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ABSTRACT: Biopolymer-based hydrogels have several advantages,
including robust mechanical tunability, high biocompatibility, and
excellent optical properties. These hydrogels can be ideal wound
dressing materials and advantageous to repair and regenerate skin
wounds. In this work, we prepared composite hydrogels by blending
gelatin and graphene oxide-functionalized bacterial cellulose (GO-f-
BC) with tetraethyl orthosilicate (TEOS). The hydrogels were
characterized using Fourier-transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), atomic force microscope
(AFM), and water contact angle analyses to explore functional groups
and their interactions, surface morphology, and wetting behavior,
respectively. The swelling, biodegradation, and water retention were
tested to respond to the biofluid. Maximum swelling was exhibited by
GBG-1 (0.01 mg GO amount) in all media (aqueous = 1902.83%, PBS = 1546.63%, and electrolyte = 1367.32%). All hydrogels were
hemocompatible, as their hemolysis was less than 0.5%, and blood coagulation time decreased as the hydrogel concentration and GO
amount increased under in vitro standard conditions. These hydrogels exhibited unusual antimicrobial activities against Gram-
positive and Gram-negative bacterial strains. The cell viability and proliferation were increased with an increased GO amount, and
maximum values were found for GBG-4 (0.04 mg GO amount) against fibroblast (3T3) cell lines. The mature and well-adhered cell
morphology of 3T3 cells was found for all hydrogel samples. Based on all findings, these hydrogels would be a potential wound
dressing skin material for wound healing applications.

1. INTRODUCTION
The skin is a vital body organ that protects and functions as a
barrier, shielding the body from its surroundings. Even though
the skin has a significant capacity for self-regeneration, skin
abnormalities larger than a specific diameter does not heal
independently and require skin transplantation.1,2 Additionally,
the wound healing process is hindered in certain patients,
resulting in chronic wounds that can lead to limb amputations
or even death. Split- and full-thickness skin grafts, skin flaps,
skin expansion procedures, and dermal replacements are
among today’s “gold standard” therapeutic options.3,4 How-
ever, important issues linked with the available methods
include donor site shortages and hypertrophic scars or keloids,
resulting in severe functional and psychosocial issues. Tissue-
engineered skin grafts, as a result, appear to be a viable option
for overcoming these constraints. Skin tissue engineering is a
rapidly expanding discipline to develop clinical skin sub-
stitutes.5,6 A variety of wound dressing materials are employed
as skin substitutes. It can be applied to the wound site to
temporarily or permanently replace the functions of the skin,
depending on the patient’s requirements.

Various hydrogels, including natural and synthetic materials,
have been fabricated similar to the extracellular matrix.
Chemical or physical crosslinkings have been employed to
produce hydrogels from synthetic and biopolymers.7−10

Hydrogels are among the wound dressings designed to aid
wound healing. They have emerged as some of the competitive
wound dressing candidates. They are hydrophilic and
biocompatible and have a three-dimensional porous structure
similar to the extracellular matrix.11,12 It has also piqued the
interest of several researchers. The study has also increased
hydrogels as wound dressings, particularly in the last decade.
They have unique features that mimic the natural skin
microenvironment compared to other biomaterials.13,14

Hydrogels can also be utilized as injectable wound dressings.
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The addition of graphene oxide can strengthen these
“multifunctional hydrogels”, also known as “smart” hybrid
hydrogels.
Natural polymers can fabricate hydrogels, and their

mechanical strength can be enhanced by adding reinforcement
materials or fillers. Bacterial cellulose (BC) is one of the most
influential and available natural polymers with ultrafine fibers.
Acetobacter xylinum is thought to be the most effective source
of BC. Because its cellulose has β-1,4-glycosidic linkages
between two glucose molecules,15 its superior biomedical
application could be employed in hydrogel composites for
biomedical engineering. BC possesses many properties,
including high Young’s modulus, crystallinity, polymerization,
surface area, and hydrophilicity.16,17 A minor quantity of BC in
gelatin-based hydrogels should be noted. When used under
externally applied stresses, it can significantly improve tensile
strength and dimensional stability.
Gelatin is a protein made by hydrolyzing collagen in an acid

or alkaline solution. It is exceptionally biocompatible,
biodegradable, non-immunogenic, and able for functional
modification. On the other hand, gelatin is a low-cost, widely
available natural polymer.18 It is a processable and trendy
material in biomedical engineering. Due to their trans-
formability, several biomaterials can be designed in different
shapes and forms. It is one of the potential materials among
several biomaterials due to its promising results as a
biomaterial in wound dressing, tissue engineering, and the
release of therapeutic agents because of its unique and
multifunctional nature.19 Graphene oxide (GO) is among the
well-known materials famous for their multifunctional proper-
ties. These include surface area and physicochemical and
mechanical properties because of several available functional
groups. It can easily be dispersed in polymeric solutions20�
the improved properties of the hydrogel by adding GO into the
hydrogel. For wound healing applications, GO-incorporated
membranes have high mechanical strength and thermal
stability and increased biological properties.20,21

