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Burn is a major skin injury that occurs worldwide. For second-degree burns, special treatment should be
given for creating a suitable wound healing environment. Hydrogel wound dressing as the primary care
should possess extra properties that include antibacterial activity and cytocompatibility to enhance the
treatment effectiveness. Additional therapy such as electrical stimulation can be applied as well promote
wound healing. Herein, we used the tissue engineering concept to create a novel antibacterial and
cytocompatible hydrogel made of polyvinyl alcohol (PVA), graphene-based material (GBM), and aloe vera
extract (Av) through the freeze-thaw process. We prepared the PVA/GBM/Av hydrogel and examined its
potential as a wound dressing. We found that it exhibited excellent hydrophilicity with a contact angle
between 15 and 31 degrees and electrical conductivity within the range of 0.0102-0.0154 S m~?, which
is comparable to that of the human skin tissue and possesses tensile strength up to 1.5 MPa with
elongation of 405%. It also demonstrated good stability in phosphate buffer saline with a weight ratio of
73-80% after 14 days of immersion. We presented that the addition of graphene and graphene oxide
(GO) inhibited the growth of Gram-positive Staphylococcus aureus ATCC 6538 with the lowest bacterial
population observed in PVA/GO, which is 1.74 x 10”7 cfu mL™? after 1 day incubation and 99.94%
bacterial reduction. Furthermore, our PVA/GBM/Av showed no toxicity to 3T3 fibroblast cells after 48 h

Received 28th June 2021
Accepted 14th August 2021

DOI: 10.1035/d1ra04992e with viability up to 295% for PVA/GO/Av. In summary, our fabricated hydrogels have shown their
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1 Introduction

Skin, as the largest organ in the human body that functions to
protect other internal tissues and organs from the external environ-
ment, often experiences injuries and traumas including burns.* The
World Health Organization reported more than 180 000 mortality
case annually due to any causes of burns worldwide in 2018.
Recently, there are many choices of treatment for burns including
skin implantation, tissue-engineered skin substitute, and wound
dressing covering.*” Further treatment such as giving external elec-
trical stimulation to the wound bed can also be applied to the
patient, depending on the severity of wounds.® These treatments
primarily aim at creating a suitable environment for wound healing.”

Advanced wound dressing has been employed to treat
various wounds since it offers wide advantages compared to
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potential as wound dressing with antibacterial and non-cytotoxic properties.

conventional wound dressing.® Moreover, its superiority in
healing over the conventional ones has been proved in clinical
trials.® Hydrogel wound dressing is a type of advanced wound
dressing that is available in any size and shape, allows auto-
catalytic debridement, provides humidity that is useful in body
liquid loss prevention, and is an excellent liquid absorbent.'>**
These properties make it ideal for burn treatment.’ Further-
more, hydrogel properties are tunable; therefore, it can be
designed to have certain specific properties including antibac-
terial activity and good electrical conductivity."** Antibacterial
activity in wound dressings is required as bacterial colonies can
prolong the healing time and make the wound site more
serious." On the other hand, electrical conductivity comparable
to that of the skin can trigger re-epithelization, which leads to
wound closure and accelerates the wound healing time.***® For
these reasons, researchers have developed electroconductive
antibacterial hydrogels made of combined materials with the
intention to investigate their effect on wound healing."”*°
Polyvinyl alcohol (PVA)-based hydrogels have been exploited
in various biomedical applications including bone cartilage
repair,” skin scaffold,** drug carrier,” and wound dressing.> Its
ability to be synthesized through various crosslinking methods
as well as ease of being combined with other materials that
results in desired properties makes it preferable.>* Graphene-
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based materials (GBM) is one example of materials inserted in
the PVA hydrogel. GBM has shown its potential to be applied in
the biomedical field since graphene oxide (GO) was demon-
strated for the first time as a drug vehicle in 2008.?* The purpose
of combining PVA with GBM is commonly to enhance the
mechanical properties of the hydrogel or to obtain the anti-
bacterial effect.”*® Despite its biocompatibility issue, however,
it possesses great antibacterial activity, excellent electrical
conductivity (except for GO, which is an insulator), and
mechanical properties, which make it superior to other
biomaterials.>” In addition, the involvement of GBM as an
antibacterial agent could kill the multi-drug resistance bacteria
and minimize the risk of the patient developing immunity to
antibiotic drugs.?®>° Thus, the versatility of GBM, especially for
biomedical application, still needs to be explored further.

The involvement of natural products and medicinal plants
for designing biomaterials is somehow preferred as it could
reduce the toxicity and has useful bioactivity to treat
diseases.**> Aloe vera (Av) has long been believed to have wound
healing efficacy.®® It contains many natural molecules including
polysaccharides and glycoproteins, which are the two main
sources of its biological activity.’ One of the Av molecule that
plays the main role in wound healing, acemannan, is a type of
polysaccharide that can impede bacterial growth and stimulate
macrophage activity.' Furthermore, the anti-inflammatory and
antioxidant properties, which are useful to accelerate wound
healing, have been discovered in Av.**** On the other hand, Av
has also been reported to have good electrical conductivity.*

In this research, we developed PVA/GBM/Av hydrogel and
investigated its potential as a wound dressing. PVA is respon-
sible for the hydrogel architecture and to provide humidity. The
GBM that were used herein were graphene (Gr) and GO with the
aim to give anti-bacterial properties, electrical conductivity, and
mechanical properties to the hydrogel. Since GO is widely
known as an insulator material, relatively high temperature
processing was chosen to transform it into reduced graphene
oxide (rGO) in order to give better electrical conductivity prop-
erties.’” Lastly, the addition of Av aims to achieve bioactive
properties of the hydrogel since it is well known for its efficacy
in wound healing.’ To fabricate this hydrogel, we used the
physical crosslinking method, freeze-thawing, to avoid the
external chemical crosslinker agent that could affect the toxicity
of the hydrogel.*® The hydrogel structure and morphology were
characterized through scanning electron microscopy (SEM),
Fourier transmission infrared (FTIR), and Raman spectroscopy.
The hydrogel performances were tested through water contact
angle measurement, electrical conductivity test, tensile test,
degradation test, antibacterial assay, and cell cytotoxicity assay.

