Chitosan/Graphene Oxide Composite Films

Subjects: Materials Science, Biomaterials | Dermatology

Contributor: Sara Moradi

The healing of wounds is still one of the challenging clinical problems for which an efficient and fast treatment is needed.
Therefore, recent studies have created a new generation of wound dressings which can accelerate the wound healing
process with minimum side effects. Chitosan, a natural biopolymer, is an attractive candidate for preparing biocompatible
dressings. The biodegradability, non-toxicity and antibacterial activity of chitosan have made it a promising biopolymer for
treating wounds. Graphene oxide has also been considered by researchers as a non-toxic, inexpensive, and
biocompatible material for wound healing applications. This review discusses the potential use of chitosan/graphene oxide
composite films and their application in wound dressing and drug delivery systems.
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| 1. Introduction

The creation of smart wound dressings that work proactively with the human body to speed up the wound healing process
and prevent infection has received more attention recently, particularly for individuals with chronic wounds. Due to the
need for a new generations of smart wound dressings with the ability to accelerate the wound healing process and
prevent infections, various kinds of dressings with novel materials and structures have been prepared and studied.
Biopolymers in particular have attracted more interest due to their biocompatibility and low or non-toxicity.

Chitosan is one of the most attractive biopolymers for wound dressing applications. It is a linear polysaccharide derived
from chitin, which is the second most abundant biopolymer after cellulose. It has antimicrobial, anticoagulant,
antibacterial, antifungal, anti-tumor, and haemostatic properties [l. Due to these excellent characteristics, chitosan has
been a potential biomaterial for biomedical applications such as wound dressings &, drug delivery systems and tissue
engineering scaffolds Bl. Graphene oxide (GO), is one of the most important derivatives of graphene. In recent years it
has been considered as a suitable material for biomedical applications. Owing to its large surface area and functional
groups, such as carboxyl and hydroxyl, GO is hydrophilic in nature, and so it can be dispersed in aqueous solutions via
electrostatic repulsion 4. GO can be applied to reinforce natural polymers such as chitosan, and some reports have
indicated that chitosan/GO composites can capitalize on the advantages of both chitosan and GO materials 2. Therefore,
there are several studies regarding the preparation and characterization of chitosan/GO composite films and their
application in different biomedical fields such as wound dressings and drug delivery systems.

| 2. Chitosan

The general term chitosan describes a range of poly-(beta-1-4) N-acetyl-D-glucosamine materials (Figure 1) whose
properties are highly dependent on the degree of deacetylation, average molecular weight, polydispersity, morphology
and chemical structure. Chitosan is one of the most widely used materials for biomedical end-uses including wound
dressing applications BB |t has excellent biocompatibility and low toxicity, and can stimulate a positive immune
response as described in our previous review paper about applications for chitosan hydrogels as wound dressing
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Figure 1. Chitosan structure [,

| 3.Graphene Oxide

Graphene, also known as graphite, consists of a single layer of carbon atoms arranged in a two-dimensional honeycomb
lattice. Graphene oxide is composed of carbon, oxygen, and hydrogen in variable ratios, obtained by treating graphene
with strong oxidizing agents (Figure 2). The structure and properties of graphene oxide depend on the method of
synthesis and the degree of oxidation. It usually maintains the single layer structure of graphene, but the layers are
buckled and the space between the layers is about two times larger (~0.7 hm) than that of graphene. Graphene oxide can
be considered a promising candidate for biological and biomedical applications because of its amphiphilicity, aqueous
processability, ease of surface functionalization, and its capacity for fluorescence quenching 9.
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Figure 2. Graphene oxide (11,
3.1. Toxicity and Biocompatibility

