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ABSTRACT: Biopolymer-based bioactive hydrogels are excellent
wound dressing materials for wound healing applications. They
have excellent properties, including hydrophilicity, tunable
mechanical and morphological properties, controllable function-
ality, biodegradability, and desirable biocompatibility. The
bioactive hydrogels were fabricated from bacterial cellulose (BC),
gelatin, and graphene oxide (GO). The GO-functionalized-BC
(GO-f-BC) was synthesized by a hydrothermal method and
chemically crosslinked with bacterial cellulose and gelatin using
tetraethyl orthosilicate (TEOS) as a crosslinker. The structural,
morphological, and wettability properties were studied using
Fourier transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), and a universal testing machine (UTM),
respectively. The swelling analysis was conducted in different media, and aqueous medium exhibited maximum hydrogel swelling
compared to other media. The Franz diffusion method was used to study curcumin (Cur) release (Max = 69.32%, Min = 49.32%),
and Cur release kinetics followed the Hixson−Crowell model. Fibroblast (3T3) cell lines were employed to determine the cell
viability and proliferation to bioactive hydrogels. Antibacterial activities of bioactive hydrogels were evaluated against infection-
causing bacterial strains. Bioactive hydrogels are hemocompatible due to their less than 0.5% hemolysis against fresh human blood.
The results show that bioactive hydrogels can be potential wound dressing materials for wound healing applications.

1. INTRODUCTION
Human skin defends the body from physical and environ-
mental harmful effects and bacterial infections. The body may
suffer from a skin wound if not appropriately treated until
complete wound healing.1,2 The biopolymer-based wound
dressing is famous due to tissue remodeling, granulation,
revascularization, and re-epithelialization that promote wound
healing. Biopolymers have revolutionized medical science by
designing and engineering advanced biomaterials with
optimized applications.3,4 The hydrogels fabricated from
biopolymers have similar properties as natural extracellular
matrices (ECMs). These hydrogels are ideal, as they possessed
biocompatible, self-adhesive, and hemocompatible properties.
They have multibiofunction properties, including improved
antibacterial activity, cell viability, and proliferation, that
support wound healing.5,6 The controllable swelling and
degradation are critical physicochemical characteristics of the
wound dressing. The swelling behavior of hydrogels supports
wound exudate management and controlled release of
therapeutic agents. The swelling leads to biodegradation that
facilitates burst release of therapeutic agents to protect the

wound site from pathogens. Physicochemical stimuli can
trigger the release of therapeutic agents, including pH,
crosslinking, solvent composition, temperature, pressure, and
electromagnetic stimuli.7,8 Biochemical stimuli such as pH and
ion concentration play a particular role in biochemical
interactions, and these translational shifts can be reversed as
triggers are removed. However, parameters such as monomer
type, electron density, attached chains, and crosslinking density
are fundamental factors that stimulate hydrogels.9,10

Cellulose is the most abundant plant-based biopolymer and
has numerous biomedical applications. Acetic acid-producing
bacterial species synthesize bacterial cellulose (BC) and have
promising applications in hydrogel fabrication due to control-
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lable physicochemical properties essential for nutrient and
waste exchange.11 Hydrogels have three-dimensional (3D)
structures, and their inherent soft tissue-like properties with
distinct physicochemical behavior promote cellular prolifer-
ation to promote wound healing.12−14 Gelatin is a natural
polymer and received attention in biomedical engineering
because of its biocompatible, cell supporting properties for
wound healing. It is a denatured form of collagen and an ideal
biomaterial due to excellent biodegradable, antibacterial, and
hemocompatible properties.15,16 Gelatin-based hydrogels
promote cell adherence, viability, and proliferation due to
providing additional binding and active sites that accelerate
wound healing. These limitations can be overcome by
functionalizing or developing hybrid materials with other
biopolymers.17,18

Graphene is a two-dimensional (2D) material, and graphene
oxide (GO) with an excellent material has several promising
applications. Its remarkable features, high surface area,
available functional groups, conductive activity, and sp2
hybridization make it an exceptional biomedical engineering
material.2,19 Due to the variety of functional groups (hydroxyl
and carboxyl), GO can be incorporated into polymeric
matrices and influences the physicochemical properties. The
improved physicochemical properties provide additional
bonding and active sites and might interact with cell
membranes via hydrogen bonding that supports cell adherence.
The increased cell adhesion promotes cell viability and
proliferation, facilitating wound healing by regulating other
biofunctions.20 Curcumin is a well-known natural medicine
with several properties, such as antioxidative, anti-inflamma-
tory, antimicrobial, and antitumor activities. It has low water
solubilization and low bioavailability.21 Curcumin (Cur) is
poorly absorbed, and very little enters the bloodstream because
of rapid physiological degradation.22,23

