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Abstract

Background and objective: Traditional transplant methods have been replaced by tissue engineering as a
novel treatment. It involves the use of nanocomposite scaffolds with or without cells. Bacterial infection is
one of interfering factors against suitable wound healing because it poses the site at risk of long-term side
effects. Protection of wound from bacteria is necessary for its better recovery. Selection of appropriate
materials for wound dressing is facilitated by understanding of wound healing mechanism and the
compounds’ properties. Our study aimed to evaluate biological characteristics of chitosan (CS)-polyvinyl
alcohol (PVA) (50:50) scaffold reinforced with graphene oxide (GO) for wound healing.

Materials and methods: For fabrication of nanocomposites, ultrasound waves helped in better distribution
of GO within the polymer matrix and scaffolds were prepared by casting method. The nanocomposite
scaffolds were characterized by fourier transform infrared spectroscopy (FTIR), X-ray diffractometer
(XRD), and scanning electron microscopy (SEM) to find out dispersion of GO in the polymer matrix.
Biological characteristics were examined by in vitro antibacterial tests.

Results and conclusion: The scaffold reinforced with 3% (w/w) GO showed better morphological and
biological properties than the others. Suitability of the scaffolds for cell proliferation was confirmed by
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cell toxicity test. Absorption (A =
570 nm) of CS-PVA (50:50)/3% (w/w) GO scaffold increased by 84% compared to CS-PVA (50:50)
scaffold. Inhibition zone of CS-PVA (50:50)/3% (w/w) GO was 18 and 20 mm for Pseudomonas aeru-
ginosa and Micrococcus luteus, respectively, that was higher than the inhibition zone measured for CS-
PVA (50:50) scaffold. According to cell viability result, mouse fibroblast cells (L929) could adhere on the
CS-PVA (50:50)/3% (w/w) GO nanocomposite scaffold. In conclusion, GO could improve the biological
properties of CS-PVA (50:50) scaffold so that the complex would be appropriate for wound healing.
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1. Introduction

Polymers are used as scaffold in tissue engine-
ering for adhesion and differentiation of cells
without delay [1]. Tissue engineering technology
includes repairment of the damaged organs by
self-regeneration of the cells in the presence of
biomolecules and mechanically supporting
structures. This technology restores memory of
the damaged tissues to their earlier times (e.g.
embryonic and early stages of tissue growth),
able to re-grow. Therefore, main role of tissue
engineering approaches is fabrication of synthetic
tissues as alternative for biological functions
during the cells’ regeneration [2]. Today, the
most materials used in tissue engineering for
development of scaffolds are bioactive ceramics,
synthetic or natural polymers, and polymer-
ceramic composites. Fabrication of nanocompo-
site materials by organic biopolymers and nanop-
articles at molecular level is used for introduction
of beneficial materials from natural sources.
Novel biodegradable nanocomposite materials
have shown good mechanical, structural, econo-
mical, and environmental properties [3].
Chitosan (CS) is an abundant natural biopolymer
prepared by deacetylation of chitin obtained from
the shell of crustaceans and can be transformed to
scaffold, fiber, bead, and powder. CS is widely
used in pharmaceutical technologies since it
exhibits interesting characteristics such as bio-
adhesion (ability in binding to negatively charged
surfaces such as skin and mucosa), wound-
healing, and antibacterial activity [4]. Moreover,
it is a natural renewable resource by unigue pro-
perties of biocompatibility, biodegradability and
nontoxicity, and can interact with metal ions,
dyes, proteins, nucleic acids, lipids, herbicides,
pesticides and humic acids. Like other cationic
polymers, CS is a cationic polysaccharide by
excellent antibacterial activity against various
bacteria, viruses and fungi. Importantly, its anti-
bacterial activity depends on molecular weight,
degree of deacetylation, temperature, and pH of
solution [5].

Polyvinyl alcohol (PVA) is a nontoxic bio-
compatible biopolymer frequently used as surfac-
tant in different nano-based formulations owing
to its significant impact on their mechanical
properties [6]. PVA-based composites are served
as useful scaffolds with acceptable thermal and
chemical stability allowing low protein adsorp-
tion for bio-adhesive applications [7]. PVA is
added to CS to improve the mechanical strength,
biodegradability, and hydrophilic properties of
composite membranes [8].

