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Abstract

Purpose:
The aim of this thesis was to develop a biodegradable ocular drug delivery system (comprising
contact lenses and conjunctival inserts), with the ability of controlled release of PVA using a physical

crosslinking method.

Methods:

In the first experimental chapter (Chapter 3), a commercially available 3D printer was modified
and the 3D printing process with a gelatin methacrylate (GelMA) biomaterial ink was optimized.
GelMA biomaterial ink was selected as a base material owing to its biocompatibility and demonstrated
high levels of controllability. In the second experimental chapter (Chapter 4), the shape fidelity of the
3D printed contact lenses loaded with polyvinyl alcohol (PVA) as a therapeutic agent was evaluated.
In the third experimental chapter (Chapter 5), a physical crosslinking strategy was evaluated as a
potential modification to prolong the release of PVA from the GelMA network. In the final
experimental chapter (Chapter 6), the degradation mechanism of GelMA-based conjunctival inserts in
the presence of a matrix metalloproteinase enzyme (MMPY) is described, along with its correlation

with the release of PVA.

Results

The results demonstrate that by tuning the printing conditions and ink parameters, soft biomaterials
from a GelMA ink of higher shape fidelity and accuracy can be efficiently printed even on low-cost 3D
printers. Moreover, a fine interplay between the dye concentration (Cpye) and exposure time is key to
effective polymerization and resolution, ensuring successful printing of the hydrogel biomaterials with
higher structural integrity. It is further possible to add PV A to these lenses and the PV A release curves
showed that about 1300 pg of PVA was released over the study duration of 24 hrs. PVA can act as a
viscosity enhancer and protect corneal cells against dry eye related desiccation stress. These results
were confirmed with the help of non-invasive keratograph break-up time measurements on a 3D printed
eyeball model, where 1.4% (w/v) PVA solution displayed significantly higher tear break-up time
compared to a control (p<0.05).

The release rate of PVA from these biomaterials can be controlled by applying short freeze thaw

cycles, which induces formation of crystalline domains in the interpenetrating network. The appearance
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of endothermic peaks at 48 °C and 60 °C in differential scanning calorimetry (DSC) thermograms and
20°-20 peaks in X-ray diffraction (XRD) patterns suggest the formation of these crystalline domains.
The release profiles of the PVA containing hydrogels prove that crystalline domain formation could
support sustained PV A release and control its initial burst release. The release profiles displayed highest
linearity with the Korsmeyer-Peppas model (0.9944<R?<0.9952), indicating that these systems follow

non-Fickian or anomalous transport.

The results from this thesis highlight the versatility of 3D printing to fabricate GelMA-based
conjunctival inserts. There are different factors that influence the MMP-mediated degradation of
GelMA hydrogels, and that the degradation rate is a function of MMP9 enzyme concentration. The 3D
printed GeIMA/PVA inserts formed a semi-interpenetrating network. The results from the
biodegradation study show that about 59.6% and 83.3% of the P-Gel-5% hydrogel was degraded at the
end of 8 hrs and 12 hrs in the presence of 50 pg/ml MMP9 enzyme solution. Similarly, about 47.0%,
50.2% and 81.7% % of the P-Gel-5% hydrogel was degraded at the end of 8 hrs, 12 hrs, and 24 hrs,
respectively, in the presence of 25 ug/ml MMP9 enzyme solution. However, no degradation was
observed in the control group incubated with PBS at the end of the study duration of 24 hrs. The PVA
release graphs demonstrate that 222.7+20.3 ng, 265.5¢27.1 pg and 242.7+30.4 pg of PVA was released
at 25 pg/ml, 50 pg/ml and 100 pg/ml MMP9 enzyme concentrations after 24 hrs. These results suggest
that degradation rate of GelMA is a function of MMP9 enzyme concentration and the PVA release
profiles of these inserts in the presence of different concentrations of MMP9 showed highest linearity

with the Korsmeyer-Peppas model.

Conclusions

This thesis has investigated 3D printed CLs and conjunctival inserts for controlled ocular drug
delivery. Several important findings have been reported, and the shortcomings have been discussed in
this thesis. With the advancements in 3D printing, personalized ophthalmic devices fabricated from 3D

printing could be a commercially viable option, but the cost and transparency need to be considered.
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Chapter 1

Rationale and Objectives

Conventionally, eye drops have been used to administer >90% of eye medications.' There are
several factors such as low bioavailability, low patient compliance, incorrect dose administration, and
repeated daily administration that contribute to the inefficiencies of conventional eye drops.** Contact lens-
based drug delivery is an emerging field in ophthalmology that aims to provide a more effective and
convenient alternative to traditional eye drops. In recent decades, there has been an enormous interest in
using contact lenses as drug delivery devices for treating a variety of ocular diseases. Mathematical model
simulations suggest that roughly 50% of the drugs released from CLs can diffuse into the cornea, resulting
in approximately 35 times greater efficiency compared to delivery by eye drops.* Thus, in theory, CLs can
act as drug reservoirs to release drugs over an extended period of time, resulting in higher drug residence
time and drug penetration into the eye. In addition to increasing the drug penetration into the eye, it is also
important to gain control over the drug release rate from these CLs’ while ensuring that the drug is delivered

at therapeutically effective levels.

While there are different techniques, such as encapsulation, chemical modification of the drug,
hydrophobic/hydrophilic balancing, molecular imprinting, and complexation, reported in the literature
proposed to extend the drug release from contact lenses;®'? they all continue to demonstrate some degree
of burst release, an initial phase of rapid release of drug molecules from the drug loaded contact lenses.
This is an issue as it causes drugs to be released at an uncontrollable rate over the initial few hours, lowering
the therapeutic efficacy and potentially leading to systemic side effects. In addition, these techniques may
also lead to changes in important properties of the contact lenses including transparency, swelling, and

hydrophilicity.

Therefore, an ideal drug delivery system should be able to regulate the drug release rate to maintain
therapeutic levels over an extended period and minimize the burst release, thus improving the safety and
efficacy of the treatment. In this regard, biodegradable polymers can be engineered to degrade over a
specific time frame, allowing for precise control over drug release rates and can be used as a potential
method to deliver ocular drugs. Of note, biodegradable polymers offer several advantages such as
controllable drug release profiles, biocompatible nature, and reduced systemic toxicity, which makes them
valuable in designing drug delivery systems. However, the degradation of biodegradable polymers during

storage is a matter of concern, therefore they could be fabricated using an on-demand approach.



To this end, 3D printing may offer a viable solution, enabling on-demand fabrication of a
biodegradable contact lens system. Moreover, 3D printing offers several advantages such as taking precise
control over object dimensions using computer aided design models and fabricating personalized and
custom-fit CLs for an individual patient.” The customization could be in terms of patient-specific fitting
factors (especially related to diameter or base curve radius), as well as factors related to various drug
concentrations, depending on the ocular condition being treated for an individual. Stereolithography (SLA)-
based 3D printing makes it possible to use different photopolymerizable materials loaded with therapeutics
of interest to fabricate CL with desired functionalities. This technique also offers freedom of design
fabrication, higher resolution, and improved shape fidelity.” As an added benefit, 3D printing can also be
leveraged to incorporate spatial design elements such as drug reservoirs and microfluidic channels to
enhance drug delivery. Interestingly, 3D printing opens new avenues for rapid prototyping of designs,

allowing for quick iteration and prototype development.'®

This leads to the title of this thesis:
‘Development of a 3D printed biodegradable contact lens system for ocular drug delivery’

To this end, the aims and objectives of this thesis are as follows:
1. Optimize 3D printing for gelatin methacrylate biomaterial ink for a low-cost 3D printer.
2. 3D printing of contact lens to release PVA as a therapeutic agent.
3. Controlling the burst release of PVA from GelMA via a physical crosslinking method.
4

3D printing of biodegradable conjunctival inserts for the treatment of dry eyes

In Chapter 3 of this thesis, 3D printing method is optimized, which enables a time-efficient and reliable
determination of printing conditions for complex geometries such as contact lenses using gelatin
methacrylate hydrogel biomaterial ink. The impact of printing direction on the print quality will be also
examined in terms of object/print thickness and aspect ratio. Moreover, the effects of dye concentration,
exposure time, and layer thickness on print quality will be evaluated. Overall, the optimized ink parameters
and print conditions will be for the 3D printing in this thesis. Of note, herein, we aim to print objects using
a vat-based low-cost (~CAS$ 300) commercial 3D printer as opposed to expensive 3D printers available in

the market.

Chapter 4 of this thesis aims to 3D print a prototype contact lens with PVA as a wetting agent. To
evaluate the print quality of the 3D printed CL, circularity will be used to evaluate the shape fidelity in 3D
printing. PVA release from these lenses will be assessed along with its role to act as a viscosity enhancer.

The effect of PVA will be further analysed by a dry eye disease (desiccation stress) cell model and its role



to stabilize the tear film will be studied by using the non-invasive keratograph break-up time measurements

on a 3D printed eyeball model.

Chapter 5 of this thesis aims to control the burst release of PVA by forming a chemical-physical
(double) interpenetrating network. PV A was specifically used as part of these degradable hydrogels because
of its dual nature, to act as a wetting agent as well as its ability to be physically crosslinked using freeze
thaw cycles, forming a drug-loaded interpenetrating network where the unbound PVA acts as ‘drug’. Using
various chemical characterization techniques, this chapter also describes the mechanism of the chemical-
physical interpenetrating network in controlling the release of PVA. The release kinetics will be studied

using various mathematical models.

While contact lenses offer a promising platform for ocular drug delivery, they come with inherent
limitations—they must maintain optical transparency, mechanical strength, oxygen permeability, and
overall comfort to ensure patient safety and wearability. These stringent design requirements can constrain
material choices and drug loading strategies. In contrast, ocular inserts are not subject to the same optical
or mechanical demands, allowing for greater flexibility in material selection and drug release design. This
makes them especially suitable for incorporating biodegradable polymers, which can provide sustained
drug delivery without the need for removal. The concept of biodegradability, therefore, extends naturally
to ocular inserts, where self-degrading materials can enhance patient compliance, reduce intervention, and
improve therapeutic outcomes—supporting the broader objective of developing advanced, low-

maintenance ocular drug delivery systems.

Therefore, Chapter 6 of this thesis focusses on the biodegradable conjunctival inserts. The chapter
dives deeper into the mechanism of degradation of GeIMA based hydrogels by ocular enzymes such as
matrix metalloproteinases and its correlation with the release PVA, which is a well-known wetting agent.
The versatile 3D printing abilities of GeIMA will be used to leveraged to design conjunctival inserts with
higher precision which also overcomes the decrease in transparency caused with addition of PVA to GeIMA
hydrogels. Interestingly, these collagenolytic enzymes are elevated in certain ocular conditions such as dry
eye and can be utilized as a feedback mechanism for regulating the degradation rate of PVA from these

conjunctival inserts.



Chapter 2

General Introduction

2.1 Drug delivery to the eye, challenges and solutions
2.1.1 Anatomy of eye

Eye health and vision have widespread implications in many facets of life and health. The ocular
surface consists of a complex network of ocular tissues including the cornea, conjunctiva, lids, and lacrimal
and secretory system as well as endocrine, nervous, and immune systems that work together to mediate the
function of the tear film.! The tears on the ocular surface are present in three major compartments: the
fornical compartment (between fornix and the retrotarsal space), the tear menisci and the preocular tear
film.> The corneal surface and conjunctival epithelium contains transmembrane mucins’® which are
facilitates the spread of the tears on the ocular surface. These transmembrane mucins are attached to the
microplicae of the epithelial cells and also constitute a line of defense for the epithelial cells against any

infection (Figure 1).*
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Figure 1. Anatomy and physiological barriers in ocular drug delivery®
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2.1.2 Tear Film

The tear film is a thin, multi-layered fluid that coats the surface of the eye, playing a vital role in
maintaining ocular health and clear vision. It is approximately 3 to 10 uL in volume, 3 um thick, and
secreted at a rate of 1 to 2 pL/min.” The tear film acts as a lubricant, reducing friction during blinking, and
provides a smooth, refractive surface for optimal light transmission. Additionally, it protects the eye from
debris and pathogens with its mechanical barrier and antimicrobial properties. The tear film is comprised
of three main layers: an outer lipid layer that is composed of lipids secreted by the meibomian glands, this
layer reduces tear evaporation and provides a smooth surface for light refraction; a middle aqueous layer,
secreted mainly by the lacrimal glands and contains water, electrolytes, proteins (including antimicrobial
agents), and mucins, which provides lubrication, nutrition, and antimicrobial protection; and an inner mucin
layer, composed of membrane-associated mucins produced by corneal and conjunctival epithelial cells and
gel-forming mucins secreted by goblet cells in the conjunctiva, helps the tear film adhere to the hydrophobic

corneal epithelium, creating a hydrophilic interface that allows uniform spreading of the aqueous layer.

In summary, the tear film is essential for maintaining the health, clarity, and overall function of the

eye. Disruptions to the tear film can lead to discomfort, dryness, and an increased risk of infections.?

2.1.3 Conventional eye drops and their disadvantages

Conventionally, eye drops have been used to administer eye medications and they account for
approximately 90% of ophthalmic medications.® Other methods include ointments, gels, intraocular and
periocular injections, implants and inserts, contact lenses, punctal plugs, and systemic medications.
However, several factors such as low bioavailability, low patient compliance, incorrect dose administration,
repeated daily administration and many more contribute to the inefficiencies of conventional eye drops.’
The low bioavailability is exacerbated by tear dilution, reflex tearing, reflex blinking, and unidirectional
drainage of fluid through the nasolacrimal duct.'® Despite high drug concentrations for short periods in the
eye, a considerable portion of the drug is removed through the vascularized conjunctiva, further decreasing
corneal bioavailability.!' Apart from the higher permeability of the conjunctiva compared to cornea, the
conjunctival area is 16-18 times larger than the corneal area, leading to more drug flux into the conjunctiva
than the cornea.'? Also, the short tear film residence time (about 2-3 min) necessitates for a recurrent dosing
regimen.'? However, sustained drug concentrations cannot be maintained on the ocular surface by frequent
use of eye drops.'® Additionally, the toxicity concerns pertaining to the target tissue need to be factored in
while determining the maximum drug exposure from a single drop.'' The volume discrepancy between an
eye drop (about 30 uL) and the tear film (about 7 puL) results in low residence time of the eye drops, leads

to a rapid drainage of the drugs from the eye, and is another reason for low corneal bioavailability (less than



5%) of the administered drug.'" All these factors lead to daily multiple instillations of drops throughout the

day for treating various eye diseases, leading to poor patient compliance.

2.1.4 Contact lenses and drug delivery

Drug loading Drug release

Figure 2. Concept of drug eluting contact lenses'

Presently, innovation and research are steered towards simplifying the treatment regimen and
reducing the frequency of drop administration. An ideal ocular drug delivery system should overcome the
limitations of conventional eye drops and maintain appropriate pharmacokinetics.'> Moreover, it should be
bestowed with properties such as good comfort, biocompatibility, easy administration, and no adverse
effects on normal eye functions like blinking or vision.'? In recent decades, there has been an enormous
interest in using CLs as drug delivery devices for treating a variety of ocular diseases (Figure 2). There are
over 150 million CL wearers in the world'* and the global CL market is expected to rise to over 19 billion
US dollars by 2024." In contrast to eye drops that get rapidly removed from the eye, drugs released from
CLs into the post-lens tear film avoid ocular removal mechanisms such as blinking, tear dilution and
drainage. Using a mathematical model, it has also been postulated that, with contact lenses, nearly 50% of
a drug would be absorbed by the cornea.'® Therefore, drug delivery using CLs results in higher drug

residence time and drug penetration into the eye in comparison to traditional drop formulations.

Despite the encouraging outcomes, wearing contact lenses presents inherent drawbacks, including dry
eye syndrome and discomfort.'”" Reportedly, wearing of contact lenses disrupts the physiological process
of natural blinking, consequently impeding the effective preservation of moisture on the corneal surface
and contributing to accelerated tear film evaporation.*' CL wear is also associated with a decrease in tear
film stability and tear volume as well as increased friction between the lens and the lid wiper and lens edge
and the bulbar conjunctiva.” Also, the tear evaporation rates are higher with the use of CLs, potentially

leading to greater CL discomfort (Figure 3).%°
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Figure 3. Schematic display of tear evaporation in the pathogenesis of dry eye disease.'

2.1.5 Strategies to treat dry eye (Tear Film Oriented Dry Eye Therapy)

Dry Eye Disease is a multifactorial ocular surface disorder characterized by tear film instability
and ocular surface inflammation. Dry eye treatment involves identifying a correct treatment strategy based
on where the abnormality relating to dry eye is in the tear film and epithelium, with this concept being

termed “tear film-oriented therapy” (Figure 4).%

Figure 4 outlines a scientific framework for the classification and function of tear substitutes in the
management of dry eye disease (DED). Tear substitutes are categorized into three primary groups based on
their therapeutic roles: wetting/lubricating agents, multiple-action tear substitutes, and ocular surface
modulators. These categories align with specific pathophysiological features of DED, including tear film
instability (due to increased evaporation, aqueous deficiency, and decreased wettability), tear film
hyperosmolarity, ocular surface cell apoptosis, and ocular inflammation. Corresponding classes of active
ingredients are employed to address these conditions. For instance, oily agents stabilize the lipid layer to
reduce evaporation, viscosity-enhancing agents and electrolytes support the aqueous layer, and osmo-

protectants like trehalose and L-carnitine mitigate cellular stress. Additionally, antioxidants, cytoprotective



agents, wound-healing promoters, and anti-inflammatory compounds help restore ocular surface integrity
and function. The image also connects these ingredients to the layered architecture of the tear film—Iipid,

aqueous, and mucin layers—highlighting the importance of a targeted, multi-mechanistic approach in DED

therapy.

Current strategies to treat dry eye include the use of artificial tears, aqueous secretagogues, mucin
secretagogues, and anti-inflammatory drugs.® Of these, treatments involving the use of artificial tears is
most commonly used. Artificial tear supplements often use viscosity-building macromolecules such as
polyvinyl alcohol, sodium hyaluronate, carbomers, and natural gums to prolong the symptomatic relief

provided by eye drops.*

Category of Targeted DED Signs Category of Ingredients Tear film
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Figure 4. Active agents used for tear film oriented therapy for dry eye disease (ADDE = Aqueous

Deficiency Dry Eye; CEs = Cationic emulsions; CMC = Carboxymethylcellulose; EDE = Evaporative Dry
Eye; HA = Hyaluronic acid; HMW = high molecular weight; HP-guar = hydroxypropyl guar).**

In addition, the viscosity building macromolecules also form a protective layer over the ocular
surface, thereby reducing ocular surface desiccation. These viscosity enhancing agents are efficient at
replenishing and stabilizing the aqueous layer in the tear film. Artificial tear solutions containing viscosity

enhancing agents and electrolytes mimics the composition of the natural aqueous layer and are classified



as wetting agents.”**> However, the major drawback of viscous solutions is that they can cause an initial
blurring of vision upon instillation. In the case of the abnormality in the lipid layer, the use of oily agents
and surfactants could be beneficial®® or osmo-protectants could be used to counteract the hyperosmolarity
of the tear film.>* Such tear substitutes can be considered as ‘multi-action tear substitutes’ as they perform
more than one action, apart from replenishing the aqueous layer of the tear film. Another class of tear
substitutes include antioxidants, cationic emulsions, and hyaluronic acid, which can be considered as ocular
surface modulators. These chemical components can prevent cell apoptosis caused by oxidative stress,
reduce expression and secretion of pro-inflammatory factors, thus reducing the ocular inflammation and

promote wound healing.**

2.1.6 Treating dry eyes with lubricating agent releasing CLs

CLs have been studied for the topical delivery of various therapeutic agents such as ocular
lubricants (polyvinyl pyrrolidone, hyaluronic acid, hydroxy propyl methylcellulose), cyclosporine A and
dexamethasone, antibiotics, antifungals, antivirals, corticosteroids, and antiglaucoma agents.27 Soft CLs can
be impregnated with internal wetting agents to reduce the discomfort associated with CL wear.”® For
instance, incorporation of hyaluronic acid into silicone hydrogel CLs increases their hydrophilicity and
equilibrium water content without affecting their transparency.”’ The incorporation of these internal wetting
agents can be confirmed by attenuated total reflectance, Fourier transform infrared spectroscopy, confocal
laser scanning microscopy and X-ray photoelectron spectroscopy.”® An inherent PVA releasing CL material
is commercially available, nelfilcon A (Alcon, Ft Worth, TX), which releases PVA from the lenses due to
the natural blinking action of the eye, and which has been shown to stabilize the tear film while improving
comfort towards the end of the day.’**' Additionally, the blister pack solution of this lens contains other
moisturizing agents that are added during the packaging process (hydroxypropyl methylcellulose and
polyethylene glycol) and PVA, which is released from the lens material due to simple diffusion when in the

blister pack.

While PVA is a well-recognized ophthalmic demulcent used for the management of DED, it is one
of many lubricating agents approved under section 349.12 of the FDA monograph for ophthalmic drug
products. This regulation outlines several classes of active ingredients that function as demulcents—
substances that soothe and protect the ocular surface by forming a lubricating film. Cellulose derivatives,
such as carboxymethylcellulose sodium (CMC), hydroxyethyl cellulose, hypromellose, and
methylcellulose (all in the 0.2-2.5% range), are among the most commonly used agents due to their high

viscosity, prolonged ocular retention, and mucoadhesive properties. Dextran 70 (at 0.1%) is often used in



combination with other polymers to enhance tear film stability. Gelatin (0.01%) has limited use but can
provide viscosity enhancement. Polyols such as glycerin, polyethylene glycols (300 and 400), polysorbate
80, and propylene glycol (each 0.2—1%) act as humectants and moisture retainers, offering relief from
dryness and discomfort. Povidone (0.1-2%) provides surface coating properties, mimicking mucin and
stabilizing the tear film. Together, these agents represent a broad pharmacological toolkit for formulating
artificial tears that cater to the diverse etiologies and severities of DED, each contributing uniquely to tear

film stability, retention, and ocular surface protection. 32
2.2 Polyvinyl alcohol (PVA)

2.2.1 Polymers for (ophthalmic) drug delivery

In ocular drug delivery, polymers are a key component of the formulation toolbox and can
overcome the challenge of rapid clearance from the eye by prolonging the residence time of the drug in the
cornea and the conjunctival epithelium.*> They can be used to address the formulation challenges and
improve drug retention, along with several other benefits such as inhibiting crystallization, acting as
solubilizers, serving as lubricants, and stabilizing the formulation. The main categories of polymers that
could be used for ophthalmic formulations come from natural, semi-synthetic and synthetic origins. As
such, natural polymers lack batch-to-batch consistency, which is a key component of any pharmaceutical
formulation. Moreover, controlling the microbial load in such polymers can be challenging. Examples of
these polymers include guar gum, gellan, and hyaluronic acid. Similarly, semi-synthetic polymers which
include carboxymethyl cellulose, hydroxypropyl methylcellulose, and hydroxyethyl cellulose suffer from
problems such as high batch-to-batch variability. However, synthetic polymers which include PVA,

carbomers, and polyvinyl pyrrolidone offer a narrow range of viscosity and high reproducibility.

2.2.2 PVA for biomedical (ocular) applications

PVA is a biocompatible synthetic polymer which is formed by polymerization of vinyl acetate and
partial hydrolysis of the resulting esterified polymer. It has been used for decades in various biomedical

applications (Figure 5).
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PVA exhibits excellent biocompatibility with ocular tissues, minimizing the risk of irritation,
inflammation, or other adverse reactions. This biocompatibility stems from PVA’s hydrophilic nature and
resistance to protein adsorption, reducing the likelihood of triggering immune responses.*® The mechanical
properties of PVA hydrogels can be readily tailored by adjusting parameters like polymer concentration,
molecular weight, and crosslink density. This tunability allows for the creation of hydrogels with desired
mechanical strength, stiffness, and degradation rates, enabling customized drug release profiles and
residence times within the eye. PVA hydrogels can be engineered to provide sustained drug release, a
significant advantage over conventional eye drops that suffer from rapid drainage and clearance. This

sustained release characteristic is achievable through various mechanisms, including diffusion-controlled
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release from the hydrogel matrix, degradation-mediated release, or a combination of both.”” The inherent
transparency of PVA hydrogels makes them ideal for ocular applications, as they do not interfere with

vision.

2.2.3 Freeze thawed PV A hydrogels for biomedical applications

Freeze-thawed PVA hydrogels are a subset of biomaterials, particularly appealing for their
biocompatibility and diverse applications in the biomedicine.*® These hydrogels are formed through a
cyclical process of freezing and thawing aqueous PVA solutions. This process leverages the inherent
properties of PVA, inducing the formation of crystalline junctions between the polymer chains through
hydrogen bonding. These junctions act as physical crosslinks, leading to the development of a three-
dimensional network structure. The beauty of this technique lies in its simplicity and controllability. By
adjusting parameters such as the concentration of the PV A solution, the molecular weight of the PVA used,
and the number of freeze-thaw cycles employed, the properties of the resulting hydrogel can be tailored.
For instance, increasing the PVA concentration generally leads to a hydrogel with higher mechanical
strength and a denser network.* Similarly, a higher number of freeze-thaw cycles can result in smaller pore
sizes within the hydrogel.*®

These tunable properties make freeze-thawed PVA hydrogels incredibly versatile for various
biomedical applications. Their high-water content mimics the natural environment of many tissues, while
their biocompatibility minimizes adverse reactions. These characteristics, combined with their controllable
degradation rates, make them ideal candidates for drug delivery systems, where the hydrogel can act as a

carrier, gradually releasing the drug over time (Figure 6).
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Figure 6. Strategy for using freeze-thawed PV A hydrogels for drug delivery.