The toxicity of graphene oxide (GO) has been studied by several researchers. In a study undertaken by Chang et al. 12
evaluating of toxicity of GO on A549 human lung cells, it was shown that GO does not enter the A549 cell and causes no
evident cytotoxicity. But based on the applied dose, it can lead to oxidative stress in cells and some loss of cell viability at
high concentrations. LiQiang et al. 13 showed that GO has a moderate level of toxicity to human bone marrow
neuroblastoma cells and human epithelial carcinoma cells. When studied with zebrafish (Danio rerio) embryos, a 20%
inhibition of cell growth was observed. And when a high dosage of 50 mg/L was used, this caused a delay in the hatching
of the zebrafish embryos, but it did not increase apoptosis significantly. Majidi et al. 14 synthesized GO-chitosan
nanohybrid films for wider biomedical applications and characterized the film's structure, antibacterial activity and
cytotoxicity. The results of the antibacterial tests showed that GO-chitosan hybrids had greater antibacterial activity
compared to that of pure GO. Also, the attachment of graphene sheets to GO decreased the level of cytotoxicity and in
some cases led to increased cell proliferation. In another study Liao et al. 22 evaluated the cytotoxicity of GO and
graphene sheets with different sizes and oxygen levels on human red blood cells and adherent skin fibroblasts using
WST-8 viability and hemolysis assays. The results of the WST-8 assay and hemolysis data proved that compact graphene
sheets were more toxic to mammalian fibroblasts than the less dense graphene oxide. Also, the graphene sheets
produced more reactive oxygen species on the surface of the dermal fibroblasts. They concluded that the toxicity of
graphene and graphene oxide depends on the exposure environment, such as the level of aggregation, and the type of
cell interaction (i.e. cell suspension versus adherent cells). Exposure of reduced graphene oxide (rGO) particles with a
diameter between 100-110 nm and a thickness between 3-5 nm to human PC12 neuronal cells increased the activation
of caspase-3, the release of lactate dehydrogenase, and the generation of reactive oxygen species. However, rGO had a
moderate effect on protein levels during contact with human HepG2 hepatoma cells 18, According to the literature, the
toxicity of GO and rGO is strongly dependent on their concentration and increases with the amount of GO or rGO. For
instance, a GO concentration of greater than 50 pug/mL showed toxicity to human fibroblasts, decreased the amount of cell
adhesion and promoted cell apoptosis 4.

Liao et al. I3 also investigated the blood compatibility of GO and graphene sheets on human red blood cells and
adherent skin fibroblasts. The observed level of hemolysis for the GO samples was strongly dependent on the extent of
exfoliation of the injured dermal tissue and the particle size. Smaller-sized GO particles had a higher hemolytic activity
compared to larger sized GO particles. Their results demonstrated that the size, shape and density of the graphene
particles, oxygen content and electrostatic charge on the surface of the particles strongly affected the toxicological and
biological response by the red blood cells. They also found that covering GO with chitosan removed any hemolytic activity.
Zhang et al. 18 investigated the biocompatibility and distribution of GO in mice. The results showed that GO did
accumulate in the lungs over an extended period of time. GO also contributed to a slower blood circulation time, with 5.3 +
1.2 hours half-life compared to other carbon nanomaterials. When the mice were exposed to 1 mg kg™! body weight of GO
for 14 days, no pathological changes were observed in the examined organs. GO exhibited good biocompatibility to red



blood cells. The conclusions recommended that GO in low doses is an acceptable candidate for biomedical applications,
but when the dosage exceeds 10 mg kg-1 body weight, some pathological changes, such as pulmonary edema, chronic
inflammation, and granuloma formation are likely to occur. Based on a review report by Kiew et al. 22, after incubation for
3 hours, the micro-sized (3um) graphene sheets (10% hemolysis at 100 pg/mL) caused less hemolysis than nano-sized
GO (350 nm) particles (70% at 25 pg/mL). The superior hemocompatibility of the smaller-sized graphene oxide sheets
was no doubt due to the limited overall surface area available for interaction with red blood cells.

Chen et al Bl also investigated the biocompatibility of the PVA/CS/modified GO (mGO) films by measuring viability of
HaCaT cells after seeding on the surfaces of different concentrations of the composite films (Figure 3). The PVA/CS/1.0
wt% mGO film could lead to some detrimental effects on HaCaT cell viability after 5 days and no remarkable differences in
cell viability of other films were observed indicating that the films with concentration of below 0.5 wt% mGO have no
obvious in vitro cytotoxicity.
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Figure 3. Cell viability of modified GO-loaded films with different concentrations !,
Mouse Preosteoblasts cells seeded in contact with chitosan/GO 0.5 and 3 wt% had a significantly (p<0.001) higher rate of

viability and proliferation than the ones in contact with chitosan control after 2 days of culture (Figure 4). This can be
related to the presence of GO which could have a role in increasing cells metabolic activity and proliferation 22,
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Figure 4. Quantification of MC3T3-E1 preosteoblasts metabolic activity in contact with chitosan and chitosan/GO films 29,

