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Keywords: Conductive hydrogels, with their soft, hydrated interface and superior electrical conductivity, represent a
Conductive hydrogel groundbreaking solution for diabetic wound healing. However, developing a conductive hydrogel with excellent
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biocompatibility has proven to be challenging. This study presents the synthesis of a novel conductive hydrogel
composed of bovine serum albumin (BSA) protein and graphene oxide (GO) for the treatment of diabetic wounds.
The prepared hydrogel is mildly reduced by ascorbic acid to facilitate charge-transfer and enhance its conduc-
tivity. Hydrogel is optimized for enhanced mechanical and electrical properties by changing the concentration of
GO within the BSA matrix. The nanocomposite hydrogel demonstrates superior antibacterial properties and
enhanced biocompatibility compared to the BSA hydrogel. The prepared hydrogel is investigated for wound
healing capacity in a rat model, where it demonstrates rapid healing of chronic diabetic wound. The improved
therapeutic outcomes are attributed to the hydrogel’s ability to facilitate cellular activities through enhanced
electrical conductivity by maintaining continuous electrical signal at the wound site. The presented findings
suggest that nanocomposite protein-based conductive hydrogel not only hold great potential for advanced dia-
betic wound care and have potential for future innovation in tissue engineering, regenerative medicine and
beyond.
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1. Introduction

Diabetic wounds are a prevalent complication of Diabetes Mellitus,
arising due to impaired healing process associated with this condition.
Severe nerve damage and poor blood circulation contribute to the
development of deep wounds and chronic ulcers, particularly on feet.
Additionally, a compromised immune response and high blood sugar
levels create an environment conducive to bacterial growth, leading to
infection that further complicate wound management and healing
[1-5]. Around 73 million people are suffering from diabetic wounds in
India alone in 2021, expected to rise to 93 million by 2030, which il-
lustrates the extent of severity and challenge it poses for healthcare
sector[6,7]. Traditional clinical methods for treating diabetic wounds
which includes anti-infection dressing, glycemic control, negative
pressure suction, surgical debridement, and oxygen therapy are plagued
with several drawbacks, such as lengthy and arduous procedures, use of
hazardous/non-biodegradable materials, expensive clinical instrumen-
tation, and slow wound healing[1,6,8,9]. While traditional dressings
such as gauze, cotton wool, and bandages are effective in basic protec-
tion, they lack the ability to maintain optimal moisture balance. As
wound healing process involves complex interplay of biological, chem-
ical, electrical and physical signals, there is a need for development of
multifunctional biomaterial with capability of delivering multiple sig-
nals to the wounded area[5,10,11]. Especially, electric conductivity
plays a crucial role in enhanced wound healing. The normal skin cells
tissues have conductivity in range of 107® to 10~ Sem™!, which is
disrupted in case of a wound. An electroactive dressing material can
provide a channel for transmission of endogenous electrical signals in
wounded area, thereby accelerating the wound healing[12-14].
Conductive Hydrogels have been one such dressing material which have
gained attention for potential wound care application. Properties such as
high-water content, good swelling ratio, biocompatibility, and tunable
mechanical and electrical properties are desirable and can be provided
by properly engineered hydrogels[12-15]. However, making a
conductive hydrogel with excellent biocompatibility has been a major
challenge [16,17].

Here, we propose fabrication of a nanocomposite conductive protein-
based hydrogel. BSA (Bovine Serum Albumin), a globular protein that
undergoes gelation to form hydrogel under certain condition, such as
changes in temperature and pH has recently been attracting significant
attention for its potential wound healing applications. Good mechanical
strength, high swelling ratio and excellent biocompatibility make it a
promising candidate for biomedical applications such as drug delivery,
wound healing, and tissue engineering [18-20]. Owing to these prop-
erties, BSA hydrogel has been investigated for application as diabetic
wound dressing in a recent study [21]. However, BSA hydrogel in itself
is not conducive to electric current. Several nanomaterials have been
incorporated in hydrogels to enhance their conductivity including,
metal ions, metal oxides, carbon nanotubes, graphene derivatives and
conductive polymers [16,17,22]. Especially, graphene derivatives are
leading candidate for this purpose owing to their high electrical con-
ductivity, chemical stability, and large surface area [23,24]. Graphene
and its derivatives have been an essential component of biomaterials
and are proven to be cyto-compatible[25,26]. Additionally, graphene
derivates are recognized for improving the mechanical properties of the
hydrogel and imparting them antibacterial properties[27-29]. Espe-
cially, Graphene oxide (GO), enriched with oxygen containing func-
tional groups, is a versatile two-dimensional material with tunable
chemical, electrical and mechanical properties. The oxygen groups
present on the surface make them highly hydrophilic and soluble in
water[27,29]. This hydrophilicity and solubility are essential for pre-
paring solution-based hydrogels. Furthermore, the electrical properties
of GO-incorporated hydrogels can be tuned by its mild reduction,
making it conductive by partial restoration of its sp>-bonded carbon
atoms[30-32].