The porous nature of these hydrogels allows for cell infiltration and nutrient diffusion, making them suitable
for wound healing applications. The hydrogel can provide a moist environment conducive to tissue
regeneration, while protecting the wound site. In the realm of tissue engineering, freeze-thawed PVA
hydrogels have shown promise as scaffolds for cartilage regeneration. Their mechanical properties can be

tailored to match that of natural cartilage, providing structural support while allowing for cell growth and

differentiation.’**®
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2.2.4 PVA Selection/Grades and role of PVA as a viscosity enhancer/lubricating agent

PVA is generally recognized as safe by the US Food and Drug Administration.” In ophthalmic
formulations, PVA offers several benefits, such as a precise range of viscosity, which can be used on the
ocular surface. Interestingly, PVA forms transparent solutions along with higher precorneal residence
time*’, which are two of the key parameters for ophthalmic formulations. Importantly, it also inhibits
crystallization, thus helping to retain the solubility of various pharmaceutical ingredients in dosage forms.
PVA is an approved over-the-counter ophthalmic demulcent at concentrations of 0.1% to 4% as indicated
by the 21 Code of Federal Regulations (CFR) section 349.12.%

PVA is available in a variety of grades, based on parameters such as viscosity, size of polymer
chains, and degree of hydrolysis. Another important consideration when using PVA is the purity because
of the possible presence of crotonaldehyde, an impurity generated during its synthesis. Owing to the strict
regulatory requirements in the medical devices segment, it is critical to select the right polymer. There are
different grades of PVA available in the market and the choice is a key parameter in controlling the final
product performance in terms of desired physicochemical properties. For instance, low viscosity grades
could be used for lubricant activity and a higher viscosity grade PVA is more suitable as a viscosity
enhancer. Similarly, PVA is also available in different hydrolysis grades, which refer to the amount of
unhydrolyzed acetate groups in the polymer chains. Higher hydrolysis grades of PVA can improve the
mechanical and tensile strength of the hydrogels via H-bonds, however, lower hydrolysis grades might help
in the delivery of poorly water-soluble drugs.*’

PVA was first used in the field of ophthalmics in the 1960s to increase solution viscosity and
prolong the precorneal residence time.*' Owing to its excellent lubricating properties, PVA is a promising
candidate for lubricating eye drops. Generally, lubricant drops to treat moderate dry eye such as Refresh™

and Liquifilm™ (Allergan, Irvine, CA) contain approximately 1.4% PVA.*

2.3 Biodegradable polymers

2.3.1 Biodegradable polymers in Biomedical and Ocular applications

Owing to their biocompatible nature, both synthetic and naturally occurring biodegradable
polymers have been used for a plethora of biomedical applications, including: tissue engineering,*

45,46

regenerative medicine,** 3D bioprinting,**® and drug delivery.*’

Biodegradable polymers have gained significant attention for 3D printing of ocular drug delivery
systems due to their ability to provide controlled degradation, biocompatibility, and structural versatility.

Among these, poly(lactic-co-glycolic acid) (PLGA) is widely used owing to its FDA approval, tunable
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degradation rates, and capacity to encapsulate both hydrophilic and hydrophobic drugs.*® Polycaprolactone
(PCL), with its slower degradation profile, is suited for long-term implants and has been used in scaffolds
for ocular tissue engineering.” Polylactic acid (PLA) offers good mechanical properties and is often
blended with other polymers to optimize printability and degradation kinetics. Natural polymers like
gelatin, chitosan, and hyaluronic acid are also integrated into 3D printing inks for their mucoadhesive and
bioactive properties, supporting corneal epithelial regeneration and anti-inflammatory effects.* PVA, while
synthetically derived, is water-soluble and biodegradable under certain conditions, and has been employed
in contact lens matrices for sustained drug release. These polymers can be tailored in formulation and
printing parameters (e.g., fused deposition modelling, inkjet, or stereolithography) to produce customized
ocular inserts, microneedles, or lens-based systems, enhancing therapeutic precision for dry eye and other

ocular conditions.

Drug release from polymers can be exercised either via temporal or distribution control. In
temporal control, the drug is released over an extended period and is favorable for drugs that are quickly
metabolized and eliminated from the body after administration, whereas distribution control over the drug

release allows the drug to be precisely delivered to its molecular site of action.’!

The use of biodegradable polymers for drug delivery provides a more predictable drug release
profile, in which the drug release rate can be proportional to the degradation of the material. Drug delivery
systems utilizing biodegradable polymers offer a significant advantage due to their inherent ability to break
down into non-toxic byproducts within the body. This biodegradability ensures that the drug carrier itself
does not accumulate and pose long-term risks, enhancing the safety profile of the treatment. As the polymer
degrades, it releases the therapeutic agent in a controlled manner, potentially allowing for sustained drug
release and targeted delivery to specific sites. This controlled degradation, coupled with the
biocompatibility of the resulting byproducts, makes biodegradable polymers a valuable tool in developing

safer and more effective drug delivery strategies (Figure 7).
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Depending on the intended use, different products may require different stability or degradation
properties.”® For instance, in the case of chronic implantable biomedical devices, the polymers must be
stable in biological environments for the device to perform its optimal function for a specified time period,
which could last for few years. Contrary to this, the degradation time for polymers used to design tissue
engineering scaffolds should be comparable to the tissue healing process, which could last from a few
weeks to months. Similarly, the optimal degradation time frame for polymers used in drug delivery
applications may range from a few hours to a few weeks. Several factors can control the rate of degradation
of polymeric biomaterials, such as crosslink density, degree of substitution, and the presence or absence of
pendant groups. However, when hydrolysis of the polymer reaches a critical point, there might be a burst
phase. For ocular drug delivery, the degradation of the polymers should not cloud vision. Potentially, the
drug release profile should display a linear zero order release kinetics, wherein drug release is constant per

unit of time.>*

2.3.2 Gelatin methacrylate (GeIMA) hydrogels

Gelatin-based hydrogels are biodegradable, non-toxic, and biocompatible in nature and one of the
most utilized polymers in biomedical applications. Gelatin hydrogels can be physically, chemically, or
enzymatically crosslinked and are widely used in drug delivery.” Gelatin derivatives, in particular, GeIMA

hydrogels, are attractive candidates for biomedical use due to their outstanding biocompatibility*® and can
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easily form a 3D network via physical or chemical crosslinking.”> GelMA is derived from gelatin and has
methacrylate anhydride substituted with the free amine groups of gelatin. GelMA has integrin recognition
RGD motifs along its backbone, which are important for effective crosstalk of biomaterials with cells.’”
GelMA hydrogels possess excellent biocompatibility, tunable mechanical properties, and can be
easily modified for various applications, including drug delivery and tissue engineering, and a variety of
biomedical applications. Of note, the photo crosslinking method used to crosslink GeIMA can be performed
in mild crosslinking conditions (room temperature, neutral pH, in aqueous environments, etc.), with a short
reaction time and low cytotoxicity.’®® Interestingly, GelMA hydrogels can be used for 2D cell seeding™
and 3D cell encapsulation.® Additionally, the degree of crosslinking can be tuned to control the stiffness

of the GelMA hydrogel (Figure 8).
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Figure 8. Factors affecting different properties of GeIMA hydrogels.®'
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However, their poor mechanical strength limits their applications as medical devices such as CLs
for drug delivery. Therefore, to overcome this problem, a GeIMA hydrogel can be combined with other
photopolymerizable  polymers such as polyethylene glycol diacrylate (PEGDA) and
hydroxyethyl(methacrylate) (HEMA). Interestingly, GelMA degrades in the presence of collagenases or

matrix metalloproteinases (MMPs) enzymes, which are found on the ocular surface.*?

2.3.3 Enzymatic degradation of GelMA; Matrix metalloproteinases (MMPs) enzymes

MMPs belong to a large family of zinc-dependent endopeptidases. Their primary role is to break
down various components of the extracellular matrix, the structural framework surrounding cells.* Based
on the substrate preference and domain organization, MMPs are grouped membrane-type MMPs,
collagenases, gelatinases, and stromelysins.** Despite variations in domain organization among MMP
subgroups, several key domains are highly conserved. These domains, arranged from the N-terminal to the
C-terminal end, typically include a pro-peptide, a catalytic domain, a linker region of variable length, and
a hemopexin-like domain.®* MMPs are essential for tissue remodeling, wound healing, cell migration, and
other biological processes. Interestingly, MMPs are also linked to the pathophysiology of various diseases

affecting the ocular surface.®

2.3.4 Role of MMPs in Biodegradation of Gelatin Methacrylate Hydrogels

There are different factors that influence the MMP-mediated degradation of GeIMA hydrogels.
Different MMPs have varying affinities for GeIMA and degrade it at different rates. Moreover, the
concentration of specific MMPs in the surrounding environment influences the degradation kinetics. As
enzymes move through the polymer matrix, they break down cross-links, effectively reducing the cross-
link density (p(7,t)). This reduction leads to an expansion of the polymer mesh. Eventually, the degradation
process reaches a critical point known as the reverse gelation point, defined by p(r.,t)=p.. At the reverse
gelation point, the polymer undergoes a drastic shift in its structural integrity. The connectivity of the
network declines sharply, causing a transition from a gel-like state to a more fluid-like state. The critical
cross-link density (p.) represents the minimum number of cross-links required to maintain the structural
integrity of the polymer network. It is often determined by the ratio 1/, where f§ represents the minimum
network connections needed for structural integrity. Given an initial cross-link density of po in the non-

degraded state, pc can be expressed as pc=po/f. The interplay between enzyme diffusion and the subsequent
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polymer degradation can be movement of enzymes, while enzyme-mediated kinetics describe the

degradation of the polymer (Figure 9).%
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Figure 9. Schematic illustration of enzyme diffusion and degradation reaction in the biodegradable
polymer. The evolution of polymer cross-link density p (p. corresponds to reverse gelation) and enzyme
concentration (c) are illustrated. The highlighted parameters f (network connectivity), k (reaction rate
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constant for degradation ), ¢ (enzyme source concentration), and Ds (enzyme diffusivity in the polymer
mesh) are the key features of the model.®

Interestingly, GeIMA properties such as degree of methacrylation, crosslinking density, and
environmental factors including pH, temperature, and the presence of MMP inhibitors or activators can all
modulate the degradation process. By incorporating MMP-cleavable peptides into GeIMA hydrogels, drug
release can be coupled to the presence and activity of MMPs. This is particularly useful for targeted drug
delivery to sites of disease or injury where MMPs are upregulated. MMP-mediated degradation also allows
GelMA hydrogels to break down in a manner that mimics natural ECM turnover, promoting tissue
regeneration and integration. For instance, GelMA hydrogels have been designed to be degraded by MMPs
and show promise for wound healing applications. The MMP-cleavable linkages in these hydrogels can be
used to control the release of growth factors that promote tissue repair. As MMPs are naturally upregulated
during wound healing, the hydrogel degrades in sync with the healing process, providing temporary support
and gradually giving way to new tissue. Understanding the interplay between MMPs and GelMA
degradation is crucial for designing biomaterials with tailored degradation profiles for drug delivery, tissue

engineering, and other biomedical applications.

2.3.5 MMP-Mediated Degradation of GeIlMA Hydrogels: A Mechanistic Perspective

While GelMA is derived from denatured collagen (gelatin), it retains a significant portion of the
native collagen’s amino acid sequence, particularly within the triple-helical region. This makes it
susceptible to hydrolysis by MMPs exhibiting collagenolytic activity. MMPs, particularly MMP-2
(gelatinase A) and MMP-9 (gelatinase B), recognize specific amino acid motifs within the gelatin backbone.
These motifs often involve glycine residues in the P1’ position and hydrophobic amino acids in the P2’ and
P3' positions. The canonical cleavage site for MMP-2 and MMP-9 in collagen is Gly-Ile/Leu-Gly, but these
enzymes can also cleave at other Gly-X-Y sequences within GeIMA. These two MMPs, known as
gelatinases, exhibit particularly high activity towards gelatin and GelMA. They cleave peptide bonds
adjacent to glycine residues, which are abundant in gelatin. While collagenases and gelatinases are key,
other MMPs, like MMP-1, MMP-3, and MMP-7, can also contribute to GelMA degradation, although at
slower rates. Interestingly, MMP enzymes are also found on the ocular surface and their levels are elevated
in certain ocular conditions such as corneal wound healing, ulceration, and uveitis and they show
collagenolytic activity.” Research suggest that MMP-9 is elevated in the tears of dry eye patients.®**’ The
gelatinase MMP9 enzyme cleaves collagen chains a1(V) and a(XI) between Gly-439 and Val-440 and the
02(V) chain between Gly-445 and Leu-446.""!
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The MMP-mediated degradation process occurs in following steps:

1. Diffusion: MMPs from the surrounding environment or secreted by encapsulated cells diffuse into
the GeIMA hydrogel.

2. Cleavage Site Recognition: MMPs recognize and bind to specific amino acid sequences within
the gelatin chains.

3. Hydrolysis: The enzyme’s catalytic domain, containing a zinc ion, facilitates the hydrolysis of
peptide bonds at the cleavage site.

4. Fragmentation: The gelatin chains are broken down into smaller peptides and amino acids.

5. Erosion and Dissolution: As degradation progresses, the hydrogel network weakens, leading to

erosion and eventual dissolution of the material.

Additionally, there are some structural features of GelMA that influence the degradation rate.
Degree of methacrylation, a critical parameter in GelMA synthesis, can significantly influence MMP-
mediated degradation. Higher methacrylation degrees can mask MMP cleavage sites, hindering enzyme
access, leading to slower degradation kinetics. Conversely, lower methacrylation degrees expose more
cleavage sites, rendering the hydrogel more susceptible to enzymatic degradation. Similarly, lower
crosslinking density allows for easier diffusion of MMPs into the hydrogel and faster degradation whereas
higher density creates a tighter network that restricts MMP movement and slows down degradation.
Additionally, the pore size of the GeIMA hydrogel influences the diffusion of both MMPs and the cleaved
degradation products. Larger pore sizes and higher pore interconnectivity allow for more rapid enzyme
diffusion and product removal, accelerating the overall degradation process. The degree of crystallinity
within the GeIMA network is another factor that can also impact the degradation rates. Crystalline regions,
characterized by tightly packed polymer chains, hinder enzyme access and slow down degradation.
Conversely, amorphous regions, with their more loosely arranged chains, are more susceptible to enzymatic
attack. Understanding the intricacies of MMP-mediated GelMA degradation allows for the rational design
of hydrogels with tailored degradation profiles for a wide range of biomedical applications. Different

characterization techniques can be used to study MMP-mediated GelMA degradation:

® Zymography: This technique allows for the visualization and quantification of MMP activity
within or surrounding the GelMA hydrogel. By analyzing the characteristic banding patterns on

zymograms, the presence and activity of specific MMPs involved in degradation can be assessed.”

® Mass Spectrometry: Mass spectrometry techniques can be employed to identify and quantify the
specific degradation products generated during MMP-mediated hydrolysis of GelMA. This
provides insights into the cleavage sites targeted by MMPs and the kinetics of degradation.”
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® Rheology: Rheological measurements can be used to monitor changes in the viscoelastic properties
of GeIMA hydrogels during enzymatic degradation. As MMPs cleave the gelatin backbone, the

hydrogel’s storage modulus and loss modulus decrease, reflecting the loss of structural integrity.”

e SEM: SEM primarily provides qualitative information about the hydrogel’s morphology.
However, it cannot directly quantify the extent of hydrogel degradation. SEM is most useful for
comparing the microstructure of hydrogels at different time points during degradation. By imaging

samples at regular intervals, the degradation of the hydrogel’s microstructure can be tracked.”

As previously mentioned, CLs have been proposed as ocular drug delivery devices to treat various
ocular conditions.”® Commercialization of the first contact lens for drug delivery has recently (March 2021)
been achieved by Johnson & Johnson (Acuvue Theravision™), which delivers ketotifen to treat ocular
allergies. Of note, an ideal ocular drug delivery system should overcome the limitations of conventional
eye drops, such as low bioavailability, while maintaining appropriate pharmacokinetics.” Unlike eye drops,
drugs released from CLs remain within the post-lens tear film, evading ocular removal mechanisms such
as blinking, tear dilution and drainage. Therefore, drug delivery using CLs results in higher drug residence
time and drug penetration into the eye compared to traditional drop formulations. However, a central
concern in ocular drug delivery is to deliver the drugs in a sustained and prolonged manner and CLs often
suffer from problems such as low drug absorption and high burst release. Some techniques used for
sustained drug release, which include the inclusion of nanoparticles, liposomes, and vitamin E coatings,”’
have been proposed to deliver drugs from CLs. Even though these techniques show some degree of
sustained drug release, they still exhibit a pattern of significant burst release.” This is an issue because it
causes drugs to be released at an uncontrollable rate over the initial few hours of wear, decreasing the
therapeutic effect of the drug after 5-6 hours of use and raises safety concerns due to potential excessive
release and subsequent toxicity to the ocular surface. In this regard, biodegradable polymers for fabricating
a drug delivery system can help us to build up on the science of controlled drug delivery and have an even
greater impact on the healthcare sector.*” According to International Union of Pure and Applied Chemistry,
‘degradable polymers’ are the ones that can undergo in vivo degradation resulting solely from hydrolysis
by the water present in tissues and organs, referred to as hydrolysis or hydrolytic degradation.” The

following is the structural classification of polymeric devices for sustained release:*
® Monolithic type, in which there is homogeneous mixture of drug and polymers.
® Binding type, where polymer binds to drugs through chemical or ionic binds.

® Reservoir type, where drugs are stored within polymers.
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In case of polymer erosion, a water insoluble material is converted to a water-soluble material.

There are three different types of polymer erosion processes:**

® Type I erosion: Type | erosion occurs by the cleavage of the water-soluble backbone when
crosslinked networks of water-soluble macromolecules are placed in the aqueous environments. In
such hydrogel systems, the water solubility of the incorporated drug becomes an important factor.

These polymers are mainly used to deliver drugs. For example, polyacrylamides, PVA, and PVP.

® Type Il erosion: In type Il erosion, water-insoluble macromolecules are converted to water-soluble
macromolecules by hydrolysis, ionization, or protonation of pendant groups. However, no
backbone cleavage occurs in this case and such materials are useful in topical applications. For

example, alkyl monoesters of poly (vinyl methyl ester/maleic anhydride).

® Type III erosion: In this type of erosion, conversion of high molecular weight water insoluble
macromolecules takes place into water-soluble molecules by a hydrolytic cleavage of labile bonds
in the polymer backbone. Such systems are used for administering drugs to intramuscular,
subcutaneous, or intraperitoneal implantation sites where the degradation products should be non-
toxic. The polymers that undergo type I1I erosion include polylactic acid, polyglycolide, poly lactic-

co-glycolic acid.

2.3.6 3D printed biodegradable CLs for ocular drug delivery

Although biodegradable polymers such as GeIMA have benefits in ocular drug delivery, the main
challenge is that they degrade in storage, so they must either be stored in a dried form or fabricated on-
demand. To this end, 3D printing may offer a viable solution, enabling on-demand fabrication of contact
lens and ocular inserts that could also be customized for an individual patient. Commercial CLs are
manufactured via mainly molding methods, and to a lesser extent by spin-casting and lathe machining.
However, this large-scale fabrication makes it unsuitable for customization to meet the needs of an
individual patient, an approach towards so-called “personalized medicine”. This customization could relate
to patient-specific fitting factors (especially related to diameter or base curve radius), as well as factors
related to various drug concentrations, depending on the ocular condition being treated for an individual.
For example, a patient with severe dry eye due to autoimmune disease (e.g., Sjogren’s syndrome) may
require a higher concentration and longer duration of anti-inflammatory drug release compared to someone
with mild, environmentally induced dry eye. Similarly, post-surgical patients might need short-term, high-
dose corticosteroid delivery, whereas chronic dry eye patients may benefit from low-dose, sustained

immunomodulators like cyclosporine. These scenarios illustrate how drug type, concentration, and release
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duration should be tailored to the underlying condition and disease severity. However, realizing
personalized medicine also presents challenges. Key barriers include the lack of quantitative biomarkers to
guide dosing and the variability in patient response. While MMP9 levels offer some diagnostic value, they
are typically measured qualitatively. Determining patient-specific dosage would require
integrating biomarker data into predictive models. Until such tools are available, a stratified approach,
where inserts are tailored to disease severity (e.g., mild, moderate, severe), may offer a practical path

forward.

Current treatments, such as eye drops, are often limited not by the drug itself, but by inefficient
delivery, including low bioavailability, short residence time, and frequent dosing requirements. These
challenges reduce therapeutic effectiveness and patient adherence. By improving retention and release
control, drug-eluting inserts or lenses can overcome many of these limitations—highlighting that
the delivery method, rather than the drug, is often the key barrier in current treatment strategies. These
challenges highlight the need for fabrication strategies that ensure both long-term drug stability and patient-

specific customization.

Another important consideration is that the storage conditions of drug-eluting contact lenses can
impact drug stability, potentially altering the release profile and therapeutic performance. This may result
in variability in both the amount and rate of drug released, depending on the time elapsed since
manufacturing. To address this, a fabrication method that enables patient-specific, on-demand production—
inspired by the concept of “just-in-time” manufacturing—would be advantageous. In this regard, additive
manufacturing (3D printing) offers a superior alternative for producing customized and smart contact
lenses, with the flexibility to adjust both physical and pharmacological properties at the point of care.®' This
method used computer aided design (CAD) and offers high accuracy and facile control object dimensions.
As an added benefit, 3D printing can also be leveraged to incorporate spatial design elements such as drug
reservoirs and microfluidic channels to enhance drug delivery. This method allows printing of multiple

objects simultaneously, fast prototyping, and customization (Figure 10).

Current treatments, particularly eye drops, suffer from rapid clearance, low ocular bioavailability
(<5%), and frequent dosing requirements, which often lead to poor patient compliance. These limitations
hinder the therapeutic effectiveness of even well-established drugs. By contrast, our system aims to enhance
drug retention and controlled release, indicating that it is the delivery method, not the drug itself, that

remains the key limiting factor in current therapies.
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Figure 10. Scheme for fabrication of CLs from stereolithography-based 3D printing.

2.4 3D printing

There have been tremendous advancements in 3D printing since the introduction of early
stereolithography (SLA) fabrication systems in the 1980s by Charles Hull.** Presently, inkjet and extrusion
printers are the most used 3D printers. These printers build a structure in layer-by-layer fashion using
rasterized direct-write format. The innovations in 3D printing have opened new avenues in biomedical
engineering and drug delivery. The interdependent relationship between the type of 3D printing method
and the ink used governs the successful printing of the intended 3D structures. An important consideration

in the fabrication of ink for these light-based printing platforms is the incorporation of photoreactive
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moieties such as acrylate and methacrylate to facilitate its selective solidification.*® In the process of
photopolymerization, UV or visible light interacts with light sensitive compounds, photoinitiator, and
produce free radicals that initiate the polymerization process, resulting in the formation of covalently cross-

1.5

linked hydrogel.® With 3D printing using photopolymerization-based methods, it is easier to tailor the

optical, chemical, and mechanical properties of printed materials.®

2.4.1 3D printing in biomedicine

3D bioprinting involves utilizing 3D printing-like techniques to fabricate biomedical devices
consisting of cells, growth factors and biomaterials to emulate the natural tissue characteristics. However,
3D bioprinting of living constructs has many challenges in transitioning from synthetic materials to
biologically functional materials while gaining a precisely controlling the mechanical properties at the
microscale and macroscale.®*¢ Interestingly, various cell types and biomaterials can be combined and
patterned into constructs that can revolutionize the presently existing clinical therapies. For instance, 3D

printed tissues such as skin, bone, and cartilage demonstrate the potential of this technology.®”*

2.4.2 Considerations for 3D printing

While designing a bioink for 3D printing of ocular drug delivery systems such as a CL or
conjunctival inserts, the following factors should be considered: (a) biodegradability (b) biocompatibility
(c) homogeneity (d) optical properties (Figure 11). Many commercially available printers in the market
claim to print at resolutions as low as 50 pm nominal resolution, however real-world performance does not
reach this level of accuracy.” However, to 3D print delicate structures and complex geometries such as a
CL with fine details, higher resolution is needed. This also leads to greater the chances for errors and
deviation in the 3D printed object.”"** Also, for biomedical applications the print quality of the 3D printed
objects must meet a certain threshold requirement. Without appropriate tuning of the print settings or
material composition, the overall print quality tends to be poor.**>** Owing to their biocompatible nature,
both synthetic and naturally occurring biodegradable polymers have been used for a plethora of biomedical

4

applications, including tissue engineering,” regenerative medicine,* drug delivery,”’ and 3D

bioprinting.*>4¢
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Figure 11. Summary of key properties to be considered during bioink development for 3D printing,

including printability assessment.”

2.5 Concluding remarks: Thesis directions and plan

This leads to the hypothesis:

A biodegradable contact lens fabricated through an on-demand 3D printing technique, utilizing a
physically crosslinked polyvinyl alcohol (PVA) matrix, will enable controlled PVA release while
mitigating the challenges of material degradation and premature drug release during storage. This approach
will demonstrate a proof-of-concept for the development of customizable ocular drug delivery systems,

including contact lenses and conjunctival inserts, using commercial 3D printing technology.