3.2. Biomedical Properties

The study of Mukherjee et al. 21 showed that the activation of inflammasomes does not depend on the lateral dimensions
of the GO sheets. Inflammasomes, are receptors/sensors of the innate immune system, that regulate the activation of
caspase-1 and are responsible for the activation of inflammatory responses, such as IL-1p . Mukherjee et al. [2] also
showed that when GO sheets (small and large) are exposed to primary human macrophages, they are not cytotoxic for
primary human macrophages and do not trigger a typical Thl cytokine (i.e., TNF-a, IL-6, or IL-13) or Th2 cytokine (i.e., IL-
4, IL-5, and IL-13) response in macrophages. From these observations, it was concluded that endotoxin-free GO is
biocompatible and proinflammatory.

GO can be gradually degraded through enzyme induced oxidization by, for example, horseradish peroxidase (HRP).
Because of the remote possibility of toxicity to macrophages, coating GO with biocompatible macromolecules can be a
method to reduce its level of cytotoxicity. But at the same time, coating can limit the degradability of GO due to steric
hindrance. So more recent studies have attempted to design a surface modified GO carrier that will degrade and provide
drug delivery functionality while maintaining an acceptable level of toxicity 2223l |n one study done by Tavakoli et al. [24],
chitosan film completely degraded in 3 while chitosan/GO films degraded after 28 days. By adding small amount of GO
and interaction of the COOH functional groups of GO with chitosan, crystallinity of the composite film increases leading to
the reduction of degradation rate which make it a good candidate to bone replacement in orthopedic applications. In
another study, enzymatic hydrolysis in the presence of lysozyme was performed for evaluation of biodegradability of the
chitosan/GO films. It was observed that the degradability of the chitosan decreased by increasing the amount of GO which
is probably because GO sheets postpone the penetration of the enzyme inside the polymer matrix (23],



Gurunathan et al. 28 investigated the antibacterial activity of GO and reduced graphene oxide (rGO) against P.
aeruginosa. The rGO sample was synthesized from GO using betamercapto-ethanol (BME) as a novel reducing agent,
which is known to be less cytotoxic than hydrazine. The results showed that both GO and rGO had significant antibacterial
activity in a concentration- and time-dependent manner. They also realized that oxidative stress is a key mechanism for
antibacterial activity of GO and rGO. In another study by Liu et al. &4 the antibacterial activity of GO sheets with different
sizes and shapes was evaluated against Escherichia coli. The results indicated that the antibacterial activity of GO
depended on the specimen’s lateral size. Larger-sized GO sheets had more antibacterial activity compared to smaller-
sized ones. They also had different time- and concentration-dependent antibacterial activities. The antibacterial activity of
different graphene-based materials, including graphite (Gt), graphite oxide (GtO), graphene oxide (GO), and reduced
graphene oxide (rGO), were investigated against Escherichia coli, and the results showed that GO had the highest
antibacterial activity, followed by rGO, Gt, and GtO (28],

Angiogenesis is another key property to accelerate the wound healing process. Ozkan et al. demonstrated that GO and
rGO have promising angiogenesis properties 2. A combination of GO and other polymers, such as GelMA BY and
chitosan 1], provides an attractive method to accelerate the wound healing process by promoting angiogenesis. Reactive
oxygen species (ROS) in biological systems play an important role in angiogenesis. Both GO and rGO can increase the
concentration of the ROS and ROS can also act as signaling molecules as part of the growth factor-mediated
physiological response to cell proliferation and wound healing B9,