This study offers optimization of GO amount and its role in
the hydrogel system. BC was functionalized with different
amount of GO by hydrothermal method and crosslinked with
gelatin using TEOS to fabricate novel hydrogels to optimize
GO amount and its role in different prepared formulations of
hydrogels. The prepared formulations have never been
reported before, according to best of our knowledge. The
novel composition was used to develop stimuli-responsive
hydrogels to treat skin wounds. Fourier transform infrared
(FTIR), scanning electron microscopy (SEM), and water
contact angles investigated the structural, morphological,
mechanical, and wetting properties. The swelling was
conducted in different media (aqueous, PBS, and NaCl).
The biodegradation was observed in PBS media with a pH of
7.4 at 37 °C. The antibacterial activities were also performed
using Gram (positive and negative) bacterial strains. The
hemocompatibility was performed using fresh human blood�
the cellular behavior of the hydrogels against fibroblast (3T3)
cell lines using standard in vitro protocols. The fabricated
hydrogel may be the potential biomaterial for wound healing
applications.

2. MATERIALS AND METHODS
2.1. Materials. BC gelatin from bovine skin (G9382-500

g), GO (CAS no. 763713-1G), tetraethyl orthosilicate (CAS
number: 78-10-4), PBS solution, HCl, absolute ethanol, and

glacial acetic acid were provided by Sigma-Aldrich, Malaysia.
Fibroblast (3T3) cell lines, α-MEM, were supplied by
American Type Culture Collection (ATCC) and Hyclone
Laboratories, respectively. L-Glutamine penicillin/streptomycin
and fetal bovine serum were purchased from Thermo Fisher
Scientific. Male albino mice were provided by the National
Institutes of Health, Pakistan.

2.2. Methods. 2.2.1. Bacterial Culture and Production of
Bacterial Cellulose. BC was extracted in our previous study.22

Briefly, the bacterial strains of Gluconacetobacter xylinus were
isolated from rotten fruits. These bacterial strains were
transferred into a 500 mL flask that contained 300 mL of
Hestrin and Schramm medium. The flask was incubated for 48
h at 30 °C with continuous agitation, and the culture was used
for the final BC synthesis. Then, 10 mL from the stock solution
was transferred into a 250 mL flask to prepare a 10% v/v
Hestrin and Schramm medium. The 250 mL flask was
incubated for 7 days at 30 °C, and the formation of white
gelatinous pellicle ware was observed on culture media. These
white gelatinous pellicles indicate nanocellulose synthesis by
BC. These white gelatinous pellicles were filtered for further
purification of BC.

2.2.2. Purification of Bacterial Cellulose. The white
gelatinous pellicles were harvested from the culture medium
and treated with deionized water to wash medium
components. The washed white gelatinous pellicles were
shifted to a flask containing 0.1 M NaOH solution. The flask
was incubated for 30 min at 80 °C until bacterial cells were
separated from the polymeric matrix of BC. Then, the flask was
removed and washed with deionized water until neutral pH.
The purified BC was shifted to the Petri dish and freeze-dried
until constant weight to have dried BC.

2.3. Fabrication of Hydrogels. The hydrothermal
method was applied for BC and GO functionalization using
different GO amounts (0.01, 0.02, 0.03, and 0.04 mg). Briefly,
BC (2 g) was suspended in 50 mL of deionized water, and
suspension of different GO amounts was stirred with BC
polymeric suspension to have homogenized suspension. These
homogenized suspensions with different GO amounts were
shifted into a stainless-steel autoclave vessel separately and
placed in an oven at 65 °C overnight to gelatin graphene oxide-
functionalized-bacterial cellulose (GO-f-BC). The obtained
polymeric composite was dispersed into 50 mL of deionized
water and stirred with gelatin solution (0.3 g dissolved in 10
mL of deionized water) to get a homogenized solution for 1 h
at 60 °C. Then, a hydrogel was obtained by adding TEOS
((240 μL) dissolved in 5 mL of ethanol) into a homogenized
polymeric blended mixture and allowed to stir for 2 h at 60 °C.
Then, potassium persulfate was added as an initiator and
allowed to be stirred for another 3 h at 60 °C. After 3 h, the
hydrogels were stored in glass vials for biological analysis. It
was poured into Petri dishes and placed in the oven at 55 °C
overnight to get the dried hydrogel. The codes to the hydrogels
were assigned after different GO amounts (GBG-1 = 0.01 mg,
GBG-2 = 0.02 mg, GBG-3 = 0.03 mg, and GBG-4 = 0.04 mg).

