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AN ABSTRACT OF THE THESIS OF

George David Deeb  for  Master of Engineering
Major: Mechanical Engineering

Title: Enhancement of Physical and Mechanical Properties of Gel-MA Towards
Application in Wound Healing Procedures

Gelatin methacryloyl (GelMA) is a hydrogel that has found extensive use in the
field of biomedicine, especially tissue engineering. GeIMA hydrogels’ structure closely
resemble the structure of the extra-cellular matrix (ECM) found in tissues and organs. Also,
the fabrication process of GeIMA enables the customization of its mechanical properties as
seen fit for its use. This study investigates the potential of GeIMA for application in
regenerative medicine. The study will concentrate on the potential for use as a wound
healing patch for patients suffering from chronic wounds. Various GeIMA hydrogel
compositions will be fabricated and mechanically characterized. Nanoparticles (NP) will be
added to the GelMA mixtures to evaluate their effect on the hydrogel’s mechanical
propetties. Some of the NPs will contain a growth factor so as to study its release rate from
the NP.

Cotton gauze will be used to simulate wound dressings and GeIMA will be used as
a medium to deliver antibacterial components onto the cotton. The tensile properties of
cotton gauze was first evaluated, GeIMA was then added to the cotton gauze to study if it
will alter the strength of the cotton. Anti-bacterial tests were also conducted by mixing
curcumin, chitosan and silver NP into the GeIMA crosslinked on the cotton gauze. Agar
diffusion and broth microdilution assays were performed to determine the efficacy of the
various additives in combatting bacterial infections. Two strains of bacteria, Escherichia
coli and Staphylococcus aureus (to model Gram negative and Gram positive bacteria
respectively), were used in the tests.

It was found that GeIMA hydrogel’s can be significantly improved by varying its
fabrication parameters as well as adding NP. GelMA was found to have minimal effect on
strengthening cotton scaffolds and that cotton can be loaded with GeIMA containing
antibacterial components to adequate effect.
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CHAPTER

INTRODUCTION

Chronic health wounds affect more than 2% of the people in the US, costing an estimated
20 billion dollars in health care annually (1). The key characteristics of chronic wounds is that they
do not heal quickly and inflammation persists, in addition to impairment of the extracellular matrix
(ECM) (2). Chronic wounds can be a result of several diseases and injuries, from diabetes and
vascular insufficiency to compromised immunological state and scars from surgeries and burns (3).
Due to their high susceptibility to microbial infections, such as E. coli and S. aureus among others,
chronic wounds do not heal as easily and as smoothly as normal wounds (4,5). Conventional
healing methods, like skin substitutes and autografts, do not lead to the restoration of the chronic
wound to normal homeostasis and functionality and might in severe cases lead to necrosis, sepsis

and ultimately death (6).

Diabetes mellitus is a very common congenital disease that affects 450 million people,
8.3% of the world population and impacting a global economic cost of over 600 billion USD in 2014
(7,8). The number of people with diabetes has increased from 80 million in 1980 to 422 million
individuals in 2016 and is expected to rise to 552 million by 2030 (9). Diabetes is especially
prevalent in the Middle East, with the eastern Mediterranean region showing the highest increase
in individuals affected with diabetes from 1980 to 2016 (10). Diabetes modifies the vasculature of
a person considerably, affecting angiogenesis and the ability of the body to effectively recuperate
from flesh wounds (7). Diabetes is severe and lethal with a high prevalence and many secondary
effects that increase its lethality. The world health organization reports that diabetes alone is

responsible for killing approximately 3 million people per year (11).



Diabetes mellitus is of two types. Diabetes mellitus 1 is characterized by the pancreas’
failure to produce insulin due to an autoimmune problem whereby the body attacks the pancreas’
insulin producing B-cells (12). Any person may be affected with this form of diabetes, however
type 1 diabetes usually manifests in children and young adults (9). Diabetes mellitus 2 is
characterized by insulin resistance, whereby cells do not respond to insulin as expected. Diabetes
mellitus 2 may be further complicated with an inability to produce insulin (13). As is the case with
type 1 diabetes, the causes of type 2 diabetes are also unclear, however several factors such as
ethnicity, family’s diabetic history, age and healthy lifestyle, do make a person more prone to
diabetes. Diabetes mellitus 2 usually manifests later in life. For diabetes mellitus 1 and 2 life

expectancy is reduced on average by 20 years and 10 years respectively (14).

In 1922, insulin was discovered in a dogs pancreas, and this is a milestone in diabetes
therapy (15). Insulin has since been used to alleviate the strains of the disease and improve the
quality of life of those affected. People inflicted with type 1 diabetes usually require a daily insulin
shot. On the other hand, type 2 diabetes patients might not need daily insulin shots if they follow

a healthy lifestyle as recommended by doctors.

Dozens of physiological factors act together to diminish the body’s wound healing
capabilities in diabetic people. Among them is the decreased and impaired production of growth
factors (16—18), functionality of macrophages (19), angiogenic response (18,20), accumulation of
collagen, functionality of epidermal barrier, granulation tissue quantity, keratinocyte and

fibroblast migration and proliferation (18) as well as epidermal nerve ending quantity (21).

In a murine model of diabetes mellitus, the phosphorylation of endothelial nitric oxide

synthase in bone marrow is impaired, and this leads to the limitation of endothelial progenitor



cells mobilization from the bone marrow into the blood stream. The study also showed that
stromal derived factor-1a is expressed less in epithelial cells and myofibroblasts in diabetic
wounds, which also prevents the homing of endothelial progenitor cells (EPCs) to wounds, thus

preventing healing and reducing angiogenesis (22).