Graphene is a two dimensional monolayer com-
pound, which is formed by arrangement of carbon
atoms. It is composed of honeycomb lattice
structure with sp2 hybridization. The specific
characteristics of graphene including thermal,
electronic, mechanical and optical features have
made it a suitable candidate for several appli-
cations [9]. Graphene and graphene-based nano
structures are interested for several biomedical
applications including drug delivery, bioimag-
ing, tissue engineering and antimicrobial studies
[10-12]. High conductivity and surface area of
graphene promotes cell adhesion and prolifera-
tion [13]. Graphite oxide is transformed to
graphene oxide (GO) by Hummer's technology
through which the oxygenated functional groups
are rearranged and attached to the edges and the
basal plane of individual GO sheets. These
changes increase hydrophilicity of GO and help
in formation of stable colloidal solution in water
with large surface area, which affect its
biocompatibility. It leads to wide application in
biomedical fields [14]. GO stimulates cell proli-
feration by dose dependent manner. Antifungal
and antibacterial activity of GO has introduced it
for wound healing. GO demonstrates the
antibacterial activity in different ways such as
oxidative stress, membrane stress, and cell
wrapping [15]. Inherent chemical structure of GO
(amine groups) and CS (epoxy groups) provides
cross-linking reactions similar to the curing
activity of epoxy resin [16]. If the cross-linking
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reactions occur, the enhanced interface is expec-
ted in GO cross-linked CS nanocomposites.
Although, there have been several studies on CS-
PVA/GO scaffold in the world, less research has
been done to examine their chemical and bio-
logical properties. In our previous work, physical
and mechanical properties of CS-PVA/GO films
was studied [17]. The present work was
conducted to investigate biological characteris-
tics of CS/PVA polymers reinforced with GO for
wound healing.

2. Materials and methods

2-1- Materials

CS (molecular weight of 161,000 g/mol, deace-
tylation degree of 75.6%, and viscosity of 1406
m.Pas) and PVA (hydrolysis rate of 98- 99% and
molecular weight of 31,000-50,000 g/mol) were
purchased from Sigma Aldrich (USA). GO (syn-
thesized by Hummer's technique) was bought at
concentration of 4 g/l from Tamad Kala (Iran).
Acetic acid was prepared from SD Fine Chemical
(India).

2-2- Scaffold preparation

The scaffolds were fabricated according to the
method described by Pendele et al. [18]. At first,
1 g of CS was mixed with 100 ml of acetic acid
(1% v/v) for 20 h at 1100 rpm. Then, 1 g of PVA
was dissolved in 100 ml of water at 80 °C and
stirred for 1 h at 1100 rpm. CS gel was mixed
with PVA solution and stirred for 2 h at 35 °C at
1100 rpm. The mixture was poured into a Petri
dish and placed in oven at 45 °C for 30 h. The
scaffold was removed from the mold and placed
in a vacuum oven for 24 h. To prepare a homo-
geneous mixture, solutions of GO at different
concentrations were subjected to sonication
(Bandline, Germany) with power of 75 W under
frequency of 20 kHz for 60 min. After GO
addition to the polymer solution, the final mixture
was stirred with a mechanical mixer for 30 min
and sonicated at power of 60 W for 1 h. The CS-
PVA (50:50) scaffolds were similarly prepared.

2-3- Characterization

2-3-1- FT-IR spectroscopy

Structure of the nanocomposites was investigated
by FT-IR spectra achieved by Bruker Tensor 27
Infrared Spectrometer (Germany) within the
wavenumber range of 400-4000 cm™.

2-3-2- Morphology of nanocomposites
Morphology of complexes was studied by scan-
ning electron microscope (SEM) (model EM
3200 at 30 kV, Iran). Phase of materials and their
crystallinity were examined by X-ray diffracto-
meter (Broker XRD machine D8 Advance, Iran)
by Cu-K radiation (1.5405 A) over a range of 5-
80 ° angle, step size of 0.02, scan speed of 4 °/min
at 30 kV and 40 mA.

2-4- Antibacterial activity assessment

To investigate antimicrobial activity of the scaf-
folds, Micrococcus luteus as a gram positive
bacteria and Pseudomonas aeruginosa as a gram
negative bacteria were used. Amount of 50 ul of
the bacterial suspension was cultured on the
surface of Mueller-Hinton agar. In the culture
medium, four cavities with diameter of 5 mm
were created. Small circular pieces of the nano-
composite scaffold (d = 10 mm) were placed on
the plates inoculated by the bacteria. The plates
were incubated at 37 °C for 24 h and then dia-
meter of clear zone was measured.

2-5- Cell viability assessment

To study biocompatibility, quantitative toxicity
and fibroblast cell culture tests were performed
on CS-PVA (50:50) samples and nanocomposite
scaffold [18]. Quantitative toxicity test was done
according to 1SO10993-5 using MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) and the absorbance was read at 570 nm
in a Beckman Counter reader (USA). In fibroblast
cell culture test, mouse fibroblast cells (1929)
were prepared from Pasteur Institute of Iran. The
cells were maintained in RPMI culture medium
containing 10% FBS serum under 5% CO, and
95% moisture at 37 °C. Cell culture with density
of 2.5x10* cm? was inserted on the polymer
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complex and the nanocomposite scaffold contain-
ing 3% (w/w) GO. Percentage of the living cells
and rate of cell proliferation on the scaffold
surface were measured and compared using light
microscope after 48 h.

