeling can simulate the effect of
preparation parameters of chitosan dressing on drug release.
Mathematical modeling of drug release can help us understand
the physical and chemical changes during the drug release

essential influence on the drug release property.**° For example,
during the one-dimensional drug release of chitosan micro-
spheres dressing, the second Fick's law of diffusion is given by:

aCc 1 4 aC

Frinl e b ®
where D and C are the diffusion coefficient and drug concen-
tration in the polymer matrix; / is the convective mass transfer
coefficient; ¢ is the diffusion time."**

The original data of mathematical models for drug release in
chitosan hydrogel dressing was obtained by an ultraviolet
spectrophotometer or gel chromatography.**>*** For accuracy,
three different mathematical models, which include zero order,
first order, and some theoretical models such as Higuchi and
Korsmeyer-Peppas, were commonly used to analyze the drug
release rules in vitro. Liu et al.'** used three mathematical
models (zero-order eqn (2)), first-order (eqn (3)), and Higuchi
(eqn (4)) to fit the bFGF (recombinant basic fibroblast growth
factor) release profile from the chitosan-based dressing.

process. Thus, mathematical modeling can decrease experi- 0, = kot (2)
ment numbers and promote production design.
The drug release profile of drug-loaded chitosan dressing In O, =1n Qy — kit (3)
can be obtained from Fick's second law, in which the diffusion
coefficient of water and the shape of dressing both have an Q, = knt'? (4)
Table 2 Types of chitosan-based dressing
Types Main preparation process Advantages Disadvantages
Membrane Solvent evaporation method Good air permeability; cheap price; Poor mechanical properties;
In situ deposition method easy to fixed unsuitable for large exudative
wounds
Hydrogel Freeze-thaw method Provide a wet healing environment; Easy to leave the residue in the
Ion crosslinking method dissolved necrotic tissue; a small wound; unsuitable for large
Electrochemical deposition method amount exudate absorption exudative wounds; unsuitable for
the infected wound
Sponge Freeze-drying method Absorb large amount of exudate Need the secondary fixation due to

Asymmetric dressing

Electrospinning method
Immersion precipitation phase
conversion method

34318 | RSC Adv, 2020, 10, 34308-34322

quickly; promote the growth of
granulation tissue; prevent
granulation tissue from edema
hyperplasia

Simulate the structure and function
of skin for receiving excellent
medical characteristics

the lacking viscosity to the skin;
difficult to observe the wound due
to opacity

Multi-layer deposition or coating
will result uneven layers

This journal is © The Royal Society of Chemistry 2020
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where k, and k; are the zero and first-order rate constants
respectively; k;, is the Higuchi constant reflecting the design
variables of the system. The first-order kinetics with related
correlation coefficients (R*) are better than both zero-order and
Higuchi kinetics, suggesting concentration was the point factor
in controlling bFGF release. Also, Kim et al.'** used the same
three models to analyze the release characteristic of NO from
the chitosan membrane. Based on the highest R” values, all NO
release profiles followed Korsmeyer-Peppas model. The same
mathematical models were used by Li et al.** to evaluate the
release manner of nano-curcumin from CCS-OA hydrogel.
Revealing that the kinetic models of drug release profiles were
different with time (Table 1).

The experiments of drug release from chitosan-based
dressing are complex and challenging to achieve. Thus, math-
ematical models are necessary to simulate the release rules.
Parameters such as drug concentration and release time would
lead to different drug release models. Some new formulation
and preparative techniques of chitosan dressing can be
explored from the data-driven mathematical modeling.

6. Conclusions

The preparation of chitosan medical dressing is a topic that
aims to optimize the formulation to improve the curative effect
under the guidance of the mechanism of medicinal property.
The topic is still in the development stage, and some directions
need to be paid attention to in the following situations:

(1) Current results showed that the shapes of the chitosan-
based dressings are of great significance for wound healing.
At present, the morphology of chitosan dressing is roughly
divided into the membrane, hydrogel, sponge, and asymmetric
dressing. Table 2 shows the advantages and disadvantages of
several typical chitosan dressing in recent years. In comparison,
chitosan composite asymmetric dressing is close to the struc-
ture and function of skin epidermis and dermis and has
significant benefits in wound treatment effect. The research and
development of asymmetric chitosan dressing is an important
direction in the future.

(2) The modification of chitosan (blending or carboxymethyl
modification), drug-loading (ciprofloxacin, silver ions), and
bleeding with other polymer materials (sodium alginate,
gelatin, polyvinyl alcohol) can effectively enhance the medicinal
property of chitosan. However, the major studies of chitosan
dressing only focused on the wound healing effect, ignoring the
mechanism of the effect of composite dressing on the wound
from the aspect of macromolecular or supramolecules, which
could help us understand the mechanism of properties of
chitosan-based  dressings = comprehensively. Chitosan
composite dressing is one of the highlights of this topic. In
addition to enhancing the medicinal property of dressing, the
fiber contained in CHM can enhance the mechanical property
of the dressing. However, the study of chitosan/CHM
compound dressing only stays at the stage of the composite
film.

(3) The chitosan-based dressing should minimize the
discomfort of patients in clinical treatment. The research points

This journal is © The Royal Society of Chemistry 2020
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should not only focus on promoting wound healing but propose
methods for rapid analgesia, itching, and relieving the
discomfort of patients during the healing process. From the
aspect of compatibility of the dressing, the combination of
drugs such as menthol, camphor, and chitosan, which have
analgesic and anti-itching effect, can be used as a method to
solve the problem. Due to the limitation of experimental
conditions, researchers have mostly used animal experiments
to evaluate the medicinal property of chitosan-based dressing
which are lacking in clinical curative effect in the process of
wound treatment.

(4) From this paper, chitosan has excellent biocompatibility
and can be combined with various other polymer materials or
drugs by proper preparation techniques. Drugs with antibacte-
rial and anti-inflammatory can effectively work by the sustained
release from the drug-loaded chitosan dressings. At present,
drugs that have a conflict with chitosan are rarely reported. After
chelating with metal ions, the antibacterial property of
chitosan-based dressings can be greatly improved. Scholars
have confirmed the non-toxicity of short-term application of
metal ions in suitable concentration, not the long-term.

(5) The formulation of chitosan dressing is complex and
various. To ensure the safety of application, the types of
formulation and the concentration of components need to be
determined by plenty of medical experiments, but most of the
formulation optimization methods are not much innovative by
just adding other polymer materials to the chitosan matrix.
Using the existing data, the algorithm prediction model of the
above parameters can be established on Python software plat-
form'” by back-propagation (BP) neural network technology,
which is characterized by the acid and alkaline of solvent, the
concentration of chitosan, the main chain structure of other
polymer materials, the process type, and the process length. It is
necessary to simplify the cycle of innovative formulation opti-
mization experiments of chitosan dressing.
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