In this work, we report a novel approach for fabrication of protein-
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based conductive hydrogel. The composite hydrogel is prepared by
incorporating graphene oxide into the BSA hydrogel, followed by its
mild reduction. To this end, the following subsections discuss the effect
of GO concentration on the mechanical, morphological, and electrical
properties of composite hydrogel by extensive characterization. After
optimization, the efficacy of composite hydrogel against gram-positive
and gram-negative bacteria is examined. The biocompatibility of the
prepared hydrogel is tested by performing in-vitro cell culture study.
Finally, the composite hydrogel is used as a diabetic wound dressing and
its effect on wound healing process are examined on a rat model. The
prepared composite hydrogel shows great potential for diabetic wound
healing, representing a major advancement in this critical medical field.

2. Experimental section
2.1. Materials

Bovine Serum Albumin (BSA), graphite, sulfuric acid (H2SO4, 98 %),
sodium nitrate (NaNOs), potassium permanganate (KMnOy), hydro-
chloric acid (HCl, 30%), Hydrogen peroxide (H202, 30%), and L-
ascorbic acid were purchased from Sigma-Aldrich. Streptozotocin (STZ)
and citrate buffer were purchased from Sigma-Aldrich. Dimethyl sulf-
oxide anhydrous (DMSO) and Fetal Bovine Serum (FBS) were procured
from SRL. LB broth and nutrient agar media were purchased from
HiMedia laboratories. NIH-3T3 cell line was procured from NCCS Pune.
Deionized (DI) water (> 18MQ) was used to prepare all aqueous solu-
tions. All the reagents were used as such without further purification.

2.2. Synthesis of graphene oxide

Graphene oxide was prepared by modified hummer’s method, using
graphite as precursor[33]. Briefly, in a three-neck flask, 1 g of graphite
was mixed with 150 mL of HSO4 (conc.) and 1.5 g of NaNOs for 15 min
under constant magnetic stirring while maintaining temperature under
5 °C. Following this, 6 g of KMnO4 was very slowly added to the mixture
over a period of 30 min under continuous stirring until the mixture
turned into a dark green paste. The prepared mixture was diluted with
180 mL of DI water, accompanied by dropwise addition of HyO,. The
resulting dark brown mixture was filtered and washed with HCI and DI
water until the neutral pH was achieved. The mixture was further son-
icated and centrifuged to remove excess KMnO,4 and metal ions. The
sediment was air-dried overnight to obtain graphite oxide. Finally, the
obtained powder was dispersed in DI water and sonicated in a water
bath to obtain graphene oxide dispersion.

2.3. Synthesis of r(GO/BSA) hydrogel

Lyophilized BSA powder was dissolved in DI water at 300 mg/mL
concentration. A stock solution of 10 mg/mL Graphene oxide was pre-
pared in DI water. Next, an assortment of samples of 200 mg/mL BSA
was prepared in petri dishes with varying concentrations of GO (namely
0.1, 0.5, and 1 % (w/v)). The petri dishes were incubated in a hot air
oven preheated at 80 °C for 30 min. After incubation, the obtained GO/
BSA hydrogels were placed in ambient condition to bring them to room
temperature. A control hydrogel was also prepared, where instead of
GO, equivalent amount of DI was added to maintain a constant con-
centration. Eventually, GO/BSA hydrogels were chemically reduced to r
(GO/BSA) by incubation in a 2 mgmL_1 ascorbic acid solution at 37 °C
for 24 h. The hydrogels were washed several times by DI water and
stored at 4°C for further application. For further discussion, the
hydrogels were named BSA for control, (GO/BSA)x and r(GO/BSA)x
hydrogel respectively, where x represents the concentration of GO in the
sample hydrogel.
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2.4. Graphene oxide characterization

The optical absorbance of the prepared graphene oxide (GO) was
recorded using an Eppendorf biospectrometer in the wavelength range of
200-800 nm. To obtain detailed crystallographic information, X-ray
diffraction technique analysis was performed using a Rigaku Miniflex
600 with a Cu-ka radiation source. Raman spectroscopy was conducted
to analyze the structural defects of GO. DLS measurements were per-
formed using Malvern Panalytical Zetasizer pro to examine the hydrody-
namic size distribution and polydispersity index (PDI) of graphene
oxide. The surface morphology of GO samples was examined using a
scanning electron microscope (NovananoSEM), which provided detailed
images of surface features. Furthermore, transmission electron micro-
scopy (Tecnai G2 20 TWIN) was utilized to investigate the morphology at
a higher resolution.