3.3. Electrical Conductivity

Graphene also has unique optical, electrical, and thermal characteristics, which make it suitable for a range of different
applications, such as biosensors, transparent conductors, and drug diagnostics. Both GO and rGO have residual
functional groups leading to faster heterogeneous electron transfer on the surface and better biocompatibility, dispersibility
and charge transfer than is possible with pure graphene 22, Several studies have demonstrated the effect of electrical
conductivity of GO in combination with other polymers and its applications. Ozkan et al. prepared chitosan/rGO
nanocomposites with appropriate levels of conductivity, stability, charge density, and electrochemical properties for
designing molecular detection systems 2. In another study, chitosan and reduced graphene oxide sheets with a high
conductivity of 1.28 S m™ were fabricated for various biological applications, such as biosensors and tissue engineering
scaffolds [23l. Highly reduced few-layer graphene oxide films with conductivities of up to 500 S cm™! obtained by Betriu
et.al B4, Conductivity is strongly depended on the properties of the GOs (as these determine the effectiveness of the
chemical reduction), structural and morphological defects of the flakes and connectivity. Electrically conductive
chitosan/GO based scaffolds have been prepared for cardiac tissue engineering end-uses B3B8l And the electrical
conductivity of GO has been found to be highly desirable for use as biosensors BZB8l supercapacitors 22120 gnd
cardiovascular tissue engineering scaffolds 41142],

| 4. Chitosan/Graphene Oxide Films for Biomedical Applications

Because of its electronegativity, graphene oxide can easily interact with cationic polymers, such as chitosan, which may
lead to a reduction in toxicity and enhanced mechanical properties of the composite structure. For example, loading 1 wt%
of GO can improve the tensile strength from 43.2 MPa (pure chitosan) to 104.2 MPa (Chitosan/GO). This should be
attributed to the effective load transfer between GO and chitosan coming from good interfacial properties after cross-
linking 21, With respect to the specific properties of chitosan/graphene oxide blends, there are a series of different wound
dressing studies with alternative techniques for the preparation of the chitosan/GO composites, which are classified and
discussed in the following sections.

4.1. Chitosan/Graphene Oxide Hydrogels

Hydrogels are cross-linked and three-dimensional structures which can absorb water and biological liquids without
dissolving or losing their 3D network. They are able to absorb and hold high levels of exudate and can be separated from
the wound's surface with minimal pain. Fan et al. 44 prepared composite hydrogels from oxidized konjac glucomannan
(OKGM) and carboxymethyl chitosan (CMCS) with different concentrations of graphene oxide (GO) as a nano-additive.
The hydrogels had a stable 3D structure with a fast gelation time, good water retention capacity and a high swelling ratio.
The compressive modulus and strength were significantly enhanced by adding GO, which was due to the increased
hydrogen bonding between the polymer chains and the GO. An in vitro cytotoxicity assay showed that the samples loaded
with GO had better biocompatibility compared to those without GO, from which it was concluded that the prepared
hydrogels could be considered as potential wound dressings.



Another type of wound dressing was developed by loading polyhexamethylene guanidine (PHMG)-modified graphene
oxide (MGO) into a polyvinyl alcohol/chitosan (PVA/CS) matrix Bl. The dressings had good mechanical properties, less
swelling time, higher water vapor transmission rate (WVTR), faster cell proliferation and greater antibacterial activity
compared to those without mGO. The average wound closure time for the films loaded with mGO was 8.2 + 0.4 days,
which was significantly shorter than the Vaseline gauze control and the hydrogels without mGO (Figure 5). An in vivo trial
confirmed that this novel composite PVA/CS/mGO film had the ability to accelerate wound healing and therefore showed

promise in wound dressing applications.
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Figure 5. Wound closure time of hydrogels with GO [,

Layered nanocomposite hydrogel films containing chitosan and GO were prepared for use in biomedical applications by
Zhang et al. 45, The resultant hydrogels had superior mechanical properties and a pH-driven shape memory effect.
Shape memory polymers are stimuli-responsive materials that can maintain a temporary deformed shape, but then return
to their original permanent shape when exposed to external stimuli. In this study, the initial shape of the CS and CS/GO
hydrogels were straight strips. After 5 minutes of immersion in pH 3 solution, the films could be easily deformed and bent
into a “U” shape by an external applied stress, and kept in that shape at pH 12 aqueous solution for 10 min. The deformed
and bent films were then transferred back to pH 3 solution, and as can be seen from Figure 6, the CS/GO hydrogel
reverted to its original shape in 9 minutes whereas the CS hydrogel strip did not returned to its original straight shape in
more than 15 minutes. The shape fixity ratio of the hydrogels with 5 wt% GO was about 99% compared to 86% for the
pure CS film. These results demonstrated that the prepared films could be combined with hydrogels for biomedical
applications such as wound dressings.
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Figure 6. Photographs of pH-driven shape memory polymer samples a) CS/5 wt% GO and b) pure CS. The CS strip was
coated with methylene blue for impd visibility. OS: original sample 421,

Several other studies which involved the preparation of chitosan/GO hydrogels are listed in Table 1.