2 Experimental
2.1 Materials

Fully hydrolyzed PVA (99%, M,, = 146 000-186 000 g mol '), GO
(powder, 15-20 sheets, 4-10% edge-oxidized), and phosphate
buffered saline (PBS, pH 7.4, sterile-filtered) were purchased
from Sigma-Aldrich (USA). Gr powder was obtained from Strem
Chemicals (USA). Av (powder, 200 x concentrate) was purchased
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from the local company, Skin Dewi (Indonesia). All chemicals
were used as received.

2.2 PVA/GBM/Av hydrogel preparation

Ten grams of PVA powder, 0.05 g GO, 0.05 g Av, and 100 mL of
demineralized water, which was previously heated to 105 °C,
were added to a beaker. The mixture was stirred at 105 °C until
all the constituent materials were dispersed well. The solution
was cooled down to room temperature and was homogenized
after that using an ultrasonic bath for 30 min. This solution was
cast by pouring 22.5 mL of the solution gently into a Petri dish
with a diameter of 10 cm. Finally, the PVA/GO/Av solution was
subjected to 3 cycles of successive freezing and thawing
(freezing for 20 h at —15 °C and thawing for 4 h at 5 °C). The
obtained hydrogels (average thickness = 1.821 + 0.497 cm) were
stored in a refrigerator at 5 °C before further use. All the
hydrogels were synthesized using the same procedure, as
explained above. The composition of the hydrogels was as
follows: (1) PVA/Gr001/Av: 10 g PVA, 0.01 g Gr, and 0.05 g Av; (2)
PVA/Gr005/Av: 10 g PVA, 0.05 g Gr, and 0.05 g Av.

2.3 Characterization

All the samples were freeze-dried for 24 h prior to characterization
with FTIR, Raman spectroscopy, and SEM. FTIR measurements
were recorded with KBr pellets on a Prestige 21 Shimadzu. A
sample shuttle measurement was performed to interleave the
sample and scan the background. The spectra were measured at
a resolution of 4 ecm™* with the number of scans of 40, at a wave-
length of 4500 to 400 ecm™'. Raman shifts were recorded by
a Modular Raman Spectro Type iHR320 with an objective of 100x,
grafting 1800 ¢ mm ', and 532 nm laser. The surface image was
obtained using the SEM instrument Hitachi SU-3500, where the
samples were coated with gold beforehand.

2.4 Water contact angle measurement

The sample (n = 3) was cut to 1 cm x 3 ¢cm dimensions and
seated in the sample place of the measuring instrument. 1 uL
demineralized water was dropped vertically on the sample
surface. The image was taken using a Dino-Lite digital micro-
scope premier AM3111/3113 series and captured right after the
water droplet touched the surface. Afterward, the image was
analyzed with the Image] software to measure the contact angle
of water with the sample's surface.

2.5 Conductivity test

The sample (n = 3) was cut to 1 cm x 3 cm dimensions. The test
was conducted using a Keithley 2450 SourceMeter with the source
mode of voltage sweep and a linear sweep type for 4-wire sensing.
Voltage sweep was started from —4 V to 4 V with 401 number of
steps. The distance between the probes was set to 1 cm. The
conductivity value was calculated using the following formula.

_IIn2
2
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2.6 Tensile test

The samples of the three were cut into the designated type V
geometry (refer to ASTM D638). The test was performed
according to ASTM D638 at room temperature using a universal
testing machine with a testing speed of 100 mm min . Each
sample group has three samples to be tested, which was previ-
ously immersed in demineralized water and wiped by a tissue
paper to remove excessive water on the hydrogel surface.

2.7 Degradation test

The hydrogel (n = 3 per time point) was trimmed into 1 cm x
1 cm square-shaped and measured for its initial weight (W;).
Then, it was put into 2 mL pH 7.4 PBS solution. After a certain
time point (1d,2d,3d,4d,5d,6d,7d,and 14 d), each sample
was washed with demineralized water prior to final weight (Wy)
measurement to ensure that no salts were left within/on it.
Weight ratio (WR) was calculated using the following formula.

WR (%) = % % 100%

1

2.8 Antibacterial assay

2.8.1 Bacterial preparation. The hydrogel antibacterial
property was evaluated through Staphylococcus aureus (American
Type Culture Collection, ATCC 6538) activity on the hydrogel
surface. Prior to the assay, 1 ose bacterial colony was inoculated on
Mueller Hinton Agar (MHA; Oxoid, England). After getting incu-
bated for 24 h at 37 °C, 1 ose from this bacterial colony was
inoculated with 10 mL of Mueller Hinton Broth (MHB; Oxoid,
England) medium. Then, this suspension was incubated for 24 h
at 37 °C, which, after its absorbance at a wavelength of 625 nm,
was measured until reaching 0.08-0.12, corresponding to 0.5
McFarland. The bacterial suspension that has the required
absorbance was then diluted (1 : 20) with MHB medium.

To obtain the bacterial suspension with a desired population,
total plate count (TPC) was conducted beforehand. The decimal
dilution of the bacterial suspension (1 : 20) was carried out while
9 mL of 0.9% NacCl solution was pipetted into five different reac-
tion tube. The first tube was used to dilute the bacterial suspension
by 10" times by adding 1 mL of the bacterial suspension to the
tube. Then, it was vortexed for homogenization. From the
homogenized suspension in the first tube, 1 mL of the suspension
was moved to the second tube to obtain 10~ dilution. It was then
homogenized via vortex and the steps were repeated until the fifth
tube for 10~ dilution. However, 1 mL of the resulting dilution in
the fifth tube was removed after being homogenized.

Afterwards, 1 mL from each of 102 dilution and 10~ dilution
tubes were added to a sterilized Petri dish. 20 mL of 50 °C MHA
liquid was also poured into the Petri dish, which was mentioned
earlier, followed by shaking the Petri dish in order to homogenize
the mixture in it. This step was carried out twice for each. The
suspension was incubated for 24 h at 37 °C, which then was
counted for the number of bacterial colonies grown the next day.
After reaching 1.6 x 107° cfu mL ™" of bacterial population, the
antibacterial assay method of agar diffusion can be conducted.

