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ABSTRACT

Nano-patterned Biopolymer Substrate for Ophthalmic Device
by

Jingyi Luo
Master of Science in Materials Science and Engineering
University of California, Irvine, 2021
Professor Albert F. Yee, Chair
Approximately 2 million cases of microbial keratitis occur in the world every year.
Microbial keratitis can develop into vision loss and other severe complications. The current
treatment is the use of antibiotic eye drops, which have diminished effect due to the increasing
development of antimicrobial resistance. Instead of using drugs to control microbe growth, we
engineered an antimicrobial nanopillared topography onto a hydrogel material to physically
inhibit microbe growth and reduce the risk of contact lens-related microbial keratitis. The
challenges, thus objective of this research, is to develop a method to integrate the
nanotopography onto curved lens surfaces and to stabilize the nanostructures by crosslinking the
hydrogel polymer. The hydrogel chitosan has antimicrobial and mucoadhesive properties that
can promote wound healing. The dimensions and curvatures of the lens need to be controllable
after the material is saturated with solvent. Chitosan hydrogels are stabilized by co-crosslinking
with a covalent crosslinker, genipin (GP), and ionic crosslinker, tripolyphosphorous (TPP), or
single crosslinking with only TPP. The material properties are modulated and characterized to
suit the contact lens application. The antifungal properties of the engineered contact lens are also
characterized with in vitro test. The result shows that the resulting ophthalmic device is able to

stabilize the nanotopography and hinder Fusarium oxysporum growth on the device surface for

24 hours.



Chapter 1: Introduction

Cell-material interaction is normally controlled by characteristics like surface composition,
surface charge, and wettability. It is also important to highlight the influence of physical
characteristics of material surface in the nano- and micro-scale on cell behavior. Physical
interactions between the biological system and material surface offer opportunities to improve and
develop therapeutic efficacy of medical devices. This interaction has been studied and utilized for
cell and microbe adhesion control. In the field of tissue engineering, extracellular matrix (ECM)
provides natural support and guidance for cell proliferation. Cell-substrate interaction at the
interface, in particular, has attracted the attention of many researchers in recent years.!
Nanopatterned surfaces have been researched as functional templates for regulating cell growth on
nanomaterials. For example, the ability of fibroblast to proliferate was observed to be limited on
the micro pillared surfaces.? Morphology of mammalian cells has also been varied between
surfaces with different micro-pillar periodicities and sizes. This observation is also seen with other
types of cell systems such as bacteria and fungi. Several studies have shown that bacteria and fungi
growth can be inhibited on nanopillared surfaces which mimics the nanostructure on cicada and
dragonfly wings.> 4 Surface topography not only can influence the cell behavior by guiding the
cell proliferation but also by varying factors like hydrophobicity, electrostatic interactions, and

van der Waals forces.?
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Figure 1: Hydrogel Contact Lens with nanopillared surface for enhanced antimicrobial properties.



In this thesis work, a nano-fabrication technique is applied to the biopolymer, chitosan
(CS), to produce nanopillar topography to enhance antimicrobial properties. A nanopillar
topography is designed for the ophthalmic device surface for eliminating fungi adhesion and
biofilm growth while retaining optical functions. (Figure 1) The goal of this research is to design
the optimal manufacturing process and tune the material properties to some criteria for specific
applications. For ophthalmic devices like contact lenses, the selected material must have the
following desirable properties: high wettability, low surface friction, and high transparency. In
order for polymer to retain the surface modification, the mechanical properties of the material have
to be tunable using a chemically or ionically crosslinking process. The proposed material for this
project is chitosan, which is a polysaccharide found abundantly in nature. Unlike common contact
lens materials like 2-hydroxyethyl methacrylate (HEMA), chitosan is more hydrophilic and known
to have bacteriostatic properties. Chitosan hydrogel has been extensively studied as a nanomaterial
in the field of drug delivery systems due to its antimicrobial properties, good biocompatibility, and
nematic ordering behavior.° It is also known that chitosan can be chemically modified to produce

favorable properties and functions’

1.1 Contact Lens Related Microbial Keratitis

Figure 23: Fusarium infected cornea with 3 months of fungal keratitis development. The fungi
eventually penetrated the cornea and the patient had to receive keratoplasty.



The two common procedures used to treat astigmatism, nearsightedness, and
farsightedness surgically, laser epithelial keratomileusis (LASEK) and photorefractive
keratectomy (PRK), result in corneal surface tissue ablation. The healing process of the cornea
after such refractive surgery or trauma requires minimal external irritation; therefore, a bandage
contact lens must be applied to the wound immediately after surgery. This therapeutic lens protects
the wound surface against abrasion from the shear movement of the eyelids, which can cause the
epithelial flap to deteriorate, enlarging the area of wound exposure to the environment and leading
to a higher risk of microbial keratitis. The eye's healing process will slow due to these additional
complications from external irritations to the wound.

Therapeutic contact lenses are usually used to manage corneal disorder, prevent post-
surgical complications to the eye, and promote regeneration of the corneal epithelium. The
abrasion caused by eyelid shear motion on the cornea will increase the discomfort and pain for the
patient. The bandage contact lens will also reduce the risk of striae (flap folding) and scar tissue
formation.” Another major complication for therapeutic contact lens wearers is microbial keratitis,
which is a serious sight-threatening condition due to the growth of bacteria or fungi on the surface
of the cornea. When microorganisms enter the cornea and accumulate at the wound bed from the
surrounding environment or contact lens, these invading organisms can penetrate the cornea and
cause irreversible damage. Regardless of surgery, contact lens wear is one of the top predisposing
factors for microbial keratitis and corneal infection.!? The risk of microbial keratitis is higher for
long-term use contact lens wearers.!® Overnight wear of bandage contact lenses can significantly
inhibit oxygen transmission to the cornea, thereby slowing the corneal epithelial healing process.
Mauger et al. analyzed the effect of oxygen concentration on the corneal epithelium healing

process and found that higher oxygen concentration can induce healing of corneal abrasions.



Therapeutic contact lenses can reduce the oxygen at the corneal surface which can predispose the
eyes to infection.!! For the lens to be worn long-term, the essential properties for bandage contact
lens material are high oxygen permeability, good biocompatibility, and resistance to protein
deposition. Common materials used in today's lens fabrication technologies are poly (hydroxyethyl
methacrylate) (pHEMA), silicone hydrogels, and collagen shields.!>!3 These materials can also be

copolymerized or composited to achieve a combination of desired properties.

1.2 Methods to Control Fungal Growth on Medical Device Surface

The bandage contact lens can increase the risk of microbial keratitis caused by
contaminations during transferring process and limited immune response due to low oxygen
permeability. The major agents that cause fungal keratitis are Aspergillus, Fusarium, and Candida
species which are commonly found in the environment.!* Eye drops containing antifungal drugs
are the most common treatment prescribed by the ophthalmologist to prevent infections when a
patient experiences eye trauma or is using bandage contact lenses. Eye drops are inefficient as the
drug gets washed away quickly by dynamic tear films. Therefore, continual application is required
when treating a condition with eye drops. This can lead to low patient compliance which will delay
or worsen the treatment.

Nowadays, the extensive use of antibiotics induces increasing antimicrobial resistance,
therefore reduces the effectiveness of the medication. Moreover, fungi pathogens can produce a
polysaccharide matrix called biofilm that serves as a protective shield for microcolonies to resist
antifungal therapy.!® Zhang et al. found that fungal biofilm formation undergoes four main stages:
adhesion, germling formation, microcolony formation, and biofilm maturation.!® A physical

antimicrobial method using surface nanotopography to control fungi from the first stage of biofilm



formation is researched by many scientists all over the world. The nanopillar topography inspired
from cicada wing surface structures exhibits an antimicrobial effect towards some bacteria and
fungi strains.> ' However, the mechanism of this phenomenon is still controversial. Researchers
have suggested that the nanopillars are microbicidal by applying mechanical stress to the cell and
causing physical stretching of the microbe cell membrane, which leads to cell rupture.!”> 18 The
pillar sharpness and spacing also have an effect on the antimicrobial performance of the
nanostructured surface. Rosenzweig et al. found that greater pillar periodicity (~500 nm) exhibit
better antifungal effect when comparing to pillar periodicity of 200 nm and 300 nm.? In the paper,
she also claims that the fungicidal effect can be a result of the interaction between nanopillars and
mechanosensitive protein on the cell membrane, which influences cell growth and metabolism.
The effectiveness and timing of treatment are significant in preventing future complications for
corneal trauma. Accordingly, these biomimetic nanopillar structures are incorporated into the
design of bandage contact lenses to work as the first barrier to prevent fungal adhesion and

potential fungal keratitis.



Chapter 2: Vacuum Forming Method for Molding Nanopatterns on Curved Surfaces
2.1 Objective

Soft contact lenses can be produced by Lathe cutting, spin casting, and cast molding
methods. Spin casting is a method using centripetal force to form polymer into curved contact
lenses. The base curvature of the lens is determined by the shape of the negative mold. Rotational
speed and volume of polymer solution are two factors used to regulate center lens thickness. The
edge thickness of the lens is an essential factor in contact lens design and can be altered by
controlling rotation speed during spin casting. Thinner edge results in better lens fitting and less
influence by the friction of the eyelid.'® This method has high accuracy in controlling the geometry
of contact lenses and is feasible for molding texture onto the exterior side of the lens. Spin cast
lenses only contain one base curvature therefore the negative mold should match the aspheric
profile of the cornea.? To incorporate nanotopography to the front side of the contact lens, the
negative mold used for spin casting needs to be modified using the replica molding method.
Replica molding is a technique commonly used in polymer lithography to reproduce nano- and
micro-scale patterns. It is an effective method for molding mechanically soft gel and film as it can
duplicate the spatial pattern in a single step. The replication used in this study encompasses three
steps: Firstly, a negative mold is obtained via nanoimprint mold material onto a metal nanotextured
positive mold, then followed by forming the negative mold into desired lens dimensions and shape
using vacuum force. Finally, the contact lens is cast material onto the negative mold.

The objective of this chapter is to describe the replication of the nanopillar topography and
design of a manufacturing process for making lens-shaped nanoholed negative mold. As
introduced in Chapter 1, the nanopillar surface inspired by cicada wing topography shows physical

antimicrobial properties. Both Heedy et al. and Rosenzweig et al. showed that pillars with 500 nm



periodicity have the most optimal antifungal effect compared with flat surfaces or those with
smaller periodicity. >2' Hence, a commercially available nanopillared nickel substrate with pillar

periodicity of 500 nm and pillar height ~700 nm is used as the positive mold for replication.
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Figure 3°2: Molecular structure of polyurethane including the hard and soft segments. The hard
segments form into rigid blocks by aligning the polymer chains.

In the first step of replication, the thermoplastic elastomer, polyurethane (PU), is used as
the negative mold material for the hot embossing nanoimprinting. PU is a biocompatible synthetic
material with high versatility and is commonly used in thermal molding. The molecular structure
of PU is composed of two alternating polymer blocks: flexible and hard segments. (Figure 3) The
flexible segments contain polyester or polyether sequences whereas the hard segments include di-
isocyanates and low molecular weight polyols.?? The hard segments aggregate to form a micro-
phase which is dispersed in the soft segments. Therefore, the properties of PU are dependent on
the ratio between the flexible and hard segments and their phase structure. The two types of PU
used in this study are commercially available 72D and 70A thermoplastic PU. The numbers and
letters represent the shore hardness of polyurethane, whereas Shore A is softer than Shore D. The
hardness of polyurethane depends on the amount of hard and soft segments within the PU
copolymer blocks. The glass transition and melting temperature (Tg and Tmelt) for PU are not

defined and can vary depending on the specific segments’ ratio and phase structure. As a reference,



the Tg is observed between 70°C - 120°C and Tmeit is 180°C - 200°C according to Lu et al. and

Koberstein et al.2* %

Figure 4%°: The injection molds for shell molds shown in (a). The shell mold for casting soft
contact lens (b).

Normally, the contact lens negative mold is made by injection molding from metal
injection molds to obtain the lens shape. (Figure 4) Customizing metal injection molds with
nanotopography is not cost-effective for this research and inconvenient if there is a need for
alternation of lens dimensions. In consequence, a vacuum forming method is used to create a lens-
shaped negative mold with interior nanotopography. The process includes softening the mold by
increasing the temperature to above PU Tg (>120°C) and assisted with solvent-driven deformation
previous to vacuum forming. Then vacuum force was used to deform the PU negative mold and
the mold PU mold was confined by a three-dimensional (3D) printed vacuum chamber. By
incorporating stacking layers of rigid 72D PU and soft 70A PU, the flexibilities of mold were
optimized to induce the next step of reshaping mold. Rigid 72D PU was used to stabilize the
nanotopography during replication and mold deformation while 70A PU acts as a flexible backing
for the negative mold. The interface between two PU layers acts like a barrier to minimize the
solvent effect on the nanotopography. The vacuum chambers were designed using the modeling
software SolidWorks and printed with Ultimaker® 3D printer. The rabbit cornea that the contact

lens must fit for the following animal studies has a base curvature of 8.65mm and a diameter of



15.50 mm.?” The dimensions and curvature of spherical cap-shaped confinement within the
vacuum chamber were designed based on these dimensions. Polylactic acid (PLA) was used as
construction material for the 3D printed vacuum chamber (Figure 6. c¢), and polyvinyl alcohol
(PVA) was used to support the print. Then PV A supports were dissolved in water to create vacuum
channels in the vacuum chamber. The lens dimension can be altered easily by 3D printing based
on the lens material swelling behavior to fit the cornea.

The nanostructures on nanoprinted negative mold and lens shape negative mold were
evaluated by scanning electron microscopy (SEM) and atomic force microscopy (AFM). The
assumption is that the nanotopography on PU negative lens mold is reproducible and has little
effect from the vacuum forming process. The resulting nanotopography on the molded lens surface

was verified by SEM.

2.2 Experimental Procedure

2.2.1 Solution preparation

Polyurethane (PU, Texin®) solution (10wt%) was obtained by dissolving 1g of PU pellet
in 9g of 100% dimethylformamide (DMF, Fisher Chemical) at 70°C for overnight until the solution
is homogeneous. Both 72D and 70A PU solutions were prepared at the same concentration of 10
wt%. The solvent used to soften PU films contains 50vol% of DMF in Mili Q water. The
exothermal reaction between water and DMF will generate heat, therefore a secondary container
is required for safety purposes. All actions need to be carried out in the fume hood due to the

possible carcinogenicity of DMF.



2.2.2 Nanoholed negative mold preparation
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Figure 5: (a) Schematic of fabrication of 2D nanostructured PU negative mold replicating the
nanotopography on the Ni positive mold. (b) Schematic correlation between temperature and
applied force overtime during nanoimprinting.

The two layers of PU molds were prepared on a 20 mm x 20 mm Ni nanopillar substrate
(Temicon, Germany), which was used as the positive mold. The pillar structures are referred to as
P500 according to their 500 nm pillar periodicity. 600 pl of 10wt% 72D PU solution was first cast
onto the Ni nanopillared substrate and left to dry at 80°C for 1hr. Then the same amount of 10wt%
70A PU solution was cast on top of the dried 72D PU layer to attain a 1:1 ratio layer. Once the
two-layered PU negative mold was completely dried, which usually takes at least 3-5 hours, the
mold was then compressed in the nanoimprinter (Tetrahedron). (Figure 5, a) The optimal program
for nanoimprinting was first to increase the temperature of PU to 130°C, which is above reported

Tgand below Tmeit, and then 1.0 klbs force was applied to the negative mold on Ni substrate for 5

minutes to flow PU into the gap between nanopillars. (Figure 5, b) Lastly, the temperature was

10



lowered to 30°C without changing the force and held for 5 minutes to stabilize the nanoholed
structure on the negative mold. As the last step, the negative nanoholed PU mold was peeled off
from the P500 Ni substrate. This PU nanoimprinting method was developed by previous master

student Junming Cai from Prof. Albert Yee’s group.

2.2.3 Vacuum formation of lens shaped negative mold

a. Clamping

Hot Plate Solvent

Figure 6: (a) Schematic diagram of the vacuum forming process of the PU negative mold. (b) The
nanoimprinted PU negative mold is softened with 50% DMF. (c,d) 3D printed vacuum forming
chamber. The spherical cap-shaped single-surface mold is used to guide the shape of PU mold
when applying vacuum pressure. (e) The nanoholed PU lens mold after vacuum forming.

Before vacuum forming, the nanoholed negative PU mold was softened to a degree where
the mold can deform easily into the lens shape. To minimize deformation of the nanoholed
topography, only the flat side, which faces away from the nanotopography, of the negative PU
mold was in contact with the 50 vol% DMF solvent. The solvent was first dropped onto a glass
petri dish on the hotplate, followed by placing PU negative mold with the flat side down on the
solvent droplet. The PU negative mold needs to lay flat on the glass petri dish for even heat

distribution. This was achieved by applying force at the four corners of the PU negative mold to

hold the film down. The temperature of hotplate was maintained at 80 °C throughout the softening
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process and the solvent was added every 5 minutes to prevent drying of the PU negative mold.
After 20 minutes of softening, the PU negative mold was placed in the vacuum chamber with four
sides clamped. The vacuum force (1 atm) was slowly applied to the softened PU negative mold
for deformation. A metal mesh was inserted between the PU negative mold and vacuum channels
to smooth the surface of the lens-shaped PU negative mold. Figure 7 shows the difference in mold
surface smoothness with or without the metal mesh insert. After experimenting with different mesh
sizes and materials, the optimal metal mesh is the pure copper mesh (First Automation Inc.) with
0.1 mm mesh size. The lens-shaped PU negative mold can be acquired after at least 24 hours of

applying vacuum pressure.

Clamping

(>

geometry

Insert metal
mesh

Metal mesh

72D/70APU film

Vacuum Vacuum

Figure 7: The vacuum forming system consolidates a layer of metal mesh to improve the
smoothness of the curved mold surface.

2.3 Characterization

2.3.1 Scanning Electron Microscopy

The nontopography of imprinted PU negative mold was imaged by scanning electron
microscope (SEM) to evaluate if the nanohole structures are uniform and reproducible. The SEM

images were taken using the FEI Magellan SEM with an electron voltage of 5 kV and an electron
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current of 23.7 pA. The SEM samples were coated with 4 nm platinum/palladium (Pt/Pd) coating
using a LEICA 200 sputter coater before SEM imaging to increase resolution and minimize the
electron charging effect. Both the sputter coater and SEM are located at the Irvine Materials

Research Institute (IMRI) in UC Irvine.

2.3.2 Atomic Force Microscopy

The nanoholed structures on both the PU negative mold and lens-shaped PU negative mold
were characterized using atomic force microscopy (AFM) to assess the depth of nanoholes. A
monolithic silicon probe (NanoWord Pointprobe® 320kHz) with aluminum coating is used to scan
samples with tapping mode. The pillar cross-section profile was analyzed using Gywddion

software and maximum pillar heights are identified using Matlab.

2.4 Result and Discussion

2.4.1 Scanning Electron Microscopy characterization

Figure 8: SEM images that demonstrate the nanoholded surface on a negative lens mold. The
scale bar is 1 um.
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The negative mold transfers nanopillar structures by filling PU into spacings between
pillars and pressed on the Ni positive mold. The moldability of PU polymer increases when
temperature reaches 130°C during imprinting. The curing process was finished by slowly
decreasing the temperature of PU to room temperature. Using this process, the PU negative mold
will form nanoholes which are inverse structures of nanopillars on the positive mold. These
nanohole structures on the nanoimprinted PU negative mold were visualized using SEM. As shown
in the SEM nanographs, the nanohole structures are homogeneous, which demonstrates that the
nanopillars from Ni mold are successfully transferred onto the PU negative mold. This shows 72D
PU has enough rigidity to prevent collapse of nanohole structures. The PU negative mold was then
peeled off from the Ni positive mold without leaving residue material on the positive mold. PU’s
good resistance to acids is essential for stabilizing nanohole structures when casting contact lens
material, which was dissolved in acetic acid. The nanopillar structures from Ni positive mold have
a high aspect ratio and high feature density. Therefore, the nanohole mold was further

characterized with AFM to quantify the depth and cross-section shape of the nanoholes.

2.4.2 Atomic Force Microscopy characterization

0.0 ym 05 10 15
| |

637 nm 0.0
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550
500
7450
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PU P500 Mold PU P500 Lens Mold o o O o' awo a0

Figure 9: Representative AFM scans of nanoholes on the PU molds. The cross-section profile is
analyzed using Gywddion.
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To investigate if the vacuum forming method will damage the nanohole structures on PU
negative mold, the topography of both negative molds was scanned using AFM. The cross-section
of the nanohole structures was analyzed using Gywddion and plotted using Matlab. The z-height
was normalized to only show the depth of nanotopography without the full thickness of the PU
mold for more accurate readings. The left two AFM images in Figure 9 demonstrate that both PU
negative mold and lens-shaped negative mold attained uniform nanohole structures. This proves
that the solvent-driven deformation and vacuum forming process only change the macroscopic
shape of PU negative molds and have little effect on nanohole structures. The cross-section profile
of nanoholes is shown in the graph on the right-hand side of Figure 9. One can see that the
nanoholes on the two molds are similar in depth (~600 nm) and geometry. The shift in position is
due to the difference in scanned area and nanohole arrangement in that area. The average depth of
nanopillars on the positive Ni mold is around 700 nm which is higher than the depth observed here.
The pyramid-shaped cantilever tip could prevent the entire tip to reach the bottom of the features.
This is verified in the next chapter where the hydrogel nanopillars molded from these PU negative

molds show greater depth than 600 nm.
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Chapter 3: Fabrication of Nanopatterned Contact Lens for Antibacterial Purpose
3.1 Objective

Microbial keratitis is a severe disease that could cause blindness and potentially require
enucleation of the eye. Fungal keratitis is a major global health problem, particularly in developing
countries. Any type of corneal trauma can promote pathogens entry to the cornea and growth in
the stroma which leads to keratitis.?® The rapid disease progression limits the current drug delivery
method, which is the use of antifungal eyedrops with continuous application. The eyedrops have
a low corneal penetration rate due to the fast tear flow cycle. Additional antifungal approaches
need to be established to prevent fungal keratitis at an early stage. In this chapter, my approach
using a nanostructured surface to hinder fungi attachment and growth mechanically is presented.
This antifungal surface is composed of nanoscaled pillars that are inspired by the surface structures
on the membranous area of cicada wings. The highly ordered nanopillars on cicada wings have
been researched for their microbiocidal properties. Roman-Kustas et al. have shown that the
topography of cicada wings plays a key role in antimicrobial functionality.?® Heedy et al. also show
that replicated nanopillared surface on hydrogel material still maintains antimicrobial properties.?!
In this chapter, a contact lens with nanopillared exterior surface is designed as a first-aid shield to
prevent fungi entry and attachment to the corneal wound.

Oxygen permeability and mechanical strength are two of the most important factors that
determine the performance of contact lenses. The comfort and durability of contact lenses depend
heavily on these two factors. By comparing with commercially available contact lens, the designed
chitosan contact lens should reach a mechanical modulus of 3 MPa along the plane of the lens.
Ashkan Aryaei et al. showed that the modulus of crosslinked chitosan hydrogel can reach 6.3

MPa.?° Besides comfort to the wearer, mechanical properties are also important for the stability of
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nanopillars on the surface to prevent their collapse at the swollen state. Tensile properties are
obtained by testing of hydrated chitosan strips with tensile tester. The Young's modulus for
material can be determined by the slope of the linear region in the initial part of the stress vs. strain
curves. The desired oxygen permeability for contact lens is desired to be within the range of 60 -
140 (10" cm?*mlo2)/ (s*mlLens*mm Hg). In this work, due to the limitation of equipment, the
oxygen permeability is indirectly represented instead by the swelling ratio. as Komiyama et al.
asserted. They found that the oxygen permeability of conventional hydrogel increases when the
water content of the swollen membrane rises.>' A hydrogel contact lens with high water content
will allow more oxygen to reach the cornea through the water in-between the porous networks.
Materials with low oxygen transmissivity can cause contact lens-induced dry eye (CLIDE). But
high-water content hydrogel contact lens is often not suitable for patients with dry eye syndrome,
because such materials can draw out tears that would have been available, resulting in dehydrating
the eye which leads to more severe complications.* Conventional hydrogel contact lenses obtain

water content range from 38% to 70%.33

Oxygen permeability | Modulus (MPa) Water Content
(*101mL 02 (%)

cm/(cm2-ss-mmHg))

Polymacon34 8.4 0.78 38
Etafilcon A35 21.40 0.31 58
Nelfilcon A3¢ 26 0.90 69
Lotrafilcon A3¢ K] 1.76 34

Chitosan 6.23-11.88 3.71-6.25 58-80%
Composite3’

Table 1: Comparison of common contact lens hydrogel and chitosan composite material. This

indicates that chitosan is a potential material for contact lens application.
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Chitosan, a co-polymer with alternative units of B-(1 — 4)-D-glucosamine and N-acetyl-
D-glucosamine, has been used in biomedical applications due to its biocompatibility and
antimicrobial properties.® It has been widely researched as a structural component for nanoparticle
drug delivery.® Shi et al. studied the tensile strength and oxygen permeability of composites
containing chitosan and gelatin as contact lens materials.>’” They showed that the modulus of
chitosan films is within the range of 3.71-6.25 MPa, which is higher than that in conventional
hydrogel contact lenses. They conclude that chitosan has good hydrophilic properties and is a
potential biomaterial for contact lens application. (Table 1) In this study, chitosan films are
prepared by solvent evaporation and spin casting. Although chitosan is insoluble in water due to
its cationic molecules, it still swells in water due to its microporous structures and hydroxyl group
interaction with water molecules. In order to control film deformation caused by swelling, the

material was crosslinked by chemical or ionic crosslinking agent or both.

CS/GP solution

a.
/70A PU mold i

Mold holder

‘ CSI/GP/TPP lens
m \ CS/GPlens u :
Rotation stage :

Nanoﬁaﬂemed Chitosan
Lens

ESaac e

Figure 10: (a) Schematic of crosslinking process and spin casting for GP/TPP co-crosslinked
chitosan lenses. (b) Chemical structure of GP/TPP co-crosslinked chitosan. The amino functional
groups either forms covalent bonding with genipin or ionic interaction with TPP molecules. (c)
Swollen CS/TPP lenses with nanotopography. The SEM shows the nanopillars that are replicated
to the lens.
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To retain geometry and integrity of the contact lens at the swollen state, a dual crosslinking
system that consisted of the chemical crosslinker genipin and the ionic crosslinker sodium
tripolyphosphate (TPP) was used. Chitosan crystalizes when strong intermolecular hydrogen
bonds form between amino and hydroxyl groups.*® But these hydrogen bonds will break in an
acidic environment due to the repulsion between protonated amino groups.® Chemical
crosslinkers can provides stable and permanent networks to the hydrogel matrix whereas ionic
crosslinking provide a higher molecular degree of freedom. Both crosslinkers have been shown to
have low toxicity and can be feasible in a physiological environment.3% 4° The drawback to genipin
crosslinked chitosan is the reduction in toughness with increase in modulus.?! The dual
crosslinking system employed in this work is intended for enhancing the material toughness while
maintaining the desired modulus for contact lens material. But later in the present study, we show
that the single crosslinking system containing only TPP showed a promising result in transparency
and stability of lens when swollen. One concern is that TPP crosslinking can be affected by the
change of pH in the environment. This is because P30s™ 1ons from TPP compete with additional
OH- ions to interact with the NH3* protonated amino groups on the chitosan chains.*' OH" ions
will also deprotonate the amino groups which can potentially hinder the ionic crosslinking. Study
shows that pH of conjunctival fluid change from 6.93 to 7.14 when a patient becomes infected
with microbial keratitis. This pH change should have little effect on the ionic crosslinking of TPP.

In this chapter, I will characterize both dual and single crosslinking systems and compare
the performance of the two systems. The objective of this chapter is to find a crosslinking system
with optimal properties for the nanopillared chitosan lens. By investigating the various
concentration of chemical and ionic crosslinkers, the optimal concentration of crosslinkers was

determined by the lens stability at a swollen state.
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Figure 11: (a) Schematic of TPP crosslinking process and spin casting of chitosan lenses. (b)
Chemical structure of TPP crosslinked chitosan. The amino functional groups form ionic
interaction with TPP molecules. (c) Swollen CS/TPP lenses with nanotopography.

3.2 Experimental Procedure

3.2.1 Crosslinking Methods and Lens Fabrication

3.2.1.1 Prepare chitosan-genipin solution

We adopt in this research a dual crosslinking system with chemical crosslinker and ionic
crosslinker. The 2.2 w/v% chitosan solution was prepared by dissolving 90% deacylated chitosan
(Qingdao Yunzhou Biochemistry Co.) in 0.1M acetic acid. Genipin(Sigma Aldrich) was dissolved
in ethanol to obtain the genipin stock solution. Then the stock solution was added to the chitosan
solution to obtain a GP/CS solution with 0.5 mM genipin concentration. The procedure is as follow:
a. Dissolve 0.44 g of chitosan in 20 ml 0.1M acetic acid with stir bar at room temperature to

make a 2.2 w/v% chitosan solution.

b. Pre-dissolve genipin in ethanol and calculate the molarity for genipin stock solution:
xmgof genipin _ mg g o 1mol  10%mM
10mL of ethanol > mL 2 L~ 2262269 m
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c. Calculation for making 0.5 mM genipin crosslinked chitosan:

— 3
0.5mM X (Vgenipin in ethanol + Vl.lw/v% chitosan = Z X 10°mM X Vgenipin stock
d. Dissolve Vgenipin stock of genipin stock solution in (Vgenipin in ethanol — Ygenipin stock)

aboslute ethanol, where Vyenipin in ethanot 18 1/10 of Vi 1y, /004 chitosan -

TPP solution was prepared by dissolving 1 wt%, 2 wt%, and 4 wt% sodium
tripolyphosphate (Sigma Aldrich) in Milli-Q water and stir until no visible solute is detectable in

the solution.

3.2.1.2 Fabrication of GP/TPP co-crosslinked chitosan lens

GP/CS solution was cast onto the lens-shaped PU negative mold with nanohole structures
and covered with a Petri dish for 48 hours for crosslinking. The crosslinked solution was then
placed on a rotation stage for spin casting at 110 rpm. The solvent will evaporate at room
temperature after 12 hours of spinning at room temperature and the solution eventually becomes a
dry film. The centrifugal force acting on the solution helps to form a lens with uniform thickness
and to prevent the deformation of the chitosan lens due to volume contraction of hydrogel during
the drying process. The dried GP/CS lens was washed with absolute ethanol to remove unreacted
genipin and neutralized with 0.1M NaOH to remove residual acid. Then the neutralized lens was
immersed in 1%-4% TPP solution for 5 mins for ionic bonds to form between the crosslinker and

polymer chains.
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After ionic crosslinking, the lens was left to dry at room temperature and peeled off for use
after drying. A hole puncher of 14.5 mm in diameter was used to cut the edge of the lens to obtain

a smooth margin. This size of the hole puncher can be varied to control the diameter of the lens.

3.2.1.3 Solution preparation for CS/TPP lens

The 2 w/v % chitosan solution was obtained by dissolving 0.4 g of chitosan in 20 ml 0.1M
acetic acid and stirring the solution with a stir bar at room temperature until chitosan is fully
dissolved. The dissolving process usually takes 12 to 24 hours. A low stirring speed is required to
prevent the crystallization of the chitosan in the solution due to chain alignment during the stirring.
The 5 wt% and 10 wt% TPP solutions were prepared by adding sodium tripolyphosphate to Milli-

Q water and stirring until all sodium tripolyphosphate is dissolved.

3.2.1.4 Fabrication of CS/TPP chitosan lens

A solvent-assisted drop casting method was used to obtain the chitosan lens. 1 ml of the 2
w/v% chitosan solution was cast onto the lens-shaped nanoholed PU mold, which is stabilized on
a rotational stage, until the solution covers all edges of the mold. Then the stage was rotated at 110
rpm for overnight to evaporate the solvent and obtain an uncrosslinked chitosan lens. The
centrifugal force forms the material into an aspheric base curve where the front curvature is
controlled by the curvature of polyurethane mold. The dried chitosan lens on the PU mold was
then immersed into 3 ml of 0.1M NaOH for 1 min to neutralize any residual acid in the lens. The
lens was then rinsed with Milli-Q water and patted dried with Kimwipe. Then the neutralized
chitosan lens on PU mold was directly submerged into 3 ml of 5wt% or 10wt% TPP in Milli-Q

water for 1 hour. Afterwards, the chitosan lens was rinsed again with Milli-Q water and patted dry
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with Kimwipe. The crosslinked chitosan lens was left under room temperature to dry and then
peeled off from the mold. Finally, the final lens was punched with a 14.5 mm hole puncher to

obtain a smooth lens edge.

3.3 Surface Topography Characterization

Nanopillars on chitosan lens surfaces need to be examined using microscopies with
sufficiently high magnification where the few hundreds of nano-scaled features can be imaged. In
this study, the scanning electron microscopy (SEM) was used to determine the nanopillar shape
and orientation, and atomic force microscopy (AFM) was used to quantitatively measure the pillar
heights and diameters. The nanopillars on chitosan lenses with different crosslinking
concentrations and post-swelling chitosan lens were characterized. The optimal crosslinking

concentration was determined by the uniformity and stability of nanopillars after swelling.

3.3.1 Scanning Electron Microscopy

Pre- and Post-swelled chitosan lenses with different crosslinker concentrations were
imaged with the FEI Magellan SEM in the UC Irvine Materials Research Institute (IMRI). Electron
beam with low voltage (5 kV) and current (0.2nA) was used to minimize damage to the biopolymer.
This is essential when evaluating the nanopillars on chitosan lenses because high energy electron
beam will cause deformation of the pillars. All samples were coated with 4nm platinum/palladium
(Pt/Pd) using the LEICA sputter coater 200 from in IMRI. The sample stage was tilted by 30
degrees to image the side profile of the nanopillars, which better demonstrate the pillar dimensions

and shapes.
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The pre-swelled chitosan lenses were fabricated with solvent evaporation and spin casting
methods as described in the previous sections. The post-swelled chitosan lenses were first
rehydrated in phosphate buffer saline (PBS) for 24 hours, and then lyophilized for a further 24
hours. The cross-section of lyophilized chitosan gel was obtained by freezing the sample with
liquid nitrogen and breaking it with tweezers. The air-drying method was also investigated to
examine the nanopillars after swelling. The pillar periodicity was measured from the SEM
micrographs using the software Image J. The dimensions of nanopillars on the Ni positive mold

and its replicated nanostructures on the chitosan lens are compared.

3.3.2 Atomic Force Microscopy

Atomic force microscopy (AFM) was used to assess the heights of nanopillars for each
chitosan lens sample. AFM can generate a 3D profile of the nanostructures and quantitatively
determine the maxima in heights and curvatures. The AFM images were acquired via the tapping
mode at a frequency of ~320 kHz. The silicon AFM tips, purchased from NanoWorld, are
aluminum coated for signal enhancement. The cross-sectional profile of nanopillars was exported
from Gywddion and graphed with Matlab and R. AFM samples were obtained by cutting out the

center area of the lens and kept flat with carbon tapes.

3.4 Materials Properties Characterization

3.4.1 Energy-dispersive X-ray spectroscopy studies

The crosslinked chitosan lenses containing TPP were characterized using energy-
dispersive X-ray spectroscopy (EDS), which is an analyzer attachment to FEI Magellan scanning

electron microscopy. The energy profile of phosphorus can be used to determine the concentration
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of ionic crosslinks in the dual crosslinking system. The intensity of phosphorus energy profile will
also show if the crosslinking is saturated at a certain crosslinker concentration. The chitosan lens
samples were adhered to carbon tape and coated with 5 nm of carbon. The choice of carbon coating
is to avoid the overlapping of energy profiles between the coating material and phosphorus. The
carbon was coated to the samples using the LEICA sputter coater 200 in IMRI. Energy profiles

were scanned at the electron beam voltage of 6 kV and current of 1.6 nA.

3.4.2 Determination of degree of crosslinking

The degree of crosslinking was tested using ninhydrin assay, which uses an agent to bind
with free amino groups in the hydrogel. The percentage of crosslinked amino groups can be
calculated from the number of free amino groups. The chitosan lens samples were first hydrated
for 24 hours and then lyophilized for 24 hours. 3 mg of sample was weighed from each lyophilized
sample and reswelled in 10 puL of Milli-Q water to prevent the movement of the sample due to the
electrostatic force. Subsequently, 1 ml of ninhydrin reagent (Sigma Aldrich) was added to each
sample to react with crosslinked chitosan at 100 °C for 20 min. After the reaction, the ninhydrin
solution was diluted with 95% ethanol by 25 folds. The optical absorbance of the diluted solution
at 570 nm wavelength was recorded using an Ultraviolet-visible (UV-Vis) spectrophotometer
(SpectraMax M3). A standard curve between absorbance and amino group concentration was
obtained using glycine solution at various known concentrations. The number of amino groups in
chitosan should be proportional to the optical absorbance of reacted ninhydrin solution and can be
calculated based on a standard curve. Three samples for each sample group were measured and

the average crosslinking degree was taken.
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3.4.3 Mechanical Properties

The Young’s modulus and yield strength of chitosan with various crosslinker
concentrations were evaluated using a tensile tester (TestResource Inc.). 20mm x 2mm testing
strips were acquired by cutting flat chitosan films with a hobby knife. To minimize defects on the
edge of testing strips, which could weaken the samples and cause an error in measurements, the
hobby knife needs to be extra sharp. The testing strip was then clamped between 2 pieces of 1200
grit sandpapers to enhance the friction at the grip and prevent the sample from slipping out during
testing. The gage length was controlled at 10 mm for all samples. The testing strip was pulled by
the top grip at a rate of 0.5 mm/s until the sample breakage. Measurement was only taken when
the sample strip breaks at the center. Five measurements were made for each sample and the
average value is obtained. The film thickness was measured for each sample by imaging the cross-
section with an optical microscope and analyze the thickness via Image J software. The strain and

stress were calculated from the recorded force and elongation.

3.4.4 Transparency

The ability of crosslinked chitosan films and lenses to transmit light was measured using a
UV-vis spectrometer over the visible light spectrum, where the wavelength range from 200 to 800
nm. We investigated the transmittance of hydrogel with different combinations of crosslinker
concentrations and different topography. Commercially available HEMA based contact lenses
(Biotrue ONEday, Bausch+Lomb) were set as the control group where the HEMA lens has no
coloration and is optically transparent. The chitosan samples were swollen for 24 hours in PBS to
reach an equilibrium state before measuring their transparency. The samples were cut into a

circular shape with 6mm diameter discs and fitted into the wells on the 96 well plate. 200 puL of
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PBS was added to each well to prevent the sample from drying. The average transmittance over a

range of wavelength is calculated by:

800nm
_ Z400nm T/l X A/l

vg — soonm
Z400nm A/’L

Ta

Where the Tavg is the average transmittance over a wavelength range of 400nm to 800nm; 7', is

the transmittance at a certain wavelength, and A is the difference between two wavelengths.

3.4.6 Swelling Behavior

To investigate the stability of the crosslinked chitosan lens, the water content of the lens
over 7 days was measured. By investigating the various concentration of covalent (GP) and ionic
(TPP) crosslinkers, the optimal concentration of crosslinkers was determined by the lens stability
at a swollen state. A hydrogel contact lens with high water content will allow more oxygen to reach
the cornea through the water in between the porous networks. Conventional hydrogel contact
lenses obtain water content range from 38% to 70%;° therefore our chitosan lens is aiming to
maintain a water content of ~ 100%.

The dimensions of pre-swollen samples were constrained to have a base curve radius of
8.4 mm and a diameter of 14.5 mm to fit the eyes of New Zealand white rabbits. Three samples
for each sample group were immersed in 10 ml PBS separately and left in an incubator shaker at
34°C to simulate the physiological environment in the cornea surface. The swelling ratio and water

content was calculated with the equation below:
Swelling Ratio (%) = (“2—4) x 100

Wf_Wi

Water Content (%) = (W—) x 100
f
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where Wris the weight of lens after a time interval ¢, Wi is the initial weight of lens measure when

the lens is still dry.

3.4.7 Fourier-transfer infrared spectroscopy

The co-crosslinked chitosan lenses with chemical crosslinker concentrations of 0.5 mM
and ionic crosslinker concentrations of 1%,2%, and 4% are characterized by Fourier-transfer
infrared spectroscopy (FTIR, Nexus 670). All spectra were recorded in the range of 600 - 4000
cm’!. The sample was folded twice to increase the scanned volume and fit between the sample

stage the IR probe.

3.5 Result and Discussion

3.5.1 Scanning Electron Microscopy characterization

3.5.1.1 Concentration of chitosan solution

The concentration of polymers in its solution is related to its viscosity. At higher
concentrations, polymer chains may interpenetrate or align with their surrounding chains and form
chain entanglements. On the other hand, polymer chains in dilute solutions have less interaction
with their surrounding chains.*> For successful nanofabrication, particularly of nanopillars, a
critical concentration is needed. A solution with too low of concentration will not have enough
material to form dense polymer networks to support nanopillars, and too high of concentration also
will not result in self-assembled nanopillars due to the great shear stress at the wall of nanoholes.
Two concentrations, 1.5 wt% and 2 wt%, of chitosan solution were tested in this study. These two
concentrations result in dry films with acceptable thickness in the range of 100-200 um, which is

determined by the commercial contact lenses. A solution with lower concentration is expected to
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form taller pillars due to the lower viscosity. The SEM images (Figure 12) show that 1.5 wt%
solution forms taller nanopillars, but these pillars collapsed during demolding. By comparison the
2 wt% chitosan solutions formed uniform nanopillars from the solvent evaporation process. These
nanopillars are found to be strong enough to maintain their pillar shape after demolding. Thus, 2
wt% 1is a proper concentration for nanopillar fabrication on the chitosan film. The thickness of

chitosan films can be tuned by alternating the volume of chitosan solution.

1.5 wt% Chitosan

2 wt% Chitosan

Figure 12: Nanopillared surface on chitosan lenses made from 1.5wt% and 2wt% chitosan
solution. Scale bar =1 um.

3.5.1.2 GP/TPP Co-crosslinked Chitosan Lens

To