Table 1. Chitosan/GO hydrogels and their biomedical applications.

. Potential N
Ingredients o Characterization Reference
Applications
Improved Young's modulus.
Improved antibacterial activity
and in vitro release after addition
Chitosan/GO/curcumin Wound dressings  of curcumin. Greater proliferation (48]

of NIH/3T3 fibroblast cells.
GO/curcumin increased
hydrophilic properties.



Improved thermal and
Biomedical mechanical properties.
Chitosan/iron oxide/GO L N P . p. . ezl
Applications Significant antimicrobial

activities. Non-cytotoxic

Improved Young's modulus (rGO
was soft and easy to bend).

Chitosan/GO and Tissue 18
) ) ) Improved structural, thermal, (48]
Chitosan/reduced GO engineering )
surface, and mechanical
properties
Carb thvi Bioengineering Excellent mechanical
arboxyme
) y y . and drug delivery  performance. Biocompatible. (49]
chitosan/GO/polyacrylamide
systems Fast recovery

Similar conductivity with that of
skin and rapid self-healing
uaternary chitosan/ behavior. Superior antibacterial
Q ry Wound dressings P o 501
cyclodextrin/GO property. Accelerated in vivo
wound healing. Good

biocompatibility

Excellent biocompatibility.

Superior antibacterial properties.
Carboxymethyl-hexanoyl ] ) )

) . High water absorption capacity [51]

chitosan/GO/cellulose Wound dressings . B

and water retention capability.
nanocrystals .

GOlcellulose increased

hydrophilic properties

Acceptable biocompatibility and

cell attachment. Swelling ratio

and WVTR" decreased by (52
adding PPS™/rGO . Improved

mechanical properties

Poly(p-phenylene sulfide)/ Wound Tissue
chitosan/rGO Engineering

* Water vapor transmission rate
** Poly(p-phenylene sulfide)
4.2. Chitosan/Graphene Oxide Nanofibers

Because of the similarity of the structure to extracellular matrix, electrospun chitosan/graphene oxide nanofiber webs can
promote cell adhesion, proliferation and migration, and as a result, they can be considered as an attractive candidate for
wound dressing applications. They can act as a barrier to the contamination of open wounds from exogenous
microorganisms, and they can maintain a moisture of wound surface to promote the wound healing process. Electrospun
nanofibers have a high surface area, which makes them ideal for use in drug delivery systems 31,

Yang et al. B3 prepared chitosan/polyvinyl alcohol/graphene oxide (CS/PVA/GO) nanofibers loaded with antibiotic drugs,
such as ciprofloxacin and ciprofloxacin hydrochloride, by using an electrospinning technique. The drug release results
showed a controlled release without an initial burst. Adding GO moderately improved the drug release ratio. The drug-
loaded nanofibers had significant antibacterial activity against both gram-negative and gram-positive bacteria, as well as
cytocompatibility with melanoma cells. In another study, by increasing the GO content in the electrospun antibacterial
CS/PVA/GO nanofibers was found to decrease the thermal stability of the hybrid composite nanofibers 24, The nanofiber
web had effective antibacterial activity against both Gram-negative and Gram-positive bacteria, suggesting that the
electrospun nanofiber web could be used as a wound dressing. The natural garlic extract, allicin, with its strong



antibacterial activity, was loaded into the electrospun chitosan/polyvinyl alcohol/GO nanofibers, and the release study
showed that the amount of allicin released could be controlled by the GO content. The drug-loaded nanofibers had
effective antibacterial activity against Staphylococcus aureus, and the nanofibers containing GO had superior antibacterial
activity compared to those without GO. The drug-loaded nanofibers also had a significant moisture-retention capacity and
hygroscopicity, and as a result these nanofibers were considered to be potential candidates for wound dressing and tissue
engineering applications.