To this end, the aims of this thesis are as follows:
1. 3D Printing of a prototype biodegradable contact lens using GelMA.
2. 3D printing of a contact lens to release PVA as a therapeutic agent.
3. Controlling the burst release of PVA from GelMA via a physical crosslinking method.
4. 3D printing of biodegradable conjunctival inserts for the treatment of dry eyes



Chapter 3

3D Printing of a prototype biodegradable contact lens using Gelatin
Methacrylate

*An article was extracted from this chapter and is published in Elsevier’s International Journal of
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3.1 Abstract

Purpose: To optimize the printing conditions for biodegradable contact lenses using gelatin methacrylate
(GelMA) hydrogel biomaterial ink using a low-cost masked-stereolithography-based commercial 3D

printer.

Method: In this work, GelMA biomaterial ink was selected as a base material owing to its biocompatibility
and demonstrated high levels of controllability. The GeIMA-based ink was used to study the effects of dye
concentration and exposure time on print quality. The photocrosslinking process and the 3D printing
process was described in detail with respect to soft hydrogel biomaterials. Further evaluation of the
optimized printing conditions was achieved by successfully printing high resolution structures such as a
contact lens, substantially expanding the scope of this optimized method in producing high-quality prints

with intricate details.

Results: The results demonstrates that by tuning the print conditions and ink parameters, soft biomaterials
from GelMA ink of higher shape fidelity and accuracy can be efficiently printed even on a low-cost 3D
printer. The parameters standardized include 10% (w/v) concentration of GelMA bioink, 3% photo-
absorber concentration and 120s exposure time to 3D print a contact lens based on GelMA. Moreover, a
fine interplay between the dye concentration (Cpye) and exposure time is key to effective polymerization

and resolution, ensuring successful printing of the hydrogel biomaterials with higher structural integrity.

Conclusion: The optimized properties showed that a contact lens of nearly perfect shape was formed with
the current set up. Overall, the results highlight the practical potential of this method in optimizing the 3D

printing processes involving complex geometries using a low-cost commercial 3D printer.

Keywords: VAT Polymerization 3D Printing, Shape Fidelity, Print Resolution, Contact Lenses
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3.2 Introduction

In recent years, there has been explosive growth in the development of bioinks, hydrogels, and
biomaterials for 3D printing/bioprinting applications in tissue engineering."* Unlike conventional
materials, these new materials are more transparent, less viscous, and contain water which makes them less
compatible with extrusion-based 3D printing setups.> ¢ Naturally derived photocurable bioinks like chitosan
methacrylate and gelatin methacrylate (GelMA) enable fabrication of intricate tissue constructs,
showcasing the broad spectrum of materials utilized in 3D printing for biomedical purposes.’ Researchers
have shown significant interest in GelMA due to its exceptional biocompatibility, biodegradability, and
moldability.** GeIMA hydrogel have been utilized to create various structures, including 3D (bio)printed
scaffolds, injectable gels, and electrospun fibrous membranes, using techniques such as photo-crosslinking,
extrusion-based 3D printing, or electrospinning.'®'*. An important aspect of 3D printing of GelMA that
determines its usefulness for a specific application is the quality of the 3D printed component.'* However,
without appropriate tuning of the print settings or material composition, the overall print quality tends to
be poor.'* !> '¢ Moreover, evaluating the print quality for hydrogel materials in 3D printing is challenging

due to its soft and transparent characteristics.'’

There are many parameters that can affect the photocuring process, and hence the final print quality.
These include ink parameters such as photoinitiator concentration, monomer composition, and presence of
additives, as well as print parameters such as UV light intensity wavelength, exposure time, temperature
and humidity (7able 1). In addition to these parameters, the geometry and thickness of the part being cured
can also affect the curing process. For example, thicker parts will require longer curing times or higher light

intensities to achieve complete cure.

Table 1. Various ink and process parameters affecting the print quality in 3D printing.

Ink Parameters Print Parameters
Photoinitiator  type and concentration: The Light intensity and wavelength: The intensity
photoinitiator absorbs light and generates free and wavelength of the light source will affect
radicals or cations that initiate polymerization. the curing speed and depth. Higher intensities
Hence, the type and concentration of photoinitiator and shorter wavelengths generally lead to faster
affects the curing speed and depth. curing.
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Monomer and oligomer composition: The type and Exposure time: The exposure time also affects

ratio of monomers and oligomers in the ink affects the curing depth and the degree of crosslinking.
the viscosity, mechanical properties, and cure Longer exposure times can lead to a higher
kinetics of the final biomaterial. degree of crosslinking.

Presence of additives: Additives such as pigments, Temperature and humidity: The temperature
fillers, and stabilizers can affect the curing process and humidity of the environment can affect the
and the properties of the cured material. For curing process, particularly for soft hydrogel
example, pigments can absorb light and reduce the materials that are sensitive to moisture.

cure depth.

Print quality can be broadly described as a combination of print fidelity and print resolution. Print
quality of a 3D printed object is influenced by various factors including, but not limited to, the type of
printing technology employed,'® ' the printer's actuation accuracy in the x-y-z directions, composition of

the ink material, > %!

and the print settings used.” With an exponential increase in the development of
various formulations for 3D printing with biomaterial inks and hydrogels, different chemical compositions
and properties of the ink can affect final print quality. For circular structures, the precision of shape is
assessed using a parameter called ‘circularity.” The circularities (CR) of enclosed circles are determined

using equation 1.

CR =—- Equation 1
L2

where L represents perimeter/circumference and A denotes area. A perfect circle exhibits the maximum

circularity of 1.7

Print fidelity assesses how closely the 3D-printed object replicates the original Computer Aided
Design (CAD), while the print resolution specifies the level of details retained in the print.** Many
commercially available printers in the market claim to print at resolutions as low as 50 pm nominal
resolution, however real-world performance does not reach this level of accuracy.24 The smaller the details
in the object, the higher resolution that is required. This also leads to greater chances for errors and deviation
in the 3D printed object.'® * It is typically expected that as the cost of the printer increases (from a few
hundred dollars to several hundred thousand dollars), the quality of the prints it produces will improve.
However, increased cost lowers the accessibility and practicality, reaching a threshold where 3D printing
ceases to be a viable and practical tool. Of note, there has been a concerted effort to investigate different

ways to enhance print quality, while concurrently lowering the overall cost of 3D printing.*®
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In this work, we attempted to 3D print a biodegradable contact lens based on a gelatin methacrylate
hydrogel material. Given the budget constraints which leads to lower accessibility of 3D printing, the
printing conditions for GelMA-based soft hydrogel materials were optimized for a low-cost vat-based
commercial 3D printer. As the photocuring process is influenced by different parameters, herein, we studied
the effect of two different ink parameters (dye concentration) and print parameters (UV exposure time) on
the 3D printing of GelMA hydrogels. A set of 3D objects that included solid cubes with and without a
hollow conduit in the centre (descending side lengths) and an object with radial spokes were printed and
studied by varying photo-absorber dye concentrations and exposure time. The printer was retrofitted with
a humidity and temperature control kit to enable printing at ~60-70% relative humidity and 37 °C. Further
validation of the optimized 3D printing conditions was performed by printing delicate structure like a
contact lens, to understand the scope of this optimized method in producing high-quality prints with

complex geometries and intricate details for gelatin methacrylate hydrogel biomaterial ink.

3.3 Materials and methods
3.3.1 GelMA synthesis

GelMA was synthesized using standard literature procedures to achieve a high degree of
substitution (>85%). %’ Briefly, gelatin from porcine skin (10% w/v, Sigma-Aldrich, St. Louis, MO, USA)
was reacted with methacrylic anhydride (1% v/v, Sigma-Aldrich, St. Louis, MO, USA) in a carbonate
bicarbonate buffer (CB, 12.5 mM sodium bicarbonate, §7.5 mM sodium carbonate anhydrous, pH 9.4) at
50°C for 1h. The reaction was stopped by adding acetic acid to a final concentration of 0.15% (v/v). The
resulting product was dialyzed in 12—14 kDa dialysis tubes (Sigma-Aldrich, St. Louis, MO, USA) in

deionized water for 24 h. The purified solution was freeze-dried and stored at -80°C prior to use.

3.3.2 Biomaterial ink preparation

For the preparation of the biomaterial-ink, GeIMA (10% w/v) was added to lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (0.6% w/v, LAP, Sigma, St. Louis, MO, USA) solution made in phosphate
buffered saline (PBS, Fisher Scientific, Waltham, MA, USA) at 37°C, 50 rpm until complete dissolution.
Next, a yellow dye (Tartrazine, Sigma, St. Louis, MO, USA) was added and the biomaterial ink was used
for 3D printing. All the stereolithography (SLA) printing experiments were performed in atmospheric air

conditions. The ink composition is reported in Table 2

Table 2. Parameters used for 3D printing using GelMA
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GelMA (W/v)  LAP (W/v)  Coye (VIV) texp (5) TiLayer (tm)

1%
30
10% 0.6% 3% 100
50
5%

3.3.3 Designing of CAD models

3D printing of biomaterials for various biomedical applications requires precise print fabrication
and reproducibility of the process. Therefore, to ensure consistency in assessing the structural accuracy of
3D printed objects, a set of standard 3D shapes were created with the predefined details using CAD software
(FreeCAD 0.19). The set of standard 3D shapes consisted of solid cubes with and without a hollow conduit
in the centre (descending side lengths), an object with radial spokes, and a contact lens. The contact lens
was designed with diameter 14.98 mm. While not the most common in daily wear lenses,14.98 mm
diameter represents the upper bound of some commercially available soft lenses, offering greater ocular
coverage, stability, and design flexibility—making it a practical choice for advanced therapeutic and
research applications. These CAD models are illustrated in Figure 1. The designed models were printed,

imaged, and subjected to analysis to evaluate their accuracy and adherence to the CAD specifications.

BN
el
3.6mm

\

14.98mm
Contact lens

Solid cube Cube with Object with
hollow conduit  radial spokes

Figure 1. The CAD designs of solid cubes with and without a hollow conduit in the centre, an object with

radial spokes, and a contact lens.

3.3.4 3D printing process

The CAD models - comprising complex geometries such as solid cubes (with and without holes)

of descending side lengths, an object containing radial spokes and a contact lens - were designed using
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FreeCAD software (Version 0.19) and exported as STL files. Using CHITUBOX software (v 1.9.5), the
STL files were sliced with 100 um layer thickness and 3D printed on a low-cost 3D printer (Photon Mono
X, Shenzhen, Guangdong, China) with a nominal XY resolution of 50 pm, Z resolution of 10um, and LCD
resolution 3840x2400 pixels. The printer was retrofitted with a humidity and temperature control kit to
enable printing at ~60-70% relative humidity and 37 °C. The GelMA ink was incubated at 37 °C for 1 hr
and mixed gently before use. The 3D printing photopolymerization process was carried out using UV light
of wavelength 405 nm. After printing, the printed objects were washed by sonicating in PBS using a bath
sonicator (50D Aquasonic, VWR International, Radnor, PA, USA) for 10 min to remove any unreacted

biomaterial-ink components on the surface.

Prior to experimentation, zero position of the print plate (in the Z axis) was set according to the
manufacturer’s instruction, to ensure accurate layer thickness while printing. Next, the ink tank (vat),
featuring a stick-free transparent base, was filled with 35-45ml GelMA ink, depending on the dimensions
of the objects to be printed. As the printing commenced, the print plate descended into the tank (the
approach step) while maintaining a single-layer gap (Layer thickness, Trayer). A projector projected UV
light (405nm) pattern onto the LCD screen and the crosslinking of the GeIMA ink occurred at the interface,
forming a solid hydrogel structure. As each layer gets crosslinked, the platform retracts in the Z-axis to
separate the interface of the printed layer from the vat while simultaneously creating space for GeIMA ink
to flow and take the empty space. Subsequently, the next layer’s pattern is projected, and the layer-by-layer

printing process repeats until the complete printed object is obtained (Figure 2).

Based on a series of preliminary experiments, a printing window for GelMA concentration (10%
w/v), exposure time (texp>30s), dye concentration (Cpye>1% v/v), and LAP concentration (Crap, fixed at
0.6% w/v) were chosen for this study (7able 2). The 3D printing parameters were selected according to
previous reports confirming that the increase of initiator concentration and light intensity can overcome the

oxygen inhibition of photo-polymerisation reactions.”®

3.3.5 Shape fidelity evaluation

The effects of the dye concentration, exposure time and printing direction were studied on various
models (Figure 1) based on circularity (Equation 1). The images of solid cubes with and without a hollow
conduit in the centre and the contact lenses were taken using an iPhone 10 (Apple Inc., Cupertino, CA,
USA). The optical images of the printed object with radial spokes were taken on an Imaging Multimode
Plate Reader (Cytation 5, Agilent BioTek Instruments, Winooski, VT, USA) using a 4X lens. To minimize

subjectivity in the image analysis due to manual measurements, Fiji software was used.
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patterned photocured
exposure layer

< CORE

3D printed
contact lens

Figure 2. 3D printing process for fabricating a contact lens. A) The stage approaches the vat filled with the
biomaterial ink. B) UV light is exposed in a pattern to be 3D printed using the concept of masked-
stereolithography. C) The platform retracts, separating the first printed layer from the vat and creating space
for GelMA ink to flow and take the empty space. D) The stage or print plate again approaches the vat filled
with biomaterial ink. F) UV light is exposed to form the next layers. F) The process repeats itself until the

contact lens is completely printed.
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3.4 Results and discussions
3.4.1 3D printing process

When 3D printing of soft hydrogel materials it is important to note that the physical and mechanical
properties of the printed structures depend on environmental conditions, including temperature and
humidity. Both parameters are crucial to ensure printability and print reproducibility. Since gelatin and its
derivatives form a physical hydrogel with limited flow properties below 30°C, and that the printed objects
will eventually be tested at a physiologically relevant temperature of 37°C, the 3D printer was retrofitted
with a temperature controller that enabled printing at 37°C. As the process of photopolymerization is
exothermic in nature, to achieve high structural quality of GelMA-based formulations, the evaporation of
water during the exothermic photopolymerization also needs to be addressed. This can cause an increase in
viscosity of the ink formulation and a gradual change in the uniformity of the printed object. To overcome
this challenge, an atomization humidifier was used to maintain about 60-70% relative humidity in the

printing chamber (Figure 3).

)\
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»
1% (v/v)
Methacrylic
anhydride
10% (v/v) Freeze
— = Acetic Drying
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& -
10%7w/v) Gelatin Type A Dialysis o
CB Buffer (pH 9.4) (MWCO=12-14kDa)
50°C/1hr
e Tee
3D Printing LAP Ggg
Yellow Dye %

Figure 3. Scheme of preparation of GelMA prepolymer solution for 3D printing of CLs.
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3.4.2 Effect of dye concentration on print quality

In vat photopolymerization 3D printing of hydrogels, dyes are used as photosensitizers to enhance
the reactivity of the ink to light and improve the resolution of the printed object by reducing light
scattering.”’ Occasionally, the dye adds to the mechanical stability by acting as fillers or crosslinkers within
the hydrogel matrix.*® Therefore, careful adjustment of the dye concentration (Cpye) is key for effective
polymerization and resolution, ensuring successful printing of the hydrogel biomaterials with fine details
and higher structural integrity.?’ Figure 4 describes the impact of varying dye concentrations (1%, 3%, and
5% v/v) on the printability of GelMA biomaterial ink print quality with the help of different 3D models
(solid cubes of descending side lengths as well as cubes featuring a central hollow conduit with descending

diameters).

CAD Designs

1% (vIv) 3% (viv) 5% (viIv)

v

Increasing dye concentration

Figure 4. Effect of Tartrazine dye concentration (Cpyc) print quality. Scale bars represent 10mm.

Table 3. Circularity values for different dye concentrations (v/v)

Side length 1% 3% 5%
20mm 0.86 0.89 0.88
15mm 0.86 0.88 0.89
10mm 0.89 0.90 0.89
7.5mm 0.87 0.89 0.85
Smm 0.88 0.91 0.85
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To evaluate the shape fidelity of 3D printed hydrogels, circularity and printability are the most used
measures. While both circularity and printability metrics offer valuable insights into the shape fidelity of
3D printed objects, their applications differ based on the geometry of the printed features. Circularity excels
in assessing the fidelity of circular shapes, providing a direct measure of how closely the printed outcome
matches a perfect circle. Additionally, printability incorporates both perimeter and area measurements,
offers a more comprehensive assessment of shape fidelity for a wider range of shapes, particularly those
with corners, such as squares. Therefore, when evaluating the accuracy of a square or rectangular print,
usually printability is used.’’ The CRs of the central conduits (top view) in the printed objects were
determined according to equation I, and the results are summarized in Table 3. As mentioned before, a
perfect circle exhibits a circularity of 1. When concentration of Tartrazine was increased from 3 to 5% in
the ink, slight decrease in print quality was recorded based on the CR values. This is in agreement with
increased dye concentration, decreased light intensity and thus, decreased crosslinking of the ink at the

same exposure time. Therefore, a dye concentration of 3% was selected for the next steps (Table 4).

Table 4. Effect of dye concentration on print quality.

Model Trayer (UmM) Choye (V/V) Observations
Cubes with 1% Round corners, irregular central conduits
hollow 100 3% Perfect corners, better central conduits
conduits
5% Perfect corners, good central conduits

3.4.3 Effect of exposure time on print quality

Exposure time in vat photopolymerization is another critical parameter for ensuring proper curing,
higher resolution, robust mechanical properties, optimal print speed, better surface quality, and desired
product performance.’ To study the effect of exposure time on the print quality, a model object with 18
radial spokes of width 600um and height 100pum (Figure 5) was printed at two different exposure times
(Table 5).
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Extra printed pattern
(dark color)

Increasing UV exposure time

CAD Design

Figure 5. Effect of exposure time (texp) on the print quality. The spokes model comprises of 18 radial lines

of 600um width and 100um height.

The object with radial spokes was printed at te,,=30s and a layer thickness of 100um depicted the
emergence of an extra pattern (as a dark area) in addition to the radial lines. This dark pattern was more
pronounced where the radial lines crossed the boundary of the central circle, as depicted by the arrows in
Figure 5. However, when the same sample was printed at a higher UV exposure time (tex,=50s), the dark
pattern reduced significantly, and well-defined boundaries were observed, with the corners becoming
remarkably sharper (Figure 5). This demonstrates that by increasing texp , higher shape fidelity for the radial
lines can be achieved. In the field of 3D printing, structures composed of one or two layers are commonly
used in most qualitative and quantitative shape fidelity experiments. Therefore, in this study, the print/object

thickness of the spokes in our initially printed design were sliced into a single layer (Trayer=100).

Table 5. Effect of exposure time on print quality.

Model TLayer (um) texp (8) Observations

Object with 30 Emergence of extra pattern (dark area)
100

radial spokes .
P 50 Better resolution, reduced extra pattern
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3.4.4 Putting it all together: 3D printed contact lenses

For multi-layer prints, it has been shown that penetration depth of UV light in GeIMA biomaterial ink
is remarkably greater than the layer thickness.*® Slight extra curing is required to guarantee a good bonding
between the layers as printing process advances. This means a depth greater than the set layer thickness
needs to be exposed to UV light and cured with each curing step to ensure layer stitching between the
layers.** Utilizing the optimized parameters and conditions from above, next, we attempted to 3D print a
GelMA-based contact lens from this ink. Since the overall thickness of the lens was 300pm and owing to
the curved structure of the lens, the overall exposure time of each layer was rather limited, therefore a tgx,
of 120s was used to 3D print a contact lens. The images in Figure 6 depicts that a contact lens of nearly
perfect shape was formed. A key parameter for ocular applications is transparency. The transmittance
curves for GeIMA hydrogels were plotted in the visible range of light (400-800 nm) and the mean light
transmittance of GelMA was about 91.4% from 400-800nm, which was greater than the threshold
percentage (~85%) to be defined as a transparent substance along all the visible spectrum (Figure 4b,
Chapter 4).>° Contact lenses are gaining significant interest as potential ocular drug delivery devices for the
treatment of various ocular conditions. Interestingly, for manufacturing of patient-specific drug delivery
lenses on a small scale in terms of fitting, therapeutic load, and ocular condition, 3D printing could be an
alternative method for fabricating personalized lenses. Of note, GelMA has been used in a variety of

biomedical applications as a potential carrier for delivering different therapeutic of interests including dry

eye.®

CAD design of
contact lens

3.6mm

Figure 6. 3D printed contact lens and CAD design.
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3.5 Conclusion

An appropriate photocurable biomaterial ink for light-based printing techniques such as SLA printing
should meet three requirements of rapid photo-crosslinking rate, dense crosslinking structure, and excellent
fluidity for rapid filling of gaps and spaces. In this work, GeIMA biomaterial ink was selected as a base
material owing to its biocompatibility and demonstrated high levels of controllability. This study developed
a method for determining optimal printing conditions for geometries including solid cubes, hollow conduits,
and radial spokes using a low-cost commercial 3D printer with exposure time of 50s. As the photocuring
process is influenced by different parameters, herein, the effect of two different ink parameters (dye
concentration) and print parameters (UV exposure time) was further described on 3D printing of soft
hydrogels materials. The effectiveness of our optimized parameters was confirmed by the successful
printing a soft contact lens (exposure time 120s), showing excellent shape fidelity. Overall, these results
demonstrate that by tuning the print conditions and ink parameters, soft biomaterials from GelIMA ink of

better shape fidelity and accuracy can be efficiently printed even on a low-cost 3D printer.
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Chapter 4

3D Printed Contact Lenses to Release PVA as a Therapeutic Agent for

the Treatment of Dry Eyes

*An article was extracted from this chapter and is published in Special Issue on Pharmaceutical
Applications of 3D printing, MDPI’s Pharmaceutics (DOI: 10.3390/pharmaceutics17020219)

This chapter has been published as follows:

Garg P, Shokrollahi P, Darge HF, Phan CM, Jones L. 3D-printed contact lenses to release polyvinyl alcohol
as a therapeutic agent for the treatment of dry eyes. Pharmaceutics 2025; 17(2): 219.

Author Concept/Design Data Analysis Write Up/
Acquisition Publication
Piyush Garg Y Y Y Y
Parvin Shokrollahi Y Y Y Y
Haile Darge Y
Chau-Minh Phan Y Y
Lyndon Jones Y Y
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4.1 Abstract:

Purpose: Dry eye disease is highly prevalent and the most common treatment, lubricating eye drops, only
remain effective for a very short period of time. This project aims to 3D print a proof-of-concept, custom-

fit, polyvinyl alcohol (PVA)-eluting contact lens (CL) for the treatment of dry eye disease.

Method: In this work, a low cost stereolithography-based 3D printer was retrofitted with a humidity and
temperature control kit to 3D print PVA-loaded custom-fit CL. To evaluate the print quality of the 3D
printed CL, circularity is used to evaluate the shape fidelity in 3D printing. The PVA release from these
lenses was assessed along with its role to act as a viscosity enhancer. The effect of PV A was further analysed
by a dry eye disease (desiccation stress) cell model and its role to stabilize the tear film was studied by

using the non-invasive keratograph break-up time measurements on a 3D printed eyeball model.

Results: The shape fidelity evaluation of the 3D printed CL displayed excellent circularity. The diameter,
sagittal depth, and base curve of the 3D printed lenses were measured to be 14.27+0.06 mm, 3.77+0.16
mm, and 6.4+0.24 mm, respectively. The PVA release curves showed that approximately 1300 pg of PVA
was released over the study duration of 24 hrs. The viscosity measurements demonstrate that viscosity is a
function of PVA concentration and PVA can protect human corneal epithelial cells (HCEC) against

desiccation stress at concentrations above 1.4% (W/v).

Conclusion: PVA is a commonly used viscosity enhancer in eye drops, with the capability of reducing
symptoms of dry eye by stabilizing the tear film and reducing tear evaporation. The protective effects of
PVA could be attributed to its water retaining ability, which provides moisturization and prevents the loss
of water. Overall, this work demonstrates that 3D printing of a PVA-eluting CL is possible by tuning the
material properties and 3D printing parameters and can be used as a promising approach for the treatment

of dry eye.

Keywords: 3D printed contact lenses, Dry eye disease, Polyvinyl alcohol, Shape fidelity, Desiccation

stress, Tear break-up time.
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4.2 Introduction

There has been significant interest in using contact lenses (CL) as drug delivery devices due to their
hypothesized ability to increase residence time of drugs on the ocular surface. However, CL wearers
frequently complain of CL discomfort, often associated with dry eye disease, which sometimes results in
discontinuation of lens wear.' Placement of a CL onto the ocular surface disrupts the structure and stability
of the tear film by dividing it into the pre-lens and post-lens tear film.> A strategy to treat dry eyes associated
with CL discomfort involves topical delivery of various ocular lubricants such as polyvinylpyrrolidone,
hyaluronic acid, hydroxypropyl methylcellulose, and polyvinyl alcohol (PVA) via a CL.2 However, to-date
only one PVA releasing CL material is commercially available, nelfilcon A (Alcon, Ft Worth, TX), which
has been shown to stabilize the tear film while improving comfort.’> Additionally, the blister pack solution
of this lens contains other moisturizing agents including hydroxypropyl methylcellulose, polyethylene
glycol and PVA, which get released from the lens when in-situ due to the natural blinking action of the

2* The concept of releasing lubricating agents onto the ocular surface using a CL offers several

eye
advantages, including protecting the surface of the eyes by keeping them moist and enhanced patient

compliance compared with frequent instillation of ocular lubricants.