Since diabetes affects the body’s cell signaling pathways that lead to wound healing and
closure, in our experiments, we will study the potential of the use of NP to encapsulate and deliver
a consistent dose of the growth factor stromal derived factor (SDF-1a) to aid in wound healing.
Specifically, we want to study the potential of encapsulating SDF-1a in poly({lactic-co-glycolic) acid
(PLGA) NP and imbedding them in a hydrogel which in turn is put on cotton gauze. This whole

setup will be the wound healing patch.

The objective of this master’s research is to study the potential of using GelMA hydrogel as
a medium for drug delivery of growth factors and anti-bacterial constituents. A wound healing
patch would be made up of cotton gauze as a scaffold immersed with GelMA. The GelMA would
be loaded with growth factors that would aid in the regeneration of vascular and dermal tissues. It
will also be loaded with antibacterial components to aid the body in combatting bacterial
infections. The potential of using the aforementioned combination as a wound healing patch for

patients suffering from chronic wounds was the primary focus.

In this study, GelMA was fabricated with varying concentrations of methacrylic anhydride (MA)
and photo-initiator (P} concentration. The various GelMA hydrogels will be mechanically tested
for tensile strength, swelling and degradation properties. Nanoparticles were fabricated and
added to GelMA to study their effect on the tensile strength. PLGA NP were also used to

encapsulate SDF-1a and the release rate was studied. Cotton gauze was procured its physical and



mechanical properties were characterized. GeIMA was added to gauze to study its effect on the
tensile properties. Antibacterial studies were conducted by covering the gauze with chitosan,
curcumin and silver nanoparticle loaded GelMA. The efficacy of the antibacterial effects were

evaluated with agar diffusion tests and broth dilution assays.



CHAPTER II

LITERATURE REVIEW

A. Hydrogels

Hydrogels are three dimensional polymer networks that contain a large amount of
water. The fact that hydrogels contain a very large amount of water is one reason why they
are very appealing as biomaterial in the engineering of soft tissues. Also, hydrogels are
open systems capable of exchanging chemicals, substances and energy between the
hydrogel itself and its surrounding (23).

Hydrogels provide an adequate environment for the proliferation of cells in that they
give support by their polymer chains for cellular attachment, and a suitable surrounding
environment for the exchange of nutrients due to their high water content. These two
factors are the major appeal for using hydrogels in regenerative medicine. The use of
hydrogels is predominantly used in the tissue engineering of soft tissues as well as
investigating cell-material interactions (24,25).

There are many different types of hydrogels. Hydrogels are categorized based on the origin
of the polymer chain that forms it, whether natural or synthetic. Natural hydrogels are
composed of chains formed from collagen, fibrin, hyaluronic acid and gelatin among many
others. Some examples of synthetic hydrogels used today are poly-ethylene-glycol (PEG)
and poly vinyl alcohol (PVA). Composite hydrogels use a mixture of synthetic and/or

natural polymers (26). Figure 1 is a schematic of a typical hydrogel fabrication method.
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Figure 1 The basic principle of hydrogel fabrication. Polymer chains form links and bonds with each other to form a
network that entraps water (27).

Another difference among hydrogels is the method in which they are crosslinked.
Crosslinking is when the chains of polymers are exposed to a certain catalyst or reactant
that causes the polymers to link together. There are two main methods for crosslinking
hydrogels, physical crosslinking and chemical crosslinking. Physical crosslinking is when
the hydrogel polymers form bridges and connection points among themselves without the
addition of an external chemical agent. The degree of crosslinking depends on the time
duration of crosslinking, the temperature at which crosslinking is initiated and sustained,
and the concentration of the solvent (28).

Chemical crosslinking requires the addition of a catalyzing agent that would initiate
the crosslinking of the polymer, either with itself or with the chemical that is added. In
GelMA, chemical crosslinkers can be used to form bonds among gelatin and MA
molecules. Also, PIs can be used to the same purpose. The degree of crosslinking would
depend on the concentration of the chemical added and the time that it is left to take effect.

For the PI method, crosslinking degree depends on the concentration of the PI, the



wavelength/energy in the light source, the time of exposure and the distance from the
hydrogel to the light source (29). The various types of crosslinking for physical and
chemical crosslinks can be seen in Figure 2. Crosslinking in hydrogels is a key concept and
factor in their fabrication. The hydrogel’s mechanical strength and structural rigidity are

strongly dependent on the degree of crosslinking that as they are directly proportional to the

crosslinking degree (28).

(a) (b) (¢)

Figure 2 Schematic of different types of crosslinking in hydrogels. (a) an ideal cross-linked network; (b) cross-linked
network with molecular ends and loops; (c) a physically entangled network (24).

To fabricate GeIMA, gelatin fibers are mixed with MA. The MA reacts with the
amine and hydroxyl groups on the gelatin chain, resulting in GeIMA macromers. A PI is
then added to the mixture and the resulting mixture is exposed to UV light so that
crosslinking occurs. This bombardment by UV light results in the generation of free
radicals, resulting in methacrylamide and methacrylate side groups on the GeIMA chains,
which polymerize by radical addition-type polymerization resulting in gelatin chains
connected to each other by polymethacryloyl bondings (Figure 3). Different concentrations
of GelMA and PI will be mixed and the mechanical properties of the resulting hydrogel

will be characterized.
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Figure 3 Synthesis of GelMA; (a) Gelatin is reacted with MA so that amine and hydroxyl groups on gelatin are
methacrylized; (b) GelMA photo cross-linking with Pl and UV radiation to form GelMA hydrogel (30).