In another study, multi-component nanofiber webs loaded with various antibacterial agents, such as silver nanoparticles
(Ag), graphene oxide (GO), curcumin (CUR) and chitosan (CS), were prepared 3. First, PEGylated GO was used as the
template to synthesize a series of PEGylated GO/Ag/CUR nanocomposites by incorporating them into CS/polyvinyl
alcohol nanofibers (Figure 7). The results from an antibacterial test indicated improved effectiveness compared to other
formulations. The GO increased the mechanical properties of the nanofibers, with a tensile strength of 25 MPa compared
to 7.2 MPa, and a Young's modulus of 364 MPa compared to 73 MPa. A cell viability assay also confirmed the
biocompatibility of the nanofiber web, indicating that the prepared nanocomposites had potential for use as wound
dressing materials.
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Figure 7. Schematic of synthesis of PEGylated GO and the PEGylated-GO-based nanocomposites 221,
Some other preparations are also listed in Table 2.

Table 2. Chitosan/GO nanofiber webs and their biomedical applications.

Ingredients Potential Applications  Characterization Reference

Enhanced elastic modulus

Chitosan /polyvinyl and tensile strength.
rrolidone Controllable water
i . Wound dressings - . . 6]
/polyethylene oxide permeability. Biocompatible.
/GO Accelerated in vivo wound

closure rate

Excellent antimicrobial activity.

. Promoted proliferation of pig
Chitosan / levorotatory

. Wound dressings iliac endothelial cells. (57]
poly-L-lactide/ GO

Improved in vivo wound

healing
. Tissue engineering, Improved mechanical
Polyvinyl alcohol/ . . . [58]
) wound healing, and properties. Effective
chitosan/ GO ) . . L
drug delivery systems antibacterial activity
Adding GO reduced nanofiber
Chitosan/bacterial Skin tissue engineering size. Water vapor permeability [59]
cellulose/ GO and wound dressing and hydrophilicity decreased

by adding GO



Polylactide-co- .
) i Improved wettability of

glycolide/ chitosan/ ) . o ) [60]
) Biomedical applications  nanofibers. Enhanced

GO/ silver

nanoparticles

antimicrobial function

Improved tensile strength and
Chitosan/ gelatin/ GO-
silver

Tissue engineering, Young's modulus. Enhanced

nanomedicine antimicrobial activity.

Improved thermal stability

4.3. Other Types of Chitosan/Graphene Oxide Composites

Shao et al [¢2 fabricated biocompatible graphene oxide nanocomposite membranes cross-linked with chitosan which can
be used for different applications. A schematic diagram of the reaction is shown in Figure 8. The tensile strength of the
membranes was significantly improved with the incorporation of GO. By adding 1 wt% GO the tensile strength improved
from 43.2 MPa to 104.2 MPa, an increase of 141% which can be explained by the formation of covalent bonds formed
during the chitosan/GO cross-linking reaction. The authors claimed that by controlling other physicochemical properties of
GO, such as the density of the functional groups and the particle size, superior nanocomposite properties can be
achieved.
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Figure 8. Cross-linking reaction between GO and CS to form nanocomposite membranes (62,

Chitosan/GO and chitosan/reduced GO (rGO) hybrid nanocomposites were fabricated by Kosowska et al. 83, Reduced
graphene oxide was synthesized by “green” reducing agents such as L-ascorbic acid (LAA), grape extract, and green tea
extract. Among these three reducing agents, the nanocomposites prepared with rGO-LAA had good wettability and a
regular, homogeneous microstructure, indicating that such nanocomposite materials may be considered as potential
tissue engineering scaffolds. The composites prepared from grape and green tea extracts were less homogenous and
formed visible agglomerates.

