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ABSTRACT OF THE THESIS

Engineering antibiotic loaded gelatin methacryloyl based nanoparticles

for sustained drug delivery

Yangcheng Liu

Master of Science in Chemical Engineering
University of California, Los Angeles, 2021

Professor Nasim Annabi, Chair

Eye injuries and diseases remain as a challenging clinical issue to deal with worldwide. Due to the
existence of ocular drug transport barriers, conventional administration methods have shown
several limitations, such as low bioavailability and poor patient compliance. Therefore, we
formulated gelatin methacryloyl (GelIMA) based nanoparticles (NPs) which can be loaded with
hydrophilic drug molecules such as antibiotics. These NPs can be incorporated into a hydrogel

patch composed of GelMA and glycidyl methacrylated hyaluronic acid (HAGM) for sustained



drug release to treat the target site of bacterial infection in the eye. The engineered GelMA based
NPs were characterized in vitro and demonstrated ideal hydrodynamic size (particle diameter: 221
#+11 nm), homogeneity (PDI: 0.21 +0.02) and loading efficiency (93.8 +8.2%), facilitating drug
penetration and bioavailability in the eye. The GeIMA/HAGM hydrogel patch (GelPatch) was
prepared by dissolving the polymers and photoinitiators in an aqueous solution and photo-
crosslinked for 4 min under visible light (450 to 550 nm). The in vitro release profiles of
moxifloxacin (MXF) loaded GeIMA NPs incorporated inside GelPatch were studied. An initial
quick release was followed by a sustained release of 70% of loaded MXF for 5 days. Such release
profile is desirable for treating eye infection because the initial 30% of released MXF can Kill
bacteria and the therapeutic effect can be retained for several days. Incorporation of GelMA NPs
also enhanced the physical properties of GelPatch, in terms of adhesion (burst pressure: 40.8 +4.2
kPa), which has surpassed the eye pressure ranges (2.7 to 4.0 kPa) of patients with eye diseases,
and elasticity (compressive modulus: 40.47 2.7 kPa, tensile modulus: 42.754 +2.03 kPa). The
biocompatibility of GelPatch containing NPs was confirmed in vitro by providing > 90% cell
viability. In addition, the MXF loaded NPs were highly effective against both gram-positive
(Pseudomonas aeruginosa) and gram-negative (Staphylococcus aureus) bacteria based on the
results from zone of inhibition (diameter: 28 to 30 mm) as well as the colony forming assay. With
the advantages of easy formulation and application, good biocompatibility, and promising
antimicrobial function, the GelMA NPs loaded in GelPatch, possess the potential for further

application in treating ocular diseases in a safe, effective and patient compliant way.
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Chapter 1. Background and Introduction

There is an increase in the prevalence of eye diseases such as glaucoma, dry eye disease and age-
related macular degeneration. This is mainly correlated with the increase of an aging population,
changes in lifestyle and prolonged wear of contact lenses worldwide [1-3]. Apart from chronic
disease-based eye injuries, acute physical injuries, spanning from superficial abrasions to full-
thickness perforations, can result from a variety of causes including blunt force injuries,

penetration of foreign bodies, and chemical burns, among others.

In general, ocular induced primary injuries due to either chronic disease or physical abrasions are
associated with a high risk of infection due to breakdown and/or rupture of the main barrier (i.e.,
surface epithelium layer) on the cornea or sclera which may permit infiltration of microorganism
into the eye [4]. Bacterial infection is one of the main causes of many eye-related inflammations
which can lead to conjunctivitis, keratitis and endophthalmitis, and thus need antibiotic-based

therapeutic intervention.

Bacterial keratitis is caused by bacterial (e.g., Pseudomonas aeruginosa and Staphylococcus
aureus) infection in the cornea, which refers to the arc shaped layer covering the colored portion
of eyes [5]. Conjunctivitis, which is a more common eye disease, is as a result of inflammation of
a thin semi-transparent membrane on the inner surface of eyelids due to the bacterial infection [6].
With timely treatment, most of these diseases can be treated in less than two weeks. However,

nearly 6 million people were affected by acute conjunctivitis in the United States each year [6].



An average of $ 617 million was spent on the treatment of bacterial conjunctivitis annually by U.S.

medical institutions [7].

Topical ophthalmic antibiotics are the most commonly used drug administration route via topical
instillation. It is often applied to relieve the inflammation symptoms and facilitate recovering
process. In specific cases such as endophthalmitis (i.e., serious inflammation of the interior of
eyes), the common methodology is based on direct injection of antibiotics to the eye through a
specialized needle [8]. The topical instillation has a poor bioavailability, because of mechanisms
such as reflex blinking and tear-film turnover [9]. Due to the presence of static and dynamic ocular
barriers, less than 5% of a dose can be delivered to the posterior segment of eyes [10-11]. To
overcome these challenges, researchers have developed various ocular drug delivery methods such
as periocular and intravitreal injection, oral and subconjunctival administration. Unlike topical
instillation, intravitreal injection can be used to apply drugs directly in the affected area in the eye,
achieving better therapeutic effect. However, it is not patient compliant and can cause serious side
effects including hemorrhage and retinal detachments. Oral route, on the other hand, is noninvasive.
But, since high dosage is required to achieve equivalent therapeutic effect, it can cause toxicity
and side effects [12]. For example, doxycycline is used as an anti-inflammatory drug in eye disease
treatment. However, it can induce gastrointestinal upset and harm immature livers and kidneys.
Furthermore, it is challenging to achieve sustained release in either intravitreal injection or
systematic administration due to the burst release of drug with short effective duration and
consequently high frequency of therapeutic application [13]. Thus, an efficient and noninvasive
ocular drug delivery system with sustained release is still an unmet clinical need, specifically for

chronic ocular inflammation conditions.



With the spread of Covid-19, people rely even more heavily on smart medicine or devices to be
applied as next generation therapeutics. So far, NPs, applied either in a form of suspension or
embedded inside a solid matrix (i.e., devices), have shown promising outcomes for drug delivery
purposes [14]. The NP-based drug delivery systems can be composed of self-assembled proteins
or peptides, synthetic block co-polymers, or lipids [15-16]. Natural polymer-based NPs have
several advantages over synthetic polymers such as high biocompatibility, non-toxic byproducts,
and low cost of production. Among the natural polymers, gelatin, a denatured form of collagen, is
a versatile class of naturally occurring biopolymers. Gelatin is a proteinaceous linear polymer
obtained by the partial hydrolysis (acidic or basic) of collagen. Depending on the process used,
gelatin is produced as type-A or type-B gelatin. While the acidic treatment yields type-A gelatin,
with an isoelectric point at around 9 and a broad molecular weight profile, the alkaline hydrolysis

yields type-B gelatin, with an isoelectric point at around 5 [17].