B. Nanoparticles

The field of NP has had an increasing impact on the biomedical field, especially

with the improvements in manufacturing and the different methods of administrating

therapy to patients. NP are defined as solid (usually) spherical structures with dimensions

from 1 to 1000 nanometers (31,32). They could be prepared from natural or synthetic

materials. Natural materials such as metals (gold and silver) and nonmetals (silica



compounds, carbon, hydroxyapatite), or synthetic materials such as polymers made from
acids and other compounds could also be used (33,34).

NP have many diverse applications. They have been used as a mechanism for drug
delivery, protein delivery, thermal ablation, radiotherapy, biosensors and biological
imaging (31,35). In this research we will study the potential of PLGA NP as carriers of
growth factors.

PLGA is a synthetic polymer that has been used extensively in the biomedical field,
as well as the nanoparticle domain, since it can be hydrolyzed into its two constituent acids,
lactic and glycolic acid, by the human body. The breakdown of the polymers is shown in
Figure 4. PLGA compounds used are defined by the ratios of the constituting monomers.

For example, PLGA 25:75 denotes a copolymer with a composition of 25% lactic acid and

75% glycolic acid.

O
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CH,

Figure 4 Degradation of PLGA into its constituents, lactic acid and glycolic acid (36).



PLGA has an advantage when proteins are required to be incorporated in tissue
engineering and regenerative medicine therapy. PLGA has the advantage of giving the
opportunity to control the spatial and temporal release of growth factors in scaffolds as well
as their protection (37). Using PLGA to bind proteins to the scaffold relieves doctors from
repeatedly injecting growth factors into a lesion, which has an adverse effect on the body’s
natural healing mechanism (38). PLGA nanoparticle have the ability to protect the protein
from degrading as well as deliver the bioactive molecule in a controlled sustainable
manner, ensuring that the concentration of the required protein/growth factor/therapeutic
drug is actually delivered at the required therapeutic doses, minimizing the requirement of
repeated injections. The localized and targeted effect of the bioactive molecules is doubly
advantageous in that it would result in a faster recovery time, and also in the fact that some
drugs/bioactive molecules while therapeutic at the injury site, may have a negative effect in
other healthy non-targeted areas of the body (39,40).

One of the biological obstacles NP face in practice is the fact that hydrophobic
particles, like PLGA, are considered to be foreign by the body (41,42). Hydrophobic
particles are removed from the blood stream by the reticulo-endothelial system and sent to
the liver or spleen. In the blood stream, opsonin proteins bind to the particles which leads to
the particles being attached to macrophages, and ultimately their degeneration by
phagocytosis (43). One method of circumventing the detection of the particles by the
reticulo-endothelial system is to modify the surface of the particles by covering it with
hydrophilic material. This can be achieved by using the polymer PEG. Using PEG to

conceal the actual hydrophobic nature of the NP increases their half-life in the blood by

10



several orders of magnitude (43). In this study we used PVA to mask the hydrophobic
nature of PLGA.

Another aspect of NP that plays a significant part in their interaction with the body
environment and their uptake, is their charge. NP with a positive charge exhibit a larger
degree of internalization by cells, due to the attraction to the negatively charged cell
membrane of the cells (44,45).

One of the hardships encountered when using NP is achieving a high encapsulation
efficiency and a high drug loading efficiency. Encapsulation efficiency is having a high
percentage load amount of drug in the NP relative to the total amount of drug used in the
formulation. Drug loading efficiency is having a high amount of encapsulated drugs with
respect to the total amount of drugs used when fabricating the NP (41).

Another difficulty encountered with the use of many NP is the high burst release of
the drug from NP. This phenomenon is also observed in PLGA NP as well as
polycaprolactone (PCL) and alginate NP.

C. Cotton fabrics and additives for antibacterial effect

Cotton has been used as a textile fabric since the Neolithic period between 6000 and
5000 BC in the ancient Indus valley civilizations (46,47). Since that time, cotton fabric has
been used for clothing and textile fabrics, as well as a wound dressing. To heal the wounds
systemic antibiotic administration is employed, as well as saturating cotton pieces with
topical ointments and balms. However, over-prescription and misapplication of antibiotics
has led to increased drug resistance among bacteria and other pathogenic organisms (48).

Adding natural antimicrobial and antibacterial dyes or additives to cotton fabrics is

one option to aid in the fight against drug resistant pathogens and bacteria. Recently,

11



several studies have concentrated on the use of natural minerals and herbal extracts as
antibacterial additives to cotton fabrics. One natural mineral that has been used frequently
is silver in the form of NP.

Silver NP are able to penetrate the cell wall as well as be deposited on it. The
presence of silver NP on the cell wall affects electrolyte and metabolite transport, interacts
with membrane proteins, activates signaling pathways and inhibits cell proliferation
(49,50), as well as shrinks the cytoplasm membrane or detaches it from the cell wall (51—
53). As a consequence of the cytoplasmic membrane detachment, DNA molecules
condense together, losing their ability to replicate (51,54).

Chitosan, a polysaccharide that is manufactured by treating the shells of shrimps
and other crustaceans with alkaline substances, has also been studied for anti-microbial and
immune enhancing effects. In acidic solvents, the amine groups found in chitosan become a
quaternary amino group that inhibit the growth of Gram negative and positive bacteria (55).
There are two proposed mechanisms as to the nature of the antibacterial properties of
chitosan. One mechanism is that the polycationic nature of chitosan itself interferes with
bacterial metabolism by stacking at the surface (55). The second mechanism requires that
the chitosan be hydrolyzed to a molecular weight of less than 5000 so that it can penetrate
the bacterial cell wall and bind to the DNA and prevent the synthesis of mRNA (56).