Chitosan/hyaluronic acid wound dressings were prepared with GO/copper using sodium trimeta-phosphate (STMP) as the
crosslinking agent followed by vacuum freeze-drying 4. The reason for using copper was that it is a cheaper
antimicrobial agent with the ability to kill pathogens on its metallic surface. The prototype dressings had excellent
antimicrobial activity against two strains of Staphylococcus aureus, usually found in wound infections, and good
cytocompatibility when cultured with NIH/3T3-L1 mouse fibroblasts. The wound dressings loaded with copper provided a
significantly faster rate of wound healing together with controlled inflammatory infiltration and improved angiogenesis in
the regenerated surrounding granulation tissue. No adverse pathologies were observed when the tissues of other organs,
such as the heart, lung, liver and kidney, were examined.

A series of chitosan and graphene oxide (CS/GO) aerogels were developed as hemostatic agents by incorporating
proanthocyanidins such as flavan-3-ols obtained from grape seed and skin extracts 2. The aerogels were produced from
solutions at two different pHs: acidic and alkaline. When exposed to whole blood the acidic aerogels reached total
absorption within the first 30 s and the alkaline aerogels within 60 s. But the structure of acidic aerogels was found to be
unstable due to capillarity forces, which caused them to dissolve in the media. Therefore, the alkaline aerogels were
considered more suitable as hemostatic agents due to their rigidity, porosity, superficial charge, PBS and blood absorption
capacities as well as their stability in physiological media. These CS/GO aerogels promoted the accumulation of red blood
cells through electrostatic interactions. The loaded aerogels showed slight cytotoxicity; however, the use of skin instead of



grape seed extract increased the cell viability, making them acceptable for hemostatic applications. However, the authors
mentioned that additional studies are needed to realize the mechanisms which promote coagulation. Finally, they
concluded that the prepared CS/GO aerogels could be considered for use as hemostatic agents in wound management.

| 5. Chitosan/Graphene Oxide as Drug Delivery Device

Justin et al. 8 prepared chitosan/graphene oxide (CS/GO) nanocomposites, such as microneedle arrays, that were
designed for transdermal drug delivery. The hybrid nanocomposite was found to provide faster, and more effective drug
release compared to pure chitosan, and the drug delivery profile was dependent on the ratio of the loaded drug. The drug
release of these particular nanocomposites were also pH sensitive, with 48% less release under acidic conditions
compared to a neutral environment. In another study, chitosan/sulfonated graphene oxide nanohybrid scaffolds were
designed for drug delivery and as a tissue engineering scaffold ©Z. Greater hydrophilicity and improved mechanical
properties were observed compared to chitosan alone. These nanohybrid prototype scaffolds had a uniform porous
structure which facilitated the sustained release of an antimicrobial drug, tetracycline hydrochloride. In addition, they were
highly biocompatible.

A genipin-crosslinked chitosan/graphene oxide (CS/GO) composite was prepared using a solution casting method (€8],
The presence of the GO decreased the expansion ratio of the composite film when exposed to physiological conditions
and increased the resistance to in vitro degradation by lysozymes. A cell culture study using mouse MC3T3-E1 pre-
osteoblasts showed positive adhesion and cell proliferation, and the prototype films were considered attractive candidates
for tissue engineering and drug delivery applications. In another study chitosan-functionalized graphene oxide hybrid
nanosheets were synthesized and demonstrated that the experimental nanosheets significantly improved the solubility of
the GO in aqueous acidic media 9. They also provided controlled release of drugs, such as ibuprofen and 5-fluorouracil,
and exhibited long-term biocompatibility, suggesting that these CS/GO functionalized devices were suitable for biomedical
applications such as drug delivery. Table 3 presents some other examples of the application of CS/GO films to serve as
drug delivery devices.

Table 3. Application of chitosan/GO films to serve as drug delivery systems.

Ingredients Potential Applications Characterization Reference

Enhanced electrical

conductivity. pH dependent
Chitosan/reduced GO Transdermal drug delivery  release behavior. rGO reduced (9]

biodegradation rate. Improved

mechanical properties

Stability in agueous acidic and

hysiological solutions.
Chitosan/modified GO Drug carrier p. Y 9 . =
Biocompatible. Excellent

dispersibility

. ) Improved mechanical
Aldehyde-conjugated Controlled chemical ) i [72]
properties. Time-dependent

chitosan/GO release )
aromatic release
Chitosan/hydroxyethyl Stability over all pH ranges.
y yemy Drug delivery application . Y o P 9 =
cellulose/GO Biocompatibility.
) Nontoxic to kidney cells.
. Delivery of ] o [74]
Chitosan/GO Thermostable. Biocompatibility

Proanthocyanidins * (Ext.) _
of Ext. increased



Increase release in acidic

medium (pH sensitivity
Chitosan/GO/Dextran Anti-cancer drug delivery behavu.)r-observed). strong (5]

cytotoxicity to cancer cells.