The majority of CLs are fabricated using relatively cost-effective moulding methods, which produce CL on
a large scale. However, this makes these methods unsuitable for customization to meet the needs of an
individual patient, an approach towards so-called “personalized medicine”. This customization could relate
to patient-specific fitting factors (especially related to diameter or base curve radius), as well as factors
related to various drug concentrations, depending on the ocular condition being treated for an individual.
Another issue is that the storage conditions of drug eluting CL may have an impact on drug stability, and
hence the release profiles of drugs and therapeutic molecules from these lenses. This could lead to
differences in the amount and rate of drug released, depending on when the drug-eluting CL was
manufactured. Therefore, a method to fabricate personalized CL for an individual patient as they are needed
(inspired by so-called “just-in-time” concepts) would be helpful. This work explores an on-demand 3D
printing or additive manufacturing technique as an alternate method for fabricating custom-fit CL on a
small scale.” Moreover, 3D printing offers several advantages, such as precise control over object
dimensions using computer aided design models, custom-fit, manufacturing of multiple lenses at the same

time for an individual patient, and minimal post-processing.

Owing to the precision and high resolution required for the 3D printing of medical devices,
stereolithography (SLA)-based techniques may prove to be superior compared to other extrusion-based

printing methods, which are limited by low viscosity materials.” SLA-based 3D printing makes it possible
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to use different photopolymerizable materials loaded with therapeutics of interest to fabricate CL with
desired functionalities. Moreover, this technique offers freedom of design fabrication, higher resolution,
and improved shape fidelity.” The print quality and shape fidelity of these 3D printed CL can be described
using circularity. Shape fidelity refers to the accuracy with which the 3D-printed object matches the
intended original computer aided design (CAD) or model and circularity refers to the precision of the shape
printed.® Although, the process of 3D printing can lead to a staircase effect (concentric rings) on the surface,
there are techniques available in the literature to improve the surface smoothness to address the staircase
effect such as decreasing the layer thickness while 3D printing. An ideal post-processing method should
have lower labor and material costs along with higher consistency; however, such methods lead to higher
fabrication time and equipment costs. Recently, a post processing method was proposed by Xue et al. where
the printed structure was soaked in a resin tank after the print was completed, following which the print
plate was rotated vertically upwards for the extrusion printing mode and the liquid resin formed on the
surface was cured with the help of UV light. These ‘additive’ methods, where a layer of resin is formed on
the surface owing to the surface tension, could be useful to address the issue of the staircase effect on 3D

printed GeIMA-based soft materials. %

In terms of mechanism of action, lubricating agents released from 3D printed custom fit lenses can act as
viscosity building macromolecules to form a protective layer over the ocular surface, thereby reducing the
desiccation stress experienced by the cornea in a dry eye situation. PVA is a commonly used viscosity
enhancer in eye drops,’ with the capability of reducing symptoms of dry eye by stabilizing the tear film and
reducing evaporation. Ocular lubricants to treat moderate dry eye that contain PVA include Blink™
(Johnson & Johnson, Jacksonville, FL, USA), Refresh Classic™ (Allergan, Dublin, Ireland), and
Liquifilm™ (Allergan, Dublin Ireland). These lubricating eye drops all contain approximately 1.4% PVA."

In this work, a stereolithography based technique was used to 3D print a custom-fit CL which can release
PVA as a viscosity enhancing agent for potential applications in dry eye. This work shows that the printing
parameters can be optimized to achieve successful 3D printing using a low-cost commercially available 3D
printer. To evaluate how closely a 3D printed CL resembles the computer-aided design model, circularity
was used to evaluate the shape fidelity in 3D printing. Next, the PVA release was studied from these lenses

along with its ability to prevent the ocular surface against desiccation stress using a dry eye disease model.
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4.3 Materials and Methods
4.3.1 Synthesis of GelMA

GelMA was prepared by the direct reaction of 40 g Type A gelatin with methacrylic anhydride (1%
v/v, Sigma, St. Louis, MO, USA) in 400mL carbonate bicarbonate buffer (12.5 mM sodium bicarbonate,
87.5 mM sodium carbonate anhydrous, pH 9.4) buffer at 50°C for 1 hr. The substitution reaction was
stopped by adding 6ml of 10% acetic acid and the resulting product was dialyzed in 12-14 kDa dialysis
tubes (Sigma, St. Louis, MO, USA) in deionized water for 24 hrs to remove low molecular weight

impurities. After dialysis, the GeIMA solution was freeze dried and stored at -80°C until further use.

4.3.2 Preparation of GelMA and P-Gel inks
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Scheme 1. Scheme of preparation of P-Gel prepolymer solution for 3D printing of CL

To prepare the GelMA prepolymer solution (ink), GelMA (10% w/v) was added to lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (0.6% w/v, LAP, Sigma, St. Louis, MO, USA) solution made in
phosphate buffered saline (PBS, Fisher Scientific, Waltham, MA, USA). To make PVA/GelMA (P-Gel-
3%) ink, GelMA (20% w/v) was added to LAP (1.2% w/v) solution dissolved in PBS. PVA (6% w/v)
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solution was made separately in PBS and heated up to 90°C until completely dissolved. The two solutions
were added in 1:1 ratio to make the P-Gel-3% ink comprising of GelMA (10% w/v), PVA (3% w/v), and
LAP (0.6% w/v). A similar method was used to make P-Gel-1.5% ink. These solutions were incubated at
37 °C for 1 hr before use (Scheme 1).

4.3.3 3D printing of Contact Lenses

Contact lenses of base diameter 14.98 mm and height 3.6 mm were designed using a computer-
aided design software (FreeCAD 0.19) and then 3D-printed using a commercial masked-stereolithography
(mSLA) 3D printer (AnyCubic Photon Mono M5, Shenzhen, Guangdong, China). The printer was
retrofitted with a humidity and temperature control kit to enable printing at ~70% humidity and 37 °C. The
GelMA and P-Gel ink solutions were incubated at 37 °C for 1 hr and mixed gently before use. The 3D
printing photopolymerization process was carried out using UV light of wavelength 405 nm. The exposure
time for the layers was set to 80 s while the first 3 base layers were exposed to 120 s of UV light. The layer
thickness while printing was set to 100 um. These 3D printed lenses were washed with warm PBS to remove
any uncured polymer solution and post-cured with UV light (405 nm). Ensuring repeatability of printing
parameters—such as temperature, extrusion rate, and print speed—is critical for consistent fabrication of
drug-loaded lenses, as even slight variations can affect structural integrity, drug distribution, and overall

device performance.
4.3.4 Print Quantification

The 3D printed CLs were imaged using a mobile phone (Galaxy S23, Samsung Electronics, Suwon,
South Korea) and were analyzed using Fiji Software (n=3)."' Using 2D top view, the images were analysed
and two key parameters of 3D printing, shape fidelity and circularity, were calculated. The shape fidelity
was assessed by determining the ratio between the theoretical area (A;) vs the actual printed area (A,) and
the theoretical circumference (C;) vs the actual printed circumference (C,). For a perfect circle, the shape
fidelity scores should be equal to 1. For circular structures, the precision of shape is assessed using a
parameter called ‘circularity’.® The circularity was calculated using the equation described in Table 1. For

a perfect circle, the circularity value would be 1.
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Table 1. Calculations for Shape Fidelity and Circularity of the 3D printed CL.

Shape Fidelity

: Ap . . CP . . 47TAp
Area Ratio = — Circumference ratio = — Circularity = >
Ay Ce (&)

where 4, and C, are the printed area and circumference of the 3D printed CL, respectively (calculated from

the 2D top view)

Lens metrology measurements (total diameter and sagittal depth) were determined using the
Chiltern Optimec (Optimec Limited, Malvern, United Kingdom), and the base curve was calculated with
the assumption of a spherical lens design. The sagittal height (sag) and diameter (d) measurements were
used to calculate the base curve (bc) using the following formula: be=[sag’+(d/2)*]/(sagx2). Before
measurement, the lens chamber was filled with PBS and the lens was placed on the mantle, and the contours
of the magnified lens images were sketched. Each lens was measured twice, with the lens rotated
approximately 90° on the mantle for the second measurement. The true lens dimensions were calculated
under consideration of the magnification factor of the Chiltern (x0.05896), and the average of both

measurements was used for analysis.
4.3.5 Light Transmittance

The optical transparency of the samples was determined from their light transmittance (%T) using
a UV-Vis spectrometer (SpectraMax M5e, Molecular Devices, San Jose, CA, USA). The hydrogels samples
were prepared on a small glass coverslip and placed inside a cuvette with the help of a mold. The absorbance
of the samples was measured in the wavelength range of 400-800 nm. For the blank measurement, the
absorbance of the glass coverslip was measured from 400-800 nm. The formula %T = 100 * 1 QA(2bserbance)
derived from the Beer-Lambert Law, was used to calculate the light transmitted. Here, %T represents the

percentage of light that passes through the hydrogel sample and reaches the detector on the other side.
4.3.6 PVA release from 3D printed CL

To study the PVA release from these CL, they were incubated in glass vials with gentle agitation
with 8 ml PBS at 35 °C. At each indicated time point, 300 pl of the solution was removed for detection of
PVA and replaced with fresh PBS. For detection of PVA, a solution of iodine (150 mM potassium iodide,
50 mM diiodine in deionized water, Sigma, St. Louis, MO, USA) and borate (64.7 mM boric acid in

deionized water, Sigma, St. Louis, MO, USA) was mixed in a 1:5 ratio of iodine solution:borate solution
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to generate the PVA detection solution. The solution was gently inverted 4-6 times in a conical tube to
ensure even mixing. To measure PVA in solution, 163.6 ml of PVA detection solution was added to 36.4
ml of samples of interest in a 96-well plate and incubated at room temperature for 20 min with gentle
shaking. Absorbances were read at 630 nm using an Imaging Multimode Plate Reader (Cytation 5, Agilent
BioTek Instruments, Winooski, VT, USA)."

4.3.7 Drug Release Kinetics via Mathematical Modeling

To evaluate release kinetic profiles of the samples over the studied time duration, different
mathematical models were studied.'® These included zero- and first-order release model, Higuchi release
model, and Korsmeyer-Peppas model. The graphs were plotted as mentioned in Table 2 and the coefficient
of determination (R’) was calculated for each model.'* '3
(a) Zero order model: In this model, the drug release is represented by:

C= CotKot
where C, is the amount of drug released at time ¢, C, is the initial concentration of drug in solution (at =0),
and K, is the zero-order rate constant. The graph is plotted between cumulative drug release vs. time and

the coefficient of determination (R?) was calculated.

(b) First order model: In this model, the drug release is represented by:

dC/d=-K,C

where K| is the first order rate constant

After rearranging and taking integral,

log C=log Co-(K1/2.303)¢

where C; is the amount of drug remaining at time ¢ and C, is the initial concentration of the drug. The graph
is plotted between log cumulative % drug remaining vs. time and the coefficient of determination (R’) was

calculated.

(c) Higuchi model: In this model, the drug release is represented by:

M/M=K,¢'"*

where M/M., is the fraction of drug released at each time point, M, is the amount of drug released in time
t, My, is the amount of drug released after infinite time, and K, represents the Higuchi release kinetic
constant. The graph is plotted between cumulative % drug release vs. square root of time and the coefficient

of determination (R’) was calculated.

(d) Korsmeyer-Peppas model: In this model, the drug release is represented by:
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M/ M=Ky, 1"

log (M/My)=log Ky, + nlog t

where M/M., is the fraction of drug released at time ¢, M, is the amount of drug released in time ¢, M., is
the amount of drug released after infinite time. » is the diffusional exponent or drug release exponent and
Ky, is the Korsmeyer-Peppas release rate constant. The graph is plotted between log cumulative % drug

release vs. log ¢ and the coefficient of determination (R?) was calculated.

The graphs were plotted as mentioned in Table 1 and the coefficient of determination (R’) was

calculated for each model.*”*

Table 2. Curve fitting of various models for drug release kinetics

Zero Order First Order Higuchi model Korsmeyer-Peppas model
Equation C=C,+K,t log C=log C- (K1/2.303)t  M/M =K, t2 log (M/M,,)=log K, + nlog ¢

Graph cumulative drug  log cumulative % drug cumulative % log (cumulative % drug
release vs. time remaining vs. time drug release vs. Vt release) vs. log ¢

4.3.8 Viscosity Measurements

The viscosity measurements for different concentrations of PVA solutions (ranging from 0.5%,
0.7%, 1.0%, 1.4%, and 2% w/v) were carried out on a Viscometer L2.16 (Cambridge Applied System,
Boston, MA, USA) which uses the concept of the variation on the falling-body. In brief, a piston (0.25-5
cP) was suspended in an elongated cavity. The electromagnets in the wall force the piston to move in a
reciprocating up and down motion. The movement of the piston is inversely related with the viscosity of
the fluid. The instrument calculates the viscosity of the sample by measuring the speed at which the piston

moves.'®
4.3.9 Non-Invasive Keratograph Break-up Time (NIKBUT)

The NIKBUT measurements'"'® were conducted using PBS to avoid the variabilities that may be
caused by interactions of PVA with artificial tear solution components. A CL (Biotrue, Bausch & Lomb,
Vaughan, ON, Canada) was removed from the blister pack, rinsed with the three respective formulations (a
PBS control, 1.4% PVA or Refresh eye drop), and placed on a 3D printed eye model (Ocublink, Waterloo,
ON, Canada). A 10 pl of sample volume was pipetted on the lens and the drop was spread on the lens
surface after two to three blinks. NIKBUT analysis was performed (n=5) using a Keratograph 5M (Oculus
Optikgerdate GmbH, Wetzlar, Germany). The rings from the keratograph were projected onto the lens
surface and the images of the reflected rings were captured for 25 s. The NIKBUT was measured as the

time from the last complete blink to the first appearance of a distortion of the lines.
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4.3.10 Simulating Dry Eye Conditions via Desiccation Stress on Human Corneal Epithelial Cells

HPV-immortalized HCEC were maintained between passages 3-15 and cultured in DMEM/F12
medium (Sigma, St. Louis, MO, USA) containing 1% FBS and 1% penicillin/streptomycin (pen/strep) at
37°C, 5% CO,, and high humidity (> 95%). Media was replaced every 2-3 days until confluency. HCEC
were maintained as described above, and 15x10* cells were seeded into 96-well plates (ThermoFisher,
Waltham, MA, USA), then incubated overnight at 37 °C with high humidity and 5% CO,. After 24 hrs of
incubation, the culture media was removed from the plate. The cells were immediately treated with 150
nL of the test formulations and the culture medium control solution. The cells were incubated at 37 °C and
5% CO; for 30 min. The test solutions from the cells were removed and the cells placed in the chamber at
37 °C and 45% RH for 2 min to desiccate the cells. The cell viability was assessed using the MTT assay
and the absorbance values were measured at 570 nm using a multimode plate reader (Cytation 5, Agilent

BioTek Instruments, Winooski, VT, USA)."
4.3.11 Statistical Analysis

Statistical analysis was performed using GraphPad Prism Version 10.0 (GraphPad Software, La
Jolla, CA, USA). All data are reported as mean and standard deviation, unless otherwise stated. Two-way
ANOVA was performed to determine differences across testing groups wherever applicable. Tukey’s
multiple comparison tests were used when necessary. In all cases, statistical significance was considered

significant for a p-value of <0.05, unless otherwise stated.
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4.4 Results and Discussion
4.4.1 3D printing of Contact Lenses

Figure 1 shows the 3D printed CLs with P-Gel-1.5% and P-Gel-3% inks compared to a commercially
available CL (Dailies Aqua Comfort Plus™; Alcon, Ft Worth, TX, USA). The CL were printed in about an
hour and the minimum thickness for the lenses that was reliably printed each time using the current 3D
printing setup was 400 um. It should be noted that despite the high water contect in these lenses, the contact
lenses were successfully 3D printed with high shape fidelity. These lenses demonstrated clean and sharp
edges and could be printed without any support structures. Reports indicate that an effective photocurable
biomaterial ink suitable for projection-based printing methods, such as SLA LCD printing, should possess
three key characteristics: a fast photo-crosslinking rate, a tightly crosslinked structure, and exceptional
fluidity to ensure swift filling of gaps and spaces.” In this work, GelMA was used as a base material owing

to its biocompatibility and demonstrated high levels of controllability.*!**

(a) Dailies Aqua Comfort Plus (b) P-Gel-1.5% c) P-Gel-3%

Figure 1. Comparative optical clarity of (a) commercially available Dailies Aqua Comfort Plus™ CL and
(b,c) 3D printed PVA-loaded CL (P-Gel-1.5% and P-Gel-3%). The images were taken on a 3D printed eye

model mimicking the human eye to show the fitting of these lenses and their optical clarity.

Another crucial aspect in vat-polymerization is to avoid the evaporation of water during the exothermic
polymerization reaction. Consequently, this could lead to the increased viscosity of the printable ink related
to the gradual increase of the polymer concentration at the interface and interferes with the layer
separation/approach step.”’ To overcome these challenges, the 3D printing conditions such as the dye
concentration and UV exposure time were selected along with proper environment conditions including
temperature (~ 37 °C) and humidity (~70% RH). The results showed that it is possible to 3D print a structure

as delicate as a CL with remarkable shape fidelity and accuracy on a low-cost commercial printer.
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Based on a series of preliminary experiments, the printing window for GelMA concentration (10%),
exposure time (80s), dye concentration (3%), and LAP concentration (0.6%) were optimized and used. The
printing window parameters were selected regarding previous reports confirming that an increase of
initiator concentration and light intensity can overcome the oxygen inhibition of photo-polymerisation

reactions.** The 3D printed lenses were carefully removed from the print plate and washed in warm PBS to

remove any uncured polymer on the surface. Reports

(a)
suggest that mechanical characteristics such as g~
elasticity, hardness, and compressibility of GelMA
are governed by the kinetics of cross-linking during o)

the photocross-linking process.” Therefore, to
improve the base mechanical strength of GelMA,
several methods are used, such as increasing the
prepolymer  concentration, higher degree of  Figure2.3D printed contact lenses (a) before and

substitution, and functionalization, or higher UV (b) after washing and post curing

exposure time.” Besides increasing the mechanical strength, the post curing also ensures consistency in the
final print. Therefore, once the CL were washed, they were post cured using a 405 nm UV light. This post
curing step is important to improve the mechanical strength of 3D printed lenses. Without proper post-
curing, the 3D printed object will be weaker in certain areas, compromising its long-term structural stability.
The post curing step, also helps to photobleach the excess yellow dye in these lenses, as shown in Figure

2.

4.4.2 Print Quantification Analysis

The 3D printed lenses were analyzed for their shape fidelity (area ratio, circumference ratio, and circularity)
where the ideal scores would be equal to 1. The area ratio, circumference ratio, and circularity was

calculated based on the formulas described in Table 1.

The area ratios of GeIMA, P-Gel-1.5% and P-Gel-3% were 0.8180, 0.8893, and 0.8585 respectively. The
ideal value for area ratio would be equal to 1 and a value of <1 denotes that the printed CL is smaller than
the theoretical area and vice versa. Compared to GelMA, the higher area ratios in case of P-Gels could be
attributed to the presence of PVA, which makes the structure more robust and mechanically stronger.’*
The circumference ratios of GelMA, P-Gel-1.5% and P-Gel-3% were 1.1446, 1.0564, and 0.9921
respectively. The ideal value for circumference ratio would also be equal to 1 and value of >1 or <1 denotes

that the printed CL has an irregular boundary. The printed circumference (C,) calculated from this method

was highly variable because even slight irregularities in the periphery of the lenses would contribute largely
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to the circumference ratio. Hence, an irregularity in the boundary could give a higher false value of printed

circumference, even if the print is smaller in area.
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Figure 3. Analysis of Shape Fidelity and Circularity of the 3D printed contact lenses (calculations based

on 2D top view).

The diameter and sagittal depth of the 3D printed contact lenses were measured to be 14.27+0.06 mm and
3.77£0.16 mm. The base curve was calculated with the assumption of a spherical lens design. The sagittal
depth (sag) and diameter (d) measurements were used to calculate the base curve (bc) using the following
formula: bc=[sag’+(d/2)*]/(sag=2) and calculated to be 6.4+0.24 mm. For circular structures, the precision
of the shape is assessed using a parameter called ‘circularity’. The circularity of GelMA, P-Gel-1.5% and
P-Gel-3% lenses were 1.6016, 1.2549, and 1.1465 respectively. The ideal values for circularity should be
equal to 1. Two lenses based on GelMA or P-Gel inks with the similar perimeter can have different areas
if one or both have irregular boundaries, resulting in differing areas. Variations in printing conditions
(temperature and humidity), water content, and handling could lead to such changes and therefore, deviation
in circularity values. Interestingly, a higher variability (standard deviation) in the circularity was observed
with the lenses printed with GeIMA, which could be attributed to the relatively weaker mechanical
properties of GeIMA compared to P-Gel. A reduction in variability was observed with the P-Gel contact

lenses owing to their robust and mechanically stronger structures.’' *2
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4.4.3 Light Transmittance and Optical Transparency

Figure 4a shows the optical clarity of a CL 3D printed from GelMA and P-Gels containing 1.5% and 3%
PVA on a colored background (Figure 4a). Next, the transmittance curves for GeIMA and P-Gel hydrogels
were plotted in the visible range of light (400-800 nm). At 450 nm, GelMA gels exhibited about 89.2%
transmittance while P-Gel-1.5% and P-Gel-3% displayed around 89.5% and 80.9% transmittance. At 630
nm, the transmittance of GeIMA was 92.2% and for P-Gels, it was around 91.5% (P-Gel-1.5%) and 89.0%
(P-Gel-3%). The mean light transmittance of GeIMA, P-Gel-1.5% and P-Gel-3% was about 91.4%, 90.9%,
and 87.2% respectively at 400-800nm, respectively (Figure 4b). The results showed that the transparency
decreased with an increase in PVA concentration from 1.5% to 3%, which is likely due to the presence of
high polymeric phase compared to GeIMA hydrogels. Among the three groups, P-Gel 3% showed the

transmittance values under the threshold percentage (~85%) to be defined as a transparent substance along

all the visible spectrum.’
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Figure 4. (a) Optical transparency of 3D printed CLs on a colored background (b) Optical transmittance

curves of Dailies Aqua Comfort Plus™ (Nelfilcon A), GeIMA, P-Gel-1.5% and P-Gel-3%.
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4.4.4 PVA release

The PVA release curves depict the PVA released
from 3D printed CL with different PVA
concentrations (Figure 5a). About 1300 pug and
2900 pg of PVA was released from P-Gel-1.5%
and P-Gel-3% CL at the end of 24 hrs. The
instantaneous release amounts of PVA were

calculated (in pg/ml) and plotted as 3D bars with

the help of OriginPro 2024 software (Figure 5b).

The graph shows that about 40-80 ng PVA was
released at every successive time points with P-Gel-
1.5%, while for the lenses containing 3% PVA, the

release was in the range of 140-180 pg.

To study the drug release kinetics and how different

factors affect the dissolution rate and behaviors,

various mathematical equations describing the

release dependence on time were used. The drug

release was evaluated though four main release
kinetic models: zero-order, first-order, the Higuchi
model, and the Korsmeyer-Peppas model. To
evaluate the best fit model for the release profiles in
our study, the goodness of fit for each model or the
coefficient of determination (R’) was calculated
using GraphPad Prism (7able 2 and 3). The release
profiles of the PVA containing hydrogels showed
highest linearity (Figure 5c) with the Korsmeyer-
Peppas model (R?=0.9806 and R’=0.9864 for P-Gel-
1.5% and P-Gel-3% respectively). The release
exponent (n) for P-Gel-1.5% and P-Gel-3% samples
were 0.3464 and 0.3476, indicating that these systems
follow Fickian diffusion (7able 3). In the Fickian
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model (Case 1), the drug release is governed by diffusion. The release exponent (n) values below 0.5

confirm the diffusion-controlled behavior rather than swelling or erosion-driven release. This finding

has important practical implications: it suggests that the rate and duration of drug release can be

effectively tuned by modifying polymer composition, crosslink density, or device geometry, without

the need for complex reservoir systems. Moreover, understanding that diffusion is the dominant

mechanism enables predictive modeling of release kinetics for different drug, providing a robust

framework for rational design of next-generation inserts with controlled and sustained drug delivery

profiles.”

Table 3. The coefficient of determination (R’) values of P-Gel-1.5% and P-Gel-3% calculated using

different kinetic models.

Kinetic Model P-Gel-1.5% P-Gel-3%
Zero-order 0.7824 0.8131
First order 0.8487 0.9181

Higuchi 0.9364 0.9532
Korsmeyer-Peppas 0.9806 0.9864
Diffusion exponent 0.3464 0.3476

(n-value)*

*Calculated by the linear regression of the Korsmeyer-Peppas equation of log(Mi/M.) versus log ¢

4.4.5 NIKBUT measurements

270*

PBS 1.4% PV. . R
Figure 6. Assessments of non-invasive keratograpéil %reakA—up time (NIKBUT) ofe PBSS
and Refresh Classic eye drops on a 3D printed eye model (#n=5).
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The results from the NIKBUT analysis for the CL containing 20

1.4% (w/v) PVA were similar to a commercially available l , ,

=y

(3]
1
*

Refresh Classic eye drop. These results were plotted manually on

a modified version of the Oculus grid after subjective review of

the true tear break-ups. The first breakups for PBS solution were

around 6.6+1.2s. However, for the 1.4% PVA solution and

First tear breakup (sec)
s
1

(3.}
1

Refresh solution, the first tear break up times were 10.3+1.7s and

114£2.2s (Table 4). These significantly higher NIKBUT values

0—

(p<0.05) for 1.4% PVA solution and Refresh Classic eye drop PBS 1;\;,";: Ref;seh;gf:sic
supports the concept of 3D printed custom-fit PVA-eluting CL Figure 7. Statistical analysis
being potentially useful to treat dry eyes (Figure 7). This PVA for the tear break up times.

solution used was made separately in PBS to assess the effect of

PVA on tear-breakup times and avoid interactions from GeIMA components at this stage.