2.8.2 Pour plate disc diffusion (PPDD). PPDD was carried out
using the method explained by Othman et al* In brief, the MHA

© 2021 The Author(s). Published by the Royal Society of Chemistry
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plate was prepared by pouring 20 mL of MHA medium, which was
diluted in the Petri dish and left to solidify. After the MHA plate was
completely solid, the hydrogel sample with a diameter of 2 cm was
kept in the middle of the MHA plate surface and covered by the
inoculum, which comprises of MHA and 1% tested bacteria. After-
wards, it was left for 20 min at room temperature, followed by
incubation at 37 °C for 24 h inside the incubator. The inhibition zone
that formed around the hydrogel was observed after the end of the
incubation period. A similar procedure was carried out as well for the
control without the hydrogel sample.

2.8.3 TPC. TPC was employed to determine the reduction
in the bacterial colony. In brief, bacteria below the hydrogel
were taken and diluted decimally, as explained previously. The
number of formed bacterial colonies on the hydrogel (BCH) in
colony forming unit per milliliter (cfu mL™") was counted after
incubation for 24 h. The control that was obtained from the agar
plate without the hydrogel was also counted. The reduction in
the bacterial colony was calculated using the following formula.

control — BCH

x 100%
control

Bacterial colony reduction (%) =

2.9 Cell cytotoxicity assay

2.9.1 Cell culture. Fibroblast NIH 3T3 cells was obtained
from ATCC. For routine culture, the cells were grown in Dulbecco's
Modified Eagle's Medium (high-glucose DMEM, Gibco-Thermo
Fisher Scientific, USA) supplemented with 10% fetal bovine
serum (Gibco-Thermo Fisher Scientific, USA) and 1% antibiotic-
antimycotic (Gibco-Thermo Fisher Scientific, USA). Cells were
grown at 37 °C under humidified air supplied with 5% CO,.

2.9.2 Cell cytotoxicity assay. Prior to the cytotoxicity assay,
each tested hydrogel was sterilized by UV radiation for 4 h and
soaked in sterile serum-free DMEM media for 24 h. After 24 h, the
media were transferred to a new tube and were used for the cyto-
toxicity assay. Any components of the hydrogels that were
migrating to the media were analyzed for their cytotoxicity using
the resazurin fluorometric assay. The 3T3 cells were initially
seeded in 96-well plates at an initial density of 1 x 10" cells per well
and grown for 24 h. After 24 h, the cells were washed with Dul-
becco's phosphate-buffered saline (Gibco-Thermo Fisher Scien-
tific, USA) and the growth media were changed to 200 uL of DMEM
media that was already soaked with each hydrogel and the cells
were further grown for 48 h. The control group were treated with
5% dimethyl sulfoxide (Sigma-Aldrich, USA). The cell viability was
observed by adding 10% of alamarBlue Resazurin Cell Viability
Reagent (Thermo Fisher Scientific, USA) to each well and incu-
bated for another 3 h. The fluorescence signals were observed at
560/590 nm excitation/emission wavelength with a Varioskan
Flash multimode reader (Thermo Fisher Scientific, USA).

3 Results and discussion
3.1 Preparation of the PVA/GBM/Av hydrogel

We successfully synthesized the PVA-based hydrogel with the
combination of GBM and Av. We studied the influence of
various concentrations of PVA in the resulting hydrogel and the
freeze-thaw process as well. We prepared 4 groups of PVA with
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the concentration of 2 wt% (PVA2), 5 wt% (PVA5), 10 wt%
(PVA10), and 12.5 wt% (PVA12.5). We examined the effect of the
PVA concentrations through the observation of the PVA solu-
tion's physical appearance during the first two hours of freezing
with 15 min gap per timepoint (Fig. 1A). The crystallite started
to form during the freezing or nucleation of water molecules
within the PVA solution. Nucleation corresponds to the process
where the water molecule begins to freeze, leading to the phase
separation of water and PVA. The crystallites were observed in
PVA5, PVA10, and PVA12.5 at 30 min but were hardly seen in
PVA2. In PVA5 and PVA10, crystallites started to develop from
small white dots, which then propagated to its surroundings
through the emerging of white branches. Nucleation in PVA12.5
was started by the white dot as well. But differently, these white
dots did not spread to their surroundings by creating branches.
They grew up following the pattern of their nuclei shapes; as
shown by PVA12.5 at 45 min, the shape of the white area is
circular with a thin transparent area as the boundary. In
correlation to PVA concentration, PVA12.5 contains the most
amount of the PVA chain, followed by PVA10, PVA5, and PVA2
consecutively. In case of PVA12.5 during early freezing, water

View Article Online

Paper

molecules that begin to freeze were unable to move the PVA
chains around them. It resulted in the localized round-shaped
nucleation without propagation, causing noticeable phase
separation as in PVAS5. It happened due to the large number of
PVA chains around them. In contrast, the PVA chains within
PVA5 and PVA10 were forced by freezing water to get them
separated from water; hence, phase separation occurred.
Surprisingly, PVA12.5 transformed to the frozen state
completely after 45 min, followed by PVA10, PVA5, and PVA2
after 60 min, 75 min, and 105 min, respectively. After passing
these timepoints, there was no significant change observed
visually. It is clearly seen that there was a white region and
a more transparent part in PVA2 and PVA5 after 120 min, which
remained after 20 h. The high crosslinking degree resulted in
a white region (crystalline region), the part formed by hydrogen
bond interactions between the PVA chains.* In contrast, the
transparent region has less cross-linked PVA, showing less
crystallinity and free water.** These regions, which are distin-
guished by the localized PVA concentration, were caused by the
phase separation phenomenon during freezing in freeze-thaw-
ing.*” This phenomenon occurred in PVA10 and PVA12.5 as well
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Fig.1 PVA concentration effect on the physical appearance of the hydrogel. Observed through (A) the first 2 hours of freezing of the first freeze—
thaw cycle at the timepoint of 15 minutes and (B) after the first and third cycle of freeze-thawing. Phase separation occurred and was clearly
observed in PVA2 and PVA5 while PVA10 and PVA12.5 were relatively more homogenous. (C) Physical crosslink (represented by red bar)

formation mechanism of the PVA hydrogel via freeze-thawing.