Gelatin has been exploited as a drug carrier system owing to its chemical and physical nature. The
influence of pH and temperature on the phase behavior of gelatin in solution makes it an interesting
candidate for drug delivery applications. The abundant functional groups on gelatin backbone offer
the advantage of incorporating functionalities, conjugating different drugs, or modifying it with
synthetic polymers such as polyethylene glycol (PEG) [18]. So far, gelatin-DNA complexation in
the form of nanospheres as gene delivery vehicles have been reported [19]. Gelatin-coated
magnetic iron oxide NPs have been also synthesized and evaluated its potential to serve as a drug

carrier system for magnetic drug targeting, used in cancer treatment [20]. Moreover, combination



of GelMA with chitosan has been applied in formulating NPs loaded with a growth factor peptide
for building pre-vascularized tissue and sealing wounds [21]. However, none of these NPs are
designed specifically for ocular drug delivery and suffer from large particle sizes (> 300 nm) as
well as low encapsulation efficiency (< 60%). Besides, sustained release effect was not achieved

in any of these NP-based delivery systems.

To overcome these limitations, in this thesis, an ocular nano-delivery platform composed of
GelMA NPs was designed in order to achieve a sustained antibiotic release profile for the treatment
of infected eyes. These GelMA based NPs were loaded with MXF which is a highly potent
antibiotic from class of antibiotics called fluoroguinolones. MXF is a broad-spectrum antibiotic,
effective towards both gram-positive and gram-negative bacteria [22]. In order to improve the
ocular retention of NPs, a hydrogel matrix, GelPatch, was also synthesized, which can be loaded
with NPs at a desired drug concentration to reach a long term sustained drug release profile. The
GelPatch is a photocrosslinked hydrogel network based on GelMA and HAGM which is highly
adhesive to the corneal tissue with minimized swelling properties and certain porosity to maximize

drug delivery across the gel via diffusion.

To form GelPatch loaded with NPs containing MXF, we first developed and optimized MXF
loaded GelMA NPs. The NP formulations were characterized for their size, polydispersity index
(PDI), and encapsulation efficiency of MXF. In vitro release studies were performed to check the
release profile of the developed NPs. At the second step, the optimized MXF loaded NP
formulation was incorporated into an adhesive hydrogel, GelPatch which is a visible light

4



crosslinkable drug delivery platform (applicable to the sclera surface). The NPs loaded GelPatch
was further characterized for drug release, mechanical strength, swelling and adhesion. Finally,
the in vitro cell studies and antibacterial tests were carried out to check the biocompatibility, and

antimicrobial effect of our developed nanoscale drug delivery platform, respectively.



Chapter 2. Materials and Methods

2.1 Materials

Gelatin from porcine skin (Bloom 300, type A), methacrylic anhydride 94%, Eosin Y,
triethanolamine (TEA) and N-vinylcaprolactam 98% (VVC) were all purchased from Sigma-Aldrich.
Hyaluronic acid (HA) sodium salt from Streptococcus equi (Mw: 1.6 MDa) was purchased form
Sigma-Aldrich. MXF hydrochloride was obtained from 1Click Chem. Dulbecco’s phosphate
buffered saline (DPBS) was purchased from GE Healthcare Life Sciences. Other chemicals and
organic solvents used in this study were purchased from Sigma-Aldrich and used as received,

unless stated otherwise.

2.2 Synthesis of GeIMA

GelMA was synthesized based on the procedures explained before [23]. Briefly, 10% (w/v) of
gelatin was dissolved in DPBS solution and reacted with 8% (v/v) of methacrylic anhydride at 60°C
for 4 hr. After the methacrylate reaction stopped, the solution was then filled in dialysis membranes
and dialyzed for 5 days to remove excess methacrylic anhydride remained. The solution was then

transferred into falcon tubes and freeze-dried at -80°C for 5 days.

2.3 Synthesis of HAGM

HAGM was synthesized using a previously described protocol [24]. Briefly, 10% (v/w) of HA
sodium salt (1.6 MDa, Sigma-Aldrich) was dissolved in 200 mL of deionized (DI) water for 12 hr

under vigorous stirring. Once dissolved, 8 mL of triethylamine (Sigma-Aldrich), 8 mL of glycidyl
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methacrylate (Sigma-Aldrich), and 4 g of tetrabutyl ammonium bromide (TBAB) (Sigma-Aldrich)
were added separately in the mentioned order and allowed to fully mix for 1 hr before the next
addition. Following complete dissolution, the flask was then opened slightly and incubated at 55<C
for 1 hr. After cooling, the solution was then precipitated in 20 times excess volume of acetone (4
L), resulting in white solid fibers. The precipitate was then dissolved in ultrapure water, dialyzed,

and freeze-dried.

2.4.'H nuclear magnetic resonance (NMR) characterization of synthesized polymers

DMSO-d6 (6 mg/mL) was used to dissolve gelatin and GelMA and D,O (10 mg/mL) was used to
dissolve HAGM, either was incubated at 50<C overnight. *H NMR spectra were recorded by
applying 10 sec recycle delay for 64 scans at ambient temperature using a Bruker DRX 400
spectrometer working at 400 MHz. The degree of methacrylation (DM) of GelMA was determined
as the percentage of gelatin amino groups (including lysine and hydroxylysine) that were modified
in GelMA. The two vinyl protons of the methacrylamide gave rise to two signals peak at 6 = 5.3
and 5.6 ppm. The lysine methylene signals (with 6 = 2.8 to 2.95 ppm) of non-modified gelatin
spectra and GelMA spectra were integrated separately to derive the areas of lysine methylene,
according to a previously defined method [25]. The DM of the GeIMA was calculated using Eqg.

1.

