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Non-healing or slow healing of chronic wounds is among the serious
complications of diabetes. The decrease in blood supply due to lack of angiogenesis
leads to reduced supply of oxygen, nutrients and growth factors resulting in decreased
proliferation and migration of endothelial cells involved in formation of blood vessels.
The absence of vascular network also decreases the number of fibroblasts and
keratinocyte cells in wounded area and therefore results in low collagen deposition in
diabetic wounds. In this study, we report the development of rGO nanoparticles
impregnated GelMa hydrogels where rGO nanoparticles were used for enhancing
angiogenesis and GelMa hydrogel was applied for promoting the growth of tissue
forming cells for wound healing applications. Gelatin methacrylate (GelMA) based
hydrogels loaded with different concentration of rGO nanoparticles were synthesized
by UV crosslinking. Characterization of rGO incorporated GelMA hydrogel retained
excellent porous structure and hydrophilic properties (porosity, degradation, and
swelling). In vitro cytotoxicity studies (Live/Dead and MTT assays), using three
different cell lines, confirmed that the hydrogels are biocompatible. The GelMA
hydrogel containing 2% rGO enhanced the proliferation of the cells (fibroblasts,
Endothelial cells, Keratinocytes) and significant wound healing was observed in wound
healing scratch assay. In vivo using the chick chorioallantoic membrane model showed
that the presence of rGO in the GelMA hydrogel significantly enhanced angiogenesis.
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THESIS LAYOUT

This thesis is divided into four chapters. The sequence of the chapters are as below
Chapter 1 presents the problems and detailed introduction of the steps of wound
healing. Furthermore, the literature review of wound dressing materials and use of
hydrogel and reduced graphene oxide (rGO) for the development of wound dressing.
Chapter 2 explains the materials and methods for fabricate rGO incorporated
nanocomposite GelMA hydrogel. After then, it describes the physical characterization
approaches, then the biological characterizations using the cell culture investigation in
an In vitro and angiogenesis activity in an In-vivo models.
Chapter 3 presents a thorough description of the results obtained in this study.
Chapter 4 concludes the present study with the promising potential of rGO incorporated
GelMA hydrogel as a wound healing hydrogel material. In addition, it further defines
the future work recommendations.
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CHAPTER 1: INTRODUCTION
Background:
Delay in healing or non-healing of wounds is one of the the most widespread problem
in the world associated with many pathophysiological conditions. The process of
delayed healing of wounds often faces many hindrances especially in case of burn and
diabetes wounds and causes serious complications. Multiple lines of evidences suggest
that burden of diabetes related morbidities in wound healing is far more in terms of
number of patients. A recent survey suggests that approximately, 170 million people in
the world are affected by diabetes where 20.8 million people in the USA suffer from
this disease and these numbers are projected to be double by 2030 [1]. Foot ulcers in
diabetic patients is a leading cause of amputation. In the developed world, hospital
admissions and major morbidity are mostly associated with diabetes [2], which leads to
pain, suffering, and poor quality of life for the patients. 15% of the diabetic patients
suffer from diabetic foot ulcers (DFUs), which leads to amputation and about 84% of
all diabetic patients have lower-leg amputations [3]. The moment a diabetic patient
suffers a wound in the skin of their foot, they became in danger of amputation. A
delayed healing or non-healing of the wound in a person with DFUs is due to the
reduction of growth factor response and decreased cells, which lead to reduced
peripheral blood flow and decreased angiogenesis. The major known factors that
contribute in delayed healing of wound includes, angiogenesis response [4-6],
decreased growth factor production [4, 7, 8], keratinocyte, fibroblast, and endothelial
cells migration and proliferation [4], quantity of granulation tissue, epidermal barrier
function, collagen accumulation [4], and macrophage function [5]. The process of
wound healing involves activation of endothelial, keratinocyte, and fibroblast cells,
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platelets and macrophages, as a result of a cellular response to injury. And those cells
release many growth factors and cytokines to contribute in the wound healing process.
The natural wound healing includes cellular and molecular process [1]. The healing
process depends on the interactions between cellular factors as well as the surrounding
extra-cellular matrix (ECM) [3]. It includes; inflammation, cell migration,
angiogenesis, synthesis of the provisional matrix, collagen deposition and reepithelization [6]. The process of wound healing can be categorized in four steps, i.e.
(i) hemostasis (ii) inflamamation, (iii) proliferation and (iv) remodelling. Inflammation
includes the formation of new blood vessels from the existing vasculature
(angiogenesis) and proliferation includes the proliferation of fibroblast and keratinocyte
cells. Delivery of healing related cells, nutrients, oxygen, cytokines to the wound area,
space for new tissue formation, and cleaning of neurotic tissue in the wound area are
required in the early period of wound healing [9-12]. All these processes require the
formation of a blood vessel network [11]. In diabetic wounds, due to the changes in the
formation of blood vessels, especially microvascular formation, the wound healing
delayed and finally, an ulcer appears.

Figure 1: Four Stages of Wound Healing.
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The biological tissues contain different cell types, embedded within the extracellular
matrix. In order to survive and function optimally, each of those cells requires a
continuous supply of nutrients and oxygen, which is being supplied by the vascular
system. This also helps in removing carbon dioxide and other waste. It has been proven
that the maturation of the vascular network is crucial in the wound healing process,
which requires the participation of different cell types and growth factors. Current
techniques to promote the maturation of vascular networks can be categorized into three
types: micro engineering techniques [13, 14], cell-based techniques [15, 16] and
biochemical techniques [17-19]. In micro engineering technique, vascular-like
structures are synthesized within the scaffolds by using the techniques that are used in
semiconductor industries for the improvement of polymers. In cell-based techniques,
with the expectation of development of vascular networks in vivo, progenitor or mature
endothelial cells are co-cultured within the scaffolds along with the cells of interest. In
biochemical techniques, the small bioactive molecules or growth factors that are
involved in vascularization in vivo are loaded in the scaffold. However, there are some
limitations in all of these approaches. Such as, in micro-engineering technique there is
a lack of host integration. In cell seeded technique, there is a deficiency of control over
cells dissociation and differentiation. In biochemical technique, due to the short halflife of the growth factors, it degrades very fast in physiological conditions [20, 21].