2.5. Hydrogel characterization

The porosity and cross-sectional surface morphology of the hydro-
gels were investigated using an EVO MA15/18 scanning electron mi-
croscope. Pore distribution data were analyzed and tabulated using
ImageJ software. The rheological properties of the prepared hydrogels
were measured using a parallel plate geometry setup in an Anton paar
MCR 72 Rheometer. Initially, the linear viscoelastic range (LVR) was
determined by applying a constant frequency of 10 rad/s. Subsequently,
a frequency sweep was performed across a range of 0.1 rad/s to 10 rad/s
at a constant strain in LVR to determine the storage and loss modulus, G’
and G” respectively. Additionally, the shear thinning behavior was
investigated in shear rate range of 0.1 — 100"

The mechanical strength of prepared hydrogels was studied through
compression tests performed on a texture analyzer (Shimadzu, Japan)
with a maximum load capacity of 500 N. For these tests, the hydrogels
were cut in cylindrical shape with a diameter of 10 mm and a height of
5mm. The compression measurements were carried out at a constant
speed of 1 mm/min. Additionally, cyclic compression tests were per-
formed by subjecting hydrogels to 50 % deformation over three cycles.

The swelling ratio and water retention property of prepared hydro-
gels were investigated. For this purpose, the lyophilized samples were
first soaked in DI water for 24h to allow them to reach equilibrium
swelling. Following this, the samples were carefully removed from the
water and superficial water was removed by using kimwipes. The
swollen samples were then weighed.

The swelling ratio, S was calculated using the formula,
Wy — Wo
Wo

S =

Where, wy and w; are the weight of dry and swollen hydrogel samples,
respectively.

Water retaining ratio (WRR) was also calculated for all hydrogels.
For this, swollen hydrogels were periodically weighed over a time period
of 15 days at an interval of 2 days. Each measurement was conducted in
triplicate for all hydrogel samples.

Conductivity measurements were performed using a digital multi-
meter (FLUKE 287 true rms multimeter). For this purpose, the hydrogel
samples were cut in cuboid shapes with fixed length and cross-section
area. Triplicate readings for resistance were measured at the end
points of each sample and averaged. The conductivity, 6, was computed
using the following relation:

L
°"RA
where R is the measured resistance, L and A are length and cross-
sectional area of sample.

To measure the ionic conductivity of the prepared hydrogels, elec-
trochemical impedance spectra were recorded by applying an alternate
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sinusoidal potential of 10 mV in the frequency range of 1-10° Hz using a
computer-assisted MULTI AUTOLAB M204 (Metrohm Autolab) system.
For this purpose, disc shaped samples of 10 mm diameter and 5 mm
thickness were prepared, and placed between two parallel silver
electrodes.

2.6. Antibacterial activity assay

The antibacterial efficacy of the r(GO/BSA) composite hydrogel were
evaluated against Gram-positive (S. aureus) and Gram-negative (E. coli)
bacteria using the agar disc diffusion method and kinetic growth inhi-
bition studies. Overnight cultures of E. coli and S. aureus were grown in
Luria-Bertani (LB) medium and incubated at 37 °C. These cultures were
then diluted to an optical density (OD) of 0.6 (at 600 nm) and treated
with various concentrations of the rGO-BSA hydrogel. As a positive
control, ampicillin was used. The treated cultures were incubated at
37 °C, and the optical density was measured after 24 h using a micro-
plate reader.

For the agar disc diffusion assay, 200 uL of each bacterial culture (OD
0.6) was evenly spread onto the agar plates. Whatman filter paper disks
(6 mm in diameter) were soaked in 1 mg/mL hydrogel solutions and
placed on the plates. Additionally, disc soaked in ampicillin solution
served as positive control. The plates were incubated at 37 °C for 24 h.
The inhibition zones around the disks were measured to determine
antibacterial efficacy.

2.7. Invitro study

The biocompatibility of BSA, GO/BSA, and r(GO-BSA) hydrogel
formulations was examined using the NIH-3T3 cell line and assessed via
the MTT assay. NIH-3T3 embryonic mouse fibroblast cells were seeded
in 96-well plates at a density of 1 x 10* cells per well in 100 pL of
complete medium and incubated for 24 h. Post incubation, the cells
were treated with three concentrations (5 pL/mL, 10 pL/mL, and 20 pL/
mL) of each formulation for 24, 48, and 72 h to assess the time-
dependent effects of the formulation on cell viability. Following treat-
ment, the medium was replaced with 100 uL. of MTT solution
(0.5 mgmL’l), and the cells were incubated for an additional 4 hours at
37 °Cin a5 % CO, atmosphere to allow the yellow MTT tetrazolium salt
to be reduced by viable cells to purple formazan crystals. Following this,
the MTT solution was carefully removed and 100 pL of DMSO:MeOH
(1:1) solution was added to dissolve the formazan crystals. The absor-
bance of the resulting-colored solution was measured at 570 nm using a
multiplate reader.

The cell viability was calculated by the following relation:

A
%cell viability = /TS +100
C

where Ag and Ac represents the absorbance of treated sample and con-
trol at 570 nm, respectively.