I(lysine methylene of GeIMA)

DM(%) = 1 —
(%) I(lysine methylene of gelatin without modification)

x 100 (1)

The DM of HAGM was determined by the number of methacryloyl groups presented in every

repeating HA disaccharide unit. Vinyl protons of methacrylate groups presented chemical shifts
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of 6.2 and 5.15 ppm. The DM of HAGM can therefore be calculated based on the ratio of methyl
protons (6 = 1.95 ppm) of methacrylate groups to methyl protons (6 =2.01 ppm) of amide groups

on HA with Eq. 2.

Iy (methyl proton on GM) / 3
Iz (methyl proton on HA) / 3

DM (%) = x 100 (2)

2.5 Preparation of MXF loaded gelatin and GeIMA NPs

Gelatin and GelMA NPs were prepared using a desolvation technique previously reported by
Kimura et al. [26] with some modifications. A stepwise preparation procedure is depicted in Fig.
1A, and the structure of MXF loaded gelatin/GelMA NPs is shown in Fig. 1B. Briefly, 5% (w/v)
of gelatin/GelMA was dissolved in 2 mL of DI water at 45°C under constant stirring (300 rpm).
After complete dissolution, the pH was adjusted to 7.8 at room temperature using 0.1 M NaOH to
provide maximum electrostatic interactions between GelMA and the drug candidate. A stock
solution of MXF at the concentration of 35 mg/mL was prepared and added to the pH adjusted
GelMA solution while stirring. The solution was stirred at 45°C for 15 min. This step was followed
by dropwise addition of 3 mL of acetone (organic phase, served as desolvating agent) at 45°C
under constant stirring (600 rpm) until a faint permanent turbidity was observed. Next, 0.4% (w/v)
of glutaraldehyde (GA) and 55 L of Irgacure 2959 solution (from freshly prepared stock solution
of 11 mg/mL) were pipetted into the solution, respectively. The solution was kept stirring at room
temperature overnight at 600 rpm and covered with aluminum foil to protect against light. The

acetone fraction in the solution was then evaporated using a rotary evaporator (BUCHI



Rotavapor® R-100). The solution containing solidified drug loaded GeIMA NPs, was collected in

glass vial, and stored at -4°C for further characterization.

2.6. Physicochemical characterization of empty and MXF loaded GelMA NPs
2.6.1 Particle size characterization

The hydrodynamic size of NPs was characterized using a Malvern Panalytical dynamic light
scattering (DLS) Zetasizer. The bulk suspension of NPs was diluted in Milli-Q H20 (10 uL of
emulsions in 1 mL of Milli-Q H20) in a plastic 1 cm cuvette. Once the light is shined on the
particles, it scatters and shows variance in terms of intensity. The intensities of scattered light and
angles of light detectors were recorded and applied to different correlation equations to calculate
the diffusion coefficient, D. The particle size is then derived using the Stokes-Einstein equation,
Eq. 3 [27].

kT
B 6Tur

(3)

D has already been defined as the diffusion coefficient of NPs, k is a physical constant named
Boltzmann constant, T is the temperature, jurefers to the viscosity of solvent medium and r is the

hydrodynamic radius of particles being measured.

2.6.2 PDI characterization

The PDI characterizes the uniformity of a solution containing NPs, and can be calculated by Eq. 4

[28].



2

PDI = (%) (4)

o refers to the standard deviation of NPs average size distribution and r refers to the hydrodynamic
radius of particles. Large PDI value suggests that there is a large size distribution and potential

aggregation occurred in NPs solution.

2.6.3 Encapsulation efficiency characterization

The encapsulation efficiency of MXF loaded GelMA NPs were determined by diluting the filtrate
of the MXF loaded GelMA NPs dispersion with DI water and measuring spectrophotometrically
the absorbance at 302 nm using a Thermo Scientific™ NanoDrop™ One/One® Microvolume UV-
Vis spectrophotometer. Standard samples were made by preparing a serial dilution of MXF

solution from the MXF stock solution (35 mg/mL) in DI water.

Then the filtrate absorbance for each batch of MXF loaded GeIMA NPs was analyzed using a

calibration curve and re-calculated for the encapsulated concentration using Eq.5 [29].

C —C
Encapsultion Efficiency (%) = %ﬁee x 100 (5)
total

Ciotal IS defined as the total amount of MXF added and Crree is the amount of free MXF measured
inside the filtrate. The value of Ciotai— Crree €quals to the drug concentration loaded inside the MXF

loaded GelMA NPs.
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2.6.4 In vitro release study

The in vitro release profiles of MXF from GelMA NPs were determined by a dialysis method as
described previously [30]. Four batches of MXF loaded GelMA NPs with different drug
concentration (0.05%, 0.25%, 0.5% and 1% (w/v)) were prepared following the exact same
procedure described in section 2.5. Briefly, 1 mL from each batch of MXF loaded GeIMA NPs
was transferred into dialysis membranes (molecular weight cut-off: 12-14 kDa) and submerged
into DPBS buffer (10 mL total volume) inside glass vials with magnetic stirring bars inside. At
predetermined time points, 100 L of sample was taken and replaced with fresh 100 L of DPBS
buffer up to 5 days. The amount of MXF released at each time point was analyzed using a Thermo
Scientific™ NanoDrop™ One/OneC microvolume UV-Vis spectrophotometer. At the end of the
study, GeMA NPs were collected from the dialysis bag and analyzed for the remaining fraction
of MXF entrapped within GeIMA NPs, after filtration, using the Thermo Scientific™ NanoDrop™

One/OneC microvolume UV-Vis spectrophotometer.

2.7. Preparation of MXF loaded GelMA NPs incorporated GelPatch

A visible light (450-550 nm) photoinitiator (P1) system was utilized to crosslink prepolymers and
form adhesive biocompatible hydrogels, GelPatch. The Pl system was prepared by dissolving 0.5
mM Eosin Y disodium salt (photoinitiator), 1.875 % (w/v) TEA (co-initiator) and 1.25 % (w/v)
VC (co-monomer) in DPBS. The hydrogel prepolymer solution was prepared by dissolving 3%
(w/v) of HAGM and 7% (w/v) of GelMA in the PI solution composed of 4:1 (v/v) ratio of TEA/VC
to Eosin Y solution, separately. (See Fig. 1B) A batch of MXF loaded GelMA NPs with 0.05%
(w/v) MXF was prepared following the procedure described in section 2.5 and added to the

11



prepolymer solution. 1 M NaOH aqueous solution was used to adjust the pH to 7.4. The
prepolymer solution was kept in 45-50°C incubator overnight and crosslinked for 4 min under

exposure to LS1000 Focal Seal Xenon Light Source (1000 mW/cm?, Genzyme).