In order to prevent wound expansion, the formation of the vascular network is required
in the early stage of healing. Wounds generally heal faster by a moist dressing [22]. An
ideal wound dressing i.e. natural skin contain 85% water content and excellent
permeability [9, 23]. An effective wound dressing should have the following properties
in order to promote angiogenesis and to aid healing process; (1) high-level water
absorption ability, (2) maintain water balance in the wound area, (3) satisfactory
3

adherent for good wound-dressing contact. (4) maintain physical structure even after
excessive fluid absorption, (5) biocompatible, (6) a good barrier for the infection, (7)
Good antibacterial activity to prevent bacterial growth under the dressing; and (8) no
cytotoxic effect.
Angiogenesis
Angiogenesis is the process of new blood vessel formation from the existing
vasculature. The term angiogenesis was first coined by Arthur Hertig in 1935 on his
report of blood vessel development of in the human. The angiogenesis involves
differentiation, growth, and migration of endothelial cells. Angiogenesis is triggered by
various angiogenic inhibitors and stimulators. Changes in angiogenesis are proportional
to the changes in the metabolic activity of the cells, and hence, proportional to the
capillarity. However, in these whole procedures, oxygen plays a significant role. The
recognition that angiogenesis could play a significant role in therapeutic treatment has
grown a great interest during the last 40 years.

Figure 2: The process of angiogenesis.
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Reduced Graphene Oxide
In recent developments of nanotechnology and nanoscience various nanomaterials have
been suggested for biomedical applications. Among them graphene oxide has proven
to be a promising material for biomedical applications. The arrangement of Carbon
atoms is in a honeycomb lattice structure in graphene, which is two-dimensional carbon
nanomaterial [24-28]. Recently, Graphene and their derivatives (Graphene oxide (GO)
and reduced graphene oxide (rGO)) have attracted great attention as an inorganic
additive of biopolymers for the composition of novel hydrogels [29]. Their excellent
fundamental properties such as biocompatibility of biopolymers, good electro thermal
activity, unique chemical and electrical properties [29], and good Nano filler for
enhancing polymeric materials [30] make them one of the most favorable materials for
numerous biomedical applications. Graphene derivatives have significant potential in
Nanomedicines [31, 32], cancer drug delivery [33], biological sensors [34],
development of technology viable devices [35], cancer biomarkers [35], catalyst [31,
36], electronics [36] and better antibacterial agent [37]. Since graphite is naturally
occurring material and carbon in one of the most common elements in our ecosystem,
thus we can expect graphene derivatives would be more safe and useful for the
biological purpose [46]. The drug delivery system based on graphene has been
suggested since 2008. Graphene Oxide (GO) has high drug loading efficiency due to
its very high surface area. Carbon nanotube has been used as a drug carrier including
various chemotherapy drugs e.g. camptothecin (CPT) [38, 39], ellagic acid [40], SN38
(an analog of CPT) [41], doxorubicin (DOX) [40, 42] and 1,3-bis(2-chloroethyl)-1nitrosourea (BCNU) [43], incorporated on GO with numerous functionalization on
surface. GO has also been used as a biosensor for the detection of drugs [44]. It can
functionalize covalently due to the presence of different chemically reactive oxygen
groups e.g. epoxy, hydroxyl and carboxylic groups [45, 46]. However, GO can also be
5

functionalized non-covalently through p-p stacking, electrostatic binding or
hydrophobic interactions [47]. Furthermore, some promising effects of cell
proliferation have recently been observed by using graphene nanomaterials on various
types of cells [48-51]. Sudip Mukherjee et at [52] observed angiogenic property of
graphene oxide (GO) and reduced graphene oxide (rGO) through several in vitro and
in vivo angiogenesis assays. They found GO and rGO exhibit pre-angiogenic property
depending upon their concentrations. They also have suggested their study will be
helpful in the future development of Nanomedicine. In addition, graphene oxide and its
derivatives can be used in combination of other biomaterials, such as biopolymers, to
make graphene oxide based nanocomposites for different biomedical applications [18,
47, 53-56]

Figure 3: Reduced Graphene Oxide Powder Structure.

Wound Dressings
The wound treatments have grown from ancient times. In the early times, the wound
dressing materials were designed to protect the wound from environmental irritants and
to inhibit the bleeding. For the prevention of invasion and in homeostasis skin plays an
6

important role by microorganisms. Once the skin gets damaged, the skin needs to be
covered immediately by the dressing. Over the past few decades, the wound dressing
has seen many changes. In order to cover the wound to avoid infection, several wound
dressing materials have been for effective healing of wound since ancient times. Several
examples of early times wound dressing materials are: animal fats, plant fibers and
honey paste [57-59]. Particularly, for the diabetic foot ulcers (DFU) several wound
dressing materials have been used. Nowadays, with the development in different
biopolymers and fabrication techniques, the wound dressing material is expected to
have some remarkable wound healing properties for the rapid healing of the wound.
The choice of right biopolymers could significantly enhance the healing of wound
compared to the conventional wound dressings. Some bioactive ingredients containing
antibacterial, antimicrobial and anti-inflammatory properties could be added in
bandages for control release in the wound. In order to aid the wound, an active wound
dressing can play a significant role by controlling its biochemical processes. To design
an ideal wound dressing, its physical, chemical and mechanical properties need to be
considered. The ultimate objective is to get the highest healing rate of the wound.
The principle of moist wound dressing was pioneered by Winter (1962). The main
function of wound dressing materials is to accelerate the wound healing process by
protecting the wound, destroying the pathogenic microorganism, absorbing the extra
body fluid from the wound area and by improving the appearance. The performance
requirement of the wound dressing could change as the wound progress, however, it is
widely accepted that a moist wound dressing could enhance the wound healing process.
Taking those conditions under consideration, most of the wound dressing materials are
designed. In addition to providing a physical barrier to the wound, the wound dressing
material should be permeable to the oxygen and moister. Studies have proven the
7

efficiency of moist wound dressing [60, 61]. Among other wound dressing materials
that have been investigated, hydrogels combine the properties of a moist wound
dressing with good fluid absorbance ability and transparent appearance for careful
monitoring of the wound.

Figure 4: Hydrogel wound dressing healing regeneration.