2.8. In vivo study

Rat model was used to conduct the in-vivo assessment of composite
hydrogel. This project was approved by Institutional Animal Ethics
Committee (IAEC), IIT (BHU) Varanasi (IIT(BHU)/IAEC/2023/11/055)
for conducting wound healing tests on male SD rats. Rats were accli-
matized under standard condition with free access to commercial pellet
food and water. Type-II Diabetes was induced in rats using streptozo-
tocin (STZ) injection at a 60 mg/kg body weight dose dissolved in a
0.1 M citrate buffer (pH 4.5). To confirm the successful induction of
diabetes, blood glucose levels were monitored three days post STZ in-
jection. Blood samples were obtained via tail vein sampling. Only those
rats with fasting blood glucose levels above 250 mg/dL were considered
diabetic and included in study. On the 8th day post-STZ injection, a full-
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thickness excisional wound was created on the rats’ back and disinfected
with 70 % ethanol. Diabetic animals were divided into three groups: (1)
negative control (no treatment), (2) BSA hydrogel-treated wounds, and
(3) r(GO/BSA) composite hydrogel-treated rats. Treatments were
applied topically every other day until the complete wound healing was
observed. Throughout the experimental period, blood glucose levels and
body weight were measured regularly to monitor the health status of
rats. At the experiment’s conclusion, rats were fasted overnight to sta-
bilize the metabolic rate. Subsequently, the animals were sacrificed as
per the guidelines of ethics committee and wound tissues were excised
for histopathological analysis.

3. Result and discussion

The main objective of this work was to fabricate a conductive,
protein-based hydrogel with biocompatibility, superior water retention,
enhanced swelling properties and excellent mechanical strength. These
properties were extensively investigated by employing various chemi-
cal, mechanical, and biological characterization techniques. The fabri-
cated hydrogel was then evaluated for its potential application as a
diabetic wound dressing. For achieving this purpose, we synthesized
graphene oxide from graphite using modified hummer’s method and the
synthesized GO was incorporated into BSA hydrogel matrix. This com-
posite hydrogel was subsequently reduced to form r(GO/BSA) hydrogel
which is examined as a potential diabetic wound dressing. The following
sections are therefore dedicated to the extensive characterization of
synthesized graphene oxide and r(GO/BSA) hydrogel.

3.1. Graphene oxide characterization

Graphene oxide was exfoliated from graphite using modified hum-
mer’s method. The absorption spectra of the GO dispersion (in DI water)
as presented in Fig. 1a exhibited a characteristic peak at 230 nm which
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is associated with n -n* transitions of the aromatic C = C bonds in the GO
structure. A broad shoulder was also observed at 305 nm which is
attributed to n- n* transitions of C = O bonds [34,35]. These features are
distinct to the GO spectra indicating successful synthesis of graphene
oxide. X-ray diffraction (XRD) spectra, as presented in Fig. 1b revealed a
prominent sharp peak at 20 = 10.63° which is attributed to the (001)
plane of GO, indicating an interlayer spacing of 8.2 A. The significant
increase in d-spacing compared to pristine graphite (3.4 A) is due to the
incorporation of oxygen-containing functional groups such as hydroxyl,
epoxy, and carboxyl groups. The spectra also showcased a smaller peak
at 42.8°, which is attributed to the (100) plane of graphene oxide. The
presence of a small peak at 20 = 20.5° can be attributed to the (002)
plane of graphite, indicating the presence of unoxidized graphitic par-
ticles alongside [36].

Raman spectroscopy is an important tool for characterizing the
structural properties of graphene oxide. As presented in Fig. lc, the
Raman spectra of graphene oxide exhibited two bands. The D band
centered at 1348 cm ™! is attributed to the defects and disorders present
in the graphene lattice and is a characteristic feature of graphene oxide,
whereas G band is associated with the in-plane stretching vibrations of
sp? carbon atoms present in graphene lattice and it is found to be
centered around 1580 cm™! [37]. The high Ip/Ig ratio (~ 1.05) in this
case indicated significant structural disorder created by incorporation of
oxygen groups in the graphene lattice. The size distribution analysis of
the graphene oxide dispersion in DI water as performed by dynamic light
scattering is provided in Fig. 1d. The plot revealed a uniformity in the
GO dispersion, with the hydrodynamic radius centered around 150 nm.
Next, SEM image (Fig. le) of the prepared GO showcased
two-dimensional morphology with wrinkled and curved texture. This
morphological information was complimented by the TEM images
which revealed layers of GO stacked onto one another with the typical
wrinkled morphology (Fig. 1f). This extensive chemical and morpho-
logical analysis confirmed the successful synthesis of graphene oxide,
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Fig. 1. a) UV/vis spectra, b) XRD spectra, and ¢) Raman spectra of synthesized graphene oxide; d) size distribution of GO suspension, e) SEM image and f) TEM

image of GO.
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which was further employed in the fabrication of composite hydrogel.