29032 | RSC Adv,, 2021, 11, 29029-29041

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04992e

Open Access Article. Published on 31 August 2021. Downloaded on 2/5/2026 5:07:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

but the results of this are not clearly seen as in PVA2 and PVA5
due to the higher concentration of PVA.

As expected, after the thawing of the first cycle (Fig. 1B), we
can see that the less transparent area possesses a larger amount
of water. Further, the freeze-thawing cycle creates a higher
number of hydrogen bond as more phase separation occurred,
which resulted in a more homogenous hydrogel (fully white), as
shown after the completion of freezing in the third cycle. The
final hydrogel shows that the most phase separation occurred in
PVA5. The more or less appearance of phase separation results
herein indicate that there still appear white and transparent
regions that can be distinguished visually. Meanwhile, PVA2
exhibited little phase separation as well as PVA10 and PVA12.5
but due to the lower PVA concentration, it was more likely
a water sheet with low mechanical strength.* PVA10 and
PVA12.5 are good in terms of the mechanical properties but
PVA10 is much easier to dissolve with our method. This is the
consequence of PVA chain segregation from water during
freeze-thawing. By considering the final application of this
hydrogel as the wound dressing and its fabrication process, we
chose PVA10 as the most ideal concentration of PVA to
synthesize the hydrogel for the wound dressing purpose.

In summary of the freeze-thawing method, Fig. 1C illustrates
the individual process that occurs in each step of the freeze-
thawing process. The PVA solution would automatically expe-
rience phase separation as it is the key point of physical cross-
link formation.*” The water molecule that begins to freeze
would push the surrounding PVA chains and make them closer
to each other. This leads to the formation of the crystallite,
which then acts as a crosslink through hydrogen bond inter-
action between hydrogen and oxygen in each PVA chain. On the
other hand, during thawing, the chain will self-rearrange, move
freely, and lose the weak interchain interaction. Further, the
freeze-thawing cycle would increase the crosslink density as well
as phase separation, which results in evenly distributed
concentrated PVA.*?

In order to make the PVA/GBM/Av hydrogel that is good in
the mechanical properties, we synthesized the hydrogel from
PVA with a concentration of 10 wt% and combined it with
GBM, which are Gr and GO. GBM was added to increase the
mechanical and antibacterial properties of the hydrogel. At the
same time, GBM addition was expected to improve the
hydrogel conductivity as well. We also added Av to serve as the
additional bioactive agent for the anti-inflammation purpose
since it contains acemannan, a natural anti-inflammatory
compound.* Fig. 2A shows all the hydrogel samples. Phase
separation was observed only on PVA/Gr005 and PVA/Gr005/
Av. Meanwhile, in PVA/Gr/Av and PVA/GO/Av, there is
a noticeable small white circle, which is a sign of primary
nucleation location of freezing during the freeze-thawing
process. We proposed a structural model for PVA/Gr/Av and
PVA/GO/Av, as shown in Fig. 2B and C, respectively. For Gr in
PVA/Gr/Av, since it has neither oxygen nor hydrogen func-
tional groups, it would not have any secondary interaction
with PVA as well as other materials, while the Av in both
hydrogels could have an interaction in the same manner as GO
in PVA/GO/Av. They could form hydrogen bond interaction

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (A) All hydrogel samples with PVA concentration of 10 wt%. The
proposed structure of the PVA/GBM/Av hydrogel: (B) PVA/Gr/Av and
(C) PVA/GO/Av.

with the hydroxyl group possessed by PVA as all of them have
oxygen functional groups. On the other hand, it is also
possible for these materials to get trapped within the hydrogel
network without any secondary interaction with PVA.

3.2 Hydrogel characterization

The FTIR spectra (Fig. 3A) show the characteristic of PVA that is
represented by a broad peak at 3000-3700 cm™ ', which indicates
the O-H stretching vibration.”* This peak also belongs to other
materials including GO and Av that overlap with each other.**"
C-H stretching vibration at 2939 em™" (PVA) and 2941 cm ™" (PVA/
Av) are also presented. The peak at 1637 cm ™" (PVA), 1658 cm ™"
(PVA/Av), 1629 cm ' (PVA/Gr001 and PVA/Gr001/Av), and
1631 cm ' (PVA/GO and PVA/GO/Av) are attributed to C-H
bending vibration.?® The peak at 1093 cm ™" that represented ~-OH
absorption appeared on all the hydrogels except for PVA/GO.*® The
characteristic peaks of Av at 1436 cm™ " can be clearly seen on all
the hydrogels with the addition of Av.* Another peak of the
chemical component of Av, which is at 1238 cm ™" (PVA/Av) and
1236 cm ' (PVA/Gr001/Av), presented the response of C-O
stretching vibrations of esters and phenolic groups.*’
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Fig. 3 Characterization of the PVA/GBM/Av hydrogels: (A) FTIR
spectra and (B) Raman shift of all the hydrogel samples.
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From Raman spectroscopy (Fig. 3B), we confirmed that GO
added at the beginning of the preparation was reduced to rGO.
However, we cannot determine whether it was partially or fully
transformed through this characterization alone. For PVA/GO,
the peak at 1577 ecm ™" (G band) appeared with higher inten-
sity compared to the D band, which was located at 1344 cm ™" (D
band). After the deconvolution of the PVA/GO/Av curve, both the
G band and D band were found at 1593 cm™* and 1358 cm ™ ?,
respectively. The I,/I ratio for both PVA/GO and PVA/GO/Av are
0.62 and 0.77, respectively. The higher intensity of the G band
and the Ip/I; ratio less than 1 indicate the more ordered
structure in the graphene basal plane.*” The G band reflects the
ordered structured of the graphene basal plane. Its appearance
is due to the first order scattering of the E,; phonon from the
sp2 carbon atoms. In contrast, the D band represents the defect
at the edge and/or basal plane of graphene and its emergence is
caused by the breathing mode of the k-point photons of A,
symmetry.”® Unlike GO, Gr commonly has the G band only as it
comprised by the ordered structure of the basal plane without
or with a little defect. It was found at 1590 cm ™" in PVA/Gr and
PVA/Gr/Av. The small peak might be a consequence of the
amount of Gr within the sample that is very small.