3. CHARACTERIZATIONS
FTIR was used to identify the functional group and cross-
linkages in hydrogels in the wavelength range of 4000−600
cm−1. The surface morphology of the hydrogel was determined
by a scanning electron microscope (SEM). The SEM (JEOL-
JSM 5410 LV) was used with an accelerated 10 kV voltage.
Before analysis, the well-dried hydrogel films were gold-
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sputtered for better electrical conductivity to determine the
surface morphology. The surface roughness of the oven-dried
hydrogels was conducted using an atomic force microscope
(AFM) (Park Systems XE-100) to determine the surface
topography of the hydrogels. We did not use the freeze-dried
hydrogels due to their extreme porosity and rough surface
behavior. The wetting behavior of the hydrogels was
investigated by a water contact meter system (JY-82,
Dingsheng, Chengde, China). After adding different cross-
linking amounts, the wetting will help determine the hydrogels’
change in hydrophilic and hydrophobic performance.

3.1. Swelling, Biodegradation, and Gel Fraction
Analysis. The swelling analysis of oven-dried hydrogels was
determined at 37 °C at different pHs to study the swelling
characteristics of the prepared hydrogels, as we did not employ
freeze-dried hydrogels due to their uneven surface roughness
and morphology. The hydrogels were sliced in a square shape
and weighed (50 mg) as the initial weight. These were dipped
into different pH aqueous and PBS media. The excess surface
water was wiped carefully using tissue paper, and the weight of
the swelled hydrogel was recorded as the final weight after a
suitable period. The swelling percentage was calculated by eq
1:

W W
W

Swelling (%) 100f i

i
= ×

(1)

Similarly, the square-shaped hydrogels were weighed (50
mg) as the initial weight and were placed into PBS media with
pH 7.4 at 37 °C. Then, the hydrogels were taken out after
different time intervals to weigh as weight at “t” after removing
extra surface media. The percentage weight loss was calculated
by eq 2:

W W
W

Weight loss (%) 100ti

i
= ×

(2)

The gel fraction of the hydrogels was determined in
deionized water. The small pieces of the hydrogels were
immersed in deionized water at room temperature for 12 h to
remove unreacted reactants. The hydrogels were kept in
methanol for 2 h and dried in an oven until constant weight.
The gel fraction of the hydrogels was calculated by eq 3:

M
M

Gel fraction (%) 100=
°

×
(3)

where Wi is the initial weight, Wf is the final weight, Wt is the
weight at “t” time, M′ is the initial weight, and M° is the oven-
dried weight.

3.2. In Vitro. 3.2.1. Antibacterial Assay. The disc diffusion
method was used to investigate the antibacterial activity of the
prepared hydrogels. The antibacterial activity was determined
by zone inhibition using Gram-positive (Staphylococcus aureus
(S. aureus)) and Gram-negative (Pseudomonas aeruginosa (P.
aeruginosa) and Escherichia coli (E. coli)) bacterial strains. We
poured the molten agar nutrition into a Petri plate and waited
for it to cool. A sterilized glass spreader was used to disperse
the bacterial strains on the settled agar nutrient. The bacterial
mediums were then spotted with 65 liters of hydrogels. For 12
h, these Petri dishes were incubated. Bacterial zone inhibition
measurement was used to test antibacterial activity.

3.2.2. Hemocompatibility. Blood is an essential biofluid of
our body as it directly interacts with any applied biomaterial
and performs action accordingly. We have conducted the in

vitro hemocompatibility of the composite hydrogels using fresh
human blood. The trauma center kindly provided the fresh
human blood, Public Hospital, Johor Bahru, Malaysia, and the
assay was carried out by Ethics Committee approval. The
Ethics Committee approval was obtained under UTM/2016/
KHAIRUL NADWA/28-JAN/729-FEB-2016-JAN-2019. The
in vitro hemocompatibility assay was conducted as reported in
our previous study,7 and hemolysis was calculated by eq 4:

Abs Abs
Abs Abs

Hemolysis (%) 100S NC

PC NC
= ×

(4)

where AbsS is the sample absorbance, AbsPC is the positive
control absorbance, and AbsNC is the negative control
absorbance.
Blood coagulation is one of the essential phenomena during

injury or accident, as excessive bleeding most of the time
causes death. In the meantime, we need a biomaterial that
stops bleeding, protects it from the bacterial effect, and
performs healing without scar formation. The bleeding
stoppage is determined by blood coagulation, the time taken
to coagulate blood as blood coagulation time. A citrated
vacutainer tube was used to take the fresh blood and recalcified
it by 5 μL of 0.05 M calcium chloride solution. Then, the
blood was exposed to different concentrations (25−250 μg/
mL) of composite hydrogels at 37 °C to observe blood flow.