2.8. In vitro release study of free MXF and MXF loaded GelIMA NPs incorporated GelPatch

Two GelPatch formulations were prepared following the procedure described in section 2.7. Free
MXF loaded GelPatch formulation was prepared via direct addition of 0.1 mg of MXF to 500 L
of the GelPatch prepolymer solution and mixed well. The GelIMA NPs loaded GelPatch
formulation was prepared via addition of 200 L. MXF loaded NP solution (MXF concentration
of 0.05% (w/v)), prepared following the procedure described in section 2.5, to 300 pi of the
GelPatch prepolymer solution to obtain final amount of 0.1 mg of MXF in 500 pL of solution.
After complete dissolution, both formulations were crosslinked for 4 min under exposure to
L.S1000 Focal Seal Xenon Light Source (1000 mW/cm?, Genzyme). The crosslinked adhesive
hydrogels were submerged into glass vials containing 5 mL of DPBS solution. The glass vials
were placed on a shaking incubator at controlled temperature of 37 <<C. Samples were taken at the
total volume of 1 mL at predetermined time points and replaced with fresh DPBS for a total time
period of 14 days. The concentration of released MXF in the release media (i.e., DPBS) was
measured using a Thermo Scientific™ NanoDrop™ One/OneC microvolume UV-Vis
spectrophotometer. The absorbance data was then analyzed to obtain the concentrations and
consequently the cumulative release profiles. The release data was then fitted based on the non-
steady state diffusion model which is governed by Fick’s second law EQ.6 [31] and the diffusion

coefficient was calculated.

12



Mt [Dt

Moo_4 oy (6)

M; stands for the amount of drug released from the GelPatch after t min and M., stands for the total
amount of drug loaded in GelPatch initially. D is the diffusion coefficient; t represents the time,

and A stands for the thickness of hydrogel sample.

2.9. Mechanical characterization of free drug and NPs incorporated GelPatch
2.9.1 Compression test

70 L of free MXF and MXF loaded GelMA NPs incorporated GelPatch prepolymer solution
prepared in section 2.8 were pipetted into cylindrical polydimethylsiloxane (PDMS) molds (height:
2.5 mm; diameter: 6 mm) and crosslinked for 4 min under exposure to LS1000 Focal Seal Xenon
Light Source (1000 mW/cm?, Genzyme). Following the crosslinking, a digital caliper was used to
measure the dimensions of hydrogels. An Instron® 5542 mechanical tester was used to conduct
compressive test. Dimensions of the hydrogels were entered as parameters into the Instron®
combined software, Bluehill® 3. The disk-shaped crosslinked hydrogels were placed in between
the base plate and the compression plate. The rate was set at 1 mm/min until automatic failure
detected. The slopes of the compressive stress against compressive strain curves (obtained from
the linear section of 0.15 to 0.25 mm/mm strain) were recorded and reported as compressive

moduli.
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2.9.2 Tensile test

A 70 L of free MXF and MXF loaded GelMA NPs incorporated GelPatch prepolymer solution,
prepared in section 2.8, were pipetted into rectangular PDMS molds (12 mm x 6 mm x 1 mm) and
crosslinked for 4 min under exposure to LS1000 Focal Seal Xenon Light Source (1000 mW/cm?,
Genzyme). Tensile test was conducted using an Instron® 5542 mechanical tester. The rectangular
crosslinked hydrogels were placed between two pieces of double-sided tape within the instrument
tension grips and extended at a speed of 1 mm/min until failure. The tensile strain and stress placed
on the hydrogel samples were recorded using a Bluehill® 3 software during the test. The slopes of
the stress-strain curves (obtained from the linear section of 0.15 to 0.25 mm/mm strain) were

recorded and reported as tensile moduli.

2.9.3 In vitro burst pressure test

Burst pressure resistance (i.e., collagen sheet adhesive property) of the GelPatch formulations were
measured by using the ASTM F2392-04 standard according to a previously reported method [32].
Briefly, collagen sheets made from porcine intestine (4 cm x4 cm) were placed in between two
stainless steel annuli from a custom-built burst pressure device consisting of a metallic base holder,
a pressure meter, a syringe dispenser, and a data collector. A hole (diameter: 2 mm) was created
through the sheet and was sealed by applying 30 plL of GelPatch prepolymer solution described in
section 2.8 and crosslinking via exposure to LS1000 Focal Seal Xenon Light Source (1000
mW/cm?, Genzyme). Next, airflow was applied into the system, and the maximum burst pressure

was recorded until the hydrogel detached from the collagen sheet and/or the hydrogel ruptured.

14



The burst pressure resistance was measured using a pressure sensor (PS-3203, PASCO Scientific,

Roseville, CA) connected to a computer.

2.9.4 Swelling test

Two formulations of GelPatch prepolymer solution (free MXF and NPs loaded) were prepared as
described in section 2.8. 70 L of each formulation was pipetted into cylindrical PDMS molds
(height: 2.5 mm; diameter: 6 mm) and crosslinked for 4 min under exposure to LS1000 Focal Seal
Xenon Light Source (1000 mW/cm?, Genzyme). The weight of each crosslinked hydrogel sample
was measured immediately after crosslinking and after 24 hr in DPBS at 37 <C. The swelling ratio
was then calculated according to Eq. 7 [21], where W is the weight of the sample after crosslinking

and W1 is the final weight of the sample after 24 hr of incubation.

W; — W
—L_9%x100 (7)

Swelling ratio (%) = W
1

2.10 In vitro cell studies

Human telomerase-immortalized corneal epithelial (nTCEpi) cells were cultured in an incubator
at 37C in KBM™ pasal media (00192151). Cells were seeded on hydrogel scaffold’s surfaces
according to a previously reported method [33]. In brief, 10 uL of the GelPatch prepolymer
solution prepared as described in section 2.8 was spread uniformly on a 3-(trimethoxysilyl) propyl
methacrylate (TMSPMA)-coated glass slide and then crosslinked for 4 min under exposure to
LS1000 Focal Seal Xenon Light Source (1000 mW/cm2, Genzyme). A surface area of 1 cm x 1

cm was created for crosslinked hydrogels. Hydrogel samples were placed in 24-well tissue culture
15



plates before hTCEpi cells were seeded on their surfaces (105 cells per sample). After 20 min of
incubation of seeded samples at 37°C supplied with 5% CO2 in a humid incubator, 400 uL of
KBM™ hasal media was added to each well and incubated. Every other day, the media was

changed with fresh KBM™ basal media.