Table 4. First tear break up time (in seconds)

PBS 1.4% (w/v) PVA Refresh Classic

6.6+1.2s 10.3£1.7s 11 £2.2s

4.4.6 Viscosity Measurements

The viscosities of different concentrations of PVA solutions were calculated using a Viscometer and
the graph between viscosity and concentration was plotted (Figure 8). The results demonstrate that
viscosity increases with an increase in the amount of PVA and is a function of polymer concentration.*
The viscosity of 1.4% PVA solution was about 1.72 cP, whereas the Refresh Classic eye drop was
around 3.65 cP. The active ingredients in Refresh Classic eye drops are 1.4% PV A and 0.6% povidone.
Therefore, the higher viscosity of Refresh Classic eye drops at a similar PVA concentration could be
due the different composition of PVA in terms of molecular weight (chain number and chain length)’
and presence of other agents such as povidone in Refresh Classic eye drops. Viscosity enhancing agents
such as PVA comprise the bulk of artificial tears and have been used in patients with dry eye disease.™
An ideal viscosity enhancer should possess sufficient viscosity and adequate rheological behavior to

lubricate the ocular surface and have sufficient ocular surface residence time. Also referred to as
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demulcents or lubricants, the US FDA recognizes six categories of these agents that can be used in
over-the-counter formulations, which include cellulose derivatives, dextran, gelatin, liquid polyols,
polyvinyl alcohol and povidone.*® These viscosity enhancing compounds have hygroscopic properties
(water retaining ability on the ocular surface), allowing them to prevent the loss of water and moisturize
the ocular surface.”” This is supported by the NIKBUT analysis results (Table 4), where the 1.4% PVA
solution demonstrates higher break up time compared to PBS alone. Of note, the compatibility of PVA
with the eye compartment is widely known®® and is a commonly used viscosity enhancer in eye drops.’

Therefore, 3D printed custom-fit PVA-eluting CL could be used as a potential strategy to treat dry eyes.
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Figure 8. Graph representing viscosity as a function of PVA concentration.
4.4.7 Ability of PVA to protect HCEC against desiccation stress

Dry eye disease (DED) is a multifactorial disease with numerous patient symptoms that ultimately lead
to discomfort and potential damage to the eye.! Although there are several methods to address the
various pathophysiological mechanisms behind DED (ranging from stabilizing the tear film to reducing
pro-inflammatory responses on the ocular surface),' PVA releasing contact lenses could be attractive
method. To study the ability of PVA to protect corneal cells against desiccation stress, a previously
established protocol was followed." This protocol helps to assess the overall impact of the dry eye

formulation on the viability of corneal epithelial cells.
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Figure 9 demonstrates that PVA at concentrations around 2%, showed significantly higher cell viability
(p<0.05) compared to the control. Similar results were observed with the Refresh Classic eye drops
(p<0.05). Importantly, after the formulation was removed from the culture wells, the chemical
interaction between the remaining molecules in contact with the cells impacted the desiccation and
provided protection. These results confirm the feasibility of PV A to be loaded in the 3D printed CL and
protect the HCEC against desiccation stress. As indicated from the package contents, Refresh Classic
eye drops contain two active ingredients, 1.4% PV A and 0.6% povidone. As previously indicated, the
presence of two different active ingredients as well as different composition of PVA in terms of
molecular weight (chain number and chain length)’ in Refresh Classic eye drops could be the reason

for their higher protection.
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Figure 9. Effect of PVA and Refresh Classic eye drops on HCEC and resistance against desiccation

stress.
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4.5 Conclusion

In summary, this work attempts to 3D print a proof-of-concept PV A-eluting contact lens based
on GelMA for potential application in dry eye disease. The PV A-eluting 3D printed lenses displayed
better shape fidelity than GeIMA as indicated by the circularity scores of 0.6243, 0.7968, and 0.8722
for GeIMA, P-Gel, 1.5%, and P-Gel-3% respectively. Measurements of the P-Gel-1.5% lenses indicated
a diameter of 14.27+0.06 mm, a sagittal depth of 3.77+0.16 mm, and a base curve of 6.4+0.24 mm
which is similar to commercially available contact lenses. Interestingly, stereolithography-based 3D
printing makes it possible to use different photopolymerizable materials loaded with therapeutics of
interest, such as PVA, and to fabricate CL with desired functionalities. PVA release profiles suggest
that approximately 1300 pg of PVA was released over 24 hours. PVA is a commonly used viscosity
enhancer in eye drops, with the capability of reducing symptoms of dry eye by stabilizing the tear film
and reducing evaporation. This was further validated by its ability to protect HCEC against desiccation
stress. The mean light transmittance of GeIMA, P-Gel-1.5% and P-Gel-3% was about 91.4%, 90.9%,
and 87.2% respectively at 400-800nm, respectively, which is close to a commercially available PVA-
containing contact lens (97.5%). The results from this study suggest that 3D printing of a delicate
structure such as a contact lens is possible by tuning the material properties and 3D printing parameters.
Looking forward, we will focus on optimizing the release kinetics and taking control over the release

of PVA from gelatin methacrylate-based biomaterials.
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Chapter 5

Controlled PVA Release from Chemical-Physical Interpenetrating

Networks to Treat Dry Eyes

*An article was extracted from this chapter and is published in American Chemical Society’s Omega
Journal (DOI: 10.1021/acsomega.4c08667)

This chapter has been published as follows:

Garg P, Shokrollahi P, Darge HF, Phan CM, Jones L. Controlled PVA release from chemical-physical
interpenetrating networks to treat dry eyes. ACS Omega 2024; 10(1): 1249-1260.

Author Concept/Design Data Analysis Write Up/
Acquisition Publication
Piyush Garg Y Y Y Y
Parvin Shokrollahi Y Y Y Y
Haile Darge Y
Chau-Minh Phan Y Y
Lyndon Jones Y Y
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5.1 Abstract

Purpose: To fabricate a chemical-physical double interpenetrating network to take control over the
release of polyvinyl alcohol (PVA), a well-known therapeutic agent used to stabilize tear film, from

gelatin methacrylate (GelMA) hydrogels.

Method: In this chapter, PVA was specifically used as part of a GelMA-based polymeric hydrogel
owing to its physical crosslinking ability via a simple freeze thaw method. The interpenetrating polymer
network was fabricated in a sequential manner where GelMA was chemically crosslinked by
photocrosslinking, followed by physical crosslinking of PVA using a relatively short freeze thaw cycle.
With the help of a suite of characterizations, we further delineate the mechanism behind formation of

these freeze thaw induced crystalline domains and their role in taking control over the release of PVA.

Results: The appearance of endothermic peaks at 48 °C and 60 °C in differential scanning calorimetry
(DSC) thermograms and 20°-20 peaks in X-ray diffraction (XRD) patterns suggest the presence of these
crystalline domains. The release profiles of the PVA containing hydrogels showed highest linearity
with the Korsmeyer-Peppas model (0.9944<R’<0.9952), indicating that these systems follow non-

Fickian or anomalous transport.

Conclusion: The results from this study highlight that upon applying only one short freeze thaw cycle

(of 1 or 2 hr), a crystalline domain formation of PVA was induced in the interpenetrating network.

Keywords: Dye eye disease, polyvinyl alcohol, hydrogels, interpenetrating network, controlled release
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5.2 Introduction

The human eye is one of the most complex organs in the human body and can be divided into
anterior (consisting of cornea, conjunctiva, aqueous humor, iris ciliary body and crystalline lens) and
posterior (consisting of sclera, choroid and retinal pigment epithelium) segments.' Globally, a number
of individuals are impacted by different ocular conditions which directly compromise their vision and
overall quality of life. Although eye drops have been used to administer about 90% of medications to
the eye,” they have a low bioavailability due to dilution by the tears and rapid drainage from the ocular
surface.’ As a result, development of long-lasting ophthalmic formulations for a wide variety of eye
diseases is of great interest to both researchers and eyecare practitioners. Soft, hydrophilic contact
lenses have often been discussed as a potential option to deliver drugs to the ocular surface.**> One
potential application of soft hydrogels is in the treatment of dry eye®, a common ocular surface disorder

that affects a substantial segment of the population.”-*

Hydrogels are three dimensional, highly hydrophilic, soft polymeric materials that are used in a
broad range of biomedical applications, including contact lenses’ and in vitro and in vivo as drug
delivery platforms.'® "' Hydrogels are of great interest for ocular drug delivery as they can increase the
therapeutic efficacy of ophthalmic drugs by increasing the drug residence time at the site of
administration, and can facilitate co-delivery of multiple drugs.'>'* Gelatin derivatives, in particular,
gelatin methacrylate (GeIMA) hydrogels, are attractive candidates for biomedical use due to their
outstanding biocompatibility’> and can easily form a 3D network via physical or chemical
crosslinking.'® The photo crosslinking method used to crosslink GeIMA can be performed in mild
crosslinking conditions (room temperature, neutral pH, in aqueous environments, etc.), with a short
reaction time and low cytotoxicity."” '” Gelatin methacrylate materials are highly biocompatible,
versatile and can be used for a variety of ocular applications such as their use as bioinks for fabricating
biodegradable drug delivery systems,'® sustained drug release systems to be potentially used as ocular
inserts,'? injectable hydrogels for delivery of ocular drugs,”> MMP-triggered controlled release vehicle
for hyaluronic acid and model drugs for the potential treatment of corneal epithelial wound healing,'
cell loaded interpenetrating hydrogel networks as corneal stroma substitutes,”* controlled release of
vitamins for the treatment of the ocular surface, corneal healing, and acceleration of epithelial growth,
while concurrently preventing potential inflammation.”® Gelatin backbone could also be grafted with

simple chemical modifications with glycidyl methacrylate to obtain an elastic protein-based hydrogel
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with biomimetic properties. Such properties allow to tune their viscoelastic and mechanical properties
to facilitate their ocular applications.** Moreover, to understand the process of mass transport of a
therapeutic agent through a hydrogel, it is important to gain insights into its macroscopic properties,
such as porosity and crosslink density. Increasing the composition of the polymer phase in a hydrogel
network and therefore the crosslink density is one strategy to modulate the drug release from GelMA
hydrogels.”® One method to potentially increase the crosslink density of GeIMA could be obtained by

forming GelMA-based interpenetrating networks.

Interpenetrating polymer networks are made up of two or more distinct polymer networks where
the macromolecular chains of each network permeate through one another without being covalently
bound to each other. Compared to hydrogels with a single network, interpenetrating networks have a
partial interlacing on the molecular scale and are reported to provide improved mechanical and dynamic
properties.’* Polyvinyl alcohol (PVA) is a commonly used viscosity enhancer in eye drops® with the
capability of reducing symptoms of dry eye by stabilizing the tear film and reducing evaporation.”® It
can be crosslinked using physical methods such as freeze thaw cycles without the addition of reactive
chemicals, which is inherently more biocompatible.’'

PVA hydrogels have been used for fabricating drug delivery systems for wound healing,*? as

3334 anti-inflammatory agents,* anticancer agents,*® and for targeted release.”’ It is

antibacterial agents,
anticipated that a GeIMA-PVA interpenetrating network would display properties of both polymers and
demonstrate enhanced biocompatibility and mechanical properties.*® Upon freeze thawing of PVA, the
crystalline domain formation is increased and this concept could potentially be used as a strategy to

modify the release rate of therapeutic molecules from drug delivery platforms.**

The release profiles of PVA from commercially available hydrogel contact lens materials exhibits
rapid initial release.*" ** To overcome this limitation, we report a PVA-releasing interpenetrating
network of GelMA and PVA fabricated in a sequential manner (chemical-physical double network) for
therapeutically promising outcomes. In the first step, ice crystal formation occurs during the freezing
cycle. The subsequent thawing leads to the formation of hydrogen bonds between the PVA chains,
creating ‘physical crosslinks’ without the need for any additional chemical crosslinkers. In this study,
relatively short freeze thaw (FT) cycles were applied to physically crosslink PVA and precisely tune
crystallization, hydrogen bonding and final network properties to take control over the rate of PVA

release by leveraging its physical crosslinking abilities.
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5.3 Materials and methods

5.3.1 Synthesis of GelMA

GelMA was prepared by direct reaction of Type A gelatin (40 g, 300 Bloom, Sigma, St. Louis,
MO, USA) with methacrylic anhydride (1% v/v, Sigma, St. Louis, MO, USA) in carbonate bicarbonate
buffer (12.5 mM sodium bicarbonate, 87.5 mM sodium carbonate anhydrous, pH 9.4, 400mL) buffer
at 50°C for 1 hr. The substitution reaction was stopped by adding acetic acid (6bmL, 10%) and the
resulting product was dialyzed in 12-14 kDa dialysis tubes (Sigma, St. Louis, MO, USA) in deionized
water for 24 hr to remove low molecular weight impurities. After dialysis, the GelMA solution was

freeze dried and stored at -80°C until further use.*’
5.3.2 Preparation of GelMA and GelMA/PVA Hydrogel Discs

To prepare the GeIMA prepolymer solution, GeIMA (10% w/v) was added to lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (0.6% w/v, LAP, Sigma, St. Louis, MO, USA) solution made in
phosphate buffered saline (PBS, Fisher Scientific, Waltham, MA, USA). To make PVA/GeIMA (P-
Gel) prepolymer solution, GelMA (20% w/v) was added to LAP solution dissolved in PBS (1.2% w/v).
PVA (10% w/v, molecular weight 89-98 kDa, 99+% hydrolyzed, Sigma, St. Louis, MO, USA) solution
was made separately in PBS and heated up to 90°C until completely dissolved. The two solutions were
added in 1:1 ratio to make the P-Gel prepolymer solution comprising of GeIMA (10%), PVA (5%), and
LAP (0.6%). These solutions were incubated at 37 °C for 1 hr before use. The GeIMA and P-Gel
prepolymer solutions were photopolymerized using a UV lamp fitted into a custom-made box
(wavelength 405 nm, 60 W output, and 10 cm distance from the light source) to fabricate discs of 10
mm in diameter and 4 mm in thickness. The discs were crosslinked for 2 min on both sides to ensure
complete crosslinking. The P-Gel hydrogel discs then underwent a single freeze thaw cycle at -20 °C
for 1 hr (P-Gel-1FT), and 2 hr (P-Gel-2FT).*
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Scheme 1. Schematic illustration for the formation of PVA/GelMA hydrogel networks.

5.3.3 Morphological Characterization

To gain insights into the hydrogels, the samples were first swollen in PBS (pH 7.4), followed
by freezing at -80 °C overnight and then freeze dried (Labconco Freeze Dry System Freezone 2.5 Liter,
7670000, Kansas City, MO, USA) for 24 h. The freeze-dried samples were fixed on an aluminium stub
by using double-sided adhesive conducting carbon tape and then imaged using environmental scanning
electron microscopy (ESEM, Quanta FEG 250, FEI Company, Hillsboro, OR, USA). The SEM images
were used to calculate the pore sizes using ImageJ software and the pore size distributions were plotted

in OriginPro 2024 software.
5.3.4 Chemical Characterization

Fourier Transform Infrared (FTIR) measurements were made with Bruker Tensor 27
(Karlsruhe, Germany) in attenuated reflectance mode (ATR, PIKE Technologies, Fitchburg, WI, USA)
between 600 to 4000 cm™ at a fixed resolution of 4 cm™. Nuclear Magnetic Resonance (NMR) spectra
were obtained using the Bruker Ascend 300 MHz spectrometer using DO as solvent at 14 mg/ml at
room temperature. Powder X-Ray Diffraction (XRD) patterns for the samples were recorded in the 26

range 10-50° using a Cu Ko radiation Bruker D8 (Karlsruhe, Germany).
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5.3.5 Thermal Analysis

Differential scanning calorimetry (DSC) analysis was carried out using Q-2000 (TA
instruments, New Castle, DE, USA). The sample (8 to 12 mg) was taken and weighed in an Aluminium
pan with a lid and underwent cyclic DSC of heating cycles of 10 °C/min up to 200 °C in the first cycle
and a cooling cycle of 10 °C/min under nitrogen purge (50 ml/min). In the second heating cycle, the

sample was heated from 25 to 250 °C. The data from the two heating cycles were recorded for analysis.

5.3.6 Swelling Behaviour

Swelling ratios of the hydrogels were measured using a gravimetric method. The hydrogel discs
were freeze dried initially and their weights were noted. These discs were incubated in 4 mL PBS at 35
°C and 50 rpm and allowed to swell for 24 hr. At fixed time intervals, the samples were removed from
PBS; the surface water was soaked gently, and the weight at time ¢ was noted until equilibrium swelling

was reached. At any given time, t, the swelling ratio was calculated using the following equation:

Swelling ratio = (W,— W;)/W; * 100

Where W, represents the initial dry weight of the hydrogels, whereas W, is defined as the weight of the
swollen hydrogels at time #. The swelling kinetics were studied using power law and a graph was plotted
between log(M/Mu) versus log ¢ with the help of GraphPad Prism. Here, M, represents the weight of
hydrogel at time ¢ and M., represents the weight at equilibrium swelling. Slope of the curves were

calculated to determine the diffusional exponent #.

5.3.7 Mechanical Properties

Hydrogel samples (12mm height and 10mm diameter) were swollen for 24 h at room
temperature in a PBS buffer at pH 7.4 prior to mechanical measurements. The compression tests were
performed on Texture Analyser (Hamilton, MA, USA) universal testing machine (UTM) model XT
plus using Texture Exponent software. The swollen hydrogel samples were dabbed gently with tissue
paper to discard surface water prior to performing the compressive test. Each sample was positioned in

the middle of the stage and the load cell of 5 kg was used.
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5.3.8 Release and Detection of PVA

The P-Gel, P-Gel-1FT and P-Gel-2FT hydrogel discs were incubated in glass vials with 10 mL
of PBS solution at 35°C and 50 rpm. At each indicated time point, 300 pL of the solution was removed
for detection of PVA and replaced with fresh PBS. For detection of PVA, the method reported by
Prochéazkova, et al., was used with slight modifications. Briefly, a solution of iodine (150 mM
potassium iodide, 50 mM diiodine in deionized water, Sigma 221945 and 207772, St. Louis, MO, USA)
was mixed with borate (64.7 mM boric acid in deionized water, Sigma B0394, St. Louis, MO, USA) in
a 1:5 ratio of iodine solution:borate solution to generate the PVA detection solution. The solution was
gently inverted 4-6 times in a conical tube to ensure even mixing. To measure PVA in solution, 163.6
L of PVA detection solution was added to 36.4 pL of samples of interest in a 96-well plate and
incubated at room temperature for 20 minutes with gentle shaking. Absorbances were read at 630 nm
using an Imaging Multimode Plate Reader (Cytation 5, Agilent BioTek Instruments, Winooski, VT,
USA).#

5.3.9 Drug Release Kinetics via Mathematical Modeling

To evaluate release kinetic profiles of the samples over the studied time duration, different
mathematical models were studied.*® These included zero- and first-order release model, Higuchi

release model, and Korsmeyer-Peppas model.

(e) Zero order model: In this model, the drug release is represented by:

C= CotKot

where C, is the amount of drug released at time ¢, C, is the initial concentration of drug in solution (at
=0), and K, is the zero-order rate constant. The graph is plotted between cumulative drug release vs.

time and the coefficient of determination (R?) was calculated.

(f) First order model: In this model, the drug release is represented by:
dC/d=-K,C

where K, is the first order rate constant

After rearranging and taking integral,

log C=log Co-(K1/2.303)¢
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where C; is the amount of drug remaining at time ¢ and C, is the initial concentration of the drug. The
graph is plotted between log cumulative % drug remaining vs. time and the coefficient of determination

(R?) was calculated.

(g) Higuchi model: In this model, the drug release is represented by:

M/M.=K, "

where M/M., is the fraction of drug released at each time point, M, is the amount of drug released in
time ¢, My is the amount of drug released after infinite time, and K, represents the Higuchi release
kinetic constant. The graph is plotted between cumulative % drug release vs. square root of time and

the coefficient of determination (R?) was calculated.

(h) Korsmeyer-Peppas model: In this model, the drug release is represented by:

M/ M=Ky, 1"

log (M/My)=log Ky, + nlog ¢

where M/M., is the fraction of drug released at time ¢, M, is the amount of drug released in time ¢, M,
is the amount of drug released after infinite time. » is the diffusional exponent or drug release exponent
and Ky, is the Korsmeyer-Peppas release rate constant. The graph is plotted between log cumulative %

drug release vs. log ¢ and the coefficient of determination (R”) was calculated.

The graphs were plotted as mentioned in Table 1 and the coefficient of determination (R?) was

calculated for each model.*”>*

Table 1. Curve fitting of various models for drug release kinetics

Zero Order First Order Higuchi model Korsmeyer-Peppas model

Equation C=C Kt log C~log Co- (K1/2.303)t M/M,=K,¢12 log (M/M,,)=log K, + nlog ¢

Graph cumulative drug  log cumulative % drug cumulative % log (cumulative % drug
release vs. time remaining vs. time drug release vs. Vt release) vs. log ¢
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5.3.10 Cytotoxicity Evaluation

The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay was conducted to
assess the cytotoxicity of the GelMA and P-Gel hydrogels with HCECs (human corneal epithelial cells).
HCECs were routinely cultured in DMEM/F12 medium (Sigma, St. Louis, MO, USA) containing 1%
FBS and 1% penicillin/streptomycin (ThermoFisher Scientific, Waltham, MA, US) at 37°C, and 5%

CO; in a humidified atmosphere.

For the MTT assay, the cells were seeded in a 96-well plate at a density of 1x10* cells per well using
complete culture medium. The hydrogel discs (weighing about 10 mg) were sterilized by exposing them
to ultraviolet light for 30 min before incubation with the cells. A sterilized solution of 0.2% (w/v) PVA
was made in culture media and a 200 pL sample was used for the cytocompatibility assay. After
incubating the sterilized hydrogels and PV A solutions with cells for 24 hr, the cells were washed with
PBS and treated with Img/ml MTT solution prepared in culture media. The MTT solution was removed
after 4 hr of incubation and 150 uL. DMSO was added to each well to dissolve the formazan crystals
and the absorbance was measured at 570 nm using microplate reader (Cytation 5, Agilent BioTek
Instruments, Winooski, VT, USA). All conditions were taken in triplicates. The viability of HCEC cells

was calculated according to the following formula.*’

Cell Viability (9% absorbance of test — absorbance of blank %100
ell Vi =
ability (%) absorbance of control — absorbance of blank

5.3.11 Statistical Analysis

Statistical analysis was performed using GraphPad Prism 10.1.2 (GraphPad Software, La Jolla, CA,
USA). All data are reported as mean and standard deviation, unless otherwise stated. Two-way
ANOVA was performed to determine differences across testing groups. Tukey’s multiple comparison
tests were used when necessary. In all cases, statistical significance was considered significant for a p

value of <0.05 unless otherwise stated.
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5.4 Results and Discussion

5.4.1 Morphological Characterization

SEM images of all the hydrogels displayed a highly interconnected porous architecture (Figure 1a-d).
GelMA hydrogels had a very broad pore size distribution, with pores sizes ranging from 1 to 90 pm
and mean pore size of 23 um (Figure 2a). The pore size distribution for P-Gel samples was in the range
of 1 to 60 um with a mean pore size of 18 um (Figure 2b). The pore size distribution of freeze thawed
P-Gel hydrogels (Figure 2c and 2d) were observed to be similar to P-Gel samples, where the pore sizes
decreased and were more uniform compared to GelMA sample. It is interesting to note a remarkably
narrower pore size distribution upon addition of PVA. This smaller and more homogeneous pore
architecture along with slightly thicker pore walls suggest a good compatibility between GelMA and
PVA.!




Figure 1. Cross sectional SEM images of the freeze dried (a) GelMA (b) P-Gel (c) P-Gel-1FT, and (d)
P-Gel-2FT hydrogels showing a highly interconnected porous structure. The pore architecture becomes

more uniform with the addition of PVA.

The morphology of the P-Gel hydrogels in Figure 1b could be attributed to formation of a semi-
interpenetrating network, where GeIMA forms a chemically crosslinked network through photo-
crosslinking. During the freezing step in the lyophilization process, thermally induced phase separation
occurs between the solvent phase and the polymer phase, creating a polymeric network.’? The larger
pore size of GelMA hydrogels (Figure 1a) could be attributed to presence of less polymeric phase in
GelMA hydrogels (10% GelMA) compared to the P-Gel samples (10% GelMA and 5% PVA). Thus,
GelMA hydrogels hold more water to undergo ice crystal formation during the freezing step, leading
to relatively larger pore sizes (Figure 1a). Moreover, PVA molecules might penetrate and partially fill
the free voids between GelMA chains, thus increasing the crosslinking density and resulting in the

formation of smaller sized pores between the crosslinked GeIMA chains (Figure 1b-d).”
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Figure 2. Pore size distribution of (a) GeIMA (b) P-Gel (c) P-Gel-1FT, and (d) P-Gel-2FT. GelMA

shows a broad pore size distribution with pores sizes ranging from 1 to 90 pm, with most pores ranging

from 15-20 um. The P-Gel samples showed more uniform pore sizes with mean pore size of 10-25 pm.