3.2. Hydrogel optimization and characterization

The morphological and mechanical properties of hydrogels play an
integral role in the therapeutical effects of diabetic wound dressing. To
optimize these properties, various tests were conducted to evaluate the
effect of different concentrations of graphene oxide while maintaining a
constant concentration of BSA. Four hydrogel samples were prepared
with GO concentrations of 0, 0.1, 0.5, and 1.0 % (w/v) in 20 % (w/V)
BSA solution (Fig. 2a). A mild reduction of the GO/BSA hydrogels was
carried out by dipping the samples in 2 mgml ™! ascorbic acid solution at
37 °C for 24 h. This treatment changed the color of hydrogel from light
brown to black (Fig. 2b), indicating that the reduction was successful. To
understand the effect and extent of reduction, Raman spectra were
recorded for (GO/BSA)( 5 samples incubated in ascorbic acid solution
for 0, 12, 24, and 36 h as presented in Fig. 2¢. All recorded spectrum
exhibit two distinct peaks corresponding to D and G band, centered
around 1350 cm™! and 1580 cm™ respectively. The presence of the D
band is attributed to defects and disorder in the otherwise pristine sp2-
bonded graphene structure, indicating the extent of oxidation. As the
incubation period increased from O to 36 h, the intensity of D band
decreased, suggesting a reduction of sp® bonds and partial restoration of
graphene structure. A comparative analysis of Ip/Ig ratio (Fig. 2d)
clearly suggests that the hydrogels incubated in ascorbic acid for longer
durations exhibit reduced defects, indicating the successful reduction
reaction.

3.2.1. Surface morphology and porosity
After the validation of reduction, the morphology of all hydrogels
were investigated using scanning electron microscope. These are
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presented in Fig. 2(e, f, g, h). The microscopic images of hydrogel’s
cross-sectional area exhibited interconnected porous structure. This 3D
porous structure is typical of heat-induced gelation of BSA protein[21,
38]. As the concentration of graphene oxide in the matrix increased, the
pore size of the hydrogel decreased significantly. The statistical analysis
using imageJ software showcased decrement in pore size with increment
in GO concentration (Fig. 2(i, j, k, 1)). Evidently, the average pore size
decreased from 75 pum in control hydrogel to 28 um in r(GO/BSA); o.
This decrease in pore size can be attributed to the supramolecular
interaction between graphene oxide sheets and BSA hydrogel, leading to
stronger crosslinking density and thus reduced pore size. Notably, in-
crease in the pore density is a desirable property suitable for enhanced
water encapsulation. Moreover, the absence of any aggregates or chunks
in the microscopic structure of rGO/BSA hydrogels suggested a uniform
dispersion of rGO in the BSA matrix.

3.2.2. Rheological properties

A wound dressing applied on the wounded area is often subjected to
variable tension as the body moves around. Therefore, an efficient
wound dressing must have acceptable structural, mechanical and bio-
logical strength so that it can conform to such tensions. These properties
were analyzed by performing rheological studies of the prepared
hydrogels. First and foremost, to find the linear viscoelastic range (LVR),
amplitude test was performed for all the samples at a constant frequency
of 1 rads™!. The amplitude was varied in range of 0.1-150 % shear strain
(Fig. 3a). The storage modulus was found to be greater than the loss
modulus in all cases, indicating the elastic nature of our hydrogel. Both
the storage and loss modulus were constant till 35 % shear strain which
depicts its LVR region. This is important for its application as a wound
dressing. A certain increase in storage modulus and the shift of breaking
point towards higher values of shear strain with increasing GO content
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point towards enhanced crosslinking density of hydrogel due to incor-
poration of graphene oxide. Next, frequency sweep was carried out with
amplitude kept fixed at 10 % (within LVR region). The storage and loss
modulus were plotted against angular frequency (Fig. 3b). Here again,
we witnessed an increase in the storage modulus with increasing GO
content; control hydrogel showcasing a G’ of 80 Pa, whereas r(GO/
BSA); o having storage modulus of 150 Pa. G’ remained dominant over
G” across frequency range of 0.1-20 rad s~! which indicated that the
hydrogels were stable and behaved as viscoelastic solid. Furthermore,
both G* and G” were nearly constant in the entire frequency range,
thereby showecasing stability over long-term storage due to stable
crosslinked network. In addition, hydrogel viscosity behavior with
changing shear rate was also recorded (Fig. 3¢). The constant negative
slope of viscosity vs shear rate plot revealed the shear thinning nature of
our hydrogel which is a crucial property for fabricating extrusion-based
wound dressings. The increase in viscosity with increasing GO content
again confirmed our hypothesis that GO was playing a pivotal role in
enhancing the crosslinking density of BSA hydrogel.