A Live/Dead™ Viability/Cytotoxicity Kit (Invitrogen) was employed to study the viability of cells
cultured on the hydrogel scaffolds at day 1 and 3 as explained by the manufacturer’s instructions.
In short, calcein AM solution at 0.5 uL/mL and ethidium homodimer solution at 2 pLL/mL in DPBS
were used to stain the cells. Green color was observed for viable cells and red color was observed
for dead cells. Hydrogel samples were washed with DPBS buffer solution after incubation for 15
min and the images of cells were captured using a fluorescence optical microscope (ZEISS
Primovert). The images captured were analyzed and labeled using ImageJ software. Cell viability
(%) was calculated by dividing the number of live cells by the total number of cells (including

dead cells).

Proliferation and metabolic activity of cells were characterized with a PrestoBlue assay
(Invitrogen). Data was recorded at day 1, 3, and 7 after culture according to the manufacturer’s
instructions. In brief, a media solution was prepared with 10% (w/v) PrestoBlue reagent. Seeded
hydrogel samples were incubated with the media solution at 37°C supplemented with 5% CO2. A
plate reader (BioTek) set at (excitation: 540 nm; emission: 600 nm) was used to determine the

fluorescence intensity of the solution.
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F-actin filaments and Alexa Fluor 594-phalloidin (Invitrogen) were employed to stain the cells in
order to evaluate their morphological characteristics and visualize the cytoskeleton and nuclei
more clearly with DAPI. In brief, cells were fixed, permeabilized and blocked by 15 min
incubation with 4% (w/v) paraformaldehyde, 10 min incubation with 0.3% (v/v) Triton and 30 min
incubation with 1% (w/v) bovine serum albumin (BSA) in DPBS at room temperature, respectively.
Hydrogel samples were incubated with phalloidin for 45 min (1:400 dilution) in BSA solution and
with DAPI (1:1000 dilution) for 1 min. All samples were washed thoroughly before taken pictures

using the ZEISS fluorescent microscope.

2.11 Antibacterial studies
2.11.1 Zone of inhibition (ZOI)

Frozen methicillin-resistant Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa were
taken with inoculation loop, streaked on tryptic soy agar plates and incubated at 37°C for 24 hr.
One single isolated colony was chosen and incubated inside tryptic soy broth at 37°C for 24 hr.
The bacteria solution was diluted to 0.5 McFarland which is approximately 1x108 colony forming
unit (CFU)/mL using optical density measured at 625 nm wavelength. This solution was streaked
on the tryptic soy agar plate for uniform lawn of bacteria. The hydrogels containing with 0.05%
(w/v) of MXF loaded NPs were prepared following the same procedure mentioned in section 2.8.
The samples were placed on the agar plate. As control, hydrogel samples were prepared following
the exact same procedure mentioned in section 2.8 without any MXF loaded. For each bacteria

type, 3 replicates were prepared. The agar plates with hydrogels were incubated at 37°C and the

17



ZOl was measured every 24 hr for 5 days. The ZOI was recorded by measuring the diameter of

bacteria free clear region around the hydrogels using a digital caliper.

2.11.2 Measurement of the Colony Forming Unit (CFU)

Frozen MRSA and Pseudomonas aeruginosa were taken with inoculation loop, streaked on tryptic
soy agar plates and incubated at 37°C for 24 hr. One single isolated colony was taken and incubated
inside tryptic soy broth at 37°C for 24 hr. The bacteria solution was diluted to 1x108 CFU/mL
using optical density measured at 625 nm wavelength. The resulting bacteria solution was serially
diluted in tryptic soy broth over a 2-log range to a density of 1x10® CFU/mL. Hydrogels, prepared
following the same procedure described in section 2.8 with MXF loaded NPs and without MXF,
were placed in 48-well plates and sterilized under UV light for 10 min. Each hydrogel sample was
seeded with 2 mL of each type of bacteria solution and incubated at 37°C for 24 hr. One mL of
bacterial solution was taken from each incubated sample well and diluted with tryptic soy broth to
3-log range. Then, 100 pL of the solution was added to each agar plate and uniformly spread over
it. The agar plates were incubated for 24 hr and the colonies on each plate were counted and

recorded. CFU were calculated based on dilution factor of 1000.

2.12 Statistical Analysis

For every experiment, at least three samples were prepared and tested for results. Data were

presented in the format of means =SD (*: P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P <
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0.0001). One-way or two-way analysis of variance (ANOVA) t test was performed for statistical

analysis (GraphPad Prism 8.0.2, GraphPad Software).
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Chapter 3. Results and Discussion

The MXF loaded GelMA NPs were formed following the stepwise procedure shown in Fig. 1A.
To form the GelPatch hydrogel, 3% (w/v) of HAGM and 7% (w/v) of GelMA were dissolved in
DPBS solution containing TEA, VC and Eosin Y as initiators. The formulated prepolymer solution

was then mixed with the MXF loaded GelMA NPs and photopolymerized by exposing to visible

light (Fig. 1B)
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Fig. 1. Synthesis and application of GelPatch adhesive hydrogels loaded with MXF loaded GelMA NPs.
(A) Stepwise schematic of the preparation procedure of MXF loaded GeIMA NPs. (B) Schematic of the
formation and application for MXF loaded GelIMA NPs incorporated GelPatch.
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3.1 Physicochemical characterization of gelatin/GelIMA NPs

Gelatin/GelMA NPs formulations were optimized based on polymer type, concentration and
crosslinker concentration. Solvent desolvation technique is one of the most applied methodology
to form NPs. However, inconsistency in the literatures regarding NPs diameter, PDI and
experimental methods exists [34]. Therefore, one focus of this study was to perform a systematic

study to check for the impact of variables on formed particle size and PDI.