3.2.3. Cell Viability and Proliferation. The cell viability and
proliferation of hydrogels were determined using different
dilutions (1.0 to 2.5 μg/mL). The fibroblast (3T3) cell lines
were used to study the cell viability and proliferation after
different time intervals (24, 48, and 72 h). The positive control
was taken by a gelatin-coated (0.1%) well. All the well plates
were incubated at 37 °C under standard in vitro conditions
(90% humidity and 5% CO2) for different time intervals (24,
48, and 72 h). The well plates were again incubated for 2 h
using the neutral red (NR) method, according to Repetto et
al.23 PBS media washed the excess NR media, and optical
density was measured at 540 nm using a microplate reader.
The cell viability was calculated using eq 5:

Cell viability (%)
OD
OD

100S

C
= ×

(5)

where ODs is the sample optical density and ODc is the control
sample optical density.

3.2.4. Cell Adherence and Morphology. The cell adherence
was evaluated using 3T3 cell lines at different intervals against
all samples of the hydrogels. The fabricated hydrogels were
washed with deionized water and dried in an oven for 24 h.
These are again treated with ethanol to remove the additional
GO flake over the oven-dried hydrogel surface to observe cell
adherence and morphology of the 3T3 cell lines. After having a
smooth surface, these hydrogels were sterilized under UV for
3−5 min. The cells were cultured on smooth hydrogel films for
different times (24, 48, and 72 h) and treated with PBS to
wash out non-adhered cells; however, the adhered cells were
fixed by absolute ethanol. These hydrogel films were gold-
sputtered, and SEM (JEOL-JSM-6480) was used to record the
cellular behavior of the adhered 3T3 cells on hydrogel films.

3.3. Statistical Analysis. The statistical analysis of the
research data was studied by statistical software (IBM, SPSS
Statistics 21) except for the morphological and structural
studies. The standard errors were presented in the figures as Y-
error bars. With post hoc multiple comparisons, a two-way
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ANOVA was used (*p < 0.05, **p < 0.01, and ***p < 0.001
size of sample n = 3).

4. RESULTS AND DISCUSSION
4.1. FTIR. The structural properties of hydrogels are

observed in the FTIR spectra, as shown in Figure 1. The

hydrogels (GBG-1, GBG-2, GBG-3, and GBG-4) confirm the
corresponding peaks of the functional groups and their
interaction. The broadband 3600−3200 is attributed to
hydrogen bonding as both BC and gelatin contain −OH
simultaneously. However, GO also contains −OH groups, and
an increased intensity of the broadband was observed with an
increased GO amount. The different broadband intensities are

due to increasing crosslinking. The bands at 1228, 1053, and
1016 cm−1 are due to C−O stretching and pyranose, O−H
bending vibration of the pyranose, and the pyranose ring,
respectively.24,25 These are characteristic peaks of the BC, and
confirmation of these peaks confirms the presence of BC and
gelatin. The absorption peaks at 2909 and 2851 cm−1 are due
to −CH2. The absorption peaks at 1723 and 1636 cm−1 are
attributed to stretching vibrations of −C=C and −C=O; these
absorption peaks are due to GO. Due to water molecules, the
absorption peak at 1611 cm−1 is assigned to the OH functional
group. The vibrational bands from 1187 to 912 cm−1 confirm
the presence of gelatin and BC in hydrogels.25 The vibration
band between 1000 and 1100 cm−1 may be due to the TEOS
crosslinker. The vibration peaks at 1069 and 1020 cm−1 result
from the siloxane bond (Si−O−) and ensure the TEOS
presence.24,26 The hydrogels (GBG-1, GBG-2, GBG-3, and
GBG-4) confirm the presence of all components (BC, gelatin,
and GO) and TEOS crosslinks to the polymeric matrix.