Hydrogels
Hydrogels are cross-linkable synthetic or natural polymer chain. The formation of
hydrogels can be from natural or synthetic polymers. Both synthetic and natural
polymers have their own limitations and benefits. The most commonly used synthetic
polymers for the fabrication of hydrogels are PCL, PLGA, PVA, PEG, and PLA.
Natural polymers such as chitosan, alginate, and collagen have gained popularity due
to their non-immunogenic response, biodegradability and biocompatibility. However,
both natural and synthetic polymers have their own limitations. Hydrogel is a material
that has the ability to absorb maximum amount of water and swells eventually. The
synthesis of the hydrogel is done by the formation of cross-linked polymers network
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that is produced by the reaction of monomers or a polymeric material. In biomedical
and tissue engineering, hydrogel has gathered significant attention by the researchers
due to its wide variety of applications [62, 63]. Hydrogel has the ability to cover the
irregular tissue defects and has a high degree of flexibility [64]. The properties of
hydrogels mimic extracellular matrix (ECM) of the tissues and make them prominent
scaffolds for biomedical applications. They have been widely applied in numerous
biomedical application such as regenerative medicine, tissue engineering and controlled
drug delivery [64-66]. Their excellent hydrophilic property due to the existence of
hydrophilic groups, such as hydroxyl, carboxyl, amino and amido in the polymer
chains, makes them more feasible for wound healing application. This water content
produces a highly porous, soft and flexible structure. Hydrogels are biocompatible, nonantigenic, durable, permeable to water vapor, and maintain its physical structure even
after excessive water absorption. It securely covers the wound and prevents infection
by bacteria. These all together make them quite similar to natural ECM. However, an
ideal hydrogel should have stronger mechanical property, excellent antimicrobial
activity.
GelMA hydrogel
Gelatin Methacrylate hydrogels or GelMA hydrogels have the benefits of both synthetic
and natural polymers. GelMA hydrogels have highly tunable physical characteristics
and suitable biological properties. They have widely used for various biomedical
applications. The cell attaching and matrix metalloproteinase responsive peptide motifs
which allow cells to proliferate and spread in GelMA- based scaffolds are present in
GelMA hydrogel. This property makes GelMA hydrogel closely resemble to some
essential properties of native Extra-Cellular Matrix (ECM). Monomers of Gelatin
Methacrylate (GelMA) crosslinks when exposed to light irradiation to form GelMA
hydrogel with tunable mechanical properties [67]. High Cross-linking degree of the
9

polymer can be obtained at a low concentration of photo-initiator within a minute or
even seconds, which minimize cytotoxicity. The hydrogels pre-polymer solution of
GelMA hydrogel can fill the wound according to its shape by flowing on the surface of
the wound [11]. GelMA hydrogels have relative low antigenicity and significantly less
expansive compared to collagen, whilst maintain the property of biocompatibility [68].
Furthermore, the transparent nature of hydrogel provides easy observation of the
cellular behavior seeded onto or within the hydrogel. In addition, the degradation,
biological and mechanical properties can easily be tuned by changing the GelMA
concentration, methacrylation degree or photo-polymerization time. Gelatin present in
GelMA hydrogels provides cell responsive features such as proper cell adhesion sites
and proteolytic degradability.
Nanocomposite hydrogels for wound dressing
Nanocomposites hydrogel (NCH) are the recent development in hydrogel technology
[62]. The incorporation of metal/metal oxide nanoparticles into the hydrogel network
have gained great interest Research trends are significantly increased current in the
incorporation of many metal/metal oxide nanoparticles into the hydrogel network [63].
Silver nanoparticles have been loaded on the surface of the material to enhance the
antibacterial activities [69]. [29] In his study proved that the reactive oxygen species
produced by Zn2+ can kill the bacteria by damaging protein and cell wall. In addition,
for the surface modifications of GelMA hydrogels, a short cationic antibacterial peptide
known as HHC-36 has been examined as an antimicrobial peptide [70-73]. However,
these drug loading method and surface modifications are generally requiring multistep,
complex procedure and are a time-consuming method. The mechanical property, at the
same time, plays a significant role in directing the phenotype and genotype of the cells
and regulating the interactions b/w cells and extracellular matrix (ECM). Zinc Oxide
(ZnO) is the most commonly used nanoparticle for the incorporation in membranes for
10

wound healing applications. However, other metal oxides have been used for cartilage
repair, bone regeneration, and tissue engineering applications. Using electrospinning
and physical blending techniques, the PVA-alginate nanofibers mats were loaded with
ZnO nanoparticles and PVA-chitosan membrane respectively. Vicentini et al. and
Shalumon et al [74, 75] have observed antibacterial activity using PVA-chitosan
membranes loaded with ZnO nanoparticles against S.aureus. Shalumon at al [74]
demonstrated in his study that, chitosan-PVA-ZnO nanofibers mats exhibit antibacterial
activity against both S. aureus and E. coli growth at a low concentration of ZnO
nanoparticles. Whereas, at high concentration of ZnO nanoparticle the nanofibers mat
didn’t show antibacterial activity. However, ZnO nanoparticles enhanced thermal and
mechanical properties of both membranes and nanofiber mates. ZnO loaded chitosan
nanocomposite badges were prepared for wound healing and showed faster reepithelization, collagen deposition, antibacterial activity, blood clotting rate, oxygen
vapor transmission, and enhanced swelling effects [76]. Another wound dressing patch
was synthesized by incorporating ZnO nanoparticle in collagen-dextran composite
hydrogel membrane using glutaraldehyde crosslinker [77]. Moreover, the incorporation
of ZnO nanoparticles have decreased water uptake and degradation rate of collagen.
Furthermore, ZnO incorporated alginate nanocomposite hydrogel was synthesized by a
freeze-drying crosslinking method for wound dressing or bandages [78]. Also, faster
blood-clotting, controlled degradation rate and decreased water uptake degree were
obtained by the addition of ZnO nanoparticles. At low concentration of ZnO
nanoparticles alginate-ZnO nanocomposite hydrogel exhibit no cytotoxic effect,
however, at a higher concentration a slight decrease in cell viability was observed.
AgNO3 nanoparticles were incorporated in PVA-cellulose acetate-gelatin membranes
through γ-irradiation crosslinking and in PVA-chitosan nanofibers through
11