Curcumin is a natural herbal extract that is also being studied for antimicrobial and
antibacterial effects. Scientifically called diferuloylmethane, it is the major phytochemical
found in Curcuma longa L. of the Zingiberaceae family, commonly known as turmeric.

Curcumin is yellow in color. It has been used to flavor food, dye clothes and as a treatment

12



for various human maladies (57). Curcumin has been found to have several antimicrobial,

antidiabetic, anti-inflammatory, anticancer, and antioxidant properties (58—60).

13



CHAPTER III

MATERIALS AND METHODS

A. GeIMA

There have been many ways reported to prepare gelatin with methacryloyl
substitution, however, they are fundamentally the same method as presented by Van Den
Bulcke et al. (61). In brief, 10.0 grams of porcine skin type A (Sigma-Aldrich, St. Louis,
MO) was added to 100 mL of Dulbecco’s phosphate-buffered saline (DPBS) (Invitrogen,
San Diego, USA) and mixed by stirring at 60°C using a magnetic stirrer for 1 hour. MA, 4
or 8mL, was added to the gelatin solution. The resulting solution was stirred vigorously at
50°C for 3 hours using a magnetic stirrer. The methacrylation substitution reaction was then
stop by performing a 5 fold dilution with 40°C DPBS solution. The new solution was then
poured into dialysis membranes with 12-14kD cutoff which were then immersed in distilled
water at 40°C. After changing the distilled water twice daily to remove the salts and
unreacted MA, the final solution in the membranes was lyophilized, resulting in a porous
white foam which was stored at -80°C until further use.

The freeze dried GeIMA was then mixed with DPBS in the desired w/v percentage.
PI (2-hydroxy-1-(4(hydroxyethoxy)phenyl)-2-methyl-1-propanon)(Igracure 2959, CIBA
Chemical, Basel, Switzerland) was then added in 0.1 or 0.2% w/v to the mixture. The
degree of methacryloyl substitution, GeIMA concentration, PI and the UV power and
exposure time allow the tuning of the physical properties of the resulting GelMA hydrogel

(28,61).
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To prepare specimen for tensile, degradation and swelling tests, the resulting
GelMA mixture was pipetted into polydimethylsiloxane (PDMS) molds. The molds were

then placed under UV light (360-480 nm) at a power of 7.9 Wem-2 for 30 seconds (Figure

5).

Figure 5 Preparing GelMA hydrogel for tensile testing; (a) Gelatin and MA are mixed then put in a dialysis membrane
(circled in red) immersed in distilled water for all residual MA to diffuse out; (b) the solution from the membrane is then
freeze dried giving a white foamy material; (c) the GeIMA hydrogel solution is then prepared and pipetted into molds; (d)
the mold is then placed under a UV lamp; (e) the sample is irradiated with 7.9W/cm? UV rays for 30 seconds; (f) the
crosslinked sample is then removed from the mold and prepared for tensile testing.

Mechanical characterization of GeIMA followed the general guidelines found in
ASTM F2900. Tensile tests were conducted on rectangular samples using an Instron 5542
mechanical tester. The samples were stretched at a rate of Imm.min-1 at room temperature.
The samples were constantly hydrated with DPBS by using a pipette. Various repetitions
showed that if left unhydrated, the hydrogel specimen will dry up during the test resulting
in incorrect measurments. The constant hydration of the hydrogel also simulates the
constant hydration of the wound environmet. The ultimate tensile strength (UTS) is the
maximum stress in the speciment reached during the tensile test. The elastic modulus was
calcualted as the slope of the linear region of the stress strain curves corresponding to 0%-

10% strain (62)(Figure 6).
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Figure 6 Mechanical testing of GelMA hydrogel; (a) the hydrogel specimen was glued to a laser cut lamination strips with
a window and mounted on an Instron machine; (b} during the tensile test a pipette is used to constantly hydrate the
GelMA specimen; (c) failure of the GelMA specimen with a clear tear in the middle of the sample.

The swelling ratio was determined by freeze drying cylindrical GeIMA samples and
measuring their dry weight. The samples were then placed in DPBS solution and an
incubator at 37°C. Weight measurements of the sample were taken at 2, 4, 8, 12, 24 and 72
hours. The initial weight is the freeze dried weight of the samples. The swelling ratio is the
dry weight subtracted from the measured swolen weight at the time points, then divided by
the initial dry weight (63,64).

For degradation studies, cylindrical GeIMA samples similar to the ones used for
swelling tests were placed in well 24 plates with S00uL of DPBS with 2pg/ml of
collagenase type II and placed in an incubator at 37°C. Measurements were taken at 12, 24,

48 and 72 hours. The degradation ratio was measured by subtracting the dry weight at the
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measured time from the initial dry weight of the sample. Collagenase type 1I was added to
the DPBS solution to simulate the wound environment (64).
B. Nanoparticles
1. PLGA nanoparticles