3.2.3. Compression test
A wound dressing is required to have good compressive strength, so
that it can conform to external pressure. For this reason, the mechanical
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strength of hydrogels was recorded by conducting the compression test.
All the hydrogels were cut in cylindrical shape of height 4 mm. As
depicted in Fig. 3d, compared to control hydrogel, the composite
hydrogel showcased increased mechanical strength. The r(GO/BSA); o
hydrogel could sustain ~ 5*10° MPa of compressive stress upon 50 %
deformation compared to only ~ 10° MPa sustained by control hydro-
gel. This five-fold increase in compressive strength of composite
hydrogel can be attributed to enhanced crosslinking density and su-
pramolecular interaction between BSA and graphene oxide. Addition-
ally, the cyclic compression test was performed to assess the shape
memory of r(GO/BSA); o hydrogel. As witnessed in the Fig. 3e, after first
cycle of compression, the composite hydrogel exhibited only 11 %
decline in sustained force for 50 % deformation. Only 3 % decline was
noticed in the subsequent cycle. It can be inferred from this observation
that the prepared composite hydrogel possesses considerable shape
memory. This test confirms the excellent mechanical strength of our
hydrogel owing to the non-covalent interaction between BSA and gra-
phene oxide.

3.2.4. Swelling ratio and water remaining ratio
The encapsulated water plays a crucial role in maintaining the op-
timum moisture levels at wound site, reducing the chances of infection
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Fig. 3. The rheological properties of hydrogels comprised of various concentrations of GO, including amplitude sweep (a), frequency sweep (b), and viscosity versus
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swelling ratio (f) and water remaining ratio of hydrogels (g); two probe conductivity measurement (h) and EIS measurement of conductivity (i) for all hydrogels.



S. Garg et al.

and thereby escalating the wound healing process. To quantify this
aspect, swelling ratio of the hydrogels was calculated. As presented in
Fig. 3f, The swelling ratio of BSA hydrogel showcased significant
enhancement with incorporation of graphene oxide. Evidently, the BSA
hydrogel showcased a swelling ratio of 200 % which is owed to its three-
dimensional crosslinked structure. r(GO/BSA)p1 and r(GO/BSA)gs
demonstrated an increased swelling ratio of 300 % and 400 %, respec-
tively. This enhanced water encapsulation is attributable to the highly
hydrophilic nature of GO owing to the oxygen rich surface functional-
ities. However, further increase in GO content as witnessed in case of r
(GO/BSA)1 o witnessed a slight decrease in swelling ratio. It can be
inferred from this observation that the pore size plays critical role in
water holding capacity of hydrogel, and decrease in pore size beyond a
certain point can lead to reduced swelling. Next, water remaining ratio
of a hydrogel was assessed as it provides crucial information regarding
proposed wound dressing. Rapid water loss can lead to premature
degradation of the hydrogel which can impede the healing process. As
demonstrated in Fig. 3g, the incorporation of GO significantly enhances
the water retention properties of the hydrogel. With increasing con-
centrations of GO, the hydrogels exhibit an improved capacity to retain
water over extended periods.

3.2.5. Conductivity test

As reported by various groups [13,31], conductivity can play a sig-
nificant role in wound healing process. Our skin has its own conductive
pathways for conveying bioelectrical signals across cell. At the wound
site, these pathways get disrupted impeding the signal transmission,
which can probably impede or delay wound healing process. Conductive
hydrogels can help in forming these pathways which can potentially
escalate the healing process. We tuned the electrical and ionic conduc-
tivity of our composite hydrogels by varying the amount of graphene
oxide incorporated inside hydrogel matrix. The electric conductivity
was measured by using digital multimeter using the relation,

L
Rxa

o=

where, L, R, and a are the length, resistance and cross-sectional area of
the hydrogel sample. As shown in Fig. 3h, the control hydrogel show-
cased high resistance. Compared to control hydrogel, r(GO/BSA)
hydrogels demonstrated significant increase in conductivity with
increasing concentration of GO within the hydrogel. This observed in-
crease in conductivity can be attributed to several factors, the primary
factor being the partial reduction of surface GO which restored some of
the conjugated m-electron systems of graphene. Furthermore, graphene
oxide can create strong interfacial interactions with the protein matrix,
potentially facilitating better charge transfer. Next, the ionic conduc-
tivity of the hydrogels was measured by applying an AC signal (Fig. 3i).
As depicted in the figure, the conductivity increased with increasing
frequency for all samples. The increase in graphene oxide content
significantly enhanced the ionic conductivity of hydrogel. While r(GO/
BSA)o.; sample demonstrated little improvement compared to the con-
trol hydrogel, further increase in GO concentration resulted in sub-
stantially enhanced conductivity values. Specifically, the conductivity
for BSA hydrogel was measured to be 2.7 Sm™!, which increased to
4.7 Sm™! for r(GO/BSA); o, both measured at 1 MHz frequency. This
significant enhancement in conductivity may be attributed to two rea-
sons; first, reduced graphene oxide at the surface facilitates better
charge transfer at the interface and second, graphene oxide is highly
hydrophilic which can lead to improved water encapsulation, which in
turn enhances the ionic conductivity of composite hydrogels.