5.4.2 Chemical Characterization

5.4.2.1 Fourier Transform Infrared (FTIR) Spectroscopy

When gelatin is reacted with methacrylic
anhydride, gelatin undergoes amidation to
form GelMA. During the reaction,
nucleophilic attack of a primary amine to
carbonyl carbon of methacrylic anhydride
takes place, where an amide linkage is formed
following amine deprotonation. In the next
step, the photo initiator initiates free radical
polymerization upon exposure to UV light
(405 nm) and forms crosslinked GelMA
hydrogels. Multiple peaks between ~3500-
3200 cm' resemble the O-H stretching and N-
H stretching whereas the peak at ~2936 cm’
is attributed to the C-H stretching.** The peak
at ~1640 cm™ in GelMA represents the C=0
stretching (amide I).”> The peak around 1640
cm'corresponding to the C=C stretching of
the methacrylate groups is close to the C=0
stretching peak of the amide I, making it
difficult to verify its disappearance after the
crosslinking process in GeIMA spectrum.*® The
peak at ~1534 cm™ corresponds to N-H
bending and stretching vibrations of C-N

Transmittance

GelMA prepolymer solution

||||||||||||||||||||||||||||||||||

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)
Figure 3. FTIR spectra of GeIMA prepolymer
solution, GelMA hydrogels, P-Gel prepolymer
solution, P-Gel hydrogels and PVA powder.

groups (amide II) and the peaks around ~1445 cm™ and ~1335cm™ are assigned to -CH, bending

vibrations, C-N stretching vibrations within amide III, respectively.’”? In the PVA FTIR spectrum, the
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peak around ~1140 cm™ corresponds to the C-O and C-C stretching, denoting its crystalline regions.”
5 This band is observed in the P-Gel prepolymer solution and hydrogels, indicating the presence of
PVA. The sharp peak at ~1092 cm™ in PVA spectrum corresponds to the C-O vibration.”® When PVA
is added to the GeIMA polymer solution, it might undergo supramolecular interactions (H-bonding)
between the -OH/-NH, groups of PVA and GelMA. The appearance of a shoulder around ~1088 cm'
in the P-Gel hydrogels interactions may be attributed to these supramolecular interactions (Figure 3).
These supramolecular interactions may also be the source of the additional transition that appeared

around 48 °C in the DSC thermograms of P-Gel-2FT in the first heating cycle (Figure 5b).
5.4.2.2 Nuclear Magnetic Resonance (NMR)

The gelatin macromers were functionalized using methacrylic anhydride (4.0 mL per 40 g gelatin)
during the reaction. The conjugation of methacryloyl groups to gelatin molecules were monitored and
confirmed by 'HNMR spectroscopy (Figure 4). Appearance of the signals at 5.36 and 5.62 ppm (the
protons of vinyl group of methacrylic anhydride) and decrease of signal at 2.92 ppm (the protons of
methylene of lysine signal) confirmed modification of gelatin with methacrylic anhydride. Since the
proton signal of the aromatic amino acid moieties in gelatin remained constant, intensity of these
protons was used to normalize the intensity of these protons in gelatin and the synthesized GelMA.
Therefore, the degree of substitution (DS) of GeIMA was calculated by comparing the proton signal at
2.9 ppm of the unmodified gelatin with that of GeIMA. The DS of GelMA was calculated as about
61.8% in this study which is in good agreement with those previously reported for GeIMA prepared in

a similar condition.®"%?

1 Gelatin 1 GelMA

14[rel]

12

T T T T T T T T T T T T T T T T
12 10 8 6 4 2 0 [ppm] 12 10 8 6 4 2 0 [ppm]

Figure 4. "HNMR of gelatin and GelMA.
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5.4.2.3 X-Ray Diffraction (XRD)

XRD patterns of the PVA powder and GelMA (Figure 5a) revealed that the PVA peak was around
22.5°-20, while that of GeIMA was around 20°-20.° The peak around 20°-20 and 41°-20 in PVA
represents the semi-crystalline nature of PVA with both crystalline and amorphous regions.®* > XRD
patterns of the P-Gel, P-Gel-1FT, and P-Gel-2FT showed a prominent peak around 20°-26. From the
GelMA XRD pattern, it is observed that the peak around 20°-26 was broad, however, the PVA peak at
20°-20 is relatively sharper and of higher intensity.” In the presence of PVA in the P-Gel
interpenetrating network, the diffraction pattern shows slight changes. The P-Gel hydrogel possess a
diffraction peak at 20°-20 which is higher, and sharper compared to the diffraction pattern of GeIMA.
These results suggest that the hydrogen bond intermolecular interactions occur between the PVA and
GelMA chains.® Similarly, in P-Gel-1FT and P-Gel-2FT samples, the 20°-20 peak is relatively sharper
and higher in intensity, indicating that crystallinity of the interpenetrating network could be mainly due

to PVA.Y
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Figure S. (a) XRD patterns of GeIMA, PVA, P-Gel, P-Gel-1FT, and P-Gel-2FT samples. (b) DSC
thermogram of GelMA, P-Gel, and P-Gel-2FT samples for the first (~200 °C) and second heating (~
250 °C) cycle.
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5.4.3 Thermal Analysis

Next, a thermal analysis was used to study the microstructure of the hydrogels. The first heating cycle
in the DSC thermogram (Figure 5b) indicated broad endothermal transitions at around 113 °C for
GelMA and 123 °C for P-Gel and P-Gel-2FT that correspond to evaporation of water molecules from
the samples. During the second heating cycle, no exothermic or endothermal transition was observed
in the GelMA sample, indicating that no further physical/chemical changes took place in this
temperature range. Meanwhile, for P-Gel and P-Gel-2FT samples, two endothermal transitions were
observed at around 48 and 62 °C in the first heating curve. Similar transitions have been previously
reported for freeze-thawed PV A hydrogels at similar temperatures around 60 °C and are attributed to a
gel-to-sol transition owing to dissociation of H-bonding and melting of the crystalline phase.’* The
transition around 48 °C in P-Gel and P-Gel-2FT hydrogels could be attributed to the supramolecular
interactions (H-bonding) between the —OH/-NH; groups of PVA and GelMA and its effect on
crystalline domain formation in PVA. The stability (melting temperature) and size (melting enthalpy)
of the crystalline domains control mechanical and physical properties of the PV A-containing hydrogels,
and these two parameters are influenced by the duration and number of freeze-thaw cycles.® The
melting enthalpies of the P-Gel and P-Gel 2FT hydrogels were measured using the TA Universal
Analysis 2000 v4.5A. An increase in enthalpy of the melting transition from P-Gel to P-Gel-2FT
(0.3304 to 0.4104 J/g) in the temperature range of 48—60 °C supports increased crystallinity upon FT
cycles and is in line with the literature reports.® As the temperature increased to 250 °C in the second
heating cycle, an endothermal transition was observed in the P-Gel-2FT thermogram at around 225 °C,

which corresponds to the melting of PVA in the samples.®’

5.4.4 Swelling Behaviour

The swelling behaviour of the freeze dried GeIMA, P-Gel, P-Gel-1FT, and P-Gel-2FT
hydrogels is shown in Figure 6a. A post hoc Tukey test was applied to identify any significant
difference between the swelling behaviour of the hydrogel samples. After 1.5 hr, the GelMA hydrogel
showed a significant difference in the swelling compared to the P-Gel sample (p<0.05). From the
swelling curves (Figure 6a), it can be inferred that P-Gel, P-Gel-1FT and P-Gel-2FT samples undergo
less swelling compared to GeIMA. This reduced swelling could help to control the release and support
a sustained release of PVA from the interpenetrating network. Moreover, there is a gradual decrease in

the degree of swelling with increase in crosslink density owing to the presence of lower polymeric
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phase in GelMA hydrogels compared to the P-Gel samples. This is also corroborated by the SEM results
(Figure 1). Next, log (M/Mux) versus log ¢t was plotted to understand the swelling kinetics (Figure 6b)
of the hydrogels. Interestingly, GeIMA hydrogel showed the highest linearity (R? value=0.9159) with
the power law, indicating that the swelling of these gels followed Fickian diffusion (n value<0.45).
Additionally, P-Gels, P-Gel-1FT and P-Gel-2FT showed slightly smaller R* values (0.8884, 0.6764,
0.7206, respectively). n values for these hydrogels were also found to be <0.45, indicating diffusion-

controlled swelling.”
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Figure 6. (2) Equilibrium Swelling of GelMA, P-Gel and freeze thawed hydrogels. (b) Swelling
kinetics analysis based on power law. (¢) Stress Strain curves and (d) Young’s modulus for GeIMA,

P-Gel and freeze thawed hydrogels.
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5.4.5 Mechanical Properties

Figure 6¢ shows the compressive stress-strain curves of GelMA, P-Gel, P-Gel-1FT, and P-Gel-
2FT hydrogels. The compression experiments suggest that the double networks containing PVA had a
two-fold higher compressive modulus (0.8564+0.0457) than 10% GelMA alone (0.4099+0.00829). The
P-Gel hydrogels that underwent lhr and 2hr freeze thawed also exhibit a remarkable compressive
modulus (7able 2 and 3). This could be attributed to the freeze thaw and solvent displacement process
which results in intensified physical interactions to form a second stiffer and tougher network of PVA.*
These stronger non-covalent interactions could be the reason for a slight increase in the Young’s
modulus observed with the 1hr and 2hr freeze thawed samples (0.8766+0.0596, and 0.9302+0.0364
respectively, Figure 6d). Reports suggest that there are different gelation parameters (such as the
number, temperature and time of FT cycles) and polymer parameters (such as molecular weight,
concentration and degree of hydrolysis of PVA) that affect the final mechanical properties of PVA
hydrogels.>® Similarly, the mechanical properties of GelMA-based hydrogels are influenced by various
parameters such as concentration and degree of substitution of GelMA, type and concentration of

photoinitiator used, and intensity and duration of UV exposure.”

Table 2. Young’s Modulus

Young’s Modulus (kPa) GelMA P-Gel P-Gel-1FT P-Gel-2FT
Mean 0.4099 0.8564 0.8766 0.9302
SD 0.0082 0.0457 0.0596 0.0364

Table 3. Compressive Strength

Stress (kPa) GelMA P-Gel P-Gel-1FT P-Gel-2FT
Mean 26.4391 59.0745 62.7813 63.0322
SD 0.4161 1.5958 4.4641 0.7766
5.4.6 Release of PVA

PVA release curves (Figure 7) depict the effect of the freeze thaw method in tuning the release
of PVA. Interestingly, after the samples experienced a freeze thaw cycle of about 2 hr, there was a
lower release of PVA compared to P-Gel. A post-hoc Tukey test was employed, which revealed that
after 5 hr, the P-Gel-2FT hydrogel exhibited significantly lower PVA release (p<0.05) compared to P-
Gels. Furthermore, P-Gel-1FT sample showed significantly lower release of PVA after 7 hr (p<0.05)
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compared to P-Gels. The observed decrease in release of PVA by altering the freeze thaw parameters

is in good agreement with the concept of using freeze thaw to adjust the release rates of PVA. Although

release of PVA from P-Gel-2FT is less than P-Gel-1FT samples (Figure 7), the difference was not

statistically significant (p>0.0 5).
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Figure 7. PVA release curves and the effect of freezing times on the release rate of PVA (per 100mg

hydrogel). The freeze thawed samples show lower release of PVA than the P-Gel samples, supporting

the concept of using freeze thaw cycles to control release rates.
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Figure 8. PV A release profiles per time point showing the effect of freezing thaw cycle on the release

of PVA.

There are three main processes that explain the effect of freeze thaw cycles on P-Gel semi-
interpenetrating network; (a) hydrogen bonding (b) crystalline domain formation, and (c) phase
separation. During the freezing step, ice crystals are formed which allow PVA chains to come closer
and form PVA rich domains.** The close proximity between these PVA chains promotes the formation
of crystalline domains through inter- and intra-molecular H-bonds that act as cross-linking sites. Upon
thawing, these ice crystals melt, leaving behind pores surrounded by a PVA skeleton.’” During
successive freeze thaw cycles, more PVA chains come into closer contact with each other and new
crystalline domains or sites are generated. Theoretically, higher freezing durations cause more H-
bonding to occur, increasing crystallinity.®> Of note, it is important to consider the temperatures at
which these hydrogels will be stored or used, because temperatures >60 °C could lead to gel-to-sol
transition owing to dissociation of H-bonding and melting of the crystalline phase.” In our case, the
desired application of these PV A-containing hydrogels would be to release this therapeutic agent on
the ocular surface, which has a temperature of about 35 °C. There are various factors which influence
crystallinity and water uptake of PVA containing hydrogels, such as concentration of PVA, number of
freeze thaw cycles, molecular weight of PVA, temperature and duration of freeze thaw cycles™,
suggesting that carefully designing these parameters for freeze thaw cycles can help achieve tunable

release rates.

5.4.7 Drug Release Kinetics via Mathematical Modeling

To study the drug release kinetics and how different factors affect the dissolution velocity and
behaviors, various mathematical equations describing the release dependence on time are used. In this
study, drug release was evaluated though four main release kinetic models: zero- (Figure 9a) and a
first-order release model (Figure 9b), a Higuchi release model (Figure 9¢) and a Korsmeyer-Peppas
model (Figure 9d). In the context of drug release, zero-order release kinetics implies that the drug is
released at a constant rate over time, regardless of its initial concentration. This can be desirable for
certain medications as it provides a constant and predictable therapeutic effect. The first order release
kinetics describes the rate of drug release as directly proportional to the initial concentration of the
drug. This means that as concentration of the drug decreases, the rate of release also decreases.

Higuchi's model is based on Fickian diffusion and is specifically derived for drugs dispersed in solid or
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semi-solid matrices, typically without considering the effect of swelling or dissolution of the matrix.
According to this model, the graph between the concentration of the drug and square root of time would
be a linear function. "* Korsmeyer-Peppas is a semi-empirical model that describes several release
mechanisms, including Fickian diffusion, Case II transport, or a combination of both (anomalous

transport).”
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Figure 9. Modelling of the PVA release data on well-known mathematical models: (a) zero order, (b)

first order, (c) Higuchi’s model, and (d) Korsmeyer-Peppas model.

To evaluate the best fit model for the release profiles in our study, the goodness of fit for each
model or the coefficient of determination (R’) was calculated using GraphPad Prism. The release
profiles of the PVA containing hydrogels showed highest linearity with the Korsmeyer-Peppas model
(0.9944<R?<0.9952). The release exponent (1) for P-Gel, P-Gel-1FT and P-Gel-2FT samples were
0.6442, 0.6090, and 0.6601, respectively, indicating that these systems follow non-Fickian or
anomalous transport (7able 4). This mechanism is governed by rate of time dependent solute diffusion
and swelling of the polymer matrix (0.45<1<0.89 and n#0.5).”* Moreover, the formation of crystalline
domains upon freeze thawing can hinder the mobility of polymeric chains,*® thus slowing their
rearrangement. This along with the diffusion process occurring simultaneously causes time-dependent

anomalous effects, thus explaining a better fit to the Korsmeyer-Peppas model.”
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Table 4. The coefficient of determination (R?) values of P-Gel, P-Gel-1FT, and P-Gel-2FT calculated

by using different kinetic models.

Kinetic Model P-Gel P-Gel-1FT P-Gel-2FT
Zero-order 0.9568 0.9407 0.9560
First Order 0.9629 0.9449 0.9588

Higuchi 0.9914 0.9863 0.9798
Korsmeyer-Peppas 0.9954 0.9944 0.9952
Diffusion exponent 0.6442 0.6090 0.6601

(nvalue)*

*Calculated by the linear regression of Korsmeyer-Peppas equation of log(M,/M,,) versus log t.

5.4.8 Cytotoxicity evaluation
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Figure 10. MTT assay for GelMA, PVA, P-Gel and P-Gel-2FT

Cytotoxicity of biomaterials is an essential aspect for ocular applications. The efficacy and safety of a
drug delivery vehicle depends on its ability to deliver the therapeutic agent specifically to the ocular
surface while exhibiting no cytotoxicity. To realize this, we first investigated and compared the
cytotoxicity of GelMA, P-Gel, P-Gel-2FT and 0.2% (w/v) PV A solution using the MTT assay (Figure
10). The cell viabilities in the presence of GelMA and P-Gel-5% samples were about 86.5% and 85.1%
respectively after 24 hr of incubation, indicating they were not cytotoxic to the cells. Similarly, freeze
thaw cycles did not induce any adverse effects on the cells. Moreover, 0.2% (w/v) PVA showed >80%

cell viability, suggesting its non-toxic nature. This concentration was selected based on the PVA
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concentration released per time point (Figure 8). These findings support the use of these hydrogels as
suitable vehicles for applications in controlled drug release of PVA. While these results confirm that
the materials are not overtly cytotoxic, cell viability alone does not fully capture cellular health or
immunogenicity. To further validate biocompatibility, future studies should consider assessing
apoptotic markers and inflammatory cytokine expression, which would provide deeper insight into

potential sublethal stress or immune activation induced by the materials.

5.5 Conclusion

In summary, freeze thaw induced crystalline domains were formed inside a chemical-physical
interpenetrating network to tune the release rate of PVA, which is a commonly used therapeutic agent
to treat dry eyes. The results from this study suggest that this method could potentially be easier to
translate into application given the purported safety associated with utilizing a physical crosslinking
method to create desired release profiles, as opposed to employing additional harsh chemical
crosslinking agents. Of note, there are various factors such as concentration and molecular weight of
PVA, number, temperature, and duration of freeze thaw cycles which influence the physical and
chemical properties of PVA containing hydrogels, suggesting that engineering these parameters is
crucial to take control over the release rate of PVA. Furthermore, the macroscopic properties of these
hydrogels are determined by the relative amount of crystalline and amorphous phases of PVA present.
Looking ahead, we envisage that the physical barriers created with freeze thaw cycles may also be
explored to take control over the release of other molecules of interest from these gels. Interestingly,
the versatile properties of GeIMA could be explored to fabricate drug-eluting contact lenses or drug-
loaded ocular inserts to be placed in cul-de-sac in the lower eye lid providing prolonged release of

molecules of interests.
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Chapter 6

Biodegradable 3D printed conjunctival inserts for the treatment of

dry eyes
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6.1 Abstract

Purpose: To fabricate biodegradable conjunctival gelatin methacrylate (GelMA) inserts for release of

PVA using 3D printing.

Method: In this work, biodegradable conjunctival inserts were 3D printed using stereolithography-
based technique. The release of PVA from these inserts (containing 10% GelMA and 5% PVA, P-Gel-
5%) was assessed along with different mathematical models of drug release. The biodegradation rates
of these inserts were studied in the presence of matrix metalloproteinase-9 (MMP9) enzyme, also found
on the ocular surface. The morphology of the inserts before and after enzymatic degradation was

monitored using scanning electron microscopy.

Results: The 3D printed P-Gel-5% inserts formed a semi-interpenetrating network which was
mechanically stronger than GelMA inserts. The PVA release graphs demonstrate that at the end of 24
hrs, about 222.7+£20.3 pg, 265.5£27.1 pg 242.7+30.4 ug of PVA was released when 25 pg/ml, 50 pg/ml
and 100 ng/ml MMP9 enzyme concentration was used, respectively. The release profiles of the P-Gel-
5% containing hydrogels in the presence of different concentrations of MMP9 showed highest linearity
with the Korsmeyer-Peppas model. The degradation study was performed for 24 hrs and the results
suggest that degradation rate is a function of MMP9 enzyme concentration. Over 80% of P-Gel-5%
inserts were degradaded at the end of 8 hrs, 12 hrs, and 24 hrs in the presence of 100 pg/ml, 50 ug/ml,
and 25pg/ml MMP9 enzyme solutions respectively.

Conclusion: The results from this study highlight the 3D printing abilities of GeIMA to design
conjunctival inserts. These inserts could be used to deliver PVA, which is well known therapeutic
agent for dry eye disease. Overall, this study describes that PVA release is influenced by multiple
mechanisms such as diffusion and enzymatic degradation, which is supported by the morphological
studies and biodegradation results.

Keywords: Biodegradable polymers, 3D printing, conjunctival inserts, matrix metalloproteinase-9.
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6.2 Introduction

Dry eye disease (DED) is a multifaceted condition marked by tear film instability,
inflammation, and sensory dysfunction. It is often associated with other eye health issues, including
meibomian gland dysfunction, autoimmune disorders like Sjogren’s syndrome, and post-surgical
effects from procedures such as LASIK. DED is categorized into aqueous-deficient and evaporative
types, stemming from either insufficient tear production or excessive evaporation. Various factors,
including environmental conditions, systemic diseases, medication use, and prolonged screen exposure,
can worsen symptoms." It is often characterized by high osmolarity of the tear film, with diagnostic
threshold levels ranging from 305 to 316 mOsm/L,* and inflammation of the ocular surface.’ As the
condition progresses, there is a noted escalation in both tear osmolarity levels and inter-eye variability
which is potentially useful in diagnosis and effective disease management.** This increased osmolarity
initiates an inflammatory response, leading to cellular distress among epithelial cells and increased
production of cytokines and matrix metalloproteinase-9 (MMP-9), an enzymatic protein involved in
proteolysis.® Many studies have demonstrated elevated MMP-9 levels in the tears of individuals
suffering from dry eye, which correlate closely with clinical examination findings.”” The activity of
MMP-9 increases with the severity of DED, contributing to compromised corneal epithelial barrier

function, increased shedding of corneal epithelial cells, and irregularities in the corneal surface.'®"!

Eye drops are a common treatment for DED, but they have limited effectiveness and require
frequent application. Other reasons contributing to the inefficiencies of the ophthalmic drops include
low bioavailability, largely due to lacrimal secretion, rapid tear turnover, and efficient nasolacrimal
drainage pathways. Thus, it would be helpful in the clinical management of DED to have a more
efficient method to deliver products to the ocular surface that require less frequent dosing and remain

on the ocular surface for an extended period.

An ideal ocular delivery system should possess properties such as biocompatibility, high drug
residence time, low systemic absorption, and sustained drug release. Among the various strategies
explored, integrating drug-loaded materials into ocular devices, such as contact lenses, shows the
greatest potential for maximizing drug retention and bioavailability. Although contact lens based drug
delivery systems'? can be used to prolong the ocular surface residence time, the burst release of drugs
still remains an unresolved issue."*"'* Moreover, loading sufficient amount of drugs and achieving drug

concentrations at target sites equal to or above minimum effective levels remain a challenge.'® To this
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end, conjunctival inserts, placed in the lower conjunctival sac beneath the lower eyelid, offer potential
as alternatives to conventional ocular drug delivery systems. Depending on the typical day time wearing
period, the release needs to be in the range of a few hours. Conjunctival inserts offer benefits such as
precise dosing, reduced systemic absorption, minimal side effects, and sustained drug release. Recently,
Duman et al. reported that a 3D-printed ocular insert based on polycaprolactone (PCL) combined with
a liposomal strategy could support and enhance delivery of moxifloxacin to the eye. The inserts were
fabricated using a melt-extrusion 3D printing technique with a PCL filament. Moxifloxacin was loaded
into liposomes which were then incorporated into the PCL matrix during the printing process. A key
finding of this work was the successful sustained release of moxifloxacin from the inserts over a period
of 7 daysin vitro. The ex vivo corneal permeation studies demonstrated significantly higher
moxifloxacin penetration compared to conventional eye drops. The loading amount of moxifloxacin in
the inserts was optimized, and the results showed a high encapsulation efficiency of the liposomal drug
within the PCL matrix.'” However, while supporting a relatively long term release of Moxifloxacin for
up to 7 days, the mechanical properties of PCL may compromise patient comfort. In addition, PCL
holds a slow biodegradation profile of up to two years and therefore, insert removal after the release
period would be another concern. In another study, hot melt extrusion printing was coupled with fused
deposition modelling for 3D-printing of a hydroxypropyl cellulose insert loaded with ciprofloxacin and
it was shown that the insert was capable of sustained ciprofloxacin release in vitro for over 24 hrs.
The ex vivo studies using porcine corneas showed enhanced drug permeation compared to conventional
eye drops.'® Ocular inserts have been previously commercialised and Ocusert™ was the first controlled-
release polymer drug delivery system that exemplified this approach. Placed beneath the lower eyelid,
this device administered the active ingredient pilocarpine to treat glaucoma. The device delivered the
drug at a consistent rate over the course of one week, offering superior efficacy compared to pilocarpine
eye drops, resulting in reduced incidence of side effects.'® Ultimately it was discontinued due to low

uptake and the release of more effective drugs to treat glaucoma.

In addition, degradation is a necessity in biomedical applications.'” Of note, biodegradable
polymers have been used for fabricating drug delivery systems and are known to improve the drug
efficacy by controlling the release rate.’ These polymers could also be moulded in any shape or size
and polymerized using photo-crosslinking. According to the International Union of Pure and Applied
Chemistry (IUPAC), ‘degradable polymers’ undergo in vivo degradation resulting solely from

hydrolysis by the water present in tissues and organs, referred to as hydrolysis or hydrolytic

88



degradation.”’ Depending on the intended use, different products may require different stability or
degradation properties.”? For instance, in the case of chronic implantable biomedical devices, the
polymers must be stable in biological environments for the device to perform their optimal function for
a specified time period. which could last for a few years. Contrary to this, the degradation time for the
polymers used to design tissue engineering scaffolds should be comparable to the tissue healing
process, which could last from a few weeks to months. Similarly, the optimal degradation time frame
for polymers used in drug delivery applications may range from few hours to months. Several factors
can control the rate of degradation of polymeric biomaterials, including crosslink density, degree of
substitution, and the presence or absence of pendant groups. One such biodegradable material that could
be used for this purpose is gelatin methacrylate (GeIMA). GelMA is a biodegradable and biocompatible
material, used for a variety of biomedical applications, and can be physically, chemically, or
enzymatically crosslinked.”?* Of note, the photo crosslinking method used to make GelMA offers
several advantages such as mild crosslinking conditions and low cytotoxicity.”> Moreover, the
biocompatible and biodegradable properties of GeIMA could also make it possible to explore a new

avenue to release incorporated drugs during passive exposures to various ocular enzymes.?

Despite considerable advancements in the fabrication techniques of GeIMA hydrogels and their
extensive utilization across diverse biomedical disciplines, various challenges exist, such as control
over pore size and distribution and reproducibility of mechanical properties, necessitating further
investigation and development. Owing to the precision and high resolution required for the fabrication
of biomedical devices from soft hydrogel-based biomaterials, in this work, a stereolithography (SLA)-
based 3D printing technique was employed to fabricate these conjunctival inserts from GelMA-based
polymeric ink. Interestingly, SLA-based 3D printing makes it possible to use different
photopolymerizable materials loaded with therapeutics of interest.”’” One such therapeutic molecule of
interest is polyvinyl alcohol (PVA), which is a commonly used viscosity enhancer in eye drops,*® with
the capability of reducing symptoms of dry eye by stabilizing the tear film and reducing evaporation.

Many ocular lubricants to treat moderate dry eye contain PVA.%

In this work, we planned to combine the favourable properties of GeIMA and PVA to design
prototype biodegradable conjunctival inserts which could potentially be used for treatment of dry eyes.
Interestingly, GeIMA degrades in the presence of collagenases or MMPs and these enzymes are also
found on the ocular surface. Additionally, in various ocular conditions, including moderate to severe

dry eyes, the levels of MMP9 enzymes are elevated.”*” The MMP9 enzyme cleaves collagen/gelatin
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chains,*!*?

thereby providing a stimulus for enzymatic degradation of GeIMA. As the GeIMA chains
are cleaved, the PVA molecules from the network structure are released, helping to protect the ocular

surface against the negative impact of the DED process.

6.3 Materials and Methods

6.3.1 Synthesis of GelMA

GelMA was prepared by the direct reaction of 40 g Type A gelatin with methacrylic anhydride
(1% v/v, Sigma, St. Louis, MO, USA) in 400mL carbonate bicarbonate buffer (12.5 mM sodium
bicarbonate, 87.5 mM sodium carbonate anhydrous, pH 9.4) buffer at 50°C for 1 hr. The substitution
reaction was stopped by adding by 6mL of 10% acetic acid and the resulting product was dialyzed in
12-14 kDa dialysis tubes (Sigma, St. Louis, MO, USA) in deionized water for 24 hr to remove low
molecular weight impurities. After dialysis, the GeIMA solution was freeze dried and stored at -80°C

until further use.

6.3.2 Preparation GelMA and P-Gel-5% ink

To prepare the P-Gel-5% prepolymer solution, GelMA (20% w/v) was dissolved in LAP
solution (1.2% w/v, Sigma 900889, St. Louis, MO, USA) in phosphate-buffered saline (PBS, Fisher
Scientific, Waltham, MA, USA). Separately, a PVA solution (10% w/v, molecular weight 89-98 kDa,
99+% hydrolyzed, Sigma, St. Louis, MO, USA) was prepared in PBS and heated at 90°C until fully
dissolved. The two solutions were combined in a 1:1 ratio, resulting in the P-Gel-5% prepolymer
solution containing GelMA (10% w/v), PVA (5% w/v), and LAP (0.6% w/v). For the preparation of
GelMA ink, GelMA (10 % w/v) was dissolved in LAP solution (0.6 % w/v ) made in PBS at
37 °C. Tartrazine was added (photo-absorber, 0.3% w/v) to GeIMA and P-Gel-5% inks and incubated

at 37°C for 1 hour prior to use.

6.3.3 3D printing of P-Gel-5% Conjunctival Inserts

Ocular inserts of 4 mm diameter and 1000 pm thickness were designed using computer-aided
design software (FreeCAD 0.19) and then 3D-printed using a commercial masked-stereolithography
(mSLA) 3D printer (AnyCubic Photon Mono M5, Shenzhen, China). The printer was retrofitted with a
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humidity and temperature control kit to enable printing at ~95% humidity and 37 °C (Figure 1). The
GelMA and P2-Gel-5% prepolymer ink solutions were mixed gently before use. The 3D-printing
photopolymerization process was performed with UV light of wavelength 405 nm. The overall
thickness of the insert was 1000 pm, and they were printed with a layer thickness of 100 pm and
exposure time of 120 s.** The choice of a 1000 pum insert thickness was primarily due to the physical
limitations of the SLA 3D printer, including resolution constraints and layer accuracy at smaller
dimensions. Printing at 100 um posed challenges in structural integrity, handling, and post-processing,
increasing the risk of deformation. Additionally, the thicker inserts allowed for sufficient drug loading
and measurable, sustained release profiles, which would have been difficult to achieve and quantify
reliably with ultra-thin constructs. The 1000 um thickness thus provided a balance between printability,

mechanical stability, and experimental reproducibility.

[ ] Vat containing P-Ge\-5% ink ]
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Figure 1. Fabrication of GeIMA and P-Gel-5% conjunctival inserts using 3D printing

6.3.4 Mechanical Testing

Mechanical properties of the GeIMA and P-Gel-5% hydrogel samples were measured in
compression mode using a universal testing machine (UTM, Texture Analyser XT Plus, Hamilton, MA,

USA). The test was conducted on hydrogel samples (12 mm height and 10 mm diameter) that were
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swollen for 24 h in PBS buffer at pH 7.4. The samples were gently dabbed and placed in the middle of

the stage, and a load cell of 5 kg was applied. Each measurement was repeated three times.

6.3.5 Equilibrium Swelling

Swelling ratios of the hydrogels were determined using a gravimetric approach. Initially, the
hydrogel discs were freeze-dried (at —80 °C and 133 x 10~ mbar), and their weights were recorded.
They were then immersed in 4 mL of PBS at 35 °C with gentle agitation at 50 rpm, allowing them to
swell for 24 h. At specific time intervals, the samples were taken out of the PBS; excess surface water
was carefully blotted off, and their weights were measured at specific time intervals until equilibrium
swelling was achieved. The swelling ratio at any given time ¢ was calculated using the following

equation:
Swelling ratio = (W,— W;)/W; * 100

where W, represents the initial dry weight of the hydrogels, whereas W, is defined as the weight of the

swollen hydrogels at time ¢.
6.3.6 Water Contact Angle

To evaluate hydrophilicity of the hydrogels, water contact angles of the GelMA and P-Gel-5%
samples were measured using an Optical Contact Analyzer (DataPhysics Instruments GmbH,
Filderstadt, Germany), via sessile drop technique. In brief, 8 pl of high-performance liquid
chromatography grade water was deposited on the surface at a rate of 2 pls” and imaged once the
droplet was settled. Water contact angles of the resulting images were analysed using SCA 20 software
(version 2.04, Build 4). For each hydrogel, three separate droplets were quantified across the surface

and the reported values are an average of these independent measurements.

6.3.7 Biodegradation of P-Gel-5% inserts by MMP9

P-Gel-5% inserts (4 mm diameter and 1 mm thickness) were 3D printed. These inserts were
gently washed with warm PBS and briefly dried using a Kimwipe™ (Kimberly-Clark Professional
34155, Irving, TX, USA) and their weights were measured on a scale and recorded. Next, inserts were
added to 1.7 ml microcentrifuge tubes with 1mL of enzyme solution containing varying MMP9 (Gibco,

Billings, MT, USA) concentrations dissolved in 1X PBS. Samples were incubated, with gentle
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agitation, at 37 °C. At each indicated time point, samples were briefly vortexed, and 50 ml of the

solution was removed for detection of PVA.

6.3.8 Scanning Electron Microscopy

To investigate the biodegradation mechanism of the conjunctival inserts, the 3D-printed
samples were incubated in a 50 png/mL MMP9 enzyme solution for 24 h. Following degradation, the
inserts were frozen at —80 °C overnight and subsequently freeze-dried for 24 h using a Labconco Freeze
Dry System Freezone 2.5 Liter (7670000, Kansas City, MO, USA). The freeze-dried samples were then
mounted on an aluminum stub using double-sided adhesive conductive carbon tape and analyzed using
environmental scanning electron microscopy (ESEM, Quanta FEG 250, FEI Company, Hillsboro, OR,
USA).

6.3.9 Release and Detection of PVA

The ocular inserts containing 5% (w/v) PVA (P-Gel-5%) were incubated in glass vials with 1
mL of PBS solution at 37 °C and 50 rpm. At each indicated time point, 200 uL of the solution was
removed for detection of PVA and replaced with fresh PBS. For detection of PVA, a solution of iodine
(150 mM potassium iodide, 50 mM diiodine in deionized water, Sigma 221945 and 207772, St. Louis,
MO, USA) and borate (64.7 mM boric acid in deionized water, Sigma B0394, St. Louis, MO, USA)
was mixed in 1:5 ratio of iodine solution:borate solution to generate the PVA detection solution. The
solution was gently inverted 4—6 times in a conical tube to ensure even mixing. To measure PVA in
solution, 163.6 uL of PVA detection solution was added to 36.4 uL of samples of interest in a 96-well
plate and incubated at room temperature for 20 min with gentle shaking. The absorbance of the
unknown samples, in addition to a set of standard samples of known PVA concentrations prepared in
1X PBS, was read at 630 nm using an Imaging Multimode Plate Reader (Cytation 5, Agilent BioTek

Instruments, Winooski, VT, USA).** The PVA release was quantified using a calibration curve method.

93



This curve was plotted for standard solutions ranging from 10-250 pg/mL. The R? value for the

calibration curve was 0.9997.
6.3.10 Drug Release Kinetics via Mathematical Modeling

To evaluate the release kinetic profiles of the samples over the studied time duration, different
mathematical models were studied [35]. These included the zero- and first-order release model, Higuchi
release model, and Korsmeyer—Peppas model. The graphs were plotted as mentioned in Table 2, and

the coefficient of determination (R2) was calculated for each model.*®

(a) Zero order model: In this model, the drug release is represented by:

C= CotKot

where C, is the amount of drug released at time ¢, C, is the initial concentration of drug in solution (at
=0), and K, is the zero-order rate constant. The graph is plotted between cumulative drug release vs.

time and the coefficient of determination (R?) was calculated.

(b) First order model: In this model, the drug release is represented by:

dC/d=-K,C

where K is the first order rate constant

After rearranging and taking integral,

log C=log Co-(K1/2.303)¢

where C; is the amount of drug remaining at time ¢ and C, is the initial concentration of the drug. The
graph is plotted between log cumulative % drug remaining vs. time and the coefficient of determination

(R?) was calculated.

(c) Higuchi model: In this model, the drug release is represented by:

M/M=K,¢'"*

where M/M., is the fraction of drug released at each time point, M, is the amount of drug released in
time ¢, My is the amount of drug released after infinite time, and K, represents the Higuchi release
kinetic constant. The graph is plotted between cumulative % drug release vs. square root of time and

the coefficient of determination (R’) was calculated.

(d) Korsmeyer-Peppas model: In this model, the drug release is represented by:
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M/ M=Ky, 1"

log (M/My)=log Ky, + nlog t

where M/M., is the fraction of drug released at time ¢, M; is the amount of drug released in time ¢, M,
is the amount of drug released after infinite time. » is the diffusional exponent or drug release exponent
and Ky, is the Korsmeyer-Peppas release rate constant. The graph is plotted between log cumulative %

drug release vs. log ¢ and the coefficient of determination (R”) was calculated.

The graphs were plotted as mentioned in Table 1 and the coefficient of determination (R?) was

calculated for each model.

Table 1. Curve fitting of various models for drug release kinetics

Zero Order First Order Higuchi model Korsmeyer-Peppas model

Equation C/CKyt  log Clog Co- (Ki/2.303)  M/M=K,#2 log (M/M.,)=log K, + n log ¢

Graph cumulative drug  log cumulative % drug cumulative % log (cumulative % drug
release vs. time remaining vs. time drug release vs. \t release) vs. log ¢

6.3.11 Statistical Analysis

Statistical analysis was performed using GraphPad Prism Version 10.0 (GraphPad Software,
LaJolla, CA, USA). All data are reported as mean and standard deviation unless otherwise stated. Two-
way ANOVA was performed to determine differences across testing groups wherever applicable.
Tukey’s multiple comparison tests were used when necessary. In all cases, statistical significance was

considered significant for a p-value of <0.05 unless otherwise stated.
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6.4 Results and Discussion
6.4.1 3D printing of Ocular Inserts

Figure 2 shows the 3D-printed P-Gel-5% conjunctival inserts. The discs were 4 mm in diameter
and 1000 pum in height and were printed in about 30 min. Multiple conjunctival inserts could be
fabricated at once, as shown on the print plate of the 3D printer. Notably, 3D printing offers precise
control over dimensions, ensuring reproducibility. Previous studies indicate that a good photocurable
biomaterial ink for projection-based printing techniques such as SLA LCD printing should meet three
major requirements: (a) rapid photo-crosslinking rate, (b) dense crosslinking structure, and (c) excellent
fluidity (for rapid filling of gaps and spaces) *’. In this work, GelMA was selected as a base material

owing to its biocompatibility and demonstrated high levels of controllability as well as consistency

across batches 3%,
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Figure 2. 3D printing of PVA-loaded conjunctival inserts.

The P-Gel-5% inserts formed a semi-interpenetrating network in this case where only one
polymer phase, GeIMA, was chemically crosslinked, and PV A was dispersed inside the GelMA matrix.
Interestingly, PVA can also undergo supramolecular interactions (H-bonding) with GeIMA chains,
which contributes to the higher structural stability of the P-Gel-5% inserts. Reports suggest that the
40-42

interpenetrating network hydrogels align with the requirements of extrusion-based 3D printing.

However, vat polymerization-based techniques offer higher geometrical complexity and higher shape
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fidelity 2’. While 3D printing involves a semi-interpenetrating network, it should be noted that the
presence of PVA should not interfere with crosslinking of the acrylate species; thus, in this work, PVA
was kept at a lower concentration of 5% w/v . Also, the 3D printing conditions, such as the dye
concentration and UV exposure time, were aptly selected, along with appropriate environmental
conditions, including temperature (~37 °C) and humidity (~70% RH). It should be noted that despite
the high water content of these inserts, they could be 3D-printed with a high shape fidelity characterized

by flat surfaces and clean and sharp edges.

6.4.2. Mechanical Testing, Equilibrium Water Content (EWC), and Water Contact Angle

The data from mechanical testing in compression mode (Figure 3a) indicate the physically
stronger nature of the P-Gel-5% hydrogels compared to GeIMA hydrogels. This could be attributed to
the presence of PVA crystalline domains in the P-Gel-5% semi-interpenetrating network **. The
addition of PVA to GelMA leads to the formation of hydrogen bonds and small ordered regions called
crystalline domains dispersed inside the GeIMA matrix. The PVA crystalline domains can be described
as a layered structure held together by hydroxyl bonds along with weak van der Waals forces operating
between two layers **. Higher amounts of PVA chains lead to the formation of more hydrogen bonds

and crystalline regions, forming a relatively stiffer network *.
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Figure 3. (a) Mechanical strength and (b) equilibrium swelling graphs for GeIMA and P-Gel-5%

samples.
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Additionally, the supramolecular interactions (H-bonding) between the -OH/-NH, groups of
PVA and GelMA, respectively, also contribute to the higher mechanical strength and lower equilibrium
swelling of the P-Gel-5% hydrogels. These supramolecular interactions as inferred from the scanning
electron microscopy images of P-Gel-5% hydrogels, where P-Gel-5% forms a semi-interpenetrating
network *°. As previously mentioned, during the freezing step in the lyophilization process, thermally
induced phase separation occurs between the solvent phase and the polymer phase, creating a polymeric
network ¥’. GeIMA hydrogels display a larger pore size due to the presence of a lower polymeric phase
in GeIMA hydrogels (10% GelMA) compared to the P-Gel-5% hydrogels (10% GelMA and 5% PVA).
Thus, the presence of a lower polymeric phase in GeIMA hydrogels allows it to hold more water to
undergo ice crystal formation during the freezing step of lyophilization. The PVA molecules might
penetrate and partially fill the free voids between GelIMA chains, thus forming smaller-sized pores
between the crosslinked GelMA chains, thus increasing the crosslinking density. The increased
crosslinked polymer fraction gives more resistance to the compressive force and, hence, higher
mechanical strength to the P-Gel-5% hydrogels .

Reportedly, the molecular chains of gelatin can extend more easily compared to the PVA
polymer chains *°. This is further corroborated by the results from the equilibrium swelling curves for
GelMA and P-Gel-5% hydrogels, as shown in Figure 3b. From the swelling curves, it can be inferred
that there is a decrease in the degree of swelling in P-Gel-5% samples compared to GelMA hydrogels.
Previous studies suggest that higher swelling leads to higher degradation and lower mechanical
strength, which also aligns with our results **. The interplay between degradation rate and mechanical
properties of GeIMA/PVA hydrogels could be used to fabricate conjunctival inserts with desired
functionalities. For instance, if the degradation rate is too fast, it would lead to the mechanical failure
of these inserts, impacting the drug release profiles. Moreover, the relative amount of crystalline and
amorphous phases of PVA present is a key determinant of the macroscopic properties of the P-Gel-5%
hydrogels. An increase in the crystalline fraction of PVA can cause a decrease in the water permeability

of the P-Gel hydrogels compared to GeIMA *%-47-30-51,

Figure 4 shows the water contact angles of the GeIMA and P-Gel-5% samples. The water
contact angle of GeIMA samples was 60.6°, and the P-Gel-5% sample’s angle was 61.5°, indicating
their hydrophilic nature. These results were not significantly different from each other (p = 0.1268). A

measured contact angle of 61° indicates moderate hydrophilicity, suggesting that the surface is wettable
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but not highly so. In the context of contact lenses, this value is acceptable but falls short when compared
to commercial soft lenses, which typically exhibit lower contact angles in the range of 20° to 40° to
ensure better wettability and wearer comfort. For instance, Etafilcon A lenses (e.g., Acuvue)
demonstrate angles as low as 22°-30°, while silicone hydrogel lenses (Senofilcon A and Lotrafilcon
B), after surface treatment, achieve 24°—45°. These lower angles contribute to enhanced tear film

stability and ocular surface interaction, which are critical for long-term comfort. While a 61° angle

may be less favourable for daily-wear lenses, it remains within a usable range for short-term therapeutic
applications or drug-eluting inserts, where comfort is secondary to functionality. Nonetheless,
further surface optimization, such as blending with hydrophilic polymers or employing post-processing
modifications, could improve wettability and better align the material properties with those of

commercially available lenses.
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Figure 4. Water contact angle for GeIMA and P-Gel-5% conjunctival inserts.

6.4.3. PVA Release from P-Gel-5% Inserts in the Presence of MMP9

The PVA release curves depict the PVA released from the 3D-printed ocular inserts (Figure 5)
in the presence of different concentrations of MMP9 enzymes (25 pg/mL, 50 pg/mL, and 100 pg/mL).
About 119.5 £ 9.4 ng of PVA was released from P-Gel-5% inserts at the end of 24 h without the
presence of MMPO. In the presence of the MMP9 enzyme, about 222.7 +£20.3 pg, 265.5 +27.1 pg, and
242.7 £ 30.4 pg of PVA were released when exposed to 25 pg/mL, 50 ug/mL, and 100 pg/mL of
MMP?9 at the end of 24 h (Figure 5). This increased amount of PVA release can be attributed to faster
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disintegration of the semi-interpenetrating network in the presence of elevated enzyme concentrations,

thus favoring higher release of PVA.
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Figure 5. PVA release curves of 3D-printed P-Gel-5% conjunctival inserts in the presence of varying

concentrations of MMP9 enzyme.

The 24-hour drug release profile demonstrated in this study was primarily selected to allow for
direct observation of material behaviour and drug elution over a manageable experimental timescale.
However, whether this release duration is sufficient depends on the clinical context. For chronic ocular
conditions such as dry eye disease, longer release durations—ranging from several days to a few

weeks—would be more desirable to reduce dosing frequency and improve patient compliance.

6.4.4. Biodegradation of P-Gel-5% Inserts in the Presence of MMP9Y

Figure 6 shows the biodegradation profile of the P-Gel-5% conjunctival inserts in the presence
of MMP9 enzyme. About 96.02%, 83.36%, and 81.72% of the P-Gel-5% inserts were degraded at the
end of 8 h, 12 h, and 24 h in the presence of 100, 50, and 25 pg/mL of MMP9Y, respectively. These
results suggest that enzyme concentration play a significant role in MMP-mediated degradation of
GelMA hydrogels. Different MMPs have varying affinities for GeIMA and degrade it at different rates;
however, the degradation rate is a function of MMP9 enzyme concentration. Moreover, the

concentration of specific MMPs in the surrounding environment influences the degradation kinetics.
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Figure 6. Biodegradation profiles of 3D-printed conjunctival inserts in the presence of varying

concentrations of MMP9 enzyme (Error bars indicate standard deviations).

No degradation was observed in the control groups incubated in PBS, at the end of the study
duration of 24 h (Figure 7(A1,A2)) as there no enzyme was present. As previously stated, GeIMA
degrades in the presence of collagenases or MMPs, and these enzymes are found on the ocular surface.
[7] MMP levels are elevated in certain ocular conditions such as corneal wound healing, ulceration,
and uveitis, and they show collagenolytic activity *2. Research shows that MMP-9 is elevated in the
tears of dry eye patients "*°. The gelatinase MMP9 enzyme cleaves collagen chains a1(V) and a(XI)
between Gly-439 and Val-440 and the a2(V) chain between Gly-445 and Leu-446 *"-*%. As degradation
of gelatin chains occurs in the presence of MMPs >, the mechanical properties of GelMA-based
conjunctival inserts are also impacted by the MMP-mediated degradation process. The degradation
profile of GelMA is affected by similar parameters that also influence the stiffness of the hydrogel,
such as the degree of substitution **, the concentration of photoinitiator used, and the intensity and time
of UV exposure during the photocrosslinking process >°. As the enzymes move through the polymer
matrix, they break down crosslinks, effectively reducing the crosslink density (Figure 7(B1,B2)). This
reduction leads to an expansion of the polymer mesh. Eventually, the degradation process reaches a
critical point known as the reverse gelation point. At the reverse gelation point, the polymer undergoes
a drastic shift in its structural integrity. The connectivity of the network declines sharply, causing a

transition from a gel-like state to a more fluid-like state .
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'With MMP9

Figure 7. Morphological changes in GelMA inserts (A1,A2) before and (B1,B2) after exposure to 50
ug/mL MMP9 enzyme for 24 h.

Interestingly, upon the addition of PVA to GelMA, hydrogen bonds are formed between PVA
and GeIMA.[36] Moreover, owing to the inherent crystalline nature of PVA, small ordered regions
called crystalline domains are scattered inside the GelMA matrix, which leads to the formation of a

relatively stiffer network (Figure 8(A1,A2)) *. This is further supported by previous reports, which
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suggest that the reduced pore size in highly crosslinked GelMA-based soft hydrogels may create a
membrane-like structure that is difficult for the MMP enzymes to penetrate through. Owing to the
mechanically robust nature of P-Gel-5%, increased crosslinking density, and narrower pore size, the
time needed for enzymatic cleavage is longer *°. This could be the plausible explanation for the slower
biodegradation rate of P-Gel-5% in the presence of MMP9 (Figure 8(B1,B2)) compared to GelMA
alone, as shown in our previous works >’

The concentration of MMP-9 used in the degradation assays (in the pg/mL range) was
intentionally elevated to accelerate hydrogel breakdown and simulate an enzyme-rich inflammatory
environment. In reality, physiological MMP-9 concentrations on the ocular surface are in the ng/mL
range, even in patients with moderate-to-severe inflammation. Therefore, in vivo degradation is
expected to be substantially slower, which would likely lead to prolonged drug release compared to in
vitro observations. This discrepancy suggests that the current model may overestimate degradation
rates, highlighting the need for more physiologically relevant enzyme concentrations in future studies.
Additionally, it is possible that a threshold concentration of MMP-9 may be required to trigger
degradation, suggesting that these materials might remain relatively stable under healthy ocular
conditions but degrade more actively in inflamed environments—offering a form of pathology-

responsive release.
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P-Gel-5%
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Figure 8. Morphological changes in P-Gel-5% inserts (A1,A2) before and (B1,B2) after exposure to
100 pg/mL MMP9 enzyme for 24 h.

The incorporation of PVA into the GelMA network facilitates the formation of hydrogen bonds, leading
to the development of crystalline domains that are dispersed within the GeIMA matrix *. This suggests
that the release of PVA is dependent on the rate of degradation of the GeIMA network because the

environmental conditions, such as incubation temperature and pH, are kept constant. Therefore,
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disruption of this H-bonding, and, hence, PVA release, is mediated by MMP9 enzymes acting on the
GelMA network structure. As discussed earlier, the rate of GeIMA degradation is a function of MMP9
enzyme concentration; therefore, higher enzyme concentrations display faster degradation and, hence,
the faster release of PVA (Figure 9d). As the enzyme concentration decreases to 50 pg/mL (Figure 9c)
and 25 pg/mL (Figure 9b), the rate of degradation becomes slower, and, consequently, the rate at which
the PVA-GelMA supramolecular interactions (H-bonding) are disrupted is slower. This is evident from
the slope of the PVA release curves in Figure 9. However, in control samples where no enzyme was
present, no degradation of the P-Gel-5% insert was observed (Figure 9a), and the PVA release from
these samples was relatively low and at a slower rate, as observed from the slope of these curves in the

first few hours of release.
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Figure 9. Correlation between the biodegradation profiles and PVA release curves of 3D-printed
conjunctival inserts in the presence of varying concentrations of MMP9 enzyme (a) control, (b) 25

ug/mL, (¢) 50 pg/mL, and (d) 100 ug/mL.

6.4.5. Release Kinetics in the Presence of MMP9 Enzymes

Predicting the degradation pattern of these inserts is essential to optimize drug release
timing and minimize discomfort associated with material breakdown or residue. This can be
approached through a combination of mathematical modeling (e.g., enzyme-substrate kinetics or
diffusion-degradation models) and empirical data on degradation profiles under various MMP9
concentrations. By correlating enzyme levels, crosslink density, and insert composition with observed
mass loss or structural changes, it could be possible to forecast how long the insert remains intact and
when it becomes fully resorbed. Such predictive tools would allow tailoring insert properties to
individual patient needs—ensuring that degradation aligns with both therapeutic goals and comfort
thresholds, such as avoiding fragmentation during wear or ensuring complete clearance from the ocular
surface.

To study the drug release kinetics and how different factors affect the dissolution velocity and
behaviors, various mathematical equations describing the release dependence on time were used. The
drug release was evaluated through four main release kinetic models: zero-order, first-order, Higuchi
model, and Korsmeyer—Peppas model by linear regression (Figure 10) and non-linear regression
(Figure 11). To evaluate the best-fit model for the release profiles in our study, the goodness of fit for
each model or the coefficient of determination (R*) was calculated using GraphPad Prism 10 (Table 3).
The release profiles of the P-Gel-5% containing hydrogels in the presence of different concentrations
of MMP9 showed the highest linearity with the Korsmeyer—Peppas model, as shown in Table 3. The
release exponent (n) for the Korsmeyer—Peppas model was calculated from the slope of the graph
between log(My/M.,) versus log ¢. The n-values indicate that these systems follow Fickian diffusion.
The release exponent (n) values below 0.5 confirm the diffusion-controlled behavior rather than
swelling or erosion-driven release. This finding has important practical implications: it suggests that
the rate and duration of drug release can be effectively tuned by modifying polymer
composition, crosslink density, or device geometry, without the need for complex reservoir systems.
Moreover, understanding that diffusion is the dominant mechanism enables predictive modeling of
release kinetics for different drugs or dosing needs, providing a robust framework for rational design of

next-generation inserts with controlled and sustained drug delivery profiles.™®
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Table 3. The coefficient of determination (R*) values of PVA release from P-Gel-5% in PBS and
MMP9 (25 pg/mL, 50 pg/mL, and 100 pg/mL) calculated by using different kinetic models.

Kinetic Model PBS 25 ug/mL 50 ug/mL 100 pg/mL
Zero-order 0.7143 0.9160 0.8490 0.8135
First order 0.9420 0.9420 0.8983 0.8399

Higuchi 0.8910 0.9947 0.9734 0.9528
Korsmeyer—Peppas 0.9785 0.9896 0.9812 0.9809
Diffusion exponent

0.1685 0.2852 0.3995 0.2518

(n-value) *

* Calculated by the linear regression of Korsmeyer—Peppas equation of log(M¢/M.) versus log ¢.
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Figure 10. Modeling of the PV A release data on well-known mathematical models: (a) zero order, (b)
first order, (c¢) Higuchi’s model, and (d) Korsmeyer—Peppas model.

In this study, release kinetics were analysed using linear regression of transformed data to
assess fit against established models such as zero-order, first-order, Higuchi, and Korsmeyer—Peppas
models. While this method offers straightforward implementation and interpretability, it relies on data
transformation, which may introduce bias or distort variance structure. An alternative approach
is nonlinear regression (Figure 11), which fits the original (untransformed) data directly to model
equations, often yielding more accurate parameter estimation and better handling of residuals.
Preliminary nonlinear fitting conducted for comparison in this study produced similar trends and model
fits, supporting the robustness of the findings. Future studies may benefit from a fully nonlinear
regression framework, especially when optimizing formulations or comparing across systems with

more complex release behaviour.
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Figure 11. Modelling of the PVA release data on well-known mathematical models: (a) zero order, (b)

first order, (c) Higuchi’s model, and (d) Korsmeyer-Peppas model using non-linear regression.

In vivo factors such as tear flow, blinking, and dilution effects can influence drug clearance
and material degradation in ways that are not fully captured in static in vitro models. As a result, release
kinetics in the eye may deviate from model predictions, and actual drug exposure could be either higher
(due to prolonged retention) or lower (due to mechanical washout). Ideally, these inserts should
demonstrate predictable, sustained degradation over 3—7 days, matching the typical duration between
clinical visits or lens replacement cycles. The goal is to create a system that is biodegradable, self-
eliminating, and capable of maintaining therapeutic drug levels within the tear film or ocular surface
tissues throughout this period. Achieving this balance requires fine-tuning the crosslinking density,
drug-polymer interactions, and responsiveness to ocular-specific stimuli, all of which are important

directions for future development.

While this research focuses on achieving therapeutic efficacy through sustained ocular drug
delivery, the question of maximum drug exposure and potential toxicity is equally important. Although
in vitro cytotoxicity assays confirmed that the materials and released PVA concentrations were non-
toxic to ocular cells, the cumulative exposure over time, especially under reduced tear turnover or
compromised ocular clearance, could lead to localized accumulation. Future work should include in
vivo studies to assess maximum tolerable exposure levels, drug retention dynamics, and any potential

dose-dependent inflammatory responses, ensuring both safety and efficacy in real-world conditions.
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4. Conclusions

In summary, this work highlights the versatile 3D-printing abilities of GelMA to design
conjunctival inserts. The results from this study demonstrate the mechanism of degradation of
GelMA/PVA-based conjunctival inserts by MMP9 enzymes and its correlation with the release of PVA,
a well-known wetting agent for the treatment of dry eyes. Interestingly, these MMP9 enzymes are also
found on the ocular surface and are elevated in ocular conditions such as dry eye disease. These elevated
levels can be utilized as a feedback mechanism for regulating the degradation rate of PVA from the
inserts. The degradation rate of GeIMA/PVA is directly correlated with the concentration of the MMP9
enzyme. As the enzyme moves through the polymer matrix, it breaks down crosslinks, reducing the

overall crosslink density. Consequently, higher
enzyme concentrations accelerate the disruption

of PVA-GelMA supramolecular interactions (H-

Relief!

R R bonding), leading to a faster release of PVA. The
.ﬁiéiiﬁanonnr release profiles of the P-Gel-5% containing
P-Gel inserts
ot s hydrogels in the presence of different

® D1y eye concentrations of MMP9 showed the highest
condition

linearity with the Korsmeyer—Peppas model.

These inserts hold promise as successful drug-
delivery devices for the treatment of dry eyes. However, before these inserts can be considered as a
commercial product, a complete set of in vitro and in vivo studies needs to be evaluated. These ocular
inserts are most suitable for patients with moderate to severe dry eye, where elevated MMP9 levels can
effectively trigger polymer degradation and subsequent drug release. The system offers a targeted,
pathology-responsive approach that aligns well with the needs of patients who experience more
persistent inflammation and may not respond adequately to conventional eye drops. In the future, these
inserts could also be explored to deliver a variety of therapeutic molecules of interest to treat various

ocular conditions, making them more clinically useful and commercially viable.
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Chapter 7

General Discussion

The aim of this thesis was to develop a biodegradable contact lens as an ocular drug delivery
system, with the ability of controlled release of PVA using a physical crosslinking method. To avoid
the problems associated with contact lens storage such as material degradation and drug release, an on-
demand 3D printing method to fabricate a proof-of-concept contact lens and conjunctival insert was

developed in this thesis using a low-cost commercial 3D printer.

As mentioned in Chapter 3, the first aim was to evaluate the feasibility of fabricating contact lenses
using 3D printing. Therefore, owing to its biocompatible nature, GeIMA biomaterial-based ink was
selected as a base material. Given the budget constraints which leads to lower accessibility of 3D
printers, the printing conditions for GeIMA-based soft hydrogel materials were optimized for a low-
cost vat-based commercial 3D printer. The printer was retrofitted with a humidity and temperature
control kit to enable printing at ~60-70% relative humidity and 37 °C temperature. As there are many
parameters that can affect the photocuring process, and hence the final print quality, the effects of ink
parameters (dye concentration) and print parameters (UV exposure time) on the 3D printing of GeIMA
hydrogels were discussed. The effectiveness of these optimized parameters was confirmed by
successful printing of a prototype soft contact lens, which showed excellent shape fidelity. As an added
benefit, 3D printing offers several advantages over traditional contact lens manufacturing processes in
terms of fabrication of lenses with complex designs and geometries, customized lenses tailored to the
unique topography of each patient's eye, and rapid prototyping, allowing manufacturers to experiment

with new designs and materials more efficiently.

With growing advancements in technologies in next few years, latest 3D printers in the market
could be explored which might prove to be more durable and maintain constant UV exposure
throughout the printer’s lifecycle. Another key point that needs to be considered while retrofitting the
3D printer with the humidifier kit is to protect the electronic components of the 3D printer to increase
the life expectancy of the machine. The process described in this thesis considers two key parameters
(dye concentration and UV exposure time) to optimize the printing conditions for GelMA ink. As

Chapter 3 mentions several other parameters that influence the final properties of the 3D printed

111



materials, their effect could be analysed as well in the future. During the experiments, it was observed
that if the relative humidity of the printing chamber falls below 50-70%, the GeIMA ink starts drying
up, thus increasing the ink viscosity in the vat. This, in turn, interrupted the printing process, leading to
failed 3D prints. Therefore, 70% was considered as the threshold set value for relative humidity.
Overall, these results highlighted that by tuning the print conditions and ink parameters, soft
biomaterials from GelMA ink with better shape fidelity and accuracy can be efficiently printed even

on a low-cost 3D printer.

Once the process of 3D printing was standardized for GeIMA-based contact lenses, the next aim
was to load a therapeutic molecule inside these lenses. To this end, Chapter 4 of this thesis aimed to
3D print a prototype contact lens with PV A as a wetting agent for potential treatment of dry eye disease.
As in the previous chapter, the conditions for 3D printing of a GelMA-based contact lens were
optimized; it is also important to study the effects of addition of PVA on the ink parameters and overall
3D printing process. Therefore, to understand how PVA could impact the ink-based printing
parameters, it is crucial to understand about the crosslinking mechanisms of PVA. Reports suggest that
PVA could be either crosslinked physically via freeze thaw cycles or chemically by using aldehydes.
However, the UV light used in the photocrosslinking reaction that takes place during the 3D printing
process does not crosslink PVA component in the ink, resulting in formation of a semi-interpenetrating
network of GelMA and PVA, where the PVA chains are entrapped inside the chemically crosslinked
GelMA matrix.

An important consideration while fabricating the ink for PVA containing therapeutic contact lenses
is to ensure proper mixing and phase compatibility between GelMA and PVA. This was achieved by
mixing the ink using a magnetic stirrer for sufficient time or by addition of phase compatibilizer
molecules. If the ink used for fabrication of these ophthalmic devices is not homogenous, it would be
hard to predict the physico-chemical behaviour of these materials. For instance, at the interphase, if
there is no/weak interaction between GelMA and PVA, structural integrity and mechanical properties
of the blend hydrogel devices would be compromised. With development of various formulations for
3D printing with biomaterial inks and hydrogels, changing the chemical compositions and properties
can have an impact on the final print quality. As a result, there is a need for an objective screening
method to assess whether a new formulation meets or surpasses the required print quality compared to
prior iterations. Therefore, in Chapter 4, the shape fidelity of the 3D printed CLs was evaluated using
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circularity. Interestingly, it was observed that with addition of PVA, the mechanical strength of the
hydrogels became more robust. This could be a potential reason behind increased circularity values and
better shape fidelity for the PVA-loaded lenses owing to the interactions of -OH groups of PVA with -
NH, of GelMA. However, increasing the PVA concentration to higher amounts (>7%) in the ink
solution did not result in high quality prints. Next, the PVA release from the designed lenses was
assessed along with its role to act as a viscosity enhancer. To build upon this, non-invasive keratograph
break-up time measurements were assessed on a 3D printed eyeball model and as expected, PVA

significantly improved the tear breakup time, supporting its role as a tear film stabilizer.

To further validate the effectiveness of PVA at a cellular level, a dry eye disease cell model was
used. Generally, artificial tear formulations are engineered to mitigate tear evaporation by restoring the
tear film. These formulations are crucial in preventing cellular desiccation, thereby safeguarding the
ocular surface and maintaining cellular metabolic activity. This concept was utilized in this chapter to
simulate dry eye conditions in vitro and design the dry eye disease cell model. The decline in metabolic
function during dehydration was assessed with the help of the MTT assay. This concept has been
previously used by researchers and the dry eye industry to test efficiency of their lubricating drops. In
the cell model experiments, it was observed that cells treated with 2% (w/v) PVA showed a viability
comparable to that of the control, further supporting the concept of using PV A-based therapeutic lenses
to treat dry eyes. The PVA released from the lenses was not used to measure the tear breakup time,
however, solutions with a known amount of PVA were made to carry out these experiments. This

information is useful to tune the drug loading and release from these ophthalmic devices.

An important factor to consider is how tear film dynamics—particularly low tear volume in dry eye
patients—may influence the behavior of the lenses. In conditions of reduced tear volume,
traditional sink conditions may not be maintained, potentially affecting the diffusion gradient that
drives PVA release. However, even in such scenarios, PVA is expected to be released until local
equilibrium is reached between the device and the surrounding tear film. This released PVA may not
only act as a carrier for any therapeutic agents but could itself provide viscosity-enhancing and
lubricating effects, offering symptomatic relief. This was the rationale behind evaluating the viscosity
enhancement properties of PVAin Chapter 4, which demonstrated that even modest PVA

concentrations can improve tear film stability. Thus, while tear film limitations may alter release
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kinetics, the system is still capable of delivering functional benefit in low-volume conditions

characteristic of dry eye disease.

A key aspect in ocular drug delivery is to control the release rate of therapeutic agents from
ophthalmic devices. There are different strategies that have been used for sustained drug release to
deliver drugs from CLs, such as the inclusion of nanoparticles, liposomes, and vitamin E coatings.'
Even though these techniques show sustained drug release, most of their release kinetics still exhibit a
pattern of burst release. This is an issue because it causes drugs to be released at an uncontrollable rate
over the initial period, which decreases the therapeutic effect of the drug at the later stages and raises
some safety concerns due to potential excessive release.” Therefore, in Chapter 5 the formation of a
chemical-physical (double) interpenetrating network to control the release of PVA from GelMA
network was discussed. PVA was specifically used as part of these degradable hydrogels because of its
dual nature, to act as a wetting agent as well as its ability to be physically crosslinked using freeze thaw
cycles, forming a drug-loaded interpenetrating network where the unbound PV A acts as the ‘drug’. The
interpenetrating polymer network was fabricated in a sequential manner where GelMA was chemically
crosslinked by photocrosslinking, followed by physical crosslinking of PVA using a relatively short
freeze thaw cycle. In the first step, ice crystal formation occurs during the freezing cycle. The
subsequent thawing leads to the formation of hydrogen bonds between the PVA chains, creating

‘physical crosslinks’ without the need for any additional chemical crosslinkers.

With the help of a suite of characterizations, the mechanism behind formation of these freeze thaw
induced crystalline domains and their role in taking control over the release of PVA was described.
The results from this study highlight that upon applying relatively short freeze thaw cycles (of 1 or 2
hr), crystalline domain formation of PVA can be induced in the interpenetrating network. This can lead
to the physical crosslinking of PVA within the network and can be used as a strategy to control the

release rate of PVA.

As freeze-thaw (FT) time and cycle number increase, the density of physical crosslinks within the
PVA matrix also increases, primarily due to the formation of crystalline domains through hydrogen
bonding. This process causes a portion of the added PVA to become embedded within the network,
while the remainder remains releasable—the fraction of most interest in the context of ocular drug

delivery. The releasable PVA contributes directly to therapeutic effect by dissolving into the tear film,
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whereas the crosslinked fraction provides structural stability but does not contribute to drug elution.
While FT processing is most often associated with PVA, it has also shown applicability to other -OH
containing polymers, such as alginate, albeit to a different extent and through different physical
mechanisms. The balance between releasable and retained PVA is not governed solely by cycle
number—it also depends on polymer characteristics such as molecular weight, polydispersity index,
and initial concentration. Furthermore, the formation of hydrophobic crystalline regions alters the
polymer’s internal microenvironment, affecting the interplay between hydrophilic and hydrophobic
interactions, which also modulate release behavior. Therefore, while FT processing offers a tunable
approach to modifying both structure and release, effective control requires a deep understanding of
system-level parameters that influence PVA partitioning and drug elution. Rather than viewing FT as
a simple on/off switch for release, it should be regarded as part of a broader formulation toolkit—one
that can be optimized through mechanistic insight into how each variable contributes to final device

performance.

An important consideration while preparing medical devices is the method of sterilization to be
used. While fabricating controlled release ophthalmic devices using PVA/GelMA, steam sterilization
methods are generally not an option, because the high temperature used in the steam sterilization
method can melt the crystalline domains. Therefore, other methods based on ethylene oxide or gamma
irradiation could be considered. Although these methods are widely used for sterilization of medical
devices, the effects of these sterilization methods need to be evaluated on these devices. > * Another
important aspect is maintaining a balance between transparency and the formation of crystalline
domains to control the release rate of PVA. There are reports in the literature that demonstrate how
carrying out the freeze thaw process at higher temperatures (around 0°C) could facilitate the fabrication

of transparent PV A hydrogels.

While contact lenses offer a promising platform for ocular drug delivery, they come with inherent
limitations—they must maintain optical transparency, mechanical strength, oxygen permeability, and
overall comfort to ensure patient safety and wearability. These stringent design requirements can
constrain material choices and drug loading strategies. In contrast, ocular inserts are not subject to the
same optical or mechanical demands, allowing for greater flexibility in material selection and drug
release design. This makes them especially suitable for incorporating biodegradable polymers, which
can provide sustained drug delivery without the need for removal. The concept of biodegradability,
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therefore, extends naturally to ocular inserts, where self-degrading materials can enhance patient
compliance, reduce intervention, and improve therapeutic outcomes—supporting the broader objective

of developing advanced, low-maintenance ocular drug delivery systems.

The next step of the thesis focused more on conjunctival inserts, which can be placed in the lower
eyelid and therefore, do not need to be transparent. These inserts are fabricated from GelMA, which
degrades in the presence of collagenases or MMPs, which are enzymes found on the ocular surface.
Additionally, in various ocular conditions, such as dry eyes, the levels of MMP9 enzymes are elevated
>6 and can be utilized as a feedback mechanism for regulating the degradation rate of PVA from these
conjunctival inserts. Chapter 6 of this thesis focused on the mechanism of degradation of GeIMA-based
hydrogels in presence of MMP9 and its correlation with the release of PVA. In all the chapters, the
release kinetic mechanisms were examined, demonstrating that the release from these ophthalmic

devices is influenced by multiple mechanisms, including diffusion, swelling, and/or degradation.

We anticipate that the system may function within a feedback-responsive loop. In dry eye
disease, elevated MMP9 levels contribute to extracellular matrix degradation and disease progression.
Our insert leverages this pathological elevation—using MMP9 to trigger controlled degradation and
PVA release, which provides viscosity enhancement and symptomatic relief. As the therapeutic effect
is achieved, MMP9 levels are expected to return to baseline, thereby naturally slowing or stopping
further insert degradation. This self-limiting mechanism aligns drug release with disease
severity. Nevertheless, this interaction warrants further exploration in in vivo models, where
the balance between enzyme consumption and physiological function can be more accurately assessed.
Such studies will help determine whether the insert serves only as a passive substrate or if it actively

modulates the local protease environment.

An important consideration for future development is whether anti-inflammatory drugs, which are
known to suppress MMP9 expression, are appropriate candidates for loading into these enzyme-
responsive inserts. While these drugs could help resolve ocular surface inflammation, they may
also downregulate the very enzyme (MMP9) responsible for triggering material degradation and drug
release, potentially creating a negative feedback loop that limits their own elution. To fully understand
this interaction, in vivo studies are needed to observe how MMP9 levels dynamically change in

response to both disease progression and drug exposure. A controlled model system that allows
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modulation of MMP9 expression over time would be particularly useful in evaluating whether
therapeutic efficacy and release kinetics can be balanced effectively in such a system. Until these
interactions are better understood, anti-inflammatory drugs should be considered with caution for

enzyme-responsive platforms.

Another important consideration in the use of 3D printing—particularly for biomedical devices—
is the issue of batch-to-batch variability, which can impact dimensional accuracy, surface quality, and
drug loading uniformity. In this study, inserts were fabricated using stereolithography (SLA) under
tightly controlled conditions, including consistent resin preparation, laser exposure settings, and print
environment. While no formal statistical analysis of batch-to-batch variability was performed,
qualitative assessments (e.g., visual inspection, dimensional consistency using calipers, and print
fidelity) suggested minimal variation across multiple prints. Nonetheless, to ensure clinical and
regulatory readiness, future work should include quantitative assessments of reproducibility, such as
measuring intra- and inter-batch variance in print dimensions, weight, and drug loading. Incorporating
quality control metrics and tolerance thresholds will be essential for validating 3D-printed ocular inserts
as reliable, scalable medical products. In future, these inserts could be tested under physiological

conditions such as in vitro and in vivo models to assess their therapeutic response.

Limitations and Future Work:

While this work presents promising developments in drug-eluting contact lenses and biodegradable
ocular inserts, several limitations should be acknowledged. Firstly, in vitro models used for drug release
and degradation studies, while useful for controlled observations, do not fully replicate the dynamic
physiological environment of the ocular surface. Factors such as tear turnover, blinking, enzymatic
variability, and ocular pH fluctuations were not fully simulated, which may influence both drug
kinetics and material degradation in vivo. Secondly, the concentration of enzymes like MMP-9 used in
degradation assays (ng/mL) exceeds the typical physiological range (ng/mL), potentially exaggerating
degradation profiles. This discrepancy suggests that actual degradation rates in the eye could be slower,

and future work should aim to refine models that better reflect pathophysiological conditions.

Material selection also posed some challenges. While GeIMA was chosen for its biodegradability

and printability, its mechanical properties, transparency, and oxygen permeability may not yet fully
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meet the demands of long-term ocular use, particularly in contact lens formats. Additionally, the 3D
printing techniques employed—although offering excellent design control—require further

optimization for reproducibility and scalability, especially when integrating therapeutic agents.

Finally, while drug release studies focused on model compounds, the translation of these findings
to clinically relevant therapeutics (e.g., cyclosporine, lifitegrast) will require detailed pharmacokinetic

and safety assessments, including in vivo validation in appropriate animal models or human trials.

Building on the insights gained through this research, several avenues for future investigation are
proposed. First, refining in vitro models to better mimic ocular conditions—such as tear fluid dynamics,
temperature, blinking, and ocular enzymes—would improve the predictive value of degradation and
drug release studies. Developing ex vivo or in vivo models, particularly in dry eye or inflammation-
induced animal models, would also allow for evaluation of material-tissue interactions, retention time,

and therapeutic efficacy.

In terms of materials, further exploration of hybrid polymers or nanocomposite hydrogels could
enhance mechanical strength, transparency, and oxygen permeability without compromising
biodegradability. There is also potential in integrating stimuli-responsive elements (e.g., pH-, enzyme-

, or inflammation-sensitive linkers) for more intelligent, condition-responsive drug release.

From a fabrication perspective, optimizing 3D printing reproducibility and transitioning to scalable
manufacturing techniques (e.g., microfabrication, stereolithography) will be essential for clinical
translation. Future work may also include multi-drug systems or layered printing approaches for more

complex therapeutic regimens, such as combining anti-inflammatory and lubricating agents.

Lastly, clinical development pathways must be considered. Collaborations with clinicians and
industry partners could guide regulatory considerations, patient-specific customization, and clinical

trial design, accelerating the path from lab to clinic.
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Conclusions:

In summary, this thesis developed a proof-of-concept 3D printed CLs and conjunctival inserts for
controlled ocular drug delivery. Therefore, the initial hypothesis that a biodegradable contact lens
fabricated via on-demand 3D printing technique, utilizing a physically crosslinked polyvinyl alcohol
(PVA) matrix, will enable controlled PVA release is successfully validated. Several important findings
have been reported, and the shortcomings discussed in this chapter. With the advancements in 3D
printing, personalized ophthalmic devices fabricated from 3D printing could be a commercially viable
option, but the cost also needs to be considered. This work demonstrates the potential of 3D-printed
biodegradable contact lenses to provide precise, patient-specific customization, offering a promising

step towards personalized vision correction solutions.
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