In this study, we have fabricated novel hydrogels from
biopolymers (BC, gelatin) and GO by tetraethyl orthosilicate
(TEOS) crosslinking. GO-f-BC was synthesized by a hydro-
thermal method and chemically crosslinked with BC and
gelatin using TEOS to fabricate bioactive hydrogels. Fourier
transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), and a universal testing machine (UTM)
were employed to characterize hydrogel samples. The swelling
in different media (aqueous, phosphate buffer saline (PBS)),
electrolyte (sodium chloride (NaCl)) was studied at different
pH scales at 37 °C. A water contact meter was used to evaluate
the hydrophilicity and hydrophobicity of the hydrogels. The
Franz diffusion method was used to study Cur release, and
different mathematical models were studied to determine the
Cur release mechanism. The biological studies used fibroblast
(3T3) cell lines to evaluate cell viability and proliferation. The
antibacterial activities were characterized using Gram (+ive
and −ive) bacterial strains. In vitro, hemocompatibility assay
was studied against fresh blood. The fabricated bioactive
hydrogels would be promising for wound healing in biomedical
applications.

2. MATERIALS AND METHODS
2.1. Chemical Materials. Bacterial cellulose was extracted

by a well-reported method by Abba et al.24 Gelatin (CAS #
G9382-500G), tetraethyl orthosilicate (CAS # 78-10-4),
phosphate buffer saline (PBS), sodium chloride (NaCl),
absolute ethanol, and glacial acetic acid were supplied by
Sigma Aldrich.

2.2. Biological Materials. The fibroblast (3T3) cell lines
were supplied by American Type Culture Collection (ATCC).
Fetal bovine serum (FBS), antibiotic (streptomycin/penicillin
solution) containing Dulbecco’s modified Eagle medium
(DMEM), and live/dead cell staining were supplied by
Gibco and Molecular Probes, respectively. There are two
components in live/dead assay: component-A as calcein-AM
(green) and component-B as BOBO-3 iodide (red).
2.3. Methods. 2.3.1. Fabrication of Hydrogels. The

polymeric composite system was prepared using BC and GO
via a hydrothermal process, as summarized in Table 1. Briefly,

a homogeneous suspension of BC (1.5 g) and GO (0.03 mg)
was prepared in 25 mL of deionized water and transferred into
a stainless-steel autoclave vessel. It was kept in an oven for 24 h
at 65 °C to get a graphene oxide-functionalized bacterial
cellulose polymeric system. It was raised to 50 mL by adding
deionized water. A gelatin suspension was made in 10 mL of
deionized water by adding 0.3 g in the powder form and stirred
with the polymeric system for 1 h at 60 °C to get a
homogenized polymeric mixture. The crosslinker (TEOS) was
added (240 μL dissolved in ethanol at 5 mL) and stirred at 60
°C for 2 h, as summarized in Table 1. After 2 h, potassium
persulfate was added to initiate crosslinking and allowed to stir
at conditions for 3 h; the proposed chemical interaction is
shown in Figure 1. The bioactive hydrogels were transferred to
a Petri dish and placed in an oven overnight at 55 °C. After 24
h, the dried films were carefully peeled off and packed for
characterizations. These bioactive hydrogels were also filled in
24-well plates and covered with paraffin tape. Small holes were
made in the paraffin tape using a spatula and kept at −40 °C
for 24 h. The 24-well plates were kept in the freeze-drying
compartment to get freeze-dried porous hydrogels. The
hydrogel solutions were packed in airtight glass vials for
biological assays. The codes were assigned to the fabricated
hydrogels with regard to different formulations, such as HGel-1
= BC−BC, HGel-2 = GO-f-BC-BC, and HGel-3 = GO-f-BC-
Gel, and the proposed chemical interaction is presented in
Figure 2a.
2.3.2. Drug Loading. Curcumin was taken as a model drug

to study its release and release kinetics. Briefly, CUR (25 mg)
was dissolved in methanol (10 mL) and dropwise added to
HGel-1, HGel-2, and HGel-3. These were stirred for 1 h at 60,
and TEOS (240 μL) was added and stirred at 60 °C for 2 h.
Then, it was crosslinked by adding potassium persulfate to
start crosslinking, and stirring was continued at 60 °C for 3 h.
The fabricated hydrogels were poured into Petri dishes after 3
h and placed in an oven at 55 °C to get well-dried hydrogels;
the proposed chemical drug loading and interaction with the
polymeric matrix of the hydrogel are illustrated in Figure 2b.