PLGA 50:50 lactide: glycolide (Durect Corporation, Birmingham, AL) was
fabricated into NPs and loaded with SDF-1a (R&D Systems, Inc). The NPs were prepared
by a double-emulsion/solvent-evaporation technique (Figure 7)(60,61). 2.5-3.0% w/v
PLGA was dissolved in 2 ml of dichloromethane (DCM). Aliquots containing 1 ug of SDF-
1o were dissolved in 100pL of DPBS. The aqueous SDF-1a solution was emulsified into
the DCM/PLGA solution using a probe ultra-sonicator (Q500; QSonica LLC, Newtown,
CT) for 1 minute on ice at 20% amplitude. The water-in-oil emulsion thus formed was
further emulsified into Sml aqueous 0.25% w/v PVA solution using the probe ultra-
sonicator for 1 minute on ice at 20% set amplitude to form a water-in-oil-in-water
emulsion. The second emulsion was then stirred using a magnetic stirrer for 16 h at room
temperature followed by desiccation for 1 h under vacuum to remove any residual DCM.
The NPs thus formed were recovered via 3 washing cycles by ultracentrifugation at 35,000
rpm for 5 min at 4°C. The NPs were lyophilized over 48 h to obtain a dry powder. The NP
collected were put in an Eppendorf tube with DPBS and left in an incubator on a rotating
shaker. At various timepoints the liquid is collected and washed again. An ELISA (enzyme
linked immunoabsorbent assay) test was conducted to measure the growth factors released

in each sample collected and a cumulative release of the growth factor SDF-1o was charted.
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Figure 7 A schematic showing the W/O/W method used to fabricate PLGA-encapsulated SDF-1a molecules (65).

2. Alginate nanoparticles

Alginate NP with rhodamine were fabricated to study the effect of alginate NP on
the mechanical properties of the GeIMA hydrogel in contrast to PLGA NP. First, 4mg of
rhodamine B isothiocyanate was added to 4mL of distilled water. A solution of 4% w/v
sodium alginate was prepared. 300 pL of the alginate solution was mixed with 100 pL of
the Rhodamine solution. Another solution consisting of 4mL corn oil, and 400 pL of
SPANSO solution was prepared. The alginate/rhodamine solution was then added to the
corn 0il/SPANSO solution and agitated to obtain a proper emulsion. The solution was then
stirred for 15 minutes at 400rpm.

Separately, 200mg of calcium chloride was added to 5 mL of distilled water. From
the new solution, 2mL were taken and added to 200 uL. of TWEEN20. From this
CaCI2/TWEEN20 solution, ImL was added dropwise to the stirrring
alginate/rhodamine/SPANSO solution and left to stir for 15 minutes. Then, another 1 mL of

the CaCl2/TWEEN20 solution was added to the stirring solution and left again to stir for 15
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minutes. Another 2mL of CaCl2 solution was then added to the stirring solution, which was
left to stir for 15 minutes (66).

The resulting soluution was then centrifuged at 2500 rpm until sedimentation was
observed. Proper sedimentation is observed when one can observe an oil layer on top, a
TWEEN?20 layer below it, CaCl2 solution, and particles at the bottom. The oil, TWEEN20
and CaClI2 layers are removed, and what remains are the alginate NP (Figure 8). The
alginate NP are resuspended in 500 pL of water and stored at -20°C until use. When

intended for use, the suspended alginate NP were freeze-dried.

Figure 8 Fabricated alginate nanoparticles. The layers of CaCl2 and Tween 20 layers are still evident while the alginate
particles forma sediment at the bottom of the tube.
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C. Cotton testing

Cotton gauze (Compresses nonsterile gauze, BM Com Press) was procured from a
local pharmacy. The gauze pads had dimensions of 7.5cm x 7.5 cm. The gauze was tested
for thickness using MIRA3 LMU (TESCAN) and porosity measurements were taken using
a capillary flow porometer (CFP-1100AH, Porous Materials Inc.).

For tensile testing (Figure 9), the cotton gauze was cut into strips of length 7.5¢cm
and width 2.5cm. The strip was mounted on an Instron 5542 machine and pulled at a rate of
1 mm.min’!. The elastic modulus was measured as the slope of the linear region of the
stress strain curve over a strain of 0-10%. The UTS was recorded. The cotton gauze was
then soaked with GeIMA and crosslinked. The strips were then tested for any change in

their mechanical properties in the same manner as described previously.
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Figure 9 Cotton gauze tensile testing; (a) cotton gauze as procured from the pharmacy; (b) the cotton gauze is cut into
strips of 2.5x7.5cm; (c) the ¢ specimen is mounted onto the Instron machine and tested.

The antibacterial properties of cotton with GeIMA and additives was evaluated with
2 tests, the agar diffusion test and the broth micro-dilution assay. For these tests, 10%
GelMA was prepared after adding 8mL of MA, and 0.2 w/v% PI. Several GeIMA solutions
were prepared with curcumin, chitosan and silver NP as additives. Curcumin and chitosan
were added to the GeIMA-DPBS solution. In the case of silver NP (PL-Ag-S10-10mg,
PlasmaChem, Germany), the NP were in a colloidal solution and so the GeIMA foam and
PI were directly added to the silver nanoparticle solution.

For curcumin and chitosan, 2 concentration of the additives were evaluated
antibacterial activity, 100pg/ml and 200pg/ml. The silver NP were evaluated at 100ug/ml.
The GelMA solution with both curcumin and chitosan was also prepared to evaluate if there

is any synergy when both additives are combined with a concentration of 100pg/ml each.
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The effect of the additives were evaluated against E. coli and S. aureus as models of Gram
negative and Gram positive bacteria respectively.

Agar diffusion tests in accordance with AATCC 100-1099 were performed. Petri
dishes were prepared with lysogeny broth (LB) agar (01-358-500, Scharlau, Spain). The E.
coli and S. aureus bacteria were grown in separate LB broths (2-384-500, Scharlau, Spain)
overnight. When the growth of the bacteria reached an optical density measurement at
600nm (OD600) of 0.6, 25uL were then pipetted onto the agar plate and spread using a
bacterial loop. The cotton gauze was cut into squares of 0.5cm x 0.5cm. 60puL of the several
GelMA solutions were pipetted onto the square specimen ensuring total coverage and then
crosslinked with UV rays. For control, plain cotton specimen immersed with DPBS were
used. The efficacy of the additives was evaluated against the antibiotic ampicillin by
covering the square cotton specimen with 60uL of antibiotic at the concentration of
100pg/ml. The cotton specimen were then placed face down onto the agar plate. The plates
were then placed upside down in an incubator at 37°C overnight. The next day, the plates
were examined to see if there was a hindrance in the growth of bacteria around the various
cotton specimen. A larger area of hindered growth is taken as an indication of a stronger
efficacy against the bacteria. This test however is only a qualitative method of evaluating
the potency and efficacy of the additives against the two species of bacteria used in the
study.