electrospinning for the synthesis of an effective wound dressing [79]. Usama et al. have
incorporated GO nanoparticles in PVA/Ag/starch films for wound dressing [80].
Results depict that the addition of GO nanoparticles has significantly enhanced the
antibacterial activity against Gramm positive and Gramm negative bacteria. Wen et al.
have prepared a wound dressing composite membrane by carefully suspending silver
sulfadiazine particles with bacterial cellulose [81].
The individual features of GelMA hydrogel and rGO nanoparticle have inspired us the
feasibility of combing them to make an effective wound dressing material for wound
healing application. In our present work, GelMA hydrogel with varying concentration
of rGO are synthesized to get optimum concentration for enhanced angiogenesis. The
individual components of the material are confirmed using different characterization
methods. The cytotoxicity of GelMA hydrogel and rGO at different concentrations are
observed. Finally, the angiogenic properties of the material have been demonstrated
through in vivo angiogenesis assay. We strongly believe that our study on rGO/GelMA
hydrogel will put forward the insight for the advancement of angiogenic treatment
strategies for several diseases where angiogenesis plays a significant role. Moreover,
this will also pave the ways in the advancement of different tissue engineering
applications by making artificial tissues using GelMA hydrogel.
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CHAPTER 2: MATERIALS AND METHODS
2.1 Materials
Freeze-dried GelMA polymer obtained from Nano Micro Technologies and Tissue
Engineering Lab of Engineering and Architecture department at AUB. Phosphate
buffer saline (PBS) solution, Fatal Bovine Serum and trypsin were purchased from
Gibco, USA. N-Methyl-2-pyrrolidone (NMP) from VWR, USA. Dulbecco’s modified
eagle medium (DMEM) was purchased from. Reduced Graphene Oxide powder from
Graphite, UK. Live/Dead cell Imaging Kit from Thermo Fisher Scientific.
2.2 Preparation of Gelatin Methacrylate Pre-polymer
Gelatin derived from porcine skin was dissolved in PBS solution at 60˚C (25, 26). Under
stirred conditions of 50˚C, 8 mL of MA was added for each 100 mL of gelatin solution
at 0.5 mL/min until the target volume was reached (Figure 5). The mixture was then
reacted for 3 h. 5X dilution at 40 ˚C was then performed by adding 400 mL of PBS
preheated at 50 ˚C to stop the reaction. After that, salts and methacrylic acid were
removed by allowing the mixture to be dialyzed against distilled water for 1 week at 40
˚C. The obtained solution was freeze-dried for one week resulting in a white porous
foam-like GelMA prepolymer which was kept at −80 °C until further use (23, 26, 27).

2.3 Preparation of GelMA hydrogel
Freeze-dried GelMA polymer (5%) with 0.5% of photoinitiator (2-hydroxy-1-[4-(2hydroxyethoxy) phenyl]-2-methyl-1-propanone) was fully dissolved in 1 ml of PBS
(1X) solution using vertex. 50 µL of the prepared solution was placed on round glass
slides and then exposed to UV light (500 nm, 7 mwWcm-2). The samples were placed
at 7 cm distance from the UV source and exposed for 10 seconds to crosslink the free
radicals of GelMA prepolymer chains [82].
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2.3 Preparation of Nanocomposite GelMA hydrogel
5 mg of RGO (Reduced Graphene Oxide) nanoparticles were added in 1 ml of NMethyl-2-pyrrolidone (NMP) and dispersed very well with the vertex. The suspension
was then diluted to 0.5µg/10µl, 1µg/10µl and 2µg/10µl and added in 1ml of PBS to
make 1 wt%, 2 wt%, and 4 wt% nanocomposite hydrogel respectively. 5% of freezedried GelMA polymer and 0.5% of photo initiator was mixed with PBS containing
nanoparticles separately for each set and mixed again until the GelMA polymer
dissolved completely. 50µl of prepared solution was placed on round glass slides and
exposed to UV light (500 nm, 7 mwWcm-2) for 11 seconds for crosslinking.

Figure 5: Schematic representation for the fabrication of nanocomposite GelMA hydrogel and implication on
chorioallantoic membrane of chicken egg model for enhanced angiogenesis.
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Table: 1
The composition of hydrogels.

Samples

Abbreviation

GelMA % (w/v)

rGO % (w/w)

GelMA

GelMA

5

0

GelMA 5% rGO 0.5%

GrG 0.5

5

0.5

GelMA 5% rGO 1%

GrG1

5

1

GelMA 5% rGO 2%

GrG2

5

2

GelMA 5% rGO 4%

GrG4

5

4

2.4 Physical characterization

2.4.1 Scanning Electron Microscopy (SEM)
A scanning electron microscope is a powerful tool and is being widely used for material
characterization in recent years. It is an electron microscope that scan the surface of the
material using electron beam to produce images of the surface. The surface morphology
of GelMA hydrogel and rGO nanoparticles were observed using Scanning Electron
Microscope (SEM) and Transmission Electron Microscope (TEM). GelMA hydrogels
were freeze-dried until the water was evaporated or sublimed completely. Lyophilized
rGO nanoparticles and GelMA hydrogel were affixed on carbon stubs. A thin layer of
gold (6mm) were then coated on the samples to avoid discharging of the electron. The
samples were observed using a secondary electron detector under an accelerating
voltage of 20kv.
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2.4.2 X-Ray Diffraction Analysis
X-Ray diffraction (XRD) is an analytical technique used for microstructure analysis.
XRD pattern of the GelMA hydrogel, nanocomposite hydrogel at 1%, 2%, and 4%
concentration were obtained using Regaku, Miniflex ii, XRD system. Freeze-dried
hydrogel samples of 4 mg were placed into the specimen holder of XRD at room
temperature (40 KV voltage, 30 mA current scanning scope of 2θ was range from 00 to
600 scanning rate of 50/min to 110 with a step size of 0.0320).
2.4.3 Degradation Study
50 µg of GelMA hydrogel of 5% concentration and nanocomposite GelMA hydrogel
of 1 wt%, 2 wt% and 4 wt% concentration of rGO nanoparticles were freeze-dried for
24 hours. Initial weight (W0) of all the samples were measured and then kept with PBS
in an incubator at 37 0C. The PBS was refreshed weekly. The specimens were taken out
and dried under vacuum at 59 0C at predetermined time intervals and final weight (Wt)
were observed. Data were reported as the mean +/- SD of five samples for each type.
The degradation rates were measured according to the following formula:
Degradation rate (%) =