Previous studies have shown that ocular nano delivery systems in the form of suspension, can lead
to improved drug bioavailability with smaller particle sizes within the range of about 10 to 150 nm
[35]. Smaller particle sizes help with enhanced penetration through the tear film and the mucin
layer on the eye. Current strategies based on the use of NPs for drug delivery focuses on NPs
entrapment (chemical and physical) within the matrix of the hydrogel patch, and diffusion (i.e.,
slow release) of hydrophilic drug molecules from the particles to the hydrogel matrix (primary
interface) and from the hydrogel matrix to the outside media (secondary interface). In order to
have better drug eluting effect, a small NP size is desirable. In addition, a small PDI value ensures
that NPs do not aggregate in a solution. Therefore, a particle diameter of 150 to 250 nm and a PDI

value < 0.2, were considered to be within the acceptable range for this study [36].

Four batches of gelatin and/or GeMA NPs based on different polymer concentrations and
molecular weights were prepared. An average size of 158.5 +£15.5 nm, 283.8 +27.5 nm, 205 +3
nm and 232.7 =35 nm were obtained for 5% (w/v) gelatin (5% Gelatin), 5% (w/v) high DM

GelMA (5% H-GelMA), 10% (w/v) high DM GelMA (10% H-GelMA) and 10% (w/v) low DM
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GelMA (10% L-GelMA), respectively (Fig. 2, A and F). The 5% Gelatin batch had significantly
(P < 0.001) smaller particle size compared to the 5% H-GelMA batch. However, the PDI for 5%
Gelatin was 0.28 #0.05, which means that the NP size distribution was within a wide range, which
is undesirable for homogeneous NPs distribution within the polymer matrix and drug release. The
particles formed by using 10% H-GelMA showed a smaller average particle size as compared to
5% H-GelMA (P < 0.05). also, 10% H-GelMA batch had a PDI of 0.156 £0.01, indicating better
uniformity of NP size distribution. The particles formed by using 10% L-GelMA were not ideal in
both size and PDI (0.42 £0.03) (Fig. 2, A and B). Based on the obtained results, we decided to
continue with the formulation of NPs composed of 10% H-GelMA, since the size and PDI fit well

our predefined range.

GA is a chemical crosslinker that we used for the formulation NPs [37]. In this study, the applied
various concentrations of GA ranging from 0.0 to 0.8 %(v/v). The selected GA range is adjusted
relative to the applied concentration of GelMA in the solution [38]. The GelMA concertation was
10% H-GelMA based on the results shown in the previous section. The results showed correlation
between increase in GA concentration from 0 to 0.8% and decrease in average size of the NPs
from 347.8 +£39.9 nm to 166.5 =7.7 nm (Fig. 2, D and G). In details, an increase in GA
concentration from 0.2 to 0.4% resulted a significant (P < 0.001) increase in NPs size from 325.8
+22.2 nm to 208.9 +0.02 nm. Similar correlation was observed with PDI as well (Fig. 2E). An
increase in GA concentration from 0 to 0.4% resulted in decrease in PDI from 0.91 +0.13 t0 0.1
+0.02, respectively (Fig. 2, E and G). However, at GA concentration of 0.8%, an increase in PDI
up to 0.32 was observed. In general, the aldehyde groups of GA interact with the hydroxyl and/or

amine groups of GeIMA molecules and form intermolecular crosslinking within the entangled
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GelMA chains due to the induced desolvation by acetone. We hypothesize that an increase in GA
concentration above 0.4%, apart from increasing the density of crosslinking, also causes
intramolecular crosslinking among particles in the solution which appeared as an increase in PDI.
Based on predefined range for PDI and sizes of the GelMA NPs, GA concentration of 0.4% was

selected to crosslink the NPs.

Surface charge density (zeta potential) of GelMA NPs was measured using a Malvern Panalytical
Zetasizer. The results showed that polymer chain length and/or concentrations of polymer had no
significant impact on overall surface charge density. Measured zeta potential values of formulated

NPs varied between -4.95 mV and -5.56 mV (Fig. 2C).
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hydrodynamic size and (E) PDI of the NPs. (F) Visual comparison among NP solutions made of different
polymer and concentration. G) Visual comparison among NP solutions made of GelMA and various GA

concentrations. Data are reported as means £SD (*: P < 0.05, **: P <0.01, ***: P <0.001, ****. P <

0.0001; n > 3).

3.2 Physicochemical characterization of MXF loaded GelMA NPs

Based on the obtained results from the previous optimization step, we continued with the NPs
formulation composed of 10% of H-GelMA and 0.4%. GA. Previous studies have shown loading
of MXF at the concentration of 1% (w/v) into chitosan-dextran NPs, as an ocular drug delivery
system, increased MXF ocular bioavailability compared to free MXF application [37]. In our study,
different formulations of MXF loaded NPs were prepared based on varying concentration of MXF
from 0.05 to 1% (w/v). Results based on physicochemical characterization showed no significant
difference on size, PDI and zeta potential of different formulations (Fig. 3, A-C). The overall
average size of the NPs varied between 210 to 224 nm. The measured values of PDI varied between
0.17 to 0.22. The average zeta potential remained around -5.00 mV for all the formulations,
indicating that the addition of drug molecule (at its charged state) did not change the surface charge

density of particles.

Encapsulation efficiency of four different formulations based on varying concentration of MXF
from 0.05 to 1% (w/v) was analyzed as descried previously in section 2.6.3. The results showed
that, increasing drug loading decreased the encapsulation efficiency. When the concentration of

drug molecules increases, the number of interacted molecules with the charged GeIMA backbone

24



tends to decrease gradually and maintains at a fixed level after reaching the maximum loading
capacity of NPs. The encapsulation efficiency for the 0.05% (w/v) MXF loaded NPs formulation
was 93.8 +£8.2% which correlated with 0.47 mg/mL of MXF (Fig. 3, D-E). With an increase in
MXF to above 0.5% (w/v), the encapsulation efficiency dropped to an average of 60.79 £2.90%
which correlated with 3.04 mg/mL of MXF (Fig. 3, D-E). Since both batches contain the same
number of NPs, we concluded that most of NPs were loaded with MXF and the maximum loading
capacity was achieved at 0.05% (w/v) of MXF. Considering the minimum inhibitory concentration
(MIC) for MXF is less than 0.25 pg/mL and 1 pg/mL against Staphylococcus aureus and
Pseudomonas aeruginosa, respectively, the formulation loaded with 0.05% (w/v) MXF or above
can be considered as an optimized formulations to deliver the therapeutic level of MXF to the

injured ocular tissue.
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0.0001; n > 3).