4.2. Surface Morphology. The morphology of biomate-
rials is an essential characteristic, and SEM observed the
surface morphology of the prepared hydrogels. Figure 2A
shows a difference as hydrogels were dried at 55 °C in an oven
overnight. However, Figure 2B presents a porous surface
morphology as these hydrogel samples were freeze-dried. The
rough surface was observed due to an increased GO amount
that may crosslink with the polymeric chain. The increased
micro/macro-islands were also observed due to an increased
GO amount over the surface of hydrogels, as shown in Figure
2A. But it is also observed that this nano-island was shifted into
micro/macro islands due to increased crosslinking.
It enhances the multifunctional surface properties of the

hydrogels, helps cell adherence, and promotes cell prolifer-
ation, which enhances wound healing. The functional groups
(−OH, −COO−, −CH2OH, etc.) may develop a multifunc-

Figure 1. FTIR spectrum presenting the different functional groups of
the hydrogels.

Figure 2. The surface morphology of hydrogels was observed at different scales (200 μm and 70 μm) to study their morphological behavior. A)
The surface morphology of oven-dried hydrogels (a−h) have micro-/macro island/flakes were observed due to different incorporated amount of
GO into the polymeric matrix of hydrogels, and the hydrogels have a similarity like a natural extracellular matrix. B) The porous surface
morphology of freeze-dried hydrogels (a−h) was studied to investigate different pore size. The surface morphology can be changed by changing
fabrication method and the incorporated GO may impart multifunctional behavior in the hydrogels.
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tional and friendly microenvironment of the hydrogels to
promote biological activities for wound healing.27,28 However,
porous hydrogels also have multifunctional characteristics as
porous hydrogels offer cell adherence, migration, and exchange
of waste, gases, and nutrients, which are attributes of the ideal
wound dressing materials.29 The freeze-dried hydrogels have
porous morphologies, and an increased GO amount causes an
increased porosity from GBG-1 to GBG-4, as shown in Figure
2B. From the morphological analysis of the hydrogels, it can be
concluded that changing the drying method can change the
morphological behavior of the hydrogels. The increased GO
amount enhances the multifunctionalities and increases the
structural integrity. Hence, the SEM morphology confirms that
GO has been successfully incorporated into the polymeric
matrix of well-crosslinked hydrogels, and increasing the GO
amount causes uneven or rough surfaces of hydrogels.

4.3. Surface Roughness. The surface topography of oven-
dried hydrogel samples was analyzed by AFM (Figure 3). A
rough and uneven surface was observed due to various GO
amounts integrated into the composite’s crosslinked composite
network. The results noted that increasing the GO content
causes growth in the high surface area and roughness of
hydrogels. The increased surface area has increased an active
or binding site that promotes cell adhesion and prolifer-
ation.3,14 GBG-4 shows the most excellent surface area and
roughness values, and GBG-1 composite samples displayed
minimal surface roughness (Figure 3 and Table 1). In a

biological environment, surface roughness is crucial for cell
adherence to a hydrogel that will further increase, which helps
wound healing. Compared to smooth surfaces, rough surfaces
frequently have more significant friction coefficients and faster
wear rates. Surface roughness also promotes the beginning of
biodegradation and can help predict the mechanical attributes
of hydrogels. The increased surface roughness causes more
surface area, and only a substantial GO amount is suitable in
hydrogels; otherwise, it may change the hydrogel properties.
The mechanical and physiological interactions can be
estimated more accurately at surfaces such as contact stiffness
and static friction.14,30 The hydrogel with a rough surface
facilitates cell adherence, leading to cell viability and
proliferation. The increased GO amount caused more surface
roughness and surface area, which may enhance the biological
behavior of the hydrogels. Hence, only a tiny GO amount is
suitable in hydrogels; otherwise, too high a GO amount may
alter the properties of hydrogels that may not be helpful in
wound healing applications.

4.4. Wetting Analysis. The hydrophobicity and hydro-
philicity of biomaterials�known as wettability�are crucial for
biomedical engineering and are influenced by the water contact
angle. While talking about wound healing, the hydrogels have
directly interacted with the biofluids. The biofluids primarily
consist of water, blood cells, and other essential minerals and
electrolytes. It was observed that increasing crosslinking shifted
the wetting behavior from hydrophilicity to less hydrophilic
behavior.31,32 It is also worth mentioning that the GO-f-BC has
presented maximum hydrophilicity. The GBG-1 has the
highest water contact angle at room temperature (Figure
4a,b) after different time intervals (5 and 10 s). It could be
attributed to the availability of hydrophilic functional groups in
GO (as mentioned in FTIR), which are increased with an
increased GO amount. As shown, an increased water contact
time switched the wetting behavior from hydrophobicity to
hydrophilicity. It could be due to the interaction of different
hydrophilic functional groups with water, which enhances
hydrogen-bonding formation.