For the broth micro-dilution assay, cotton specimens were prepared in a similar
manner to the agar diffusion test. Individual specimen were placed into wells of a 24-well
plate, and 0.5mL of bacteria broth with an ODeoo of 0.6 were added to each well. The 24

well plate was placed in an incubator at 37°C for 24 hours. The broths from the well plates
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were then diluted 10,000 times. 25uL of the diluted broth was then pipetted onto an agar
plate and spread over the surface with a bacterial loop. The agar plates were then placed
upside down in an incubator at 37°C for 24 hours. The plates were later removed and
counted for colony forming units.

For all bacterial tests, the following specimens were tested: plain cotton (immersed in
DPBS), cotton with GeIMA (10% GelMA with 0.2% w/v PI), cotton with GelMA and
curcumin additive (10% GelMA with 0.2% w/v PI, 100pg/mL and 200 pg/mL of
curcumin), cotton with GeIMA and chitosan additive (10% GelMA with 0.2% w/v P,
100pg/mL and 200 pg/mL of chitosan), cotton with GeIMA and silver NP (10% GelMA
with 0.2% w/v PI 100pg/mL of silver NP), cotton with GeIMA and curcumin and chitosan
additives (10% GelMA with 0.2% w/v PI, 100png/mL of curcumin and chitosan), and cotton

with ampicillin (100pg/mL).
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CHAPTER IV

RESULTS AND DISCUSSION

A. GelMA
1. Tensile tests

Two batches of GeIMA containing 4 and 8 mL of MA were mixed with DPBS to
prepare solutions containing 5, 7 and 10% GelMA. PI was added to each solution to have
solutions with 0.1 and 0.2% (w/v) of P1. The results obtained show that the UTS and the
elastic modulus increase as the amount of the GeIMA concentration increases, and the PI
concentration increases (Figures 10 and 11). This is due to the increase in the number of
crosslinks present in the hydrogel. This result is in agreement with previous published work
(64). We should also have seen that the amount of MA added in the initial mixing of the
GelMA solution also increases the tensile strength. For the 5 and 7% GelMA solutions, that
was not observed, however it did hold true for the 10% GelMA mixtures.

For GeIMA mixtures with 4mL MA, the UTS of 5, 7 and 10% GelMA solutions with
0.1% PI were 1.41, 2.94 and 4.65 kPa respectively. When the PI concentration was raised
to 0.2%, the resulting UTS were 2.31, 2.99 and 7.19 kPa for the same respective
concentrations. This shows that the increase in PI resulted in changes of +63.83, +1.7, and
+54.62% for each GeIMA concentration. The elastic moduli were 1.75, 4.68 and 6.38 kPa
for the hydrogel mixtures with only 0.1% PI, and 2.07, 4.3 and 12.23 kPa for mixtures with
0.2% PI. This means there was a change of +18.3, -8.12, and +91.7% in the elastic moduli.

For the elastic modulus however, there was a general trend that as amount of MA added,
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GelMA concentration and PI concentration were directly proportional to the elastic

modulus.
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Figure 10 Effect of GelMA weight concentration, Pl weight concentration and volume of MA during fabrication on UTS.
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Figure 11 Effect of GelMA weight concentration, Pl weight concentration and volume of MA during fabrication on elastic
modulus.

PLGA NP were added to GeIMA hydrogels. This resulted in the decrease in UTS from
1.95 kPa for plain GelMA with 7% GelMA and 0.2% PI to 2.00, 2.12 and 1.74 kPa after

adding 0.1, 1 and 2 mg/mL PLGA NP. This represents a change of +2.56, +8.72 and -
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10.77%. The elastic modulus decreased from 5.97 kPa to 3.53, 4.60 and 3.95 kPa, a
decrease of 40.9, 23.0 and 33.8% (Figures 12 and 13).

The drop in the mechanical properties is expected due to the fact that PLGA is a
hydrophobic particles added to a hydrophilic system. GeIMA and PLGA do not have
enthalpic interaction whereby bonds may be formed to strengthen the system. There is an
increase in the entropic interaction causing a higher free volume in the system, ultimately
resulting in a drop in mechanical properties.

Alginate nanoparticle solution of 0.3mg/mL solution was also added to GeIMA (7%
GelMA 0.2% PI solution, 4mL MA). Alginate is a hydrophilic compound, unlike PLGA.
This leads to stronger bonds between the hydrogel and alginate, thus reinforcing the
hydrogels strength. There is an increase in the UTS and the elastic modulus. The alginate
particles improved the UTS from 2.99 to 3.43 kPa, and the elastic modulus from 4.30 to
4.97 kPa. This is an improvement of 14.7 and 15.6% in the UTS and elastic modulus
respectively. Previous studies have shown that adding alginate to GeIMA improves the

mechanical properties of GelMA making it stronger (67).

40
35
3.0

T 25

0.

=20

E1s m4mLMA
10 ®8mLMA
05
00

7%GelMA  +PLGA +PLGA +PLGA +Alg.