We conducted extensive characterization of the prepared hydrogel
samples for understanding the effect of GO in BSA hydrogel. All the
hydrogels exhibited similar rheological properties, and were charac-
terized as viscoelastic materials. The viscosity of the hydrogels increased
with higher GO concentrations. Compressive test results indicate that
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the incorporation of graphene oxide into the BSA matrix does impart
greater mechanical strength to the hydrogels. It also influenced the
morphology of the BSA hydrogel by making the pores more uniform and
compact, thus increasing the swelling ratio. However, it was noted that
swelling ratio reached a saturation after 0.5 % GO (w/v) and decreased
beyond this concentration. The conductivity of the composite hydrogel
increased with increasing GO concentration.

These results favor the composite hydrogel over BSA hydrogel in
terms of morphological, mechanical, and electrical properties. For
wound dressing application, water retention is crucial for maintaining
optimum moisture at the wound site, adsorbing wound exudates, and
providing ionic conductivity. Also, it was witnessed that the conduc-
tivity of r(GO/BSA)¢ s and r(GO/BSA); o are comparable. Therefore, for
further biological studies, the r(GO/BSA) s hydrogel, which showcased
greatest water swelling was selected. All subsequent tests and studies
were performed using the r(GO/BSA)q s hydrogel. Thus, to avoid the
confusion, the subscript indicating GO concentration is dropped from
here on and r(GO/BSA) is used for hydrogel containing 0.5 % GO, unless
mentioned otherwise.

3.3. Antibacterial assay

We evaluated the antibacterial efficacy of BSA hydrogel, GO/BSA
hydrogel, and r(GO/BSA) hydrogel, and compared it to the antibiotic
ampicillin formulation against both gram-positive (Staphylococcus
aureus) and gram-negative (Escherichia coli) bacteria. The bacterial
growth in solutions having BSA, GO/BSA and r(GO/BSA) formulations
was examined by measuring the optical density at 600 nm and
compared to control solution (Fig. 4b). It was witnessed that the BSA
hydrogel has negligible effect on bacterial growth, and its solution
showcased OD similar to the control group. Bacterial solution exposed to
r(GO/BSA) hydrogel exhibited significantly lower OD value compared
to GO/BSA hydrogel. The agar disc diffusion method (Fig. 4a) was used
to measure the inhibition zones for different samples. BSA hydrogel (i)
did not show any inhibitory behavior against either of the bacteria
strain, which confirmed its lack of antibacterial properties. Sample (iii)
showed its characteristic inhibition rings of ampicillin antibiotic.
Against E. coli, the measured inhibition zones for ampicillin, GO/BSA,
and r(GO/BSA) were 29.36 mm, 18 mm and 27.52 mm, respectively.
Against S. aureus, the they were measured to be 32.13 mm, 25.6 mm,
and 31.95 mm respectively. It was noted that in both the bacteria case, r
(GO/BSA) performed considerably well in inhibiting bacteria growth
compared to (GO/BSA) hydrogel. Moreover, it demonstrated compara-
ble efficacy to the antibiotic ampicillin. The results from the OD test and
agar disc diffusion indicate that the incorporation of GO into BSA
hydrogel significantly enhances its antibacterial properties. This is owed
to the strong anti-bacterial properties of graphene oxide. Also, the par-
tial reduction of GO on the hydrogel surface further elevated the anti-
bacterial efficacy of composite hydrogel. These enhanced antibacterial
properties are anticipated to play significant role in combatting the issue
of bacterial infection in the wound site, which can impair the wound
healing process [39]. These results suggest that the prepared composite
hydrogel can also serve as effective antibacterial agent in the hydrogel,
which can potentially boost the wound healing process

3.4. Invitro studies

The biocompatibility of biomedical materials is paramount for their
successful application in medical treatments. The MTT colorimetric
assay was employed to estimate the effect of hydrogels (specifically, BSA
hydrogel, (GO/BSA) hydrogel and r(GO/BSA) hydrogel) on the viability
of NIH-3T3 fibroblast cells. Cell viability was measured at multiple time
points, with a focus on 72-hour mark for assessing any long-term effects
of hydrogel on cell health (Fig. 4¢). A time-dependent decrease in cell
viability was observed across all hydrogel formulations. There was an
initial increase in cell viability, suggesting a favorable interaction
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Fig. 4. Antibacterial properties and invitro cell viability test for different hydrogels, a) image showcasing effect of BSA hydrogel (i), r(GO/BSA) hydrogel (ii),
ampicillin (iii), and GO/BSA hydrogel (iv) on gram-positive (S. aureus) and gram-negative (E. coli) bacteria inoculated in agar plates; b) the optical density recorded
for S. aureus and E. coli bacteria solutions exposed to BSA, GO/BSA and r(GO/BSA) hydrogels respectively compared with control group; ¢) Cell viability of NIH 3T3
fibroblast cells exposed to various dose concentrations of BSA hydrogel, GO/BSA hydrogel, and r(GO/BSA) hydrogel.