Fig. 4 shows the surface characteristic of each hydrogel,
which was obtained through SEM. All hydrogels possess dense
structure with porosities morphology but this porosity inter-
connectivity cannot be examined yet. The appearance of these
porosities also confirmed that the freeze-thawing process was
carried out successfully, as previously reported.** The porosity
formation in these hydrogels is the consequence of the repeti-
tion of the freeze-thawing cycle. In general, the porosity in the
hydrogel for wound dressing would be useful as a way for water
and active agents to move in and out from the hydrogel as well
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as the way for cellular mobilization.”® Thus, the porous
morphology indirectly supports the antibacterial activity
provided by the active agents through the release phenom-
enon.** As an example, Rivero-Buceta et al. investigated that the
porosities in the hydrogel could increase the ability of the
antibacterial agent to kill the bacteria as it can improve the
release of the bioactive agents to interact directly with the
bacteria.*

3.3 Water contact angle measurement

The hydrogel should be hydrophilic as it is intended to be
interactive with the human tissue at the wound site. All the
constituent materials of our hydrogels are hydrophilic except
for Gr, which is hydrophobic. GO is considered hydrophilic in
general. However, the use of GO within our hydrogels is
considered to be more hydrophobic as it is 10% edge-oxidized
and is reduced to rGO due to heating during solution prepara-
tion. All the samples have a contact angle with water below 90
degrees (Table 1), which indicates that they are excellent in
terms of the hydrophilicity. Nonetheless, we cannot conclude
the effect of Gr or GO addition through this test since this
property is also influenced by other factors including the
surface roughness and the location of GBM in the hydrogel.>

3.4 Electrical conductivity

Our hydrogels are intended to mimic the electrical conductivity of
the skin tissue, which is in the range of 0.026 Sm™" t0 0.22 Sm™".**
Similar conductivity has been proven to promote and enhance the
wound healing process.*** It is noteworthy that our hydrogels
exhibited conductivity values that are close to that of natural
dermis (0.22 S m ') and epidermis (0.026 S m™~')."” We conducted

Fig. 4 Surface characterization of the hydrogel through SEM imaging: (A) PVA; (B) PVA/Gr001; (C) PVA/GO; (D) PVA/Av; (E) PVA/Gr001/Av; (F)

PVA/GO/Av. Porosities are observed in all the samples.
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Table 1 Hydrogel physical properties of the water contact angle and
electrical conductivity. There is no significant differences between the
samples

Water contact

Hydrogel angle (degree) Electrical conductivity (S m™")
PVA 30.79 £ 3.40 0.0132 + 0.0

PVA/Gr001 31.47 £ 0.30 0.0125 + 0.00127

PVA/Gr005 21.64 £ 2.07 0.0125 + 0.00127

PVA/GO 27.39 £ 2.96 0.0110 + 0.0

PVA/Av 29.39 £+ 4.43 0.0154 + 0.00221
PVA/Gr001/Av 30.56 £ 2.29 0.0117 + 0.00127
PVA/Gr005/Av 14.95 £ 1.70 0.0102 + 0.00127

PVA/GO/Av 28.97 £ 3.97 0.0154 + 0.00221

the electrical conductivity test of the wet-state hydrogel through the
4-point probe method. The addition of Gr and GO to PVA
decreased the conductivity of PVA slightly from 0.0132 S m™"
to 0.0125 S m ' (for both PVA/Gr001 and PVA/Gr005) and
0.011 S m™' (PVA/GO). However, after introducing Av into all the
hydrogels, their conductivity increased except for PVA/Gr005/Av,
which had decreased (Table 1). PVA/Av and PVA/GO/Av exhibit
the highest conductivity with a value of 0.0154 S m™". Even
then, there is no significant difference between their
conductivities.

It is not clearly seen that the GBM affect the PVA hydrogel
conductivity. Aycan et al. reported that the higher concentration
of rGO within the polymeric network tends to agglomerate more
easily than the lower one.*® This would lead to decreasing
conductivity of the polymer since the rGO nanoparticles are not
well-distributed in all the regions. This might be the reason that
GBM addition, especially Gr, did not increase the conductivity
significantly. Further, in case of GO, it did not improve the
hydrogel conductivity even though Raman spectroscopy shows
that it might have transformed to rGO. This result is in line with
the previous study carried out by Slobodian et al., which showed
that low temperature reduction reduces GO without a signifi-
cance enhancement in the electrical conductivity.”” On the
other hand, the addition of Av increased the conductivity value
of all the samples except PVA/Gr. This result is considerably
meaningful as the Av in our hydrogel is in its liquid/gel form
and has been reported to have good electrical conductivity.**>*
Saberian et al. reported that the Av gel with the concentration of
0.5-2% exhibited electrical conductivity that is temperature-
dependent, where from 30 °C to 60 °C, the conductivity value
is about 0.0063-0.0236 S m~*.* In addition, the Av gel has also
been reported to be able to transmit current where it has been
used for promoting the wound healing of the surgical wound
model in Wistar rats by applying the Av gel and the micro-
current as electrical stimulation.*

In accordance with the electrical conductivity value effect on
the wound healing process, our hydrogels should be able to
reduce the wound healing time and fasten wound closure
excellently as the conductivity of our hydrogels is comparable to
the skin conductivity. As a comparison, He et al. demonstrated
their hydrogel with conductivity within the range of 2.6 x 10>~
8.45 x 10> Sm™*, which could lead to wound closure of the full

© 2021 The Author(s). Published by the Royal Society of Chemistry
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thickness wound model in mice completely after 14 days.”
Another hydrogel made of functionalized chitosan and GO with
0.07 s-0.11 S m™~ ' range of conductivity has been proved as well
by Zhang et al. to be able to significantly enhance the healing of
a full thickness wound in mice with the closure of the wound
site up to 98% after 14 days.*®