Figure 3. Surface roughness of the hydrogels observed by AFM analysis.

Table 1. Summary of the Obtained AFM Data and Increased
RMS Values with an Increased TEOS Amount

sample code

AFM data GBG-1 GBG-2 GBG-3 GBG-4

RMS (nm) 14.567 16.995 18.085 55.732
skewness 0.325 0.218 0.158 0.329
kurtosis 0.795 −0.0466 0.352 1.75
surface area (μm2) 17.2 23.3 28.3 32.5
area percent (%) 0.7757 1.21 1.321 10.09
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Similarly, the increasing crosslinking degree shifted the
hydrophobicity toward the hydrophilicity nature of hydrogels,
which may be due to the tight or close packing of the
polymeric matrix.33,34 The increased water contact angle may
be due to decreased hydrophilic functional groups during
crosslinking. The increasing crosslinking may engage the
hydrophilic function groups and increase the hydrogels’
structural integrity. Hence, it was found that these hydrogels
have successful crosslinking of GO-f-BC and gelatin.

4.5. Gel Fraction. The gel fraction of any biomaterial is the
measurement of gel formation from the polymers. It is due to
the physicochemical interaction between gelatin and GO-f-BC
via different available functional groups. The gel fraction of the
hydrogel is shown in Figure 4c. It was observed that increased
crosslinking of gelatin and GO-f-BC had increased the gel
fraction of the hydrogels from GBG-1 to GBG-4. The fluidity
of the hydrogels decreases by increased crosslinking and other
weak physical interactions like electrostatic, hydrogen-bonding,
and π−π interactions. These physicochemical interactions play
an important role in gel formation. Rapid gel formation is
essential to stop bleeding during trauma or accident by
absorbing wound exudate.35,36 The gel formation is also
determined by the crosslinking degree. It was observed that
increasing GO amount has shifted the low gel fraction (GBG-
1) to high gel fraction (GBG-4). As a result, the growing gel
fraction was observed due to an increased amount of GO,

confirming the successful crosslinking of hydrogels due to
TEOS crosslinking and a high amount of GO.

4.6. Swelling and Biodegradation Behavior. The
swelling is also a critical behavior of the biomaterials, and on
interacting with biofluid, the materials exhibit different
behaviors depending on the environment and other parame-
ters. The polymeric material swells after absorbing the biofluid
when they contact the biofluids and the swelling. The swelling
of hydrogels was performed in different media (such as
aqueous, PBS, and NaCl media) at 37 °C to determine their
swelling behavior while in contact with biofluid. Under the
same temperature conditions, it was discovered that the
relative swelling behavior was greatest in aqueous (deionized
water), intermediate in PBS media, and least in NaCl media, as
shown in Figure 4d. A decreased swelling was observed by
increasing crosslinking. The maximum swelling in aqueous
media was due to the hydrophilic behavior of the hydrogel that
fell from GBG-1 to GBG-4. The comparatively less swelling of
the hydrogel in PBS media was due to the ionic concentration
of the available minerals in PBS media. However, the slightest
swelling in hydrogels in NaCl (electrolyte media) is due to ion
concentrations of Na+ and Cl− ions. The hydrogels may not
allow the diffusion of the electrolyte media into the polymeric
matrix of the composite polymers. Therefore, these hydrogels
will swell quickly by absorbing wound exudate to hydrate the
wound to regulate temperature.37

Figure 4. The wetting of hydrogels, gel fraction, and swelling have been presented to determine their behavior while interacting with biofluids. The
wetting behavior was conducted to determine hydrophilic and hydrophobic behavior at room temperature (a, b), gel fraction that exhibited at room
temperature (c), and swelling of the hydrogel in different media (aqueous, PBS, and NaCl media) at 37 °C (d) and (e) biodegradation of the
hydrogels in PBS media at 37 °C.
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The swelling and biodegradation are correlated, which are
very important for wound healing applications. The controlled
biodegradation rate provides desired nutrient delivery and a
friendly microenvironment that will be helpful for cell
adherence to promote wound healing.38 Figure 4e illustrates
our investigation into biodegradation using various cross-
linking rates and durations. It was found that increasing time
and crosslinking caused delayed and continuous degradation.
Of all the hydrogel samples, GBG-4 degrades the least, while
GBG-1 degrades the most. The degradation trend was shifted
from less to the maximum with the least crosslinking and
maximum contact time with PBS media at 37 °C, as shown in
Figure 4e. Hence, the different swelling behaviors in various
media and biodegradation of hydrogels have confirmed the
successful crosslinking. It also confirmed the swelling behavior
against biofluid and biodegradation in stimulated blood fluid.

