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Original Research  Abstract

Received: Material biology has emerged as a transformative field aimed at addressing biomedical challenges
25 June 2025 through the development of advanced therapeutic materials that surpass conventional treatment
OASCCSZ%feilber 2025 modalities. Biocompatible and highly water-retentive hydrogels have demonstrated significant
Published in Tssue: potential in accelerating diabetic wound healing, mitigating the limitations of traditional wound
30 September 2025 dressings. This study presents the design and fabrication of a novel gelatin-based hydrogel

integrated with graphene quantum dots (GQDs) synthesized via an environmentally sustainable
green chemistry approach using natural precursors. The incorporation of GQDs as nanofillers into
the gelatin matrix enhanced the physicochemical and biological performance of the resultant
nanocomposites hydrogel. FTIR spectra confirmed successful integration of GQDs within the
gelatin matrix through characteristic chemical interactions, while XRD analysis demonstrated
increased crystallinity reflecting homogeneous GQDs dispersion. Spectroscopic measurements
confirmed the exceptional optical properties of GQDs. FESEM images revealed a highly porous
morphology with well-distributed GQDs, and TEM analysis verified nanoscale size (~5 nm) and
uniform dispersion of GQDs within the hydrogel network. These structural improvements
enhanced water uptake and mechanical stability of the hydrogels. Cytotoxicity assessed by MTT
assay showed over 90% viability of human skin fibroblast cells, indicating excellent
biocompatibility, alongside potent antibacterial activity against E. coli assessed by micro-broth
dilution. Furthermore, hemocompatibility and thrombogenicity assessments demonstrated the
material's safety profile suitable for direct blood contact during wound healing. The findings
reveal that the green-synthesized gelatin/GQD nanocomposite hydrogel offers a promising
biomaterial scaffold for effective wound management, highlighting its potential to advance

©2025 the Author(s). Published by the  theTapeutic strategies in diabetic wound healing.
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Wound healing remains a significant clinical challenge
worldwide, particularly in complex cases such as
diabetic ulcers, where conventional treatments often fail
to provide satisfactory outcomes[1]. The development of

advanced biomaterials that can actively support and
accelerate tissue regeneration has thus become a major

1. Introduction

focus in regenerative medicine and biomaterials.
Hydrogels, with their high water
extracellular matrix-mimicking properties[2],
emerged as promising wound dressings that maintain a
moist environment conducive to tissue repair while
acting as carriers for Dbioactive agents and
nanomaterials[3]. Among natural polymers, gelatin, a
denatured form of collagen, has attracted considerable
attention due to its excellent biocompatibility,
biodegradability, low immunogenicity, and cell-friendly

content and

have

characteristics that favor wound healing processes such
as cell adhesion and proliferation[4, 5].

Despite the inherent advantages of gelatin-based
hydrogels, challenges remain improving their
mechanical stability, antibacterial efficacy, and
bioactivity to meet the multifaceted demands of wound
repair[6]. The integration of nanomaterials, particularly
carbon-based nanostructures, has provided a versatile
strategy for enhancing these properties[7][8]. Graphene
and its derivatives, including graphene quantum dots

in

(GQDs), have shown exceptional potential due to their
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unique physicochemical and biological
properties[9][10][11].Graphene quantum dots,

nanoscale fragments of graphene with distinctive
quantum confinement and edge effects[12], exhibit
superior photoluminescence, high surface area, and
excellent biocompatibility, making
candidates for biomedical applications including wound
healing[13][14]. Their ability to facilitate electron
transfer catalysis can enhance reactive oxygen species
[ROS) scavenging or generation, crucial for modulating
inflammation and antimicrobial activity at the wound
site[13].

However, the synthesis of graphene quantum dots has

them suitable

conventionally relied on harsh chemical methods
involving toxic reagents|15], expensive precursors, and
energy-intensive processes|10].
fabrication routes pose environmental concerns and limit
large-scale, production, ultimately
hindering clinical translation[16][17]. This highlights a
critical knowledge gap which is the need for
environmentally sustainable and economically feasible
synthetic methods that yield biocompatible graphene
dots  suitable  for healing
applications[18]. Green synthesis approaches have
recently emerged as promising alternatives, employing
natural precursors such as plant extracts, biomass waste,
or simple carbohydrates, combined with facile
hydrothermal, microwave, or pyrolytic treatments to
produce GQDs under mild, eco-friendly conditions[19].

These conventional

cost-effective

quantum wound
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These methods minimize toxic byproducts and enhance
the biological safety of the resulting nanomaterials, yet
their integration into wound dressing development
remains underexplored.

In this context, our study addresses this gap by
developing a novel biocompatible nanocomposite
hydrogel based on gelatin incorporated with green-
synthesized graphene quantum dots. We employ a
sustainable green synthesis route wusing natural
precursors to fabricate GQDs, thereby advancing eco-
friendly nanotechnology integration into wound care.
The resulting gelatin/GQD hybrid hydrogel is designed
to leverage the inherent water-retaining and cell-
supportive properties of gelatin, augmented by the
electron transport capabilities, photoluminescence, and
antibacterial activity of GQDs to promote enhanced
wound healing efficacy.

This work contributes to the field of biomaterials by
demonstrating an innovative, facile, and
environmentally responsible synthesis of graphene
quantum dots and their effective incorporation into
gelatin hydrogels. We comprehensively characterize the
physicochemical interactions, morphology,
cytocompatibility, hemocompatibility, and antibacterial
properties of the nanocomposite, with an emphasis on its
application as advanced wound dressing. The synergy
between biopolymer and carbonaceous nanomaterial
under green synthesis paradigms offers significant
advancement in the design of smart, bioactive wound
care systems addressing both material performance and
sustainability demands.

2. Materials and Methods
2.1. Materials
The materials used in this study are listed in Table 1.
2.2. Preparation of graphene Quantum dots (GQDs)

Graphene Quantum dots were prepared according to the
thermal pyrolysis method (TPM) of organic materials as
a carbon source, in which minor modifications were
introduced to obtain GQDs by green methods[20]. TPM
is likely a new green method for synthesizing GQDs that
uses citric acid as a carbon source. White fine crystals of
lemon salt (2 g) were placed in a 5 mL beaker and melted
in a mineral oil bath (Glycerol) at 290 o C for 30
minutes; the color started to change to pale yellow and
finally became orange. The melted orange solution was
reduced by its addition dropwise within 15 minutes into
Ammonium hydroxide solution (15%, 100 mL) under
vigorous stirring. Finally, a clear yellow solution of
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GQDs was obtained, as shown in Scheme 1.

2.3. Preparation of gelatin/graphene quantum dots
nanocomposites

A gelatin solution (5 Wt.%) was prepared by dissolving
in distilled water (DW). However, in the case of Gelatin
/ GQDs, composites were made by dissolving gelatin (5
Wt. %) in the resulting GQDs solution (result from 2.2
step). The prepared gelatin composites were with (5 and
10) % of GQDs with the codes [G-5GQDs, G-10GQDs].
All solutions were dissolved for 2 hours at 40 °C as
shown in Scheme (2). The hydrogels were subsequently
cross-linked using 5 pL. mL™ glutaraldehyde (GTA)
and stirred at room temperature for one hour. The cross-
linked samples were thoroughly rinsed with deionized
water to eliminate any residual from GTA. Before
characterization, the resulting nanocomposite hydrogels
were cooled to -20°C overnight and then lyophilized in
a freeze dryer for 48 hours to achieve interconnected
porous structures.

2.4. Characterization of the prepared GQDs and
gelatin hydrogel nanocomposites

Surface morphology and structural details of the freeze-
dried [G, and G/GQDs ”it indicates for the high
concentration of GQDs into gelatin, (G/10GQDs)”]
nanocomposites were analyzed by different techniques,
which are shown on Table 1. Dynamic light scattering
and zeta potential are measured on liquid samples of
GQD concentrations between 8 mg/mL. Utilizing Tauc’s
method (eq. 1) to determine the absorption coefficient
(a) of this concentration and the refractive index (RI)
was calculated via eq. 2[21][22]

2. A
v = 303 x )
I (cm)
RI = ! + !
TT, T, -1 &Y

Where A is the absorbance of the GQD solution at 633
nm, and Ts is the transmittance calculated 10-A x 100. L
is the path length of the sample utilized in the microplate
reader which was 0.294 cm (100 pL of GQD solution in
96 well-plate). The a at 8 mg/mL is 2.3367 and RI at
0.1623. These parameters were implemented in the
Malvern nano-ZS90 (Worcestershire, UK) software and
the zeta potential and size were determined accordingly.

2.5 Water Uptake
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Weighed samples of lyophilized hydrogels were
immersed in water at 37 °C for a specified period. After
immersion, samples were removed, gently blotted with
filter paper, and reweighed. The swelling test was
conducted in triplicate for each sample (n=3), and the
swelling percentage of each hydrogel was determined
using Equation 3.

Swelling % = [(wy — wy)/wy] X 100 3)
Where wd is the weight of the hydrogel after soaking at
a definite time interval and drying the gel, while ws is
the weight of the swollen hydrogel at a definite time.

2.6 Biocompatibility assessment

A biocompatibility assessment including
hemocompatibility, thrombogenicity, and cytotoxicity,

B . Pyrolysis at 290¢
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Graphene Quantum
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Oil bath |

_Final production of

are carried out to examine the suitability of materials in
biomedical applications[23].

2.6.1 Hemocompatibility test

Following the American Society for Testing and
Materials guidelines (ASTM F 756-00, 2000), the
hemolysis test was conducted as proposed.[24] Firstly, 9
mL of rabbit blood (Ethical Approval # AU 14 -231120-
1-5) was gently added to a tube containing 1 mL of
anticoagulant (ACD).

Each lyophilized hydrogel sample (0.05 g) was then
immersed in a test tube with 7 mL of phosphate buffer
solution (PBS) at pH 7.0 and maintained at 37°C for 72
hours before being exposed to the rabbit blood.
Following the removal of the phosphate buffer solution
(PBS), the samples were incubated in 1 mL of ACD-
treated blood at 37°C for 3 hours.

ion
oropwis® ",d_‘.i.,‘f‘-‘ro

4
Reﬁ’cﬂon using

ammonia wa

Color change due to the formation
of Graphene Quantum Dots

~ Graphene Quantum

Dots solution

Scheme 1. The Green synthesis of GQDs

| f\ .
A

— 5 wt.% Gelatin

o,

Graphene
nanosheets

v

Freez-Dried

G/GQDs Hydrogel

Scheme 2. Preparation of the Gelatin / GQDs hydrogel nanocomposite

d 10.57647/pibm.2025.16771


https://doi.org/10.57647/pibm.2025.16771

Wessam S. Omara et al., Prog. BioMater. 2025, 14(3)

Table 1. Materials used for this study

Material

Source

Lemon Salt (food grade)
Ammonia hydroxide (NHsOH)
Gelatin from bovine skin (Type B)

Acid citrate dextrose solution (ACD)

RPMI 1640

Trypsin

Trypan blue
Penicillin-streptomycin
L-glutamine

Phosphate buffer saline tablets

Fetal bovine serum

Local render
Sigma-Aldrich
Sigma-Aldrich Chemical Co., St. Louis, MO, USA

Sigma-Aldrich (Chemie GmbH, Steinheim, Germany)

Corning, NY, USA
Corning, NY, USA
Corning, NY, USA

Corning, NY, USA

Corning, NY, USA
GeneTex, Irvine, CA, USA

Lonza, Switzerland

MTT
Dimethyl sulfoxide

Formaldehyde Solution

Serva, Heidelberg, Germany
Carbo-Elba, Milan, Italy
Sigma-Aldrich

Table 2. Armamentarium used in gelatin/GQDs hydrogel nanocomposites characterization

Device/Equipment Manufacturer Purpose/ Application

Scanning Electron Microscope JEOL, Japan Examine the structure and morphology of GQDs and

(SEM) (JEOL JSM 6360LA) freeze-dried gelatin/GQD hydrogel composites.

Transmission Electron Microscope JEOL, Japan Imaging, revealing crystal structures, conducting

(HR-TEM) (JEOL 2100 PLUS) elemental analysis (qualitative and semi-quantitative),
and diffraction pattern imaging.

Eagle CCD Camera (4k x 4k JEOL, Japan Capture and record transmitted electron images during

resolution)

Fourier Transform Infrared
Spectrometer (FTIR)

X-ray diffractometer (XRD)
(Shimadzu X-ray 7000)

UV-Vis spectrophotometer

Fluorescence spectroscopy

Spectrophotometer (A = 540 nm)
Centrifuge (2000 rpm)
Microplate Reader (Fluorostar

Omega)

Incubator (37°C)

Water Bath

Lyophilizer

Perkin-Elmer, USA

Shimadzu, Japan

Evolution 600 double
beam scanning UV-
visible
spectrophotometer,
Thermo scientific,
USA

a PerkinElmer LS-55
spectrofluorometer at
650-900 V.

Not specified
Not specified
BMG labtech

Local vendor

Not specified

Taisite- China

TEM analysis.

Study the chemical structures of GQDs and
gelatin/GQDs composites over a wavenumber range of
4000-400 cm™.

Perform X-ray diffraction scans to assess the
crystallinity of prepared hydrogels using a copper target
source.

Measure the absorbance of GQDs in the range of 200-
900 nm

This instrument uses a pulsed xenon source to minimize
the photobleaching of GQDs and provides a long-lived
excitation source. The variable slit and holographic
gratings provide flexibility with very low stray
radiation.

Measure haemoglobin released due to hemolysis during
blood hemolysis tests.

Clarify blood and samples during hemolysis testing.
Measure the absorbance at 570 nm for MTT
cytotoxicity assays and at 600 nm for antibacterial
studies.

Maintain hydrogel samples and cells at physiological
temperature during swelling tests, biocompatibility, and
cytotoxicity studies.

Halt the thrombus formation reaction during the
thrombogenicity test.

Freeze-dry hydrogel samples for water uptake and
characterization studies.
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To create negative and positive controls, equal volumes
of ACD blood were mixed with 7 mL of PBS and water,
respectively. To avoid direct contact between the test
materials and blood, the tubes were gently inverted twice
every 30 minutes.

Finally, both the blood and diluted samples were
transferred to new tubes and clarified by centrifugation
at 2000 rpm for 15 minutes. A spectrophotometer
calibrated to A = 540 nm was employed to quantify the
hemoglobin released as a result of hemolysis. Blood
hemolysis experiments were conducted in triplicate
under the same conditions, and the hemolysis percentage
was determined by using Equation [4].

ODs—-0Dn

ODp-— ODn] X100 (4)

Blood hemolysis % = [

Where ODs is the optical density of a tested sample,
ODn refers to the optical density of the negative control,
and ODp is the optical density of the positive control.

2.6.2 Thrombogenicity test.

A gravimetric method was employed to evaluate
thrombus formation on the surface of the developed
hydrogel, as previously suggested. Initially, the
lyophilized hydrogels were immersed in phosphate
buffer solution (PBS) and incubated at 37 °C for 48
hours. After this period, PBS was removed, and ACD-
treated rabbit blood was applied to the surface of the
samples under investigation, with an equal blood volume
placed in an empty Petri dish to serve as a positive
control. To initiate the blood clotting reaction, calcium
chloride (20 pL, 10 M) solution was added on top of
each sample. After 45 minutes, the reaction was halted
by adding 5 mL of water. The formed clots were
subsequently fixed with 5 mL of formaldehyde solution,
and dried using tissue paper, before weighing. Each test
was conducted in triplicate. [25]

2.6.3 Cytotoxicity assay

Cells preparation

The human skin fibroblast cell line was cultured in
RPMI 1640 basal medium, supplemented with 10%
FBS, 1% L-glutamine, and 1% penicillin-streptomycin.
Cells were then harvested from T-flasks using
trypsinization with 0.25% trypsin-EDTA for 1 minute
and then collected by centrifugation at 500 x g (relative
centrifugal force) for 5 minutes. The supernatant was
removed, the pellet was resuspended in the growth
medium, and the cells were counted using the trypan
blue exclusion assay.
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MTT assay

The cells were seeded at a density of (10*104 cells/well)
in a 96-well plate and allowed to attach overnight. To
create a concentration gradient ranging from (100% to
6.25%), the samples (GQDs, G/10GQDs, G/5GQDs,
and Gelatin) were first diluted with growth medium to a
concentration of 10%, which is the maximum allowed
concentration according to ISO 10993-5. The first five
columns of the plate were then filled with decreasing
dilutions of the GQDs to achieve concentrations of
(100%, 50%, 25%, 12.5%, and 6.25%) for each sample.
After incubating the cells with the samples for 24 hours,
(20 pL of 5 mg/mL) MTT was added to each well and
incubated for an additional 3 hours. The media was then
replaced with DMSO to dissolve the formazan dye, and
the absorbance was measured at A= 570 nm using a
Fluorostar Omega plate reader.

Abs.of test material

Viability (%) = x 100 )

Abs.of negative control
2.7. Antibacterial Activity

Micro-broth dilution method / MIC Test: “according to
CLSI M07-A10” was used. Three bacterial strains were
used in this study, Pseudomonas aeruginosa (27853),
Escherichia coli (ATCC 25922), and Staphylococcus
aureus (ATCC 6538). The bacterial strains were cultured
overnight in nutrient broth and set at a cellular
concentration of 1 x 108 cells / mL by OD of 0.1 at 600
nm. The concentrations of GQD used were 50, 25, 12.5,
6.25, and 3.125 mg/mL (n=3). 50 pL of GQD solution
was aspirated in a 96-well plate with 50 pL of bacterial
strain giving a final cellular density of 5x106 cells/well.
The well plate was incubated at 37°C for 24 hours and
then analyzed with a microplate reader set to 600 nm.

Viability (%) — Abs.of test material % 100 (6)

Abs.of negative control

2.8. Statistical analysis:

Data is expressed as mean + standard deviation (SD).
Statistical Significance differences between test groups
were tested using one-way analysis of variance
(ANOVA) and Bonferroni post-hoc test performed using
PSPP software (version 1.6.2). P-values <0.05 were
considered statistically significant. Weibull method was
used for the cytotoxicity and antibacterial activity.

3. Results and Discussion

3.1 Characterization of G/GQDs hydrogel
nanocomposites

The chemical composition and structure of graphene
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quantum dots (GQDs), and G/GQDs gelatin
nanocomposite were investigated using FTIR, XRD, and
Optical analysis of GQDs as shown in Figure 1. The
FTIR spectrum of GQDs includes the peaks at 1620 cm-
1 and 1470 cm-1 which correspond to the skeletal
vibrations of the GQD aromatic rings[26]. A band at
1552 ecm™ is associated with C=C stretching vibrations.
Additionally, FTIR signals observed around 3400, 1654,
and 1400 cm™ are indicative of O—H stretching, C=0
stretching of carboxyl groups, and aromatic C=C
stretching, respectively[27-29]. The gelatin has
characteristic peaks at 1659 cm-1 which indicate the
occurrence of amide-I, while the peak at 1554 cm-1
indicates amide-II, and the weak band at 1240 cm-1
shows the amide-III band, which is allocated to the
triple-helix of collagen[30].

In the spectra of the G/GQD hydrogel nanocomposite,
several peaks confirm successful carboxamide
functionalization. These include a weak amide III peak
at 1396 cm™!, a C=C aromatic peak at 1451 cm!, a
medium amide II peak at 1544 cm™, a peak of C=0O at
1654 cm™, medium C-H stretching vibrations of methyl
and methylene groups near 2926 cm™, and strong
stretching vibrations of O-H and N-H around 3434 cm™
[31].

X-ray diffraction (XRD) patterns are used to study the
crystallinity of GQDs. The XRD patterns of GQDs in
Figure (1B, 1C), which show a broad peak at around
(26=24°) correspond to the 002 crystal plane [35,36].
The XRD pattern of the GQDs shows a broad (002)
peak, indicating an interlayer spacing of 0.37 nm, which
is greater than that of graphite (0.33 nm). This increase
in spacing may be attributed to the disordered stacking
of certain GQDs[37]. Gelatin hydrogel has also a broad
diffraction peak at 26=23° and may be the crosslinking
and freeze-drying in the process of hydrogel composite
preparation depress the crystallization of the gelatin and
results in an almost indiscernible flat and broad
diffraction peak. [38].

The electronic absorption spectra of GQDs were
measured using UV-Vis spectrophotometer (Evolution
600 double beam scanning UV-visible
spectrophotometer, Thermo scientific, USA) in the
range of 200-900 nm. The sample was prepared in a clear
and diluted liquid form. The UV absorption spectrum
Figure (1D) shows a peak of GQDs located at 220 nm
due to the II-IT* transition from the aromatic sp2 domain
of GQDs with a long tail extending into the visible range
due to the n-IT* transition. However, another shoulder
absorption peak could be observed in the wavelength
region from 290 to 360 nm (n-IT*) due to —C= O. The
peak position is more sensitive to the preparation method
than the size of the dots and also depends on the medium
used for measurement[32][33].  Characteristic
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fluorescence properties of GQDs were revealed as
shown by the apparent absorption below 400 nm[34].

The photoluminescence PL and fluorescence emission
of GQDs were detected by exciting the GQDs sample at
300 nm and measuring the resulting emission peak
centered at 453 nm as shown in Figure (1E, 1F). The
excitation-dependent PL is a characteristic of GQDs and
could also be related to the presence of the defect and
different functional groups on GQDs[35].

The band gap of GQDs was measured as shown in
Figure (1F), It means that an electron must absorb at
least 2.73 eV of energy (= 454 nm photon, blue region
of visible light) to jump from the valence band to the
conduction band and become electrically conductive.

The GQD was tested for approximate particle size and
homogeneity via the DLS. By calculation of DLS, a
particle size of 254 nm with a PDI of 0.427 at a
concentration of 4mg/mL. This is considered a good
estimation of our particle size to be smaller than 250 nm
due to the hydration shell surrounding the GQD, giving
an overestimated particle size. The actual particle size is
readily determined via TEM. On the other hand, GQD’s
ZP was also measured at the same concentration having
a surface charge of -28.3 mV and 2.5 mS/cm as
conductivity. This negative surface charge would predict
that the developed GQD will have an antibacterial
activity, as studied before in previous literature [19][39].
Hence, the GQD developed is a good candidate to bind
to bacteria and hinder their activity.

Field emission scanning electron microscopy (FE-
SEM) data of GQDs revealed that rather than the
expected individual GQDs, nano aggregates were
formed with a size range of (10 to 100) nm as shown in
Figure (2A). All hydrogel samples were lyophilized after
being freeze-dried at -80 °C in liquid nitrogen. Figure
(2B, 2C) shows the SEM micrographs of freeze-dried
gelatin hydrogel G. All of the hydrogels had well-
connected porous architectures, with typical pore
diameters of about (216 = 69) um (measured by image
J). But in case of G/GQDs, the SEM images Figure (2D,
2 E) show the pores were compacted and pore size
decreased, this may be due to the -electrostatic
interactions between the GQDs and positively charged
groups within gelatin[6].

The TEM image of the resulting GQDs, with diameters
ranged from (3.77 to 7.37) nm, which confirms that
GQDs are in the quantum range, where their size is less
than 10 nm as it is shown in Figure (3A). High-resolution
TEM images and the corresponding fast Fourier
transform (FFT) pattern of the GQD show a high
crystalline structure with a lattice parameter of about
0.24 nm.[40]. TEM images of G/GQDs hydrogel
nanocomposite, Figure (3B) show high dispersion of the
GQDs particles in the gelatin hydrogel.
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3.2 Water uptake of the gelatin hydrogel composites

The swelling ratio of the prepared G/GQDs hydrogels
reflects their ability to absorb wound exudates produced
during the inflammatory phase of healing. To assess this,
the hydrogels were incubated in a phosphate buffer
solution (PBS) at 37 °C for various time intervals before
being weighed. As depicted in Figure 4, the G/GQDs
sample exhibited a considerably higher swelling ratio
compared to the unmodified gelatin control. The water-
uptake ratios were very high, reaching 700 % in the case
of the modified sample due to the hydrophilicity

enhancement of GQDs inside the gelatin hydrogel. This
enhanced performance can be also attributed to the
greater porosity and specific surface area of GQDs in
comparison to pure gelatin.

The pore size of gelatin hydrogel unmodified was
approximately 100-150 pm that is very comparable to
the modified G/GQDs hydrogel. But this difference on
swelling ability may be the hydrophilicity enhancement
of GQDs that are due to functional groups O-H, C=0,
that attract water molecules and increase water uptake
ability.
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Figure 1. Physical characterization of the prepared GQDs and G/10GQDs hydrogel nanocomposite (A): FTIR, (B,C): XRD analysis of GQDs, and
G/GQDs respectively, (D): Absorption spectrum of GQDs, with the photo of the GQDs in daylight and under the UV lamp. (E, F): photoluminescence

and Fluorescence spectrum of GQDs
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Figure 2. Morphological analysis of the synthesized GQDs and G/GQDs hydrogel nanocomposites (A): SEM image of GQDs, (B, C): SEM images of
G hydrogel at 50X, and 250 X magnifications respectively, (D, E): SEM images of G/GQDs at 50X, and 250 X magnifications respectively
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Figure 3. TEM images of (A): GQDs with high resolution crystal structure on the Upper-left side, (B): G/GQDs hydrogel nanocomposite with high
magnification on the upper-left image at 20 nm
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Figure 4. Swelling study of GQDs, and G/GQDs hydrogel composite

3.3 Biocompatibility evaluation
3.3.1 Hemocompatibility and Thrombogenicity

Evaluating blood compatibility is crucial for
biomaterials that come into direct or indirect contact
with blood. The hemolysis test provides an essential in-
vitro preliminary screening to assess blood
compatibility. Figure (5A) illustrates the hemolytic
percentages of the G and G/GQDs samples examined.
The results indicated a modest increase in hemolytic
activity between the control and G/GQDs
nanocomposites.  Nevertheless, the  hemolysis
percentage for all prepared samples remained below 2%,
which is deemed safe according to ASTM F 756-00,
2000. These results come in alignment with earlier
studies. [13,41] The prepared samples were determined
to be compatible with materials that do not cause
hemolysis. hrombogenicity is a critical characteristic of
materials used in wound healing. Figure (5B)
demonstrates that gelatin exhibited a lower propensity

d 10.57647/pibm.2025.16771

for thrombus formation compared to the positive control
and G/GQDs. This difference may be linked to the
intrinsic ability of GQDs to promote integrin-mediated
platelet activation and adhesion.[13] Consequently, the
G/GQDs hydrogel proved to be an excellent biodressing
material, effectively maintaining moisture in the wound
during the healing process. GQDs significantly enhance
the healing mechanism due to their exceptional electron
transport properties, which facilitates high peroxidase-
like activity. Hydrogen peroxide (H20:) is commonly
employed for wound disinfection to prevent bacterial
infections; however, high concentrations of H2O: can be
detrimental to healthy tissue and may impede the healing
process. Hence, it is essential to improve the
antibacterial effectiveness of H20: while reducing the
concentration required for effective germicidal action in
wound disinfection.

3.3.2 Cytotoxicity analysis

The prepared G/GQDs hydrogels have been tested for
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Figure 5. (A) Haemocompatibility, (B) Thrombogenicity for GQDs, and G/GQDs hydrogel composite
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Figure 6. MTT assay of Human Skin fibroblast cells. The results shown are normalized with the absorbance of a normal growth medium. A) Shows
the viability of the cells at increasing concentrations of GQDs. B) Shows the IC50 of the GQDs based on the Weibull method; * p-value <0.0001. The

error bars are standard error
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Figure 7. Viability of the three bacterial strains showing their viability against the concentration of GQDs

cytotoxicity against human fibroblast skin cells
(HFS).They are first diluted (10% v/v) in a growth
medium to allow the cells to proliferate with nutrients,
growth factors and minerals found in the medium.
Therefore, control is employed and ensured, according
to Figure (6), that the dilution step and the gradient
concentrations (6.25-100%) didn’t affect the growth of
the cells. The cells grew rapidly, given the vehicle that
dissolves gelatin which promotes cell growth. [42], [43]
However, as shown in Figure (6A) the viability of the
HFS cells decreased as the gradient concentration of
GQDs increased. At 25-100% of the pure GQD, the HFS
cells viability was 105%, 70.25%, and 57.8%
respectively. While at 6.25-12.5% of the pure GQD, the
cell’s viability was comparable to the control gelatin
(464%, and 410%) respectively. G/5GQDs showed
better cellular viability in contrast with G/10GQDs.

The inhibitory concentration 50 (IC50) is a
pharmacodynamics parametric sigmoid scale showing
how toxic or non-toxic a given medical device or
vehicle. There are several parametric IC50 scales the one
used in this study is Weibull scale due to its use in
toxicity. Figure(6B) shows the summary of the IC50 of
the samples with their error bar as standard error and the
p-values are denoted in an asterix. The highest toxicity
is the pure GQD with an IC50 of 14.7%, in contrast with
G/5GQDs was not considered toxic at all owing to its
expected toxicity at a larger concentration at 265%.
However, G/10GQDs’ IC50 was at a concentration of
47.4% gradient concentration. Therefore, with the
respective results GQD is considered toxic to cells from
(1-10) %, but G/5GQDs solution is considered safe.
3.3.3  Antibacterial Activity
GQD showed an enhanced viability towards bacteria
even at the highest concentrations except E. coli. At 50
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mg/mL of GQD, E. coli suffered a significant viability
0f'32.2% against its control compared with P. aeruginosa
(122.9%), and S. aureus (151.1%), Figure (7). At 12.5
mg/mL of GQD, there is a significant difference between
the viability of S. aureus (97%) and E. coli (115.5%).
Finally, at 3.125 mg/mL of GQD, P. aeruginosa showed
a lower viability (77%) against E. coli (130%) and S.
aureus (106%). E. coli showed an IC50 of 22.4 mg/mL
with a standard error of 5.7 mg/mL, but at lower
concentrations, E. coli showed enhanced viability.
Whereas the other two strains didn’t show a definitive
IC50 suggesting that the concentration of IC50 is higher
than the concentration range used in this study. This
result is due to the negative charge of GQDs, which
repelled from the negatively charged sites on bacterial
membranes (S. aureus, P. aeruginosa, E. coli). But in
case of, E. coli it was more susceptible towards GQD
(viability <50% at 50 mg/mL of GQD) than P.
aeruginosa, and S. aureus[44][45].

4. Conclusion

Dressings made with biocompatible films hold promise
for wound care due to their ability to maintain a
conducive environment, form a physical barrier, and
prevent bacterial infiltration, all of which help sustain a
balanced healing ecosystem. By dissolving gelatin in a
solution containing graphene quantum dots (G/5, 10
GQDs) hydrogel In addition to
supplying good moisture and accelerating epithelization,
the newly developed composite hydrogels demonstrated
good wound fluid absorption and water retention.

nanocomposite.

The prepared samples were determined to be compatible
with materials that do not cause hemolysis. The
developed nanosystem addresses the limitations of
isolated treatments and the standalone use of antibiotics
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in clinical settings by integrating the distinctive
properties of nanomaterials, photodynamic effects, and
pharmaceuticals. All of these experiments and their
evaluated findings suggest that newly created G/GQDs
nanocomposite hydrogels have a significant potential for
use as dressings for wounds, both as disinfectants and
for dressings in wound healing. In the recommendation
for this work that increase functionalization of GQDs
and also study its photodynamic activity on both
different bacterial and cellular membranes.
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