2-6- Statistical analysis

Descriptive data were expressed as mean
tstandard deviation. The analysis of data was
performed by student t-test with GraphPad Prism
6.0, and Origin Pro 8.0. Differences of data were
significant at p < 0.05.

3. Results and discussion

3-1- FT-IR spectroscopy

FT-IR spectra of GO, CS-PVA (50:50) and CS-
PVA (50:50)/GO 3% (w/w) nanocomposite are
shown in Figure 1. For GO, strong —OH peak at
3300 cm?, C=0 at 1717 cm?, C-O at 1378 cm?,
and C-O-C at 1015 cm™ are clearly visible. A
small C=C peak at 1624 cm™ is related to the
remaining sp? orbital [19]. The CS-PVA (50:50)
/GO 3% (w/w) nanocomposite showed a new
peak at 1706 cm™ related to carboxyl groups
from GO surface which approves presence of GO
within the CS-PVA (50:50) polymeric mixture.
In general, the indicator transmittance peaks of
CS-PVA (50:50)/GO 3% (w/w) nanocomposite

scaffold are approximately similar to those of CS-
PVA (50:50).

3-2- XRD spectroscopy

Figure 2 indicates XRD patterns of CS, PVA, CS-
PVA (50:50), and CS-PVA (50:50)/GO 3%
(w/w) nanocomposite scaffolds. With regard to
CS, main diffraction peak was observed at 26 =
20.3°, which presents crystalline structure of CS
[20]. PVA showed a distinct diffraction peak at
20 =19.31° and a shoulder at 26= 22° specific to
crystalline PVA [21]. Two characteristic peaks at
20 = 11.8° and 26 = 19.4° were observed for CS-
PVA (50:50). The CS peak at 26 = 20.3° disap-
peared in CS-PVA (50:50), which confirmed
good compatibility of CS and PVA. In addition,
the indicator peak of PVA at 26 = 19.31° broad-
ened in CS-PVA (50:50), which referred to inter-
molecular interactions of CS and PVA. Addition
of CS resulted in decreased crystallinity of PVA.
Detection of GO characteristic peak in the
composite was difficult. Disappearance or weak-
ening of GO peak shows that most of GO were
diffused into the polymeric matrix and its peak
overlapped with CS peak. As a result, GO is
uniformly distributed into CS-PVA (50:50)
complex which is of interest for preparation of
nanocomposite films with improved properties.
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Figure 1- FT-IR spectra of GO, CS-PVA (50:50), and CS-PVA (50:50)/GO 3% (w/w) nanocomposite

scaffold
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Figure 2- XRD pattern of PVA, CS, CS-PVA (50:50), and CS-PVA (50:50)/GO 3% (w/w) scaffold

3-3- Morphology studies

As shown in Figure 3, surface roughness of the
scaffolds increased by increasing the GO con-
centration in the complex. In this regard, morpho-
logy of the scaffolds changed from smooth
(Figure 3a) to rough structure (Figures 3b and 3c)
[18]. In agreement, another study reported that
surface of pure CS-PVA scaffold is smooth,
continuous and compact [22]. It is due to PVA
good compatibility with polysaccharides such as
CS. In fact, when GO added to the polymer

composite, the surface roughness and cavities
increase followed by improved adhesion and
survival rate of cells compared to the raw sample.
In general, the interconnected pores provide a
suitable culture medium to develop cell adhesion,
tissue proliferation and growth, and adequate
nutrient flow into the cell [23] that are important
in scaffold fabrication studies. Interestingly, GO
can significantly reduce the oxidative stress and
weakness in cells [24].

Figure 3- SEM images of (a) CS-PVA (50:50), (b) CS-PVA (50:50)/GO 1% (w/w) nanocompésite
scaffolds, (¢) CS-PVA (50:50)/GO 3% (w/w) nanocomposite scaffolds

3-4- Antibacterial activity assay

Antibacterial activity of the polymeric blend and
nanocomposites scaffold containing different
concentrations of GO were investigated against
gram-positive bacteria of Micrococcus luteus and

gram-negative bacteria of Pseudomonas aerugi-
nosa. The results of inhibition diameter are
shown in Figures 4 and 5. Antimicrobial impact
was observed by the polymers’ complex due to
the inhibitory effect of CS driven by its cationic
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groups. Interaction of positively charged CS with
negatively charged endotoxins of gram-negative
bacteria reduces their acute toxicity [25].
Inhibition activity of the nanocomposite scaffold
containing 3% w/w GO was higher than the other
nanocomposite scaffolds. With regard, Liu et al.
showed that antibacterial activity of GO depends
on its concentration. In addition, they believed
that its surface structure significantly affect the
antimicrobial properties [26].