𝑊0 − 𝑊𝑡
𝑊0

x 100%

2.4.4 Fourier-transform infrared spectroscopy (FTIR)
Using FTIR spectroscopy the chemical composition of the GelMA hydrogel, reduced
graphene oxide (rGO), 0.5% rGO loaded GelMA hydrogel and 2% rGO loaded GelMA
hydrogel was observed. 50 µl of GelMA hydrogel and nanocomposite hydrogels were
used for FTIR spectroscopy. Hydrogel samples were freeze-dried and the absorbance
peaks of FTIR were measured on a PerkinElmer (USA), FTIR Spectrum 400. The
spectra were determined over a frequency range of 500-2000 cm-1. It was recorded with
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a resolution of ±4 cm-1 and a scanning frequency of 32 times at room temperature.
2.4.5 Dynamic Mechanical Analysis (DMA)
The viscoelastic behavior of the hydrogel was analyzed using dynamic mechanical
analysis. GelMA hydrogel and 2% rGO loaded GelMA hydrogel was analyzed to
observe the difference of viscoelastic behavior after the incorporation of reduced
graphene oxide nanoparticles. Hydrogels of 2 mm thickness and 2 cm diameter were
placed simultaneously between the plates of the dynamic mechanical analyzer (RSAG2 Solids Analyzer). Amplitude sweep test and frequency sweep test were performed
simultaneously. Plots of storage and loss modulus were obtained from 0.01 to 1 strain
(%) for amplitude sweep test and from 0.1 to 100 Hz for the frequency sweep test.
2.4.6. Thermogravimetric Analyzer (TGA)
In order to examine the weight loss with respect to time as temperature changes, the
thermal degradation behavior of GelMA hydrogel, 05% rGO loaded GelMA hydrogel
& 2% rGO loaded GelMA hydrogel was investigated by a thermogravimetric analyzer
(TGA) (PerkinElmer, Pyris 6, USA). Freeze-dried samples of 50 µl volume were heated
from room temperature to 700ºC with a purge of N2 at a heating rate and a flow rate of
5◦C/min and 70 ml/min, respectively.
2.4.7 Swelling
The swelling properties of GelMA hydrogel were investigated by using the gravimetric
technique. Firstly, the dried samples were weighed and then placed in a petri dish filled
with distilled water (DW). The Petri dishes were then placed in a temperaturecontrolled water bath at the room temperature. Later, the weight of swollen hydrogel
samples was measured by a digital balance of Mettler Toledo after specific time
intervals. After removing the sample from the water, the weight of the swollen hydrogel
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was measured and then dried with a filter paper to remove excess water. The swelling
property was then calculated by using the following formula
𝑔
𝑄( ⁄𝑔) = (𝑊𝑤𝑒𝑡 − 𝑊𝑑𝑟𝑦 )/𝑊𝑑𝑟𝑦 *100
Samples were repeated three times for the calculation of the statistical average and
standard deviation.
Where, 𝑊𝑤𝑒𝑡 is the weight of the hydrogel after being submersed into DW. However,
𝑊𝑑𝑟𝑦 is the weight of dry samples before immersed in water.
2.5 In vitro Cytotoxicity Assay
2.5.1 MTT Assay
MTT colorimetric assay was used to analyze cell metabolic activity of GelMA
hydrogels and Nanocomposite Hydrogels. Specimens were exposed to UV light for 2
min for sterilization and inserted in 24 well plates. Then 500 µl of fibroblast,
keratinocytes and endothelial cells suspension at a density of 5x103 cells were seeded
on the surface of the hydrogel. The culture medium was changed every day. At
predetermined times, 50 µl of 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2Htetrazolium bromide (MTT) solution were added to each well and kept in an incubator
for 4 hours. The supernatant was then removed carefully and 200 µl of DMSO
(dimethyl sulfoxide) solution was added to dissolve the formazan crystals. 30 µl of the
solution was transferred into 96 well plates and absorbance were read at 570 nm. For
each hydrogel samples, five parallels were averaged.
2.5.2

Live/Dead Cell Assay

The cytotoxicity of GelMA hydrogel and nanocomposite Hydrogels (NCH) on
fibroblast, keratinocytes and endothelial cells was investigated using Live/Dead cell
imaging kit (488/570, molecular probes, life technologies corp., CA, USA). Cells were
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cultured in DMEM medium in 24 well plates for 1 day. The specimens were then added
in each well after changing the medium and kept in an incubator for another 24 hours.
Following the manufacturer protocols, cells were then stained with Live/Dead cell
imaging kit (488/570) (Invitrogen). Images were taken using an Olympus automated
fluorescent microscope.
2.6 Cell Migration
fibroblast, Keratinocytes and endothelial cells were seeded in 24 well plates in DMEM
medium. The medium was changed after 24 hours and allowed to incubate for 90%
confluency. Using a pipette tip of 10 µl, a scratch was made and the cells were washed
with PBS to remove died cells. GelMA hydrogels and nanocomposite GelMA
hydrogels of 1 wt %, 2 wt%, and 4 wt% was added with the cells and incubated for 24
hours. Using an Olympus microscope, a 4X magnification time-dependent bright field
images were taken. The % of wound healing was measured using Imag J software.

2.7 In vivo Model
2.7.1 CEA Assay
For the investigation of vascular sprouting, the CEA assay or egg yolk assay is a
standard in vivo angiogenesis assay. Fertilized chicken eggs were purchased from Arab
Qatari Poultry pharm of Qatar and incubated for 4 days before experiments at a
temperature of 37 0C with a relative air humidity of 65%. One hour before experiments,
a hole of approximately 3mm diameter was made on the egg-shell and covered with a
Parafilm to prevent dehydration. The eggs were then kept in the incubator at the static
position for one hour. A window was carefully created on the top of the egg shell to
provide access to the chorioallantoic membrane. Sterile samples of GelMA hydrogel
and nanocomposite hydrogels of 50 µl volume were deposited on the chorioallantoic
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membrane. The eggs were kept in the incubator for 24 hours in a static position. The
eggs were then observed for angiogenesis and photographs were then taken using a
stereo microscope as shown in figure.

Figure 6: Steps of in vivo chicken embryo angiogenesis assay (CEA).
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CHAPTER 3: RESULTS AND DISCUSSION
3.1
3.1.1

Results of Physical Characterizations of the Samples
Transmission Electron Microscopic (TEM) images of rGO

The high magnification images of rGO were obtained using transmission electron
microscopy as shown in Figure . The TEM images of graphene oxide nanoparticles
indicates the amorphous structure (Fig. 3A and 3B). In addition, the average size of
individual particle of rGO used in this study was 40 nm.

Figure 7: TEM image of rGO structures at 43000X magnification (A) and 400000X magnification (B).

3.1.2

Results of X-Ray Diffraction Analysis

The XRD analysis of the prepared nanocomposite hydrogels was performed to
determine the presence of rGO in GelMA hydrogel networks. The XRD pattern of
GelMA hydrogel, rGO nanoparticles, 1 wt% rGO loaded GelMA hydrogel (GrG1) and
2 wt% rGO loaded GelMA hydrogel (GrG2) is given in Figure 8. Pure hydrogel samples
did not exhibit any sharp peaks in the XRD patterns, with only a broad peak at 2θ = 320
attributed to the polymer networks as reported in the study of Lei Zhou et al [83]. In the
case of rGO, two peaks were observed. These two diffraction peaks in the XRD patterns
of rGO, at an angle 2θ = 340 & 2θ = 440 can be ascribed to Bragg reflections through
(002) & (100) planes as reported in earlier study [84]. The peaks of both GrG1 & GrG2
hydrogels are shifted significantly higher 2θ values and the XRD showed a strong peak
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at 2θ = 320 & 2θ = 460, which was absent in GelMA hydrogel and rGO nanoparticle’s
pattern as expected.