3.5 Mechanical properties

The hydrogel for wound dressing purposes must have sufficient
mechanical properties, which includes tensile strength and
modulus elasticity.” We tested our hydrogels according to
ASTM D638 with the results shown in Fig. 5 and Table 2. A
previous study has reported that the addition of GBM to the PVA
hydrogel increased the tensile strength of the PVA hydrogel.*>%
We found that GO addition to PVA increased the tensile
strength of the hydrogel up to 1.5 MPa or about two times
higher than PVA alone. Interestingly, this value is the highest
among the other samples, even higher than that of PVA/Gr001
and PVA/Gr005. This is probably the result of the GBM inter-
action with the PVA hydrogel network. Even though Gr has
higher tensile strength than GO, it interacts hydrophobically
with PVA. It could lead to weak interaction with the PVA network
and resulted in phase separation/agglomeration, as seen in
Fig. 2A (PVA/Gr005 and PVA/Gr005/Av). The good interface
between the PVA chains and GBM is the main factor behind the
successfully enhanced mechanical properties of the PVA-GBM
hydrogel.* If it is not achieved, it would lead to the deteriora-
tion of its properties. Zhang et al. prepared freeze-thawed PVA
hydrogel with the addition of 0.8 wt% GO and demonstrated
that this hydrogel possesses a tensile strength of 3.48 MPa and
breaking elongation up to 140%.°> Huang et al. found the
tensile strength and elongation of the PVA hydrogel were
enhanced, respectively, from 0.25 MPa to 0.543 MPa and from
350% to 405% with the addition of 0.05 wt% of GO.*

On the other hand, the incorporation of Av in this hydrogel
system gives a different effect to each hydrogel. Both PVA/Av and
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Fig.5 Stress—strain curve of all hydrogels. PVA/GO shows the highest
tensile strength.
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Table2 Mechanical properties of the hydrogel: tensile strength, tensile strain, and modulus elasticity. The addition of GBM significantly increases
the mechanical properties of the PVA-based hydrogel where PVA/GO shows the highest value

Hydrogel Tensile strength (MPa) Tensile strain (%) Modulus elasticity (MPa)
PVA 0.740 £ 0.030 459.42 + 66.18 0.231 £ 0.049
PVA/Gr001 0.820 £ 0.114 520.17 + 11.41 0.228 £ 0.042
PVA/Gr005 1.103 £ 0.220 436.45 £ 15.40 0.393 £ 0.072
PVA/GO 1.543 + 0.040 508.68 + 57.02 0.389 £ 0.033
PVA/Av 1.073 £ 0.015 438.31 £ 27.30 0.439 £ 0.025
PVA/Gr001/Av 1.213 £ 0.132 500.91 + 17.00 0.341 £ 0.054
PVA/Gr005/Av 0.887 £ 0.150 397.57 £ 47.46 0.312 £ 0.021
PVA/GO/Av 1.123 + 0.023 496.46 + 30.34 0.331 £ 0.013

PVA/Gr001/Av experienced increasing value of the tensile
strength compared to PVA and PVA/Gr001. In contrast, the Av
appearance in PVA/Gr005 and PVA/GO lowers this property;
nonetheless, it is still higher than that of PVA alone. As Gr is
hydrophobic, it tends to agglomerate, which leads to an inho-
mogeneous hydrogel and the higher Gr concentration elevates
the chance of this to occur. Then, we expected that Av addition
will not affect the hydrogel mechanical properties since it has
never been reported to have the strengthening effect as a GBM.

In terms of the ability to strain, all the hydrogels demon-
strated it excellently, which was represented by the tensile strain
value of more than 400%. Besides, all the hydrogels also possess
adequate elasticity with modulus elasticity within the range of
0.3-0.5 MPa. This property is very important to ensure that it
could be adjustable, following the skin contour.*® Our hydrogels
are considerably comparable to the skin mechanical properties,
specifically, the tensile strength and elastic modulus.*>*® More
importantly, the value of these properties in the hydrogel
should be less or equal to the skin; thus, it can be applied
effectively to the wound bed.

3.6 Degradation behavior

We evaluated the degradation behavior of all the hydrogels in
PBS at the timepointof1d,2d,3d,4d,5d,and 14 d. According
to the clinical practice, hydrogel wound dressing in burn
treatment is to be ideally changed after no more than 5 days of
use.®” There is weight loss observed, which is represented by the
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Fig. 6 Weight ratio (WR) percentage profile of all the hydrogel groups,
which were obtained by sample immersion in PBS for 1, 2, 3, 4, 5, and
14 days.
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decrease of WR from 100% to 85% in all the hydrogels after 1 day
(Fig. 6), except for PVA, which gets increased. WR itself indicates
the ratio of the weight of the sample at a particular timepoint to its
initial weight. PVA/Av, PVA/Gr001/Av, and PVA/GO/Av are likely to
decrease in the WR at each timepoint until 4 d. We assume that
weight reduction is mainly caused by the dissolution of the non-
crosslinked component to the water environment. Interestingly,
their WR is somewhat higher after 5 d, then decrease again at 6 d,
and increase slightly at 7 d (but less than WR at 5 d). Their WR
after 6 d, 7 d, and 14 remained constant at about 80%.

Differently, PVA/Gr005 and PVA/Gr005/Av are two groups
that experienced weight reduction from day to day with WR of
PVA Gr/005 at 1 d and 14 d, consecutively, being 90.78% and
73.88%, while PVA/Gr005/Av are 93.26% and 74.28%, respec-
tively, at the same time point. Same as PVA/Av, PVA/Gr001/Av,
and PVA/GO/Av, these two also experienced a slight increase
in the WR by 0.17% and 0.46%, consecutively, at 5 d. Despite
this similar behavior, their WR keep getting lower until 14 d.
However, from the degradation data profile of these two
hydrogels and others, increasing the soaking time of all the
hydrogels might not give further weight reduction.

There is an equilibrium point of the WR for these hydrogels
where they absorb water and vice versa. This point appeared as
the response of hydrogel in the salt environment. Still, WR will
stay around the equilibrium point after reaching the stability.
The same behavior of the PVA hydrogel has been reported by
Hassan et al. where they demonstrated the swelling and disso-
lution of the freeze-thawed PVA hydrogel in deionized water.®®
They confirmed that PVA gets degraded due to the dissolution
of the not-strongly-attached PVA chains to the hydrogel
network. As we employed the freeze-thawing process to create
the physical crosslink between PVA, there are chances of PVA
chains to not be involved in crystallite formation during
freezing. Hence, it resulted in the dissolution of these chains in
water. Then, after these weak-bonded chains have been fully
dissolved, the hydrogel would remain in the equilibrium state,
which have been mentioned previously.