0.2% PI 0.2mgfml 1mg/mi 2mgfml 0.3mg/ml

Figure 12 Effect of adding different concentrations of PLGA and alginate NPs to 7% GelMA and 0.2% Pi on UTS.
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Figure 13 Effect of adding different concentrations of PLGA and alginate NPs to 7% GelMA and 0.2% Pi on elastic
modulus.

2. Swelling and degradation

The swelling and degradation tests were performed on cylindrical samples of GeIMA
with a diameter of 1c¢m and a height of 0.5cm. Swelling measurements were taken for
GelMA that was mixed with 8mL of MA. The GelMA compositions tested were 5, 7 and
10% w/v GelMA and 0.2 w/v% PI. Measurements were taken at 2, 4, 8, 12, 24 and 72
hours. For the 5 and 7% GelMA hydrogels, there wasn’t a significant increase in swelling
ratio after 2 hours. This is a sign that most of the swelling occurs directly after immersing
in water. For the 10% GelMA hydrogel, the swelling ratio increased 59%. However, we
also observe that significant swelling occurred immediately after immersion in DPBS

(Figure 14).
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Figure 14 Swelling ratios of various GelMA concentrations with 0.2% PI.

Degradation measurements showed that as the weight percentage of GeIMA increases,
the degradation time increases. The time for 5% GelMA to degrade is significantly less
than that of 10% GelMA. The 5% GelMA degraded within 1 day, while the 7% GelMA
almost fully degraded by the end of the first day. The 10% GelMA did not degrade

completely until after the third day (Figure 15).
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Figure 15 Degradation of various concentrations of GelMA hydrogel with 0.2% PI.
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The results show that the lower the weight percentage of GeIMA, the higher the
swelling ratio. This is due to the higher crosslinking density found in GeIMA hydrogel with
higher GeIMA concentrations which prevents and reduces the rate of water penetration.

The slower degradation rate is probably due to two factors. The first is that the higher
concentration of GeIMA will cause more crosslinks to have formed in the specimen. This
will slow the penetration of the degradation solution from penetrating the specimen. The
second factor, is that the higher concentration of GeIMA means that there is more gelatin to
degrade thereby taking more time to completely degrade.

B. PLGA nanoparticles and SDF-1a release

PLGA NPs were fabricated in the manner described previously. The resulting particles
were observed under SEM to study their size distribution. The SEM images showed 72% of
the fabricated particles were less than 2um in size, and 41% were less than 1pm. The
minimum particle was 185nm in diameter, and the maximum particle size was 19.4 um in
diameter. The average particle size was found to be 2.74 um, with a standard deviation of
3.867. Figure 16 showing the distribution of the particle sizes and Figure 17 shows an SEM

image of the fabricated NPs.
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Figure 16 Size distribution of the fabricated PLGA NPs.

Figure 17 SEM picture taken of the fabricated PLGA NPs.
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PLGA NPs loaded with the cytokine SDF-1a were immersed in DPBS and placed in an
incubator on a shaker. DPBS was collected at various time points and the amount of SDF-
la. in the DPBS was measured using an ELISA kit assay. The result showed a quick release
whereby almost 25 ng of SDF-1a was released in the first 12 hours. The release became
slower, releasing only around 10 ng more over the following 9 days (Figure 18). Ideally, in
the case of chronic wounds, we desire a controlled and sustained release of the growth
factor. A quick release of the SDF-1a would definitely lead to the signaling for EPC and
other cells to be drawn to the wound site for tissue regeneration, however the excess release
would mean that the homing mechanism that is achieved by the SDF-1a will be diminished
significantly after a day or two. This would require the change of the wound dressing which
would make the patient susceptible to new infections. Other polymeric NP could be used to
achieve a quicker or even slower release. PCL has a slower release rate and a higher
encapsulation efficiency than PLGA. A blend of PCL/PLGA NP can be used to attenuate
the release of growth factors for a sustained and prolonged release as a wound dressing

(63).
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Figure 18 Cumulative release of SDF-1a from the PLGA NP in ng.

C. Cotton testing results
1. Cotton thickness and porosity

The cotton gauze thickness was measured. A total of 25 thickness measurements were
taken to give an average of 1.15 mm, with a standard deviation of 0.03mm. Porosity
measurements were also taken using the liquid Silwick (Porous Materials Inc., USA). The
cotton gauze is 8 ply, and the measurements taken are when the gauze is placed as is in the
machine. The average pore size is found to be 790 um, with a range of pore sizes measured
between 669 and 910 pm.
2. Cotton tensile tests

As described before, the cotton gauze was cut into strips 7.5 cm long and 2.5 cm wide.
Tensile tests were done with plain cotton strips, and cottons strips covered with a GeIMA
mixture containing 10% GelMA and 0.2% PI. This was the concentrations at which the
highest UTS and elastic modulus was measure for plain GeIMA. GeIMA with 4 mL and 8

mL of MA were used. The UTS of the various strips was 13.15, 12.84 and 14.33 MPa for
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plain cotton, cotton with 4 mL GelMA and 8 mL GelMA respectively (Figure 19). This
represents a change of -2.36% and +8.97% change with the different GeIMA mixtures. The
elastic modulus however, showed a consistent decline as the amount of MA increased. The
measured elastic moduli were 161.6, 139.1 and 123.7 MPa for plain cotton, cotton with 4
mL GelMA and 8 mL GelMA respectively, showing a decline of 13.9 and 23.5% (Figure
20).