4.7. In Vitro Assays. 4.7.1. Hemocompatibility. Hemo-
compatibility is one of the most critical aspects limiting
biomaterials’ clinical use and when the biomaterials come into
direct contact with blood. Blood is a complex biofluid
comprised of 1% leukocytes and platelets, 44% erythrocytes,
and 55% plasma. Thus, adverse interactions between newly
developed materials and blood should be extensively analyzed
to prevent the activation and destruction of blood
components.39 The initial protein adsorption layer on the
biomaterial surface might cause undesirable effects, including
coagulation activation via the signal transduction mechanism.
The inflammation may be caused by stimulating leukocytes,
platelet adherence, and activity.40 The volume of blood cells
may decrease as a result, and a thrombus may develop. In vitro
hemocompatibility of the composite hydrogel was performed

against fresh human blood. The hemolysis assay has also been
studied to analyze its hemocompatibility against different
concentrations of hydrogels (25, 50, 75, and 100 μg/mL), as in
Figure 5a. Since the hemolysis rate of all hydrogels is less than
0.5%, all the hydrogels are hemocompatible. The nominal
hemolysis rate could be due to the cell rupturing with an
interaction with sharp GO edges.1,41 The blood coagulation
properties of the hydrogels were also conducted, as shown in
Figure 5b. It was observed that all hydrogels have different
blood clotting properties. It was found that increasing
crosslinking density of the hydrogels caused quick blood
clotting, and coagulation time was found to be the best for
GBG-4 among all the hydrogels. Only a substantial GO
amount is suitable to be incorporated into the polymeric
matrix; otherwise, it may harm the blood cells, but we are
applying it for tropical wound healing.42 Hence, the hydrogels
are hemocompatible in nature and could be the best wound
dressing material in wound healing for skin tissue engineering.

4.7.2. Antibacterial Activities. As shown in Figure 5c, the
hydrogels have antibacterial activity against Gram (positive and
negative) bacterial strains. Zone inhibition was used to test the
antibacterial properties of the hydrogels. It was found that
these hydrogels have an increasing trend of antibacterial
activity from GBG-1 to GBG-4. It is also observed that these
hydrogels have the least antibacterial against E. coli and the
maximum toward P. aeruginosa. This is because the hydrogels
are multifunctional due to synergistic effect of GO, BC, and
gelatin, which are being crosslinked by TEOS. These
functionalities can be due to the interactive phenomena of
gelatin/BC with the bacterial membrane that is consisted of
phospholipids and lipopolysaccharides. The polymeric material

Figure 5. In vitro hemocompatibility and antibacterial activities of hydrogels. (a) Hemolysis characteristics, (b) blood clotting time, and (c)
antibacterial activities of hydrogels against severe skin infection-causing Gram (positive and negative) pathogens. The cell viability (d−f) of
hydrogels was determined after different time intervals (d = 24, e = 48, and f = 72 h) and cell proliferation (g−i) after different time intervals (g =
24, h = 48, and i = 72 h). It was found that contact time and increased crosslinking have resulted in increased cell viability and proliferation under in
vitro standard conditions. (j) Hemocompatibility procedure and (k) antibacterial mechanism.
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may induce charges into the bacterial membrane to inhibit
bacterial growth. The second factor, the polymeric part of the
hydrogel, may be bonding with bacterial DNA to prevent
further transcription and translation.43,44 The polymeric part of
these hydrogels also has intermolecular forces and may
penetrate the bacterial cell to control the transformation of
the bacterial DNA. The third factor is that the sharp edges of
GO may rupture the bacterial membranes to destroy the
bacterial structure and, ultimately, no further growth. However,
the overall antibacterial activity of these hydrogels due to their
synergistic effect may result in the electrostatic interaction with
the bacterial membrane. Therefore, wound healing can be
accelerated by the enhanced synergistic effect of the multi-
functional materials to kill bacterial pathogens.45 These
multifunctional hydrogels then develop a protective anti-
bacterial shield that lasts until they biodegrade completely. The
hemocompatibility and antibacterial process of hydrogels are
shown in Figure 5d,e. Hence, the presented hydrogels might be
promising wound dressing materials for fast wound healing
applications.