We evaluated the degradation behavior of our hydrogels
through their weight reduction. We suspect that the weight loss
was primarily caused by the dissolution of PVA weakly attached
to the hydrogel network. In this case, this PVA did not
contribute well to crystallite formation. Hence, once it gets
disrupted by the PBS solution, it would dissolve easily since no

© 2021 The Author(s). Published by the Royal Society of Chemistry
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strong bonds connected it with the crosslinked PVA network.
Secondly, we hypothesize that water released from the hydrogel
is another cause of this phenomenon to occur since we used
PBS solution as the medium of the test. Water released from the
hydrogel network occurred due to hydrogen bond devastation
that was caused by hydrogel-PBS solution interaction. Other-
wise, the combination of these two causes worked synergisti-
cally to degrade the hydrogel.

In case of PVA, PVA/Gr001, and PVA/GO, they seem more
stable compared to other samples as they experienced swelling—
deswelling at a higher point of WR. The hydrogels that experi-
ence swelling indicate that it possesses a lower degree of
physical crosslinking. It causes the hydrogels to have more free
volume and makes it easier to rearrange its chain during water
uptake. Thus, it results in the swelling phenomenon of the
corresponding hydrogels. However, we can also obviously see
that these hydrogels also have decreased WR after swelling. This
would happen because of the deeper unstable PVA chains being
penetrated by the PBS solution and getting disrupted. At the
end, these chains get dissolved in the PBS solution and result in
the lower weight of the hydrogel. Despite the ability of the lower
degree crosslinked PVA hydrogel for easier water absorption, it
is actually unstable in terms of the weight. For this reason, we
see that swelling and deswelling in these three hydrogels as well
as in other hydrogels have occurred despite the number of
changes in the weight. Fortunately, it is not a big matter in the
case of wound dressing application since the number of PVA
molecules that get dissolved is low and also the replacement
with a new hydrogel dressing can be done anytime. In addition,
a further test in the burns model in vivo is needed to see whether
this behavior would happen in the same manner as the results
of this test.

3.7 Antibacterial activity

The antibacterial property in wound dressing is important to
reduce the probability of the wound getting infected by
microbes such as the bacteria.®® The appearance of the bacterial
colony at the wound site would prolong the inflammation stage
in wound healing. Bacteria can also lead to serious pathological
conditions such as infection and sepsis, which may lead to
death.” Our hydrogels were first evaluated through the agar
diffusion method as the first screening method to see whether
they have antibacterial activity through the emergence of the
inhibition zone. Staphylococcus aureus ATCC 6538, Gram-
positive bacteria, was employed in this test. As shown in
Fig. 7, all the samples exhibited a slight inhibition zone except
for PVA and PVA/Av. The inhibition zone indicates the reduction
in the bacterial colony population within that area. From this,
we can conclude that all the PVA/GBM and PVA/GBM/Av
hydrogels have antibacterial activity. The formation of that
zone is determined by several factors including the ability of the
antimicrobial agent to diffuse into the surface of the hydrogel.
The absence of the inhibition zone may not be generalized as
the lack of antibacterial activity. Hence, another method to
examine the antibacterial properties for materials that do not
present this zone should be employed.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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We used the TPC method to assess the effect of the anti-
bacterial quantitatively. From this method, the antibacterial
activity of PVA and PVA/Av can be measured as well. The initial
bacterial colony population was 1.6 x 10° cfu mL ™. Table 3
presents the population number of the bacterial colonies and
the bacterial reduction percentage with respect to our hydro-
gels. Compared to the PVA/Av hydrogel, the incorporation of
GBM into the PVA hydrogel system could reduce and lower the
growth of the bacterial colony significantly (p < 0.05), as
confirmed through the TPC method. For the hydrogel without
Av, PVA/GO had the lowest bacteria population number, which
is 2.68 x 107 cfu mL™". In addition, the interaction between GO
and Avwould increase the number of bacterial populations even
though are still lower than that of PVA without GBM. Overall,
this result might not satisfy our expectation since there were no
hydrogels that are able to kill the bacterial colony completely.
However, our hydrogels have shown the percentage of bacterial
colony reduction up to 99.94% for PVA/GO, 99.64% for PVA/
Gr005, 99.53% for PVA/GO/Av, and 99.34% for PVA/Gr005/Av.
Nevertheless, from this evaluation, we can see that the poten-
tial of this hydrogel system to be developed further. As
a comparison, the addition of Av alone without GBM to PVA
reduced the bacterial colony only up to 95.88%. From here, we
can see that GBM acts as the main contributor for enhancing
the antibacterial activity in the PVA/GBM/Av hydrogel despite
the ability of Av to kill the bacteria as well.”* The concentration
of GBM might give another effect to this property as it is the
biggest contributor of all the constituent materials. Besides,
another factor from the bacteria in terms of its capability to
grow under our hydrogels' physicochemical condition could
influence the overall hydrogel's antibacterial activity as well.”

GBM and Av were physically embedded in the PVA matrix
and are able to leach out. We hypothesize that the antibacterial
mechanism of PVA/GBM/Av is through the interaction of both
GBM and Av in the hydrogel with the surrounding environment.
It is definitely interesting to see the ability of the GBM to impede
the growth and to kill both Gram-positive and Gram-negative
bacteria™ as it has been reported previously to have excellent
antibacterial properties.”” There are three different general
mechanisms of GBM appearance that lead to bacteriostatic or/
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Fig. 7 Antibacterial activity of the PVA/GBM/Av hydrogels, which was
observed through the pour plate disc diffusion method.
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Table 3 S. aureus ATCC 6538 colony number and reduction percentage after 24 h incubation

Hydrogel Bacterial colony population (cfu mL ") Bacterial reduction (%)
Control” 4.8 x 10" + 0.00 —