Non-specific protein

adsorption decreased

Stable in physiological
conditions. Higher

Drug delivery system for fluorescence intensity in tumor
Galactosylated ) (78]
. therapeutic treatment of cells. Greater tumor
chitosan/GO .
cancer cytotoxicity and better tumor

growth inhibition compared to
GO/GO derivatives

. . pH controlled single and/or
Chitosan/Silver . ) 77
. Multi-Drug delivery dual drug release. Strong (7]
Nanoparticle/GO ) ) N
antibacterial ability

* Obtained from grape seed extract

| 6. Clinical and Pre-clinical Studies

To the best of our knowledge, there are not as yet any published reports describing clinical studies of using
chitosan/graphene oxide (CS/GO) hydrogels as wound dressings. There are some pre-clinical in vitro and in vivo studies
in this field. For example, in one study superior acute-wound healing was observed when CS/GO nanofibers were
implanted in adult male rats 8. The CS/GO nanofiber webs were prepared without any surfactants and organic solvents
to make sure that the fibrous structure had excellent biocompatibility. /n vitro evaluations with human skin fibroblasts
indicated that the addition of GO improved cell viability with enhanced bactericidal capacity. In vivo wound healing studies
on rat's skin demonstrated faster healing and full recovery of a 1.5x1.5 cm? open wound within 14 days. It is therefore
recommended that these experimental CS/GO nanofiber webs have potential use in biomedical applications.

Other experimental wound dressings have been fabricated by incorporating polyhexamethylene guanidine and modified
graphene oxide (mGO) into a polyvinyl alcohol/chitosan film L. In this in vivo study, cytotoxicity and wound healing were
evaluated by applying HaCaT immortalized human keratinocyte cells to murine-infected full-thickness skin wounds. The
results of the cytotoxicity test demonstrated good biocompatibility and the films generated rapid wound healing through
faster re-epithelialization. However, by increasing the concentration of mGO up to 1 wt%, the proliferation of the HaCaT
cells was prevented and lower cytotoxicity was observed. In another in vivo study rapid healing of dermal wounds was
observed by using a prototype wound dressing made of chitosan/L-polylactic acid/GO nanofibers 7.

Reports in the literature have shown that collagen/chitosan/graphene oxide films with the addition of basic fibroblast
growth factor (bFGF) have been studied for wound healing applications 2. The bFGF was observed to provide
continuous release for at least 28 days. No cytotoxic effects were found by adding GO to the films, and in fact the addition
of GO actually improved the cytocompatibility. This in vivo murine wound study confirmed that the GO prototype films
were capable of accelerating the wound healing process in comparison with the control group.

Alkylated chitosan/GO sponges have also been studied for their hemostatic effects which can be used in wound healing
applications B, The results of a rabbit femoral injury study showed higher hemostatic efficacy and promoted the adhesion
of erythrocytes and platelets compared to the control samples. And by increasing the concentration of GO, blood clotting
efficiency, platelet activation levels and the release of intracellular Ca?* all increased.

| 7. Conclusions

Wound healing involves the replacement of damaged or injured tissue of living organisms by newly regenerated tissue.
Due to the complexity of the wound healing process, much effort has been focused on new approaches to wound
management, such as fabricating a new generation of wound dressings. This review summarized chitosan/graphene



oxide composite films and their potential applications as wound dressings and drug delivery devices. Chitosan is an
attractive candidate due to its biodegradability, non-toxicity and biocompatibility. Graphene oxide (GO) can be a substitute
for carbon nanotubes or similar materials because of its lower price, low-toxicity, and ability to enhance the mechanical
properties. In addition, it promotes nerve regeneration in the case of deep wounds, due to its excellent electrical
conductivity. Composite or hybrid films composed of chitosan and graphene oxide can benefit from the advantages of
both components which makes them promising candidates for drug delivery and wound dressing applications.
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