The decrease in the mechanical properties may be attributed to the wetting of the cotton
fabric, as well as the damage it sustained under UV radiation while crosslinking the
hydrogel. The increase in UTS however with the 8§ mLL MA hydrogel is probably due to the
stronger GelMA bonds that form after crosslinking with cotton fibers. Previous research

has shown that UV exposure may damage cotton and reduces its strength (69).
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Figure 19 The effect of adding GelMA (10% w/v with 0.2% w/v P!) fabricated with 4 and 8 mL of MA on the UTS of cotton.
The increase in the MA used to fabricate the GelMA does not show a significant effect on the UTS of cotton.
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Figure 20 The effect of adding GelMA (10% w/v with 0.2% w/v P!} fabricated with 4 and 8 mL of MA on the elastic
modulus of cotton. The graph shows a consistent decrease in the elastic modulus as the MA used in the fabrication of the
GelMA increased.

3. Bacterial tests

As described previously, agar diffusion and broth micro-dilution assays were conducted
using cotton covered with GeIMA loaded with curcumin, chitosan and silver NPs. The
effect of the additives was compared to the antibiotic ampicillin.

In the agar diffusion tests with E. coli, there was a clear halo around the cotton saturated
with ampicillin, which is expected. There were lesser halos around the other cotton pieces
which were loaded with GeIMA and additives. Agar tests on S. aureus showed a significant
halo around the ampicillin as expected, however there was minimal effect on the other

cotton specimens (Figure 21).
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Figure 21 Agar diffusion test of (a) S. aureus and (b) E. coli. In both species of bacteria, the most significant effect was
observed for Ampicillin, while all other specimen showed minimal effect.

In the broth microdilution assay test, there was a more clear and measurable effect of
the additives on the bacteria (Figure 22). The tests are compared to the specimen of cotton
immersed with DPBS and not containing any additives. The tests done on E. coli showed
that cotton loaded only with GeIMA reduced the number of bacteria by 9.56%. The adding
of curcumin, chitosan and silver nanoparticles resulted in a reduction of 33.5, 49.7 and
75.4% of colony forming units. Ampicillin however is still most effective in that it killed
87.5% of the colony forming units.

The tests conducted on S. aureus showed that GeIMA reduced the number of colony
forming units by 28.3%. The addition of curcumin, chitosan and silver nanoparticles
reduced the number of colony forming units by 32.6, 42.7, and 74.6%. Ampicillin was still

most effective, reducing the colony forming unit number by 95.3%.
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Figure 22 Broth microdilution assay results showing the percentage reduction in colony forming units compared to plain
cotton for various GelMA compositions for E. coli and S. aureus.

Further tests were conducted to measure the effect of increasing curcumin and chitosan
concentrations in the GeIMA (Figure 23). The results showed that there is a significant
improvement in antibacterial properties when the concentration was doubled from 100
pg/mL to 200 pg/mL. New batches of E. coli and S. aureus were prepared. These batches
showed considerable resistance to the additives contrary to the batches prepared for the
previous broth microdilution assays. The reduction in E. coli increased from 4.7% to
27.6%, and the reduction of S. qureus increased from 2.6% to 22.3%, when the
concentration of curcumin was doubled. For chitosan, the reduction in E. coli increased
from 11.5% to 52.2%, and the reduction of S. aureus increased from 5.7% to 19.5%. A
GelMA solution containing both curcumin and chitosan at 100 pg/mL each was also tested.
The result showed that curcumin and chitosan had a synergistic effect that was clearer
against E. coli than S. aureus. The reduction in colony forming units with the combined

solution was 25.3% and 9.0% for E. coli and S. aureus respectively.
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The broth microdilution assays proved that curcumin, chitosan and silver NP have

measurable and significant antibacterial capabilities. Their concentration plays a significant

part in their efficiency. As their concentrations increase, their bacterial lethality also

increased. This is in agreement with literature (49,70,71).
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Figure 23 Broth microdilution assay results showing the percentage reduction in number of colony forming units in
comparison to plain cotton when investigating the effect of doubling the concentration of curcumin and chitosan.

There is a discrepancy between the results of the agar diffusion test and the broth

microdilution assay. In the agar tests, the results show minimum effect of the various

GelMA specimens on both bacterial species, while the broth micro-dilution assays do show

a significant decrease in the number of colony forming units. The probable explanation to

this discrepancy is in the different conditions of the cotton specimens in each type of test.

For the agar diffusion, only one side of the cotton is in touch with the agar. The degradation

of the GeIMA hydrogel will only occur on that interface. Also, in the agar diffusion assay,

the cotton specimens are hanging upside down, attached to the agar on side. The diffusion

of the antibacterial additives is reduced since gravity does not aid their diffusion into the
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agar. On the other hand, in the broth microdilution test, the cotton is completely immersed
in the broth, this encourages the degradation of the GeIMA and release of the additives into

the broth.
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CHAPTER V

CONCLUSIONS

In conclusion, GeIMA is a hydrogel with tunable properties. Its mechanical properties
can be modified by varying the MA during its fabrication, or by varying the concentration
of the GeIMA itself and PI used in mixing the final hydrogel solution. The GelMA also has
potential in being a medium for drug delivery using NPs encapsulating various drugs and
growth factors, or as a medium for delivering antibacterial components such as curcumin,
chitosan and silver NPs.

PLGA particles show a very quick release of SDF-1a in the first few hours and a very
slow release in the following days. This will require the fabrication of a GelMA with a high
GelMA and PI content so that it lasts for 4 weeks and more to sustain such a long release.
The addition of alginate NPs could be used to counter the effect of PLGA NPs on the
mechanical properties of GelMA.

Incorporating techniques investigated, a GeIMA hydrogel of satisfactory mechanical
strength and degradation properties, and using NPs to encapsulate growth factors, and
loading the hydrogel with antibiotics or antibacterial components, GeIMA has potential as a

dressing for chronic wounds.
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