Figure 8: XRD patterns of pure GelMA hydrogel, rGO nanostructures, 1 wt% rGO loaded GelMA
hydrogel (GrG1), 2 wt% rGO loaded GelMA hydrogel (GrG2) respectively. The result shows successful
incorporation of rGO in GelMA hydrogels.

3.1.3

Results of Fourier-Transform Infrared spectroscopy (FTIR)

The presence of rGO is further confirmed by FTIR analysis as shown in Figure 9. The
peaks of rGO at wavelengths of 1589, 1229, 1163, and 846 cm-1 can be seen in the
spectra of 2% rGO loaded GelMA hydrogel. However, at less concentration of rGO
(0.5%), there was no significant change in the peaks, which might be due to the absence
of rGO on the surface of GelMA hydrogel at smaller concentration. However at higher
concentration (For eg. 2%), agglomerated forms of rGO might have been exposed at
the surface of GelMA and was detected by IR analysis.
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Figure 9: Fourier-transform infrared spectra (FTIR) of rGO, GelMA hydrogel, 2% GO loaded GelMA
hydrogel (GrG2) and 0.5 rGO loaded GelMA hydrogel (GrG0.5).

3.1.4

Scanning Electron Microscopic images of prepared hydrogels

The surface morphology of rGO incorporated GelMA hydrogel obtained by Scanning
Electron Microscopy (SEM) displayed enormous porous structure both on the surface
and in the inner regions of the hydrogels. Figure 10 (A) is the representative images
showing the surface morphology of GelMA hydrogel. Whereas, Figure 10B and 10C
shows the cross-sectional images of GelMA hydrogel. Since rGO doesn’t interact
covalently GelMA hydrogel, the internal structure and pore size of GelMA hydrogel
didn’t appear to be significantly affected by the addition of rGO nanostructures. The
porous nature of the hydrogels allowed the nanoparticles to penetrate in the hydrogel.
The presence of rGO has further confirmed by XRD analysis. Furthermore, the average
pore size of GelMA hydrogel is 50 µm, as shown in cross-sectional images of figure
10B and 10C.
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Figure 10: SEM micrograph at 10000X magnification of the surface of (A) GelMA hydrogel, (B) Crosssectional image of GelMA hydrogel at 5000X, & (C) Cross sectional image of GelMA hydrogel at 2500X
magnification.

3.1.5. Results of Degradation of Hydrogels
Biodegradability of hydrogel has a significant role in wound healing. A porous
biodegradable material can provide sufficient space for tissue ingrowth and facilitate
tissue repair when implanted into the body or during wound healing [86]. In general,
by hydrolysis and enzymolysis, gelatin can be degraded into aminophenol and then
absorbed by metabolism and the remaining parts will be excreted from the body, which
avoids the accumulation of toxic by-products. In this study, the degradation of GelMA
hydrogels and Nanocomposite Hydrogels (NCH) were observed at 37 0C. Unlike the
unmodified gelatin, which dissolves within few hours in PBS and loos its threedimensional structure in most cases, gelatin cross-linked by MA could significantly
enhance the stability of gelatin in PBS and maintain its three-dimensional structure at
least for 28 days, as shown in Figure 11. This also fulfils the requirement of wound
healing and some tissue engineering applications. Moreover, the incorporation of rGO
nanoparticles in GelMA hydrogel has enhanced the hydrogel film by decreasing the
degradation rate of the hydrogel, as shown in Figure 11.
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Figure 11: Degradation curve of rGO/GelMA hydrogel films with time. Error bars represent the SD of
measurements performed on at least 5 specimens. Result depicts that, gelatin crosslinked by MA could
significantly enhance the stability of gelatin in PBS and maintain its three-dimensional structure in PBS
at least for 28 days, which fulfill the requirement of wound healing and some tissue engineering
applications. Also, the incorporation of rGO nanoparticles in GelMA hydrogel decreased the degradation
rate of the hydrogel.

3.1.6

Swelling of Prepared Hydrogels

The swelling percentage of GelMA hydrogel and nanocomposite GelMA hydrogel has
significantly increased within the first 15 minutes of immersion in PBS as shown in
Figure 12. However, the differences in swelling percentage within GelMA hydrogel
and nanocomposite GelMA hydrogel was not significant. Swelling equilibrium was
reached within 30 minutes. The incorporation of rGO has not affected the swelling
behavior of the hydrogel.
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Figure 12: The swelling percentage of GelMA hydrogel and nanocomposite GelMA hydrogel after 0, 15,
30, 60 and 120 minutes respectively.

3.1.8

Results of Dynamic Mechanical Analysis (DMA)

The dynamic mechanical analysis (DMA) is carried out to observe the difference
in storage (G’’) and loss modulus (G’) after the incorporation of rGO in GelMA
hydrogel. The amplitude and frequency sweep test (Figure 13A and 13B) revealed
that the incorporation of rGO has enhanced the viscoelastic properties of GelMA
hydrogel. The ranges of storage and loss moduli for both amplitude and frequency
sweep test was higher for 2% GO loaded GelMA hydrogel than neat GelMA
hydrogel.
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Figure 13: The storage and loss modulus ranges in amplitude sweep test (A) and frequency sweep test
(B) of GelMA hydrogel and 2% rGO loaded GelMA hydrogel (GrG2).