between hydrogel and cells. However, at higher doses, cell viability
decreased. After 72 h, a reduction in cell viability by approximately
20-25 % was noted. Despite this decrement, all hydrogel formulations
maintained relatively high cell viability rates (74-77 %) even at the
highest concentration. The observed cell viability test indicates a dose-
dependent response to hydrogels. Nonetheless, the cell viability levels
remained above 70 % which is indicative of low toxicity and acceptable

Control

Day 0

Day 3

BSA
hydrogel

r(GO/BSA)
hydrogel

Blood glucose level (mg/dl)

biocompatibility. The high cell viability also suggests that hydrogels do
not significantly impair fibroblast mitochondrial function and can be
potentially used in biomedical applications.

3.5. In vivo wound healing studies

To evaluate the efficacy of prepared composite hydrogel, dressing of

Weight (gm) Day 0 (before Day 7 (1 week after  Day 16 (before %80
injection) STZ injection) sacrifice) E 1
Group 1 236+18 79.7£7.4 395£15.2 219+25.7 3
Group 2 251430 73.8+£7.9 411423.6 303+27.4 *2 i i
Group 3 239427 74.6£9.1 296+32.8 2124244 - pEime

Fig. 5. The effect of different treatments on wound healing process of three groups of rats. a) Macroscopic images taken on day 0, 3, 7, 10, and 16 respectively
(columns) showcasing the wound closing process for different formulations (rows). The control group is not given any treatment (scale bar: 1 cm). b) histopatho-
logical anatomy of wound tissue after the wound healing (scale bar: 50 um). ¢) table consisting weight and blood glucose levels information for rats of three groups.

d) the wound closure speed for three different groups.
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BSA hydrogel, and r(GO/BSA) hydrogel were applied to diabetic wound
in rats. A negative control (no treatment) was also evaluated for com-
parison. The wound areas were measured at 0, 3, 7, 10, 16 days after
wound creation. Fig. 5a summarizes the residual wound area for three
groups and its change with time. For the negative control (with no
treatment), the wound closed gradually albeit very slowly. There was
significant wound size on day 16. In the experimental groups, all groups
showed good healing speed. Compared to BSA hydrogel, the wound
closed much faster when treated with composite hydrogel. On day 10,
the wound in composite hydrogel group were almost healed, whereas
the group with BSA hydrogel treatment showed considerable wound
size.

By day 16, wounds were completely sealed off in composite hydrogel
treated group. Fig. 5d revealed the speed of wound closure in all three
groups. It can be noted that r(GO/BSA) hydrogel showed escalated
wound healing compared to the control groups. Histological analysis
(Fig. 5b) revealed a fully integrated new epidermis in the hydrogel-
treated groups, with the r(GO/BSA) hydrogel-treated group showing
advanced healing and thicker granulation tissue.

From the above wound closure results, it can be noted that the BSA
based hydrogel showed positive efficacy towards diabetic wound heal-
ing. This result is in agreement with the previous report [21]. This is
attributed to its highly porous structure and high swelling ratio. From
our results, it was also noted that the incorporation of graphene oxide in
BSA hydrogel matrix and its partial reduction did help in escalating the
re-epithelialization process, which resulted in considerably faster
wound healing in r(GO/BSA) hydrogel-treated group. It is proposed that
this faster healing response by composite hydrogel can be attributed to
the conductive nature of our hydrogel which helps in transmitting
endogenic bioelectrical signals to the wound. These bioelectrical signals
are responsible for the movement of important cells such as keratino-
cytes, immune cells to the wound site which are involved in tissue
repair. Continuous electrical signals are also known to promote cell
proliferation and differentiation, crucial for tissue repair. Moreover, the
electrical signals are responsible for release of protein and growth fac-
tors from cells which are key to healing process [40-42]. This study
suggests that protein-based conductive hydrogels can be used as po-
tential dressing material for treating diabetic wounds.

4. Conclusion

In this work, we prepared nanocomposite r(GO/BSA) conductive
hydrogel dressings for treating diabetic wounds. The prepared com-
posite hydrogel was extensively characterized for its morphological,
mechanical and electrical properties. The composite hydrogel exhibited
excellent mechanical strength, electrical conductivity and antibacterial
properties. The conductive nature of composite hydrogel facilitates
enhanced electrical simulation, which has been reported to accelerate
the healing process in wounds. The hydrogel treatment accelerated the
re-epithelialization process by facilitating endogenic biochemical sig-
nals in wound. To the best of our knowledge, this is the first report on
synthesizing a composite protein-based conductive hydrogel with
excellent biocompatibility and biodegradability. Its multifunctional
properties emphasize the potential for developing next-generation bio-
materials that can significantly improve patient outcomes and quality of
life. This composite hydrogel not only opens new avenues for the dia-
betic wound healing, but also paves the way for future advancements in
tissue engineering, regenerative medicine and more.
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