3.3 In vitro release studies on MXF loaded NPs and NPs incorporated GelPatch

3.3.1 In vitro cumulative release study on MXF loaded NPs

As explained in section 2.6.4, the in vitro release study was carried out via dialyzing GelMA NPs

suspensions against DPBS. The in vitro release profile of 0.05% (w/v) MXF from GelMA NPs is
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shown in Fig. 4A. This Figure shows that about 32.31 +£2.56% of MXF was released from the NPs
during the first 2 hr. MXF was then slowly released from NPs, reaching to 98.5 £0.59% at day 5.
With the formulations of NPs loaded with 0.25 to 1% (w/v) of MXF, more prominent burst release
was observed as compared with the formulation loaded with 0.05% (w/v) of MXF. During the first
2 hr, a burst release of 44.72 +3.12%, 45.46 +3.68% and 40.53 % 1.25% was observed for
formulations loaded with 0.25%, 0.5% and 1% (w/v) of MXF, respectively. The burst release was
followed by the sustained release of MXF up to 95.52 £1.44%, 97.75 £1.45% and 84.55 +2.16%
on day 14 for the formulations loaded with 0.25%, 0.5% and 1% (w/v) of MXF, respectively. In
general, the results showed that GeIMA NPs loaded with 0.05% (w/v) drug led to a higher burst
release compared to the 0.05% (w/v) MXF. This was primarily due to the existence of non-
entrapped/non-interacted MXF in the formulation and only the fraction of MXF which underwent
the charge-charge interactions showed the sustained release profile. In addition, the hydrophilic
nature of GelMA can facilitate burst release profile via incorporation of water molecules from
surrounding aqueous solution and promote the release of hydrophilic MXF molecules which are

close to the aqueous/polymer interface of NPs [39].

3.3.2 In vitro cumulative release study on NP incorporated GelPatch

GelPatch was introduced as a platform for our ocular drug delivery system. As described in section
2.7, GelPatch is composed of GelMA and HAGM. Based on the *H NMR analysis, the DM of
GelMA was calculated to be 61% using Eg. 1 and the DM of HAGM was calculated to be 11%

using Eq. 2.
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Based on the results from in vitro release of different formulations, we chose the GeIMA NPs
formulation composed of 0.05% (w/v) MXF to be loaded inside the GelPatch as drug delivery
platform in order to obtain slow release of MXF to the ocular tissue upon hydrogel adhesion to the
tissue. As a control group, we applied GelPatch directly loaded with free MXF in order to evaluate
the release profile of our GelMA NPs incorporated GelPatch in the release media (i.e., DPBS).
The control group showed a 74.7 +2.38% burst release of free MXF from the hydrogel patch
within the first 2 hr of incubation. The remaining fraction was released within 24 hr (Fig. 4B).
However, The GelPatch formulation incorporated with MXF loaded GelMA NPs showed a burst
release of around 29.65 £2.65% of MXF during the first 2 hr, and the remaining amount MXF

was slowly released into the surrounding media over a time period of 5 days.

The release data was fitted based on the non-steady state diffusion model which is characterized
by Fick’s second law as described in section 2.8. Fig. 4C shows the cumulative release profile in

the form of fraction of drug released (M¢M.) as the function of square root of time. The diffusion

coefficient D for each GelPatch formulations was calculated based on Fick’s second law and the
slope of the plotted data (Table. 1). The diffusion coefficient for MXF loaded GelMA NPs
incorporated GelPatch is around 1/6 of that for free MXF loaded GelPatch, confirming that the
interactions among drug, NPs and hydrogel network were responsible for the sustained release of
MXF from GelMA NPs incorporated GelPatch. Similar conclusion was also drawn for the release

of methylene blue and caffeine from a supramolecular hydrogel developed previously [31].
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Previous studies on the release of MXF and/or highly hydrophilic, charged, small molecules have
shown fast release kinetics within the first hr of incubation inside the release media [31]. Our result
is the proof of concept that GelPatch matrix as secondary interface can improve the release rate of
a hydrophilic drug molecule, MXF, from the GelMA NPs, as compared to the freely loaded MXF
inside the GelPatch. It is important to note that the conventional ocular antibacterial therapeutics
regimen is based on high dose drug delivery within the first 24 hr, followed by lower dose for at

least one weeks [40]. Therefore, our developed formulation has the release kinetics which fits well

for the ocular therapeutic purposes.
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loaded NPs incorporated GelPatch and free MXF loaded GelPatch. (C) Release kinetics for free MXF
loaded GelPatch and MXF loaded GelMA NPs incorporated GelPatch (fraction of MXF released vs. square

root of time over 5 days.

Table 1. Diffusion coefficients of MXF from free MXF loaded GelPatch and MXF loaded GelMA NPs

incorporated GelPatch

Formulations GelPatch+ GelPatch+
free MXF MXF loaded GNP
Diffusion Coefficient 17.788+1.146 | 3.04940.446
-10
(10 m?s?

3.4 Mechanical characterization of MXF loaded GelMA NPs incorporated GelPatch

3.4.1 Compressive test

Compressive tests were conducted for three GelPatch formulations, GelPatch, GelPatch loaded
with free MXF and MXF loaded GelMA NPs incorporated GelPatch. Fig. 5, A and C show the
compressive modulus of the three hydrogel samples. The loading of free MXF in GelPatch
increased the compressive modulus from 11.26 +2.64 kPa foe pure GelPatch to 28.97 +2.38 kPa
for GelPatch loaded with free MXF. The incorporation of MXF loaded GelMA NPs increased the
compressive modulus of GelPatch more significantly, reaching 40.47 +2.71 kPa. We hypothesize
that the addition of GelMA NPs increased the crosslinking density of the GelPatch formulation,
therefore, compressive modulus was enhanced [41]. Fig. 5B presents the compressive ultimate

stress values. Among three formulations of GelPatch, the batch loaded with free MXF showed
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significantly higher ultimate stress of 701.33 +127.4 kPa. This can be explained by the presence
of MXF aggregation inside the GelPatch. For GelPatch and GelMA NPs incorporated GelPatch,

we obtained an ultimate stress of 276 +£15.52 kPa and 261.54 +153.70 kPa, respectively.