PVA/Gr005 3.18 x 10° + 2.77 x 107 99.34 + 0.058

PVA/GO 2.68 x 10”7 + 2.28 x 10° 99.94 + 0.005

PVA/Av 1.98 x 10° & 2.39 x 10® 95.88 + 0.497
PVA/Gr005/Av 1.74 x 10% + 3.97 x 107 99.64 + 0.083
PVA/GO/Av 2.28 x 10® +2.17 x 107 99.53 + 0.045

¢ Without hydrogel.

and bactericidal activity: knives-like edge-mediated cutting,
oxidative stress, and bacterial membrane entrapment.” The
mechanism of edge cutting by GBM is started by direct contact
between the GBM and the bacteria cell membrane.” These
edges at the molecular level are considered as sharp as knives
and work in the same manner to cut the cell membrane
mechanically, which then results in bacterial mortality.”
Differently, oxidative stress would lead to bacterial death or
inactivation through a chemical pathway, which is either reac-
tive oxygen species (ROS)-dependent or ROS-independent. ROS-
dependent pathway oxidative stress occurs when GBM gener-
ates ROS, such as hydroxyl radicals, peroxide, singlet molecular
oxygen, and superoxide anions, in a very large number, hence
resulting in the accumulation of the ROS at the cellular level.
This accumulated ROS would disrupt the bacterial body chem-
ically, which eventually led to bacterial membrane degeneration,
lipid peroxidation, protein inactivation, mitochondrial membrane
depolarization and dysfunction, and cell necrosis.” For the ROS-
independent pathway, disruption comes from the cellular elec-
tronic transfer between rGO in specific with the bacteria and it is
mostly induced by the conductive GBM such as Gr and rGO.”
Subsequently, for cell entrapment, GBM by its graphitic 2D layer
might isolate the bacteria from the cellular environment.” This
event would block the bacteria to get the physicochemical condi-
tions for living as well as the nutrients. Also, because of this, the
bacteria cannot survive and die.

In the case of our hydrogels, the effect of GBM on the antibacterial
activity was probably caused the sharp edges of the GBM that are able
to damage the bacterial cell membrane and oxidative stress. The
same result was confirmed as well by Surudzic et al., where they
hypothesized that the same mechanisms occurred in their PVA/Gr
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Fig. 8 Viability of the fibroblast 3T3 cells on the PVA/GBM/Av
hydrogels. The control and DMSO 5% are the negative and positive
controls, respectively.
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hydrogel.® Nevertheless, Av should have given the antibacterial
effect synergistically with GBM. The antibacterial activity provided by
Av is mainly due to the interaction between the active compounds in
Av, such as anthraquinones, pyrocatechol, cinnamic acid, p-coumaric
acid, and ascorbic acid.””® Anthraquinones play a role as tetracycline,
obstructing the ribosomal A site, which leads to bacterial protein
synthesis inhibition.” Pyrocatechol has a phenolic group that is able
to increase hydroxylation, leading to protein denaturation and ends
up in the disruption of the cellular membrane.* Cinnamic acid
hinders both glucose uptake and ATP energy production in the
bacterial cells, while p-coumaric acid and ascorbic acid similarly
interrupt the enzymatic activity in the bacteria.*

3.8 Cell viability

Hydrogel as a wound dressing should be biocompatible as it
would lay on the wound bed and get in contact with the
surrounding tissue directly. As the preliminary way to investi-
gate this property in our hydrogels, we carried out the cell
viability assay using alamarBlue resazurin staining. We used
3T3 fibroblast cells as the cell model since the fibroblasts have
a crucial role in wound healing such as to generate the protein
for new extracellular matrix formation.** The results were then
collected after 1 h and 48 h. Fig. 8 shows the results of this test
and confirmed that all the hydrogels exhibited no toxicity
toward the cells, compared to the group treated with 5% DMSO
to induce toxicity. All the hydrogels maintained the number of
viable cells as the control after 1 h in about 100% except for
PVA/GO, which has 40% higher cell viability than the control.
After 48 h, PVA/GO/Av showed the highest percentage, which is
295% (40-50% higher than that of the others) after 2 days. The
cell viability percentage in all the hydrogels experienced esca-
lation, indicating that the cells are able to proliferate. This
result also implies that the combination of GBM with PVA and
Av could generate a fully non-cytotoxic material. Since PVA and
Av are well-known as biocompatible materials, it is likely they
were helpful in reducing the cytotoxicity in the GBM that is
dose-dependent.’®® However, an additional in vivo test should
be eventually employed to have better representation of the
PVA/GBM/Av biocompatibility.

4 Conclusions

We successfully fabricated the PVA/GBM/Av hydrogel via phys-
ical crosslink formation, i.e., freeze-thawing. The PVA concen-
tration plays a remarkable role in determining the physical

© 2021 The Author(s). Published by the Royal Society of Chemistry
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appearance of the hydrogel, which was caused by phase sepa-
ration that occurred during the freeze-thawing process. The
addition of GBM and Av to the PVA hydrogel was confirmed
through FTIR and Raman spectroscopy. Through Raman spec-
troscopy as well, the GO added was confirmed to have trans-
formed to rGO. The hydrogels have porosities, as observed
through SEM, where these porosities would be useful as the
pathway for the active agents, cells, and water mobilization at
the wound site. The potential of the PVA/GBM/Av hydrogel for
wound dressing application have been demonstrated through
some tests, which aimed to determine whether our hydrogels
fulfil the requirement of the wound dressing. Our hydrogels
exhibited excellent hydrophilicity with a water contact angle less
than 90 degrees, electrical conductivity that is comparable to
that of the human skin tissue, and possess similar mechanical
properties as that of the skin tissue. This PVA/GBM/Av hydrogel
is stable in PBS with a weight ratio of about 73-80% after 14
days of immersion. The presence of GBM in the hydrogel would
inhibit the growth of Gram-positive Staphylococcus aureus ATCC
6538 with the lowest bacterial population observed in PVA/GO
(1.74 x 107 cfu mL™") after 1 day incubation, which indicates
99.94% of bacterial reduction. Lastly, our PVA/GBM/Av hydro-
gels are cytocompatible with 3T3 fibroblast cells, with a viability
up to 295% after 48 h for PVA/GO/Av. Despite these results that
have satisfied the wound dressing requirement, further inves-
tigation is still needed to evaluate the performance of our
hydrogels more comprehensively.
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