Structure of GO is chemically modified by
hydroxyl, epoxy, and carboxyl groups, which
lead to its improved dispersion in polymer

matrices followed by severe antibacterial activity
with low cell toxicity. Antibacterial activity of
GO is also driven by its oxidative role in
peroxidation of lipids [27]. Pseudomonas aerugi-
nosa loses its cellular integrity in the presence of
GO as a result of cell membrane damage and
release of cytoplasm into the environment. In
fact, such irreversible cell destruction of the
bacterium is facilitated by both oxidative stress
and damage to the cell membrane by the sharp
edges of GO sheets. Therefore, GO can penetrate
into the cell membrane and physically disturb its
integrity [27, 28].

40
mm CS-PVA (50:50)
mmm CS-PVA (50:50)/GO 1% (W/W)
. = CS-PVA (50:50)/GO 2% (W/W)
g 30 1 EEE CS-PVA (50:50)/GO 3% (W/W)
E
N
5]
=
-
RS
10 A |—'—‘
0 . :

Micrococcus lutcus

Pseudomonas aerugiinosa

Figure 4- Inhibition diameter of CS-PVA (50:50) and nanocomposite scaffolds containing different
concentrations of GO against Micrococcus luteus and Pseudomonas aeruginosa

Figure 5- Inhibition zones of CS-PVA (50:50) and nanocomposie scaffolds containing different
concentrations of GO against (a) Micrococcus luteus and (b) Pseudomonas aeruginosa. The numbers 0, 1,
2, and 3 refer to CS-PVA (50:50), CS-PVA (50:50)/1% w/w GO, CS-PVA (50:50)/2% w/w GO, and CS-

PVA (50:50)/3% w/w GO scaffolds, respectively.
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3-5- Morphology and biocompatibility assay
Figure 6 shows SEM images of fibroblasts L929
cells cultured onto CS-PVA (50:50) and CS-PVA
(50:50)/3% wi/w GO scaffolds after cell seeding
for 48 h. It is observed that shape of the nano-
composite scaffold was well retained after
soaking in the culture medium for 48 h, and the
cells spread appropriately into the structures. The
cells growing on CS-PVA (50:50) appeared in
spindle shape (Figure 6a) while those on the
nanocomposite scaffolds showed polygonal and
stretchy shape (Figure 6b) and tended to form

colony or aggregate. These differences were
possibly due to the characteristics of the scaffold
surface. When GO is added to CS-PVA (50:50),
roughness and surface cavities on the nano-
composites increase. Then, adhesion of cells and
their survival will increase compared to the
polymers alone which affect their metabolic
activity. In addition, incorporation of GO to the
polymers remarkably improves the cellular resp-
onse and significantly promotes the cells’ growth.

Figure 6- Morphology of the cells after seeding for 48 h: (a) the cells exposed to CS-PVA (50:50), (b) the
cells exposed to nanocomposite scaffolds containing 3% w/w GO

MTT assay was further conducted to quantify
proliferation of L929 cells cultured onto CS-PVA
(50:50) and CS-PVA (50:50)/3% w/w GO scaf-
folds within 48 h (Figure7). It is observed that the
cells on the nanocomposite scaffolds proliferated
faster than those on CS-PVA (50:50), mainly due
to GO nano-sheets that facilitated the cells’
proliferation. Presence of GO into CS-PVA
(50:50) could improve viability of the cells
through which the viability increased to 84%
compared to CS-PVA (50:50). This result was
consistent with SEM graphs. The improved
cellular response in the presence of GO nano-
sheets was related to protein adsorption from the
culture media onto the GO rough structure, which
significantly promoted the cells’ growth and
proliferation.
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B CS-PVA (50:50)

I CS-PVA (50:501GO 3% (W/W)
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Figure 7- Results of MTT test for CS-PVA
(50:50) and nanocomposite scaffolds containing
3% w/w GO in three replications
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4- Conclusion

Nanocomposite scaffolds reinforced with GO
nano-sheets at different concentrations (1, 2 and
3% wiw) were successfully prepared. SEM
graphs confirmed that GO nano-sheets were
uniformly dispersed in the matrix, as the surface
roughness was increased by increasing the con-
centration of GO. Importantly, CS-PVA (50:50)
scaffold showed a continuous and homogeneous
phase and no evidence of phase separation was
observed. It might be related to compatibility of
the polymers and surface smoothness of the
complex. The nanocomposite scaffold containing
3% wi/w GO showed higher antibacterial activity
than the other treatments. Moreover, our in vitro
experiment confirmed its ability in wound heal-
ing. In further studies, we will examine other
polymeric systems doped with GO for rapid wou-
nd healing in vitro and in vivo.
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