3.2
3.2.1

Results of in vitro Cytotoxicity assays
Live/Dead Assay

The nanocomposite hydrogel has proven to potentially improve cell viability and
proliferation, while studies also have reported that the nanomaterials have a serious
concern of cytotoxicity. In order to understand the biocompatibility of the hydrogel and
visualize the distribution of live and dead cells after 24 hours of incubations, the
Live/Dead cell assay on three different cell lines (fibroblast, endothelial &
keratinocytes) was performed. The cytotoxicity on culture media (control), GelMA
hydrogel and nanocomposite hydrogel containing 1 wt% (GrG1), 2 wt% (GrG2), and 4
wt% (GrG4) of rGO nanoparticles were evaluated by using three cell lines as shown in
Figure 14, 15 & 16. The cells remained alive and no significant cytotoxic effect was
observed in all the studied samples up to 2 wt% concentration of rGO. However, at
higher concentration of rGO (4 wt%) some dead cells were observed as shown in the
middle column (denoted as dead cells) in figures. Overall results depict that the reduced
rGO upto 2% concentration in GelMA hydrogel has almost no toxic effect on the cells.
However, at higher concentration, it can be slightly toxic.
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In a recent study, rGO has reported being toxic to the cells when administered in the
form of a solution at concentrations above 100 nm ml-1 [52]. In this study, with the
incorporation in GelMA hydrogel, rGO nanoparticles have shown no toxic effect at a
concentration higher than its cytotoxic concentration in free solution. The reason could
be the slow release of rGO nanoparticles from the hydrogel, which enables them to
present at a concentration lower than the cytotoxic level to the cells.
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Figure 14: Cell viability (Live/Dead cell assay) on fibroblast for control, pure GelMA hydrogel, 1% rGO
loaded GelMA hydrogel (GrG1), 2% rGO loaded GelMA hydrogel (GrG2) and 4% rGO loaded GelMA
hydrogel (GrG4) respectively. Green channel depicts live cells, while red channels depict compromised
dead cells.
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Figure 15: Cell viability (Live/Dead cell assay) on Keratinocytes for control, pure GelMA hydrogel, 1%
rGO loaded GelMA hydrogel (GrG1), 2% rGO loaded GelMA hydrogel (GrG2) and 4% rGO loaded
GelMA hydrogel (GrG4) respectively. Green channel depicts live cells, while red channels depict
compromised dead cells.
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Figure 16: Cell viability (Live/Dead cell assay) on endothelial cells for control, pure GelMA hydrogel,
1% rGO loaded GelMA hydrogel (GrG1), 2% rGO loaded GelMA hydrogel (GrG2) and 4% rGO loaded
GelMA hydrogel (GrG4) respectively. Green channel depicts live cells, while red channels depict
compromised dead cells.

3.2.2 MTT Cell Viability Assay
The MTT cell viability assay was implemented to investigate the cell metabolic activity
of fibroblast, endothelial and keratinocytes cells on GelMA hydrogel and
nanocomposite GelMA hydrogels quantitatively, after 1, 3 and 5 days in culture. A
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significant effect of rGO (* = p < 0.05) was observed on cell metabolic activity after 1
day and shown in Figure 17, 18, & 19. However, after 3 days of treatment, the
difference is not very significant. These results revealed all three cell lines had an
increased metabolic activity on rGO loaded GelMA hydrogel up to 2% (GrG2)
concentration compared to the control and pure GelMA hydrogel. Particularly, after 1
day and 5 days in culture, MTT assay had shown the highest cellular metabolic activity
of fibroblast for 2% rGO loaded GelMA hydrogel (GrG2). However, increasing the
concentration of rGO reduced the cells metabolic activity.
Generally, the MTT assay is used to measure the viability of cells in terms of the
reduction of MTT reagent by mitochondrial enzymes. Therefore, the higher metabolic
measurement from the assay presents more cell attachment to the hydrogel surface and
the subsequent proliferation. The slow release of rGO from the degrading hydrogels
which could have helped in cell proliferation could be the reason for the increased
proliferation of the cells.
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Figure 17: Results of MTT assay using fibroblast cells for 1 day, 3 days and 5 days. The incorporation
of rGO nanoparticles (GrG1 & GrG2) has significantly increased the cell metabolic activity after 1 day
and 5 days of incubation. However, the cell metabolic activity has reduced significantly at higher
concentration (GrG4) after 3 days and 5 days of incubations. Result depicts that the rGO up to 2%
concentration in GelMA hydrogel has almost no toxic effect on biocompatibility, however, at higher
concentration it can be slightly cytotoxic to fibroblasts.

Mean Absorbance

175

Endothelial cells

150
125

* *

*

100
75
50
25
0

1 Day

3 Days

Control
GelMA
GrG2
GrG4

5 Days

GrG1

Figure 18: Results of MTT assay using endothelial cells for 1 day, 3 days and 5 days. Result depicts that
the rGO up to 2% concentration in GelMA hydrogel has almost no toxic effect on biocompatibility,
however, at higher concentration it can be slightly cytotoxic to endothelial cells.
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Figure 19: Results of MTT assay using keratinocyte cells for 1 day, 3 days and 5 days. A significant
increment in cell metabolic activity (** = P < 0.01) was observed between control and GrG2. Moreover,
the increment of both GrG1 and GrG2 is significant (* = P < 0.05) after 1 day of incubation. However,
at higher concentration of rGO (GrG4) a significant reduction in cell metabolic activity after 1 day and
5 days of incubations. Result depicts that the rGO up to 2% concentration in GelMA hydrogel has almost
no toxic effect on biocompatibility, however, at higher concentration it can be toxic to keratinocytes.

3.2.3

Results of in vitro Wound Healing Assay

Cell migration is one of the key steps in the wound healing process [87]. Recently rGO
has been reported to enhance the migration of endothelial cells at a concentration of 150 ng ml-1 indicating their pro-angiogenic nature [52]. In this study, a time-dependent
experiment (0-24 hours) was carried out in the presence of different concentration of
rGO with GelMA hydrogel in order to check the migration of fibroblast, keratinocytes
and endothelial cells as shown in Figure 20, 21 & 22. The results depict that, GelMA
hydrogel incorporated 2 wt% rGO nanoparticles (GrG2) induced the in vitro wound
closure compared to control untreated cells and 1 wt% rGO (GrG1) treated cells (Figure
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20,21, & 22) in all three cell lines. However, rGO has not shown wound in vitro healing
property (wound closure) at higher concentration (4%) compared to untreated control
cells. Particularly, fibroblast has shown maximum cell migration (85%) due to its less
passage number. However, both endothelial and HaCat cells have shown maximum cell
migration percentage at 2 wt% rGO loaded GelMA hydrogel (GrG2) samples. In Figure
20(B), 21(B), & 22(B) the extent of wound healing was quantified and presented as
histograms. The results altogether demonstrated that the cells at 2 wt% concentration
of rGO could enhance the migration of the cells which indicates their wound healing
property, while at higher concentration it could inhibit wound contraction.
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Figure 20: Results of in vitro wound healing scratch assay using fibroblast cells for control, GelMA
hydrogel, 1% rGO loaded GelMA hydrogel (GrG1), 2% rGO loaded GelMA hydrogel (GrG2), & 4%
rGO loaded GelMA hydrogel (GrG4) treatment groups. Percentage of wound healing was measured and
presented as histograms using ImageJ software. A significant wound healing (* = P < 0.05) was observed
with the incorporation of 1 wt% and 2wt% rGO (GrG1, GrG2) in GelMA hydrogel. However, at higher
concentration there was a significant reduction in cell migration (** = P < 0.01).
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Figure 21: Results of in vitro wound healing scratch assay using endothelial cells for control, GelMA
hydrogel, 1% rGO loaded GelMA hydrogel (GrG1), 2% rGO loaded GelMA hydrogel (GrG2), & 4%
rGO loaded GelMA hydrogel (GrG4) treatment, groups. (B) Percentage of wound healing was measured
and presented on histogram using ImageJ software (Figure 17B). The incorporation of rGO up to 2wt%
concentration has shown highest percentage of cell migration compared to the control, GrG1 and GrG4
(* = P < 0.05, ** = P < 0.01).