4.7.3. Cell Viability and Proliferation. Cell viability and
proliferation are critical for any biomaterial, and the hydrogel

presents an additional hurdle for wound dressing applications.
The biocompatible behavior of these hydrogels against 3T3
cell lines is shown in Figure 6. It was observed that the cell
viability was increased by increasing the time, concentration,
and crosslinking of hydrogels.46 It was observed that an
increasing GO amount in hydrogels increased the multifunc-
tional behavior of hydrogels. The multifunctional behavior
provides more active binding sites with an increased surface
area that promotes cell adherence to enhance cell viability and
proliferation, as shown in Figure 6d−f. It was also noted that
increased hydrogel concentration (1.5 to 3 mg/mL) also
facilitated cell viability and proliferation as saturated or more
concentrated samples provided more binding and active sites.
The increasing contact time (24 to 72 h) with hydrogels also
favored cell viability and proliferation as cells get more time to
adhere, facilitating cellular protein production. The cell
viability has been conducted at different time intervals to
determine the biocompatible behavior of hydrogels concerning
time, as shown in Figure 6g−i. Cell proliferation has a similar
behavior as it was observed for cell viability. The cell viability
and proliferation can be due to the increased structural
integrity and controlled multifunctionality of hydrogels by

Figure 6. Cellular behavior of fibroblast cell lines against hydrogels. (a) Cell morphology against hydrogels after different times (24, 48, and 72 h)
to determine the cellular behavior. (b) Cell adherence of 3T3 cell lines over hydrogels at different times (24, 48, and 72 h) to determine the
adherence behavior. It was found that increased contact time increased cell population and cell adherence under in vitro standard conditions.
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increasing crosslinking, as GO also provides an additional
binding site.47,48 Hence, the cell viability and proliferation
assay exhibits that these hydrogels are biocompatible and shall
be potential wound dressing materials for skin tissue
engineering.

4.7.4. Cell Morphology and Adherence. Hydrogels have a
significant role in the availability of binding sites for cell
adherence. The hydrogels fabricated from cellulose have fewer
potential binding sites and poor cell adherence. However, by
adding GO to promote cell adhesion, the functionality of
hydrogels has been improved. The additional binding sites
substantially impact the cell behavior and shape. In contrast to
hydrogels lacking accessible binding sites, because of GO, the
multifunctional behavior of hydrogels that allow binding has a
distinctive cytoskeletal structure.49 The adhered cells to
hydrogels exhibit a spread or stretched shape and high actin-
stressing fiber content and present a proper cell morphology, as
shown in Figure 6a,b. GBG-4 hydrogels observed maximum
cell adherence with a stretched morphology of 3T3 cell lines
due to maximum GO incorporation. The cytoskeletal behavior
of the cell can also be influenced by the distance between
active sites.3,50 Thus, their maximum population was detected
as the contact time increased (from 24 to 72 h). Cells adhere
to hydrogels that do not encourage binding; however, they
frequently have a spherical shape or less stretching morphology
and finally die as shown as red and green, presenting alive cells,
as shown in Figure 6a. They lack actin stress fibers and exhibit
reduced cell survival and proliferation (Figure 6a), as exhibited
by GBG-1. The increased cell adherence was observed, as these
are the fixed SEM images of the cell cultured over the
hydrogel’s films, as shown in Figure 6b. The red arrows
indicate the cellular adherence; it was also found that increased
cellular contact time (from 24 to 72 h) also increased the
cellular populations over the hydrogel films. Hydrogels without
binding sites may allow for cell adhesion by creating an
extracellular matrix by adherent cells. Hence, the increased GO
amount caused well-cell adherence that led to cell viability and
proliferation due to the increasing multifunctional behavior of
hydrogels.

5. CONCLUSIONS
The GO-f-BC was synthesized via the hydrothermal method
using different amount of GO to optimize and determine the
role of graphene oxide. The composite hydrogels were
fabricated from GO-f-BC and gelatin by crosslinking with
TEOS. These hydrogels are multifunctional biomaterials and
have improved properties such as antimicrobial, biodegrad-
ability, biocompatibility, and bioactivities. FTIR confirmed the
structural properties, functional group identification, and help
to understand the physicochemical interactions. The different
surface morphology and surface roughness were confirmed by
SEM and AFM. The wetting properties was shifted from high
hydrophilicity to low hydrophilicity with an increased GO
amount, but increased swelling and biodegradation were
observed from GBG-1 to GBG-4. GBG-4 has presented the
maximum antibacterial activity against Gram (positive and
negative) bacterial strains. All hydrogels were found to be
hemocompatible with different concentrations of hydrogels
against fresh blood. The hydrogel sample GBG-4 has exhibited
enhanced cell viability and proliferation with mature cell
morphology and improved cell adherence, among all other
hydrogel formulations. Hence, these hydrogels might be

promising and potential wound dressings for skin tissue
engineering.
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