3.4.2 Tensile test

Tensile tests were performed for the three formulations of GelPatch described above. Fig. 5D
demonstrated that the loading of GelMA NPs increased the tensile modulus of GelPatch from
32.92 +3.64 kPato 42.75 £2.03 kPa, which could be attributed to the higher crosslinking density.
Fig. 5, E-F shows the tensile ultimate stress and strain of the hydrogel samples before failure. No
significant difference was observed in the ultimate tensile stress among the three hydrogel

formulations, ranging from 16.85 to 20.36 kPa.

3.4.3 Burst pressure test

Burst pressure tests were conducted to study the hydrogel’s adhesive properties to the tissue (Fig.
5, G-1). Bioadhesive hydrogels have superior ability to seal defect or injured sites on the cornea
[42]. The burst pressure results for GelPatch and free MXF loaded GelPatch were 26.3 +2.3 kPa
and 24.5 £0.3 kPa, respectively, confirming that free MXF did not affect hydrogel’s adhesive
properties. After incorporating GelMA NPs into GelPatch, the burst pressure showed 60% increase
to 40.8 4.2 kPa as compared with GelPatch and free MXF loaded GelPatch. The burst pressure
data for GelMA NPs loaded GelPatch was similar to our previous work on engineering gelatin-

based bioadhesive for sealing ocular injures [43]. The engineered MXF loaded GeIMA NPs
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incorporated GelPatch demonstrated higher burst pressure resistance than commercially available
products such as CoOSEAL and Evicel, which had burst pressure values of 1.6 +0.2 kPa and 1.5 +

0.7 kPa, respectively [43].

3.4.4 Swelling ratio test

Swelling ratios of three GelPatch formulations are reported in Fig. 5H. The GelPatch sample had
an average swelling ratio of 13.05 3.69%. After incorporating GelMA NPs, the average swelling
ratio decreased to 7.72 £2.39%, yet no statistical difference was found. The decrease in swelling
ratio can also be explained by increasing crosslinking density in GelPatch containing GelMA NPs.
Similar trends were reported by Yihu Wang [44]. For ophthalmic applications, a small swelling
ratio of hydrogel is preferred because it can prevent building up of pressure and inflammation at

corneal injury sites [44].
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3.5 In vitro biocompatibility of the MXF loaded GelMA NPs incorporated GelPatch

The viability as well as the metabolic activity of seeded cells on hydrogel samples were
investigated via PrestoBlue and Live/Dead assay at day 1, 3 and 7. These results can be used to
evaluate the biocompatibility of GeIMA NPs incorporated GelPatch. Micrographs of stained cells
derived from Live/Dead assay showed a high viability (> 90%) of cells seeded on either GelPatch
or GelMA NPs incorporated GelPatch at day 1 and 3 which was at the early stage of culture (Fig.
6, A-B). Fluorescent staining F-actin was employed to help visualize the morphology of cells at
day 1 and 3 cultured on GelPatch formulations. From Fig. 6C, micrographs showed that the cells
were able to spread, adhere, extend and proliferate on surfaces of both GelPatch and GelMA NPs
incorporated GelPatch which indicated that GelPatch loaded with NPs had good biocompatibility
for cell adherence and growth. Furthermore, the metabolic activity of cultured hTCEpi cells were
examined through PrestoBlue assay on hydrogel samples. A consistent increase in fluorescence
level over 7 days, without a significant difference to the GelPatch, confirmed the cytocompatibility

of the GeIMA NPs incorporated GelPatch (Fig. 6D).
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enzymatic activity) of cells after 1, 3 and 7 days of post-seeding.

3.6 In vitro antibacterial effect evaluation of GelPatch incorporated with MXF loaded NPs

Antibacterial studies were performed using formulations of MXF loaded GeIMA NPs incorporated
GelPatch and GelPatch. From Fig. 7A, ZOIl was observed around MXF loaded GelMA NPs
incorporated GelPatch for both types of bacteria Staphylococcus aureus (gram-positive) and
Pseudomonas aeruginosa (gram-negative) seeded on agar plates [45]. There was negligible area
of ZOI formed around GelPatch samples, indicating that the GelPatch formulation does not contain
any antibacterial components. The diameters for ZOI formed were measured by digital caliper

every day and reported in Fig. 7, B to C. The ZOI shown against Pseudomonas aeruginosa was
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measured to be more than 30 mm for all measurements over 5 days. This value of ZOI represents
great antimicrobial effect of the MXF loaded GelMA NPs incorporated GelPatch [46]. For the case
of Staphylococcus aureus, the diameter was measured to be more than 28 mm for all measurements
over 5 days. These results demonstrated that the antibiotics, MXF, released from NPs incorporated
in GelPatch had antibacterial effects against both gram-positive and gram-negative bacteria and
the release can last for 5 days. The antimicrobial activity was also verified by counting CFU. CFU
for MXF loaded GelMA NPs incorporated GelPatch placed on agar plates seeded with
Staphylococcus aureus and Pseudomonas aeruginosa were calculated to be 95 +18.38 and 82 +
50.91 (unit: 1x10* CFU/mL), respectively. Around 1/10 of the value obtained for the control group

with GelPatch only samples placed on agar plates.
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Quantitative characterization for ZOI with GelMA NPs incorporated GelPatch placed on agar plates seeded
with Pseudomonas aeruginosa and Staphylococcus aureus bacteria. (D) Quantitative characterization of
CFU concentration for GelPatch with MXF loaded GeIMA NPs placed on agar plates seeded with

Pseudomonas aeruginosa and Staphylococcus aureus bacteria.
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Chapter 4 Conclusion

We have successfully prepared GeIMA NPs by desolvation technique and loaded with MXF,
which is effective against eye diseases caused by bacterial infection. Our optimized MXF loaded
GelMA NPs batches had an average size range of 210-224 nm with high drug encapsulation

efficiency of 93.8%.

A controlled release of MXF from NPs solution and NPs incorporated in GelPatch was observed
following the initial fast release in the in vitro release experiments. MXF loaded GeIMA NPs also
enhanced GelPatch’s mechanical properties such as elastic modulus and burst pressure.
Antibacterial tests revealed that GelPatch with MXF loaded NPs inhibited microbial growth on

agar plates for two different bacteria. ZOl maintained at 28-30 mm over a period of 5 days.

We believe that current results have demonstrated the potential of using antibiotics loaded GeIMA
NPs to treat bacterial infection on eyes. With further studies on ex-vivo characterization and
optimization for pharmacokinetics and pharmacodynamics, the future of translating this

technology into real world biomedical applications is promising.
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