3. CHARACTERIZATIONS
The structure−functional groups and other structural behavior
of the properties of the bioactive hydrogels were studied using

Table 1. Detailed Hydrogel Composition

hydrogel

bacterial
cellulose
(BC) g

graphene
oxide

(GO) mg

bacterial
cellulose
(BC) g gelatin g

crosslinker
(TEOS)

μL
HGel-1 0.7 0 0.3 0 240
HGel-2 1.5 0.03 0.3 0.3 240
HGel-3 1.5 0.03 0 0.3 240
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Fourier transform infrared spectroscopy (Nicolet 6700,
Waltham, Massachusetts). The FTIR spectral profile was
captured in the spectral region of 4000−600 cm−1. The surface
morphology of the hydrogels was studied using a scanning
electron microscope (JEOL-JSM 5410 LV). The well-dried
hydrogel samples were gold-sputtered, and SEM was operated
under accelerated 10 kV voltage. The surface roughness of the
well-dried hydrogel samples was determined by atomic force
microscopy (AFM) (Park System XE-100). The double-sided

tape was used to immobilize 1 mm-thick hydrogel samples over
the sample to perform surface roughness analysis. The wetting
properties of bioactive hydrogels were examined via a water
contact meter system (JY-82, Dingsheng, Chengde, China) to
determine the hydrophobic and hydrophilic behavior.
3.1. Swelling Analysis. Swelling of any biomaterial, an

essential phenomenon in tissue engineering, was examined at
37 °C for 24 h in different medium pH ranges. The bioactive
hydrogels were cut into squares (50 mg) and placed in

Figure 1. Schematic illustration presenting the fabrication of hydrogels from their essential components (bacterial cellulose, gelatin, graphene oxide,
and TEOS) through simple blending. It illustrates the curcumin loading in the polymeric matrix of the hydrogel.

Figure 2. Proposed chemical interaction of the fabricated hydrogels: (a) proposed chemical interaction presents the crosslinking of graphene oxide-
functionalized bacterial cellulose with gelatin through TEOS crosslinking and (b) curcumin loaded into the polymeric matrix of the hydrogel.
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different media (such as aqueous, PBS, and NaCl) with
different pH values, and the 2 M concentration solution of
NaCl was prepared. After a specific time, it was removed, and
any excess surface water was gently wiped away using tissue
paper. The weight of the swollen hydrogel samples was noted,
and the swelling percentage was calculated using the equation
following eq 1

W W
W

swelling (%) 100f i

i
= ×

(1)

where Wi = initial weight and Wf = final weight.
3.2. Drug Release Analysis and Release Kinetics. The

Franz diffusion method examined the controlled and sustained
drug release in PBS media with a pH of 7.4. Briefly, a 2 mL
sample of PBS media was run in a double-beam UV−vis
spectrophotometer to analyze it. However, PBS medium was
taken as a reference, and a standard curve was used to analyze
drug release. The drug release kinetics was studied against
zero-order, first-order, Hixson−Crowell, Korsmeyer−Peppas,
Higuchi, and Baker−Lonsdale models, as shown in eqs 2−7.25
The drug release kinetics were examined using drug release
information from Franz diffusion at pH 7.4.

M M tzero order Kt o o= + (2)

C C
kt

first order log log
2.303o=

(3)

ft Q K tHiguchi model H
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where K, Ko, and KH = constants andMt = drug release amount
at ″t″ time.
3.3. In Vitro Assay. 3.3.1. Cell Viability and Proliferation.

Cell viability and proliferation of fibroblast cell lines were
evaluated against the different dilutions (1.5, 2.0, 2.5, and 3.0

mg/mL) of bioactive hydrogels after various intervals (24, 48,
and 72 h). The wells of the cell culture plates were coated with
gelatin (0.1%), taken as the positive control. The cells were
cultured in the plates, and these cell culture plates were
incubated under standard in vitro conditions (5% CO2, 95%
humidity at 37 °C) for 2 h with neutral red (NR) medium.
These were washed with PBS solution and treated with
destaining media for 10 min to remove NR media. A
microplate reader (ELx-800) (BioTek, Winooski, Vermont)
was employed to evaluate the optical density, and cell viability
was calculated using eq 8

cell viability (%)
OD
OD

100s

c
= ×

(8)

where ODs = optical density of the sample and ODc = optical
density of the positive control.
3.3.2. Cell Morphology. The fibroblast cell morphology was

studied via live/dead assay to determine the cellular behavior
against hydrogels. UV was used to sterilize the hydrogel
samples for 5 min, and cells were seeded on hydrogel samples
approximately with a density of 2 × 104 cells/hydrogel sample.
The cells were maintained in 24-well plates, FBS (10%), and
antibiotic (streptomycin/penicillin solution)-containing
DMEM to culture cells. The hydrogel was seeded with
fibroblast cell lines and incubated at different intervals (24, 48,
and 72 h) under standard in vitro conditions (5% CO2 at 37
°C). After different intervals, live/dead cell staining was
performed as per the manufacturer’s protocols to observe the
hydrogel samples’ cytocompatible and morphological behavior.
Both live/dead assay kit components (Invitrogen R37601)
were mixed, and 50 μL was added to the cell culture wells and
incubated for 30 min at 37 °C in a CO2 incubator. A
fluorescent microscope (Olympus, FV300) was used to record
the cell morphology.
3.3.3. Antibacterial Activities. The antibacterial behavior of

hydrogels was studied against different Gram-(positive and
negative) bacterial strains (Escherichia coli, Pseudomonas
aeruginosa, and Staphylococcus aureus). The antibacterial
behavior of the bioactive hydrogel was studied by the disk
diffusion method, and antibacterial activities were studied via
zone inhibition. Briefly, molten agar was poured into Petri
dishes and allowed to solidify. A cotton swab was used to
spread different bacterial strains (aforementioned) over the
solidified agar. The well was made, and a micropipette was

Figure 3. FTIR spectral profile of the hydrogels to determine their structural and different available functional groups: (a) spectral profile of the
hydrogels ranging from 4000 to 500 cm−1 and (b) spectral profile of the hydrogels ranging from 2000 to 500 cm−1.
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used to drop 75 μL of bioactive hydrogel into the well. These
samples were incubated at 37 °C for 12 h in an oven, and
antibacterial activities were studied by the zone inhibition
(mm) method.
3.3.4. Hemocompatibility Analysis. The hemocompatibility

assay was performed against fresh human blood supplied by
the trauma center of a local hospital in Johor Bahru, Malaysia.
The Ethics Committee approved the hemocompatibility assay
obtained under UTM/2016/KHAIRUL NADWA/28-JAN./
729-FEB-2016-JAN-2019. Blood was centrifuged at 500×/5
min, and different dilutions of bioactive hydrogels were
prepared in PBS solution (pH 7.4 @ 37 °C). The samples
of bioactive hydrogels were incubated at 37 °C with Triton
(1%) and centrifuged at 1500×/5 min. A UV−vis spectropho-
tometer (UV−visible (HACH D500), Loveland, Colorado)
was used to analyze the absorbance at λ = 540 nm, and the
hemolysis percentage was calculated by eq 9

hemolysis (%)
Abs Abs

Abs Abs
100S NC

PC NC
= ×

(9)

where Abss = sample absorbance, AbsPC = positive control
absorbance, and AbsNC = negative control absorbance.
3.4. Statistical Analysis. Statistical analysis of research

data was studied using statistical software (IBM, SPSS
Statistics 21) except for the morphological and structural
studies. The standard errors (S.Es.) were presented in the
figures as Y-error bars. With post hoc multiple comparisons,

two-way ANOVA was used. (*p < 0.05 and ***p < 0.001 size
of the sample n = 3).

4. RESULTS AND DISCUSSION
4.1. Structural Analysis. The spectral profile of the

bioactive hydrogels presents the different functional groups
and peak positions. Figure 3 presents the spectral structure of
the hydrogels to determine the structural and functional
groups with their characteristics and band positions. The
broadband region from 3600 to 3200 cm−1 was attributed to
hydrogen bonding due to the available −OH functional groups
of GO, TEOS, gelatin, and bacteria, confirming the intra/
interhydrogen bonding.26 The peak positions at 1147 and 1064
cm−1 may be due to the C−O stretching of pyranose and O−
H, confirming the successful crosslinking of BC and gel via
TEOS. The absorption peaks at 2918 and 2851 cm−1 are due
to the stretching vibration of −CH, and their intensity
increased from HGel-1 to HGel-2. HGel-3 was compromised
due to gelatin crosslinking. The asymmetric stretching of −Si−
O−C and −Si−O−Si from 1110 to 1000 cm−1 was attributed
to the TEOS crosslink.27 This evidence confirms the successful
crosslinking of the BC and gelatin. The peaks at 1739 and 1640
cm−1 are assigned to −C�C and −C�O stretching
vibrations, respectively. These vibration peaks are due to GO
and are only slightly visible in HGel-2 and HGel-3.28 Hence,
these vibrational peaks with the corresponding positions
confirm the successful fabrication of hydrogels.

Figure 4. Surface morphology of the freeze-dried and oven-dried hydrogels: The surface morphology of the freeze-dried hydrogels (a−f) and oven
dried hydrogels (g−l) was analyzed by SEM (200 and 100 μm) to evaluate the surface behavior of the fabricated hydrogels. AFM showing the
surface roughness of the oven-dried hydrogels (m−o).
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4.2. Surface Morphology. The SEM micrographs of the
bioactive hydrogel are shown in Figure 4a−l, and each exhibit
unique and different morphology due to different compositions
and formulations. The freeze-dried hydrogels’ morphology was
highly porous, as shown in Figure 4a−f. The porous
morphology with uniform pore distributions confirms the
successful crosslinking of the bioactive hydrogels. These
bioactive hydrogels have different morphologies and pore
distributions due to different formulations.29,30 The surface
morphology of the oven-dried hydrogel films was also
investigated at different magnifications (200 and 100 μm) to
observe the surface behavior of hydrogels, as shown in Figure
4g−l. The bioactive hydrogel sample (HGel-1) has a smoother
or less abrasive morphology as it does not contain GO.
However, due to GO incorporation into the polymeric chains,
hydrogel samples (HGel-2 and HGel-3) have uneven and
rough morphology. Both hydrogels have a uniform GO flake
distribution as macro/microislands, which would be due to the
gradual drying rate of hydrogels and also the suspension
homogeneity. These GO flakes can be either micro or macro in
size, providing uneven or rough surfaces that offer extra active
or binding sites for cell adherence to promote cellular activities.
Such morphologies are essential for various biomedical
applications, including drug delivery, tissue engineering,
wound healing, etc.30−32 Surface morphology is crucial for
biomedical applications, particularly wound dressing. These
SEM micrographs have proved that changing the method can
fabricate hydrogels with different morphologies. Hence,

morphological analysis confirms that changing fabrication
methods can fabricate hydrogels with different morphologies.
It also confirms that the fabricated hydrogels have successful
crosslinking and GO incorporation.
4.3. Surface Topography. Atomic force microscopy is an

efficient tool for studying bioactive hydrogels’ surface top-
ography. The 2D surface roughness of the oven-dried bioactive
hydrogel films is shown in Figure 4m−o. The polymeric matrix
of the biopolymer (BC and gelatin) also can be observed by
surface roughness. Moreover, GO plays an important role in
GO-incorporated hydrogels and is also interpreted for
topographical changes of hydrogel samples (HGel-2 and
HGel-3). The results demonstrate that GO-functionalized
hydrogels have a rough surface area than that without GO-
functionalized (GHel-1). The GO-functionalized hydrogels
may provide additional active or binding sites due to their
rough topography and offer better cellular activities, including
cell adherence that facilitates cell proliferation and viability.33

The GO-cluster or GO-functionalized hydrogel has been
marked with blue circles, and the results confirmed that HGel-
2 and HGel-3 hydrogels present more rough topography than
that of HGel-1.
4.4. Wetting Behavior. The wetting behavior of a

biomaterial is a critical phenomenon and surface property
that helps observe hydrophilic and hydrophobic behaviors. It
also describes the interaction between the material and
biological systems while contacting with biofluid. The wetting
property is tunable and promotes cellular interaction with the

Figure 5. Physicochemical behavior of bioactive hydrogels: The wetting analysis of the hydrogel (a−c). The swelling behaviour in different media
(d−f). The surface morphology of hydrogels was studied by SEM for surface behavior after 24 h of swelling in aqueous media (7.4 pH) at 37 °C in
different media (g− i).
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optimized surface of biomaterials. The biomaterial with
hydrophilic behavior promotes cellular activities that promote
wound healing.11,34 As shown in Figure 5a−c, the wetting
behavior of oven-dried hydrogels was characterized. It was
observed that GO-incorporated hydrogels have more hydro-
philicity at 0 seconds compared to hydrogels (HGel-1) without
any GO contents. Since GO has several available hydrophilic
functional groups, including −OH, it is also intriguing to learn
that HGel-3 is more hydrophilic than HGel-2, as it has gelatin
with excessive hydrophilic functional groups. The increasing
hydrophilic nature of HGel-3 may be attributed to GO and
gelatin. It may affect other parameters, including stiffness,
swellability, surface charge, and swellability, which may impact
biomedical applications.35 These might also impact how cells
react to the biomaterial during and after implantation, which
would be advantageous for cell adhesion and growth.
4.5. Swelling Behavior in Different Media. The swelling

of oven-dried hydrogels has been observed in different media,
including aqueous (deionized water), PBS, and electrolyte
(NaCl), in different pH levels at room temperature. Figure
5d−f illustrates the swelling of the bioactive hydrogels in
various media and exhibits multiple behaviors depending on
the pH of the media. To evaluate the surface morphology of
well-dried hydrogels after 24 h of swelling in aqueous media,
Figure 5g−i shows morphological phenomena. It was found
that these hydrogels swelled most in aqueous media at pH 7
(neutral pH) than in acidic and basic media. It was observed
that these bioactive hydrogels swelled more in acidic medium
than at basic pH. Similar swelling behavior of hydrogels has
been seen in PBS and NaCl but bioactive hydrogel swelling is
more significant in PBS medium than in NaCl medium. The
swelling trend can be observed in all hydrogels at aqueous >
PBS > NaCl, under similar conditions. Additionally, it was
found that the bioactive hydrogels containing graphene oxide
swell more due to water interacting with the −OH functional
groups. Since GO has several −OH and other hydrophilic
functional groups, these functional groups tend to interact with
water due to enhanced hydrogen bonding. More hydrogel
swelling results from excessive hydrogen bonding.36 The
significant swelling behavior also helps absorb excessive
wound exudate and blood from spilled containers because
inadequate wound exudate can result in a bacterial attack,
sometimes resulting in chronic illness and limb loss.37

Moreover, significant hydrogel swelling at various pH levels
may be essential in the sustained release of therapeutic agents
that have been entrapped in the hydrogels. As a result, the
fabricated bioactive hydrogels have a significant capacity to
absorb biofluids and would thus be potential biomaterials with
the desired properties for applications in wound healing.
4.6. Drug Release Assay. The sustained and controlled

drug release from the polymeric matrix of the hydrogel is
always challenging due to its complex releasing mechanism. It
has four fundamental parameters to control drug releases:
diffusion, solvent, degradation, erosion, and swelling.38,39 In
the erosion mechanism, drug delivery occurs due to a
hydrolytic process, and the polymeric matrix of hydrogels
begins to degrade at the edges and margins to release the
drug.40 Diffusion mechanisms release drugs from the hydrogel
polymeric matrix when there is a concentration difference. The
swelling of hydrogels is directly related to diffusion that
interacts with body fluids and swells by absorbing biofluids to
release the drug.41 The size of the polymeric mesh increases
when the hydrogel is applied to the injury site, swelling occurs

due to biofluid absorption, and diffusion occurs. The hydrogels
interact with the biofluids, dissolve in them, and diffuse out
from the polymeric matrix of the hydrogel. The trapped drug is
released from the polymeric matrix and is available at the
surface.42 The maximum drug delivery occurs in HGel-1 at 7.4
pH in PBS media at 37 °C, even though all hydrogel samples
have been loaded with a model drug (curcumin) with varying
drug release percentages. However, under the same circum-
stances, as shown in Figure 6, HGel-3 delivers drugs at a lower

rate compared to HGel-2. The drug release of HGel-1 has been
consistent, with 40% drug release occurring after 40 min.
HGel-2 has a different drug release mechanism compared to
HGel-1; after 40 min, it has a sustained release of about 33% of
the drug. Due to the crosslinking behavior of GO in HGel-2
and HGel-3, HGel-3 has the most delayed or sustained release,
as it has ≈ 35%. Hydrogen bonding or weak attraction forces
may be used by the drug to interact.
4.7. Drug Release Kinetics. The drug release kinetics of

CUR has been studied using different mathematical models to
determine the release mechanism shown in Figure 7a−r with
numerical values summarized in Table 2. Several vital factors
control the drug release from the polymeric matrix, such as
chemical interaction type, drug loading mechanism, carrier
nature, porosity, and carrier stimulus response.43 Due to their
different structures and compositions, these bioactive hydro-
gels possessed variable regression coefficient values (R2).
HGel-1 has a maximum R2 value for Hixson−Crowell
(0.97597) and a minimum R2 value (0.53864) by Baker−
Lonsdale. Similarly, HGel-2 and HGel-3 have maximum R2
values (0.97597 and 0.99073, respectively). Both follow the
drug release pathway, i.e., fitting the model Hixson−Crowell
cube law and minimum value for R2 (0.44273 and 0.66217) by
fitting the same Hixson−Crowell model. Hence, these
fabricated hydrogels best fit the Hixson−Crowell model with
maximum R2 values for HGel-1 = 0.97597, HGel-2 = 0.97597,
and HGel-3 = 0.99073 following the drug release mechanism
from a system having a change in surface area and diameter.43

4.8. Cell Morphology, Viability, and Proliferation. The
cellular behavior (cell morphology, viability, and proliferation)
was studied to evaluate the biocompatibility of hydrogels that

Figure 6. Cumulative drug release analysis of the hydrogels in PBS
media at 37 °C.
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helps us to understand the biocompatible behavior of materials
for wound healing applications.44 We have conducted different
biological assays to evaluate the biological potential of
bioactive wound dressing materials for wound healing
applications. Figure 8i−ix shows the cell morphology
evaluating the cellular behavior against bioactive hydrogels
after different intervals (24, 48, and 72 h). Increased contact
time increased the cell population with a proper cylindrical
shape, as shown in Figure 8i−ix, and negligible or no cell death

was observed, as denoted by a red spot. It is also important to
note that these cells from HGel-1 to HGel-3 have mature,
cylindrical, and spreading morphologies after 72 h. These led
to the mature cell morphology from HGel-1 to HGel-3, which
offers a promising microenvironment for cellular activities and
its growth.45

The cell viability and proliferation have been characterized
against different dilutions and contact times using 3T3 cell
lines of bioactive hydrogels, as shown in Figure 8. The
increased cell viability was observed with increased hydrogel
dilutions (after 72 h), as shown in Figure 8Bi−iii. Similar
behavior of 3T3 cell lines has been observed for cell
proliferation, i.e., increased hydrogel contents and contact
time increase cell proliferation and growth, as shown in Figure
8Ci−iii. HGel-3 exhibited maximum cell viability and
proliferation, possibly due to the incorporation of GO and
gelatin into the crosslinked hydrogel. Both (GO and gelatin)
offer a desirable microenvironment, which enhances cell
viability and proliferation by offering an additional active site
and binding functional groups through different weak forces of
attraction, including hydrogen bonding.46 Hence, the fab-
ricated bioactive hydrogels have offered exceptional cell
viability and proliferation that may be potential dressing for
wound healing applications.
4.9. Antibacterial Activities. The antibacterial activities

of hydrogels were evaluated against infection-causing Gram
(positive and negative) bacterial pathogens (E. coli, P.
aeruginosa, and S. aureus), as shown in Figure 8D. The
hydrogels have different antibacterial activities due to their
different structural behaviors, and we have taken curcumin as a
positive control. The GO-incorporated hydrogels (HGel-2 and
HGel-3) have potential antibacterial activities that could be the
synergistic effect of the polymer and GO. It may have
electrostatic interaction due to its sp2 hybridization with the

Figure 7. Drug release kinetics against various mathematical (zero-order (a, g, m), first-order (b, h, n), Higuchi (c, i, o), Hixson−Crowell (d, j, p),
Korsmeyer−Peppas (e, k, q), and Baker−Lonsdale (f, l, r)) models against all hydrogel samples to determine the drug release behavior.

Table 2. Drug Release Kinetics of Hydrogels Have Been
Summarized against Mathematical Models

sample model type intercept slope R2

HGel-1 zero-order 0.12008 0.18248 0.96757
first-order 0.11910 0.01875 0.88831
Higuchi −7.46373 6.52283 0.88356
Hixson−Crowell 33.20288 −0.29249 0.97597
Korsmeyer−
Peppas

0.78581 0.55742 0.63479

Baker−Lonsdale −6234.3475 1787.44127 0.53864
HGel-2 zero-order 0.31082 0.13866 0.90661

first-order 0.10291 0.01637 0.8928
Higuchi −7.12432 7.12524 0.84068
Hixson−Crowell 35.70808 −2.37508 0.97597
Korsmeyer−
Peppas

0.93972 0.47027 0.58696

Baker−Lonsdale −9637.35993 2723.96978 0.44273
HGel-3 zero-order 0.2552 0.15995 0.98809

first-order 0.09168 0.01832 0.90285
Higuchi −11.68647 10.69177 0.91633
Hixson−Crowell 32.82409 −0.47492 0.99073
Korsmeyer−
Peppas

0.99183 0.55048 0.66217

Baker−Lonsdale −31.34229 18.36442 0.80415
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bacterial membrane, as the outer membrane comprises
phospholipids and lipopolysaccharides.47 GO may adhere to
bacterial membranes via electrostatic interactions to produce a
twisting effect that may rupture the bacterial membranes to
hinder bacterial growth. The polymeric part of hydrogels may
interact with bacterial phospholipids and lipopolysaccharides.
It may enter a bacterial cell to endorse a charge that controls
bacterial growth by preventing translation and transcription.48

The polymeric part may bind to bacterial DNA that transforms
to take control of bacterial cells to inhibit further growth of
bacteria, which causes antibacterial activities.49 These bioactive
hydrogels processed substantial antibacterial activities and
would be potential antibacterial wound-healing materials for
wound healing applications.
4.10. Hemolysis and Blood Coagulation Times. The

wound dressing material must interact with blood and be
hemocompatible to control bleeding without causing hemo-
toxicity or hemolysis. While interacting with blood, a small
portion of the bioactive hydrogel may enter the body through
leaked blood vessels.50 Therefore, we have performed
biocompatibility and hemocompatibility assays against differ-
ent bioactive hydrogel dilutions to find an optimized
formulation, as shown in Figure 8E,F. All bioactive hydrogels
have less than 5% hemolysis rate, and all the hydrogel samples
with all different dilutions are hemocompatible. Little or
negligible hemolysis was observed due to the twisting effect of
GO that may electrostatically interact with blood cells, as
shown in Figure 8E. The hydrogel without GO has the least
hemolysis effect compared to other hydrogels. Hence, the

fabricated bioactive hydrogels are hemocompatible with
negligible hemolysis and would be a potential wound-healing
material in biomedical applications.
The blood clotting time is another essential component of

hemocompatibility; clinically applied wound dressings must
have blood clotting properties that prevent bleeding without
consequential hemotoxicity. The blood cells may start clotting
as they come into contact with a polymeric hydrogel matrix
that significantly protects against further bleeding. The
bleeding pressure, the size of the wound, and the use of a
mechanically stable dressing are all essential factors preventing
bleeding.51 The blood clotting phenomenon, also known as
blood coagulation, which produces thrombin from the
prothrombin plasma precursor and is known to stop bleeding,
has an average blood coagulation time of 1−3 min. However,
the production of insoluble fibrin from soluble fibrinogen
causes blood to clot. The manufactured wound dressing
materials were found to have various blood coagulation
times.52 The blood coagulation time is the fastest in the
hydrogel sample (HGel-1) and then slows down in HGel-2
and HGel-3, as shown in Figure 8F. GO plays a vital role in
blood coagulation, and hydrogels with a different composition
also promote hemocompatibility due to enhanced functional,
structural, mechanical, and other morphological features.
Hydrogel dilution was also an essential parameter as the
least coagulation time was observed at 25 μg/mL with the
maximum observed at 100 μg/mL. Hence, the fabricated
hydrogels are hemocompatible and offer negligible hemolysis
and time coagulation with a response.

Figure 8. Biological activities were characterized to determine the behavior of bioactive hydrogels against time and different dilutions of bioactive
hydrogels using 3T3 cell lines, fresh blood, and infection-causing bacterial strains. The cell morphology A(i−ix) of the 3T3 cell line after different
time intervals (48 and 72 h). Cell viability B(i−iii) and cell proliferation C(i−iii) of 3T3 against different dilutions of bioactive hydrogels (1.5−3.0
mg/mL) after different times (24, 48, and 72 h). The increased cell viability was observed by increasing hydrogel contents and contact time and
increasing contact time and dilutions of the bioactive hydrogel. The antibacterial activities (D) against different E. coli, P. aeruginosa, and S. aureus
via the zone inhibition method and hemocompatibility (E hemolysis (%) and F plasma rectification time (in seconds)) with different hydrogel
dilutions.
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5. CONCLUSIONS
The bioactive hydrogels were fabricated for wound healing
applications. The graphene oxide-functionalized bacterial
cellulose was synthesized using the hydrothermal method
and chemically crosslinked with bacterial cellulose and gelatin
to produce hydrogels using TEOS as a crosslinker. It was
observed that GO-f-BC-gelatin hydrogel is more hydrophilic
and offers better surface morphology with multifunctional
properties due to the presence of gelatin compared to other
hydrogels BC-BC and GO-f-BC-BC hydrogels. However, these
hydrogels have shown different curcumin release behaviors
against time under similar conditions, and Hgel-3 has delayed
curcumin release. The drug release kinetics was studied against
different models from drug release data, and all hydrogels
exhibited the Hixson−Crowell model. It was also observed that
GO-f-BC-gelatin hydrogel had enhanced cell viability and
proliferation with mature cell morphology due to its multi-
functional behavior. The hydrogel BC-BC has the least
hemolysis and antibacterial activities, and all hydrogels are
hemocompatible. Hgel-3 has significant antibacterial activities
due to the synergistic effects of BG, Gel, and GO. The overall
results show that the fabricated hydrogels have multifunctional
behavior with different drug release behaviors offering
exceptional antibacterial activities, mature morphology, cell
viability, proliferation, and hemocompatibility. Hence, these
hydrogels would be potential wound dressing materials for
wound healing applications.
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