37

Figure 22: Results of in vitro wound healing scratch assay using Keratinocytes for control, GelMA
hydrogel, 1% rGO loaded GelMA hydrogel (GrG1), 2% rGO loaded GelMA hydrogel (GrG2), & 4%
rGO loaded GelMA hydrogel (GrG4) treatment, groups. (B) Percentage of wound healing was measured
and presented on histogram using ImageJ software (Figure 18B). Significant wound healing was
observed at 2% concentration of rGO in GelMA hydrogel (GrG2). The results altogether demonstrated
that the cells at 2 wt% concentration of rGO could enhance the migration of the cells, while at higher
concentration it could be toxic (* = P < 0.01).

3.2.4

Results of Chicken Embryo Angiogenesis (CEA) Study

In order to evaluate the angiogenic potential of the developed rGO loaded GelMA
hydrogels, the chicken embryo angiogenesis (CEA) assay was used as a standard test.
It was carried out to investigate the ability of the synthesized hydrogel to induce blood
vessel formation (angiogenesis). The results of CEA assay are shown in Figure 23(A)
where the control, GelMA hydrogel, GelMA hydrogel containing 1 wt% (GrG1) and 2
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wt% (GrG2) rGO, respectively. A significant increase in vascular sprouting was
observed in GelMA hydrogel incorporated with 1 wt% (GrG1), and 2 wt% (GrG1) rGO
compared with the control (cell culture plate). The highest number of blood vessels
with the highly branched capillary network (1.7 times higher than the control) can be
observed at 1% rGO loaded GelMA hydrogel (GrG1). The 2% rGO loaded GelMA
hydrogel (GrG2) showed 1.6 and 1.7 times higher length and thickness of blood vessels
respectively than the control. The increase in thickness is an indication of nascent blood
vessels maturation and is possibly an outcome of arteriogenesis. Thus, the obtained
results suggested that the hydrogel has successfully enhanced both angiogenesis and
arteriogenesis. The pure GelMA hydrogel didn’t show any significant angiogenic
activity when compared with the control. Whereas, the control samples didn’t
considerably increase the angiogenesis. Thus, with the increase of rGO concentration
up to 2 wt% the angiogenic potential of the GelMA hydrogel increased. A number of
branching points were counted, change in length and thickness of blood vessels were
measured using ImageJ software after 24 hours of incubation and presented in the
histogram as shown in Figure 23B, 23C and 23D respectively.
As found in a recent study, rGO has the ability to increase the concertation of
intracellular reactive oxygen species [52].

And eventually, the increase in the

concentration of reactive oxygen species triggers the biomechanical machinery which
is responsible for both angiogenesis and arteriogenesis [52]. However, in order to
understand the molecular mechanism behind our observation, further studies need to be
performed using animal models.
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Figure 23: (A) In vivo CEA assay of control, in the presence of the GelMA hydrogel. 1 wt% rGO loaded
GelMA hydrogel (GrG1), and 2 wt% rGO loaded GelMA hydrogel (GrG2). An increase of matured
blood vessel formation (marked by black arrows) was observed in chicken embryo treated with GelMA
hydrogel with 2 wt% rGO (GrG2). Angiogenic parameters such as blood vessel junction, length, and
thickness were quantified and presented as a histogram (B, C & D respectively). Statistical significance
was calculated by using t-test. Data was considered statistically significant at p < 0.05.
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CHAPTER 4: CONCLUSION
4.1 Conclusions
The ability of reduced graphene oxide nanoparticles to enhance the intercellular
reactive oxygen species concentration was founded in the previous study. This triggers
the biomechanical machinery which is responsible for both angiogenesis and
arteriogenesis. In this study, we have successfully synthesized rGO incorporated
GelMA hydrogel pro-angiogenic wound healing patch by UV crosslinking. Our
prepared GelMA hydrogel displayed highly porous structures. The SEM images
displayed surface and cross-sectional views of GelMA hydrogel. The average pore sizes
observed by SEM images are 50 µm. The TEM images confirmed the amorphous
structure and 20 nm average size of reduced graphene oxide nanoparticles. The XRD
analysis confirmed the nanoparticle formation in GelMA hydrogel. A certain peak shift
was observed in the XRD pattern due to a non-covalent bonding of functional groups
of rGO with the hydrogel. The incorporation of rGO nanoparticles in GelMA hydrogel
is further confirmed by Fourier-transform infrared spectroscopy (FTIR). The
degradability study has shown that gelatin crosslinked by MA could significantly
enhance the stability of gelatin in PBS and maintain its three-dimensional structure in
PBS at least for 28 days, which fulfill the requirement of wound healing and some tissue
engineering applications. The swelling behavior of GelMA hydrogel has shown the
excellent hydrophilic property. The thermal gravimetric analysis result has shown the
thermal stability of the hydrogel in the vicinity of room temperature which normally
varies between 27 and 38 ºC. The amplitude and frequency sweep test reveal that the
incorporation of rGO has enhanced the viscoelastic properties of GelMA hydrogel. In
vitro cytotoxicity assay (Live/Dead and MTT assay) has demonstrated the
biocompatibility of the hydrogel. The cells remain alive and no significant cytotoxic
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effect was observed in all samples up to 2 wt% concentration of rGO. MTT assay has
shown the highest cell metabolic activity on all three cell lines particularly after 1 day
and 5 days of incubations for 2% rGO loaded GelMA hydrogel. Moreover, our
synthesized material exhibited remarkable wound healing potential displaying
improved fibroblast, keratinocytes, and endothelial proliferation. In addition, GelMA
hydrogel containing 2% rGO nanoparticles produced a large number of blood vessels
with a highly branched capillary network in the chick embryo model compared to blank
GelMA hydrogel treatment only. However, further studies will have to be performed to
understand the molecular mechanism involved in this process beyond our observations.
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4.2 Further Recommendations
Reduced graphene oxide loaded GelMA hydrogel could be a promising material for
enhanced wound healing of acute and chronic wounds. We strongly believe that our
study on rGO/GelMA hydrogel will put forward the insight for the advancement of
angiogenic treatment strategies for several diseases where angiogenesis plays a
significant role. Moreover, this will also pave the ways in the advancement of different
tissue engineering applications by making artificial tissues using GelMA hydrogel.
However, further studies are required to understand the molecular mechanism involved
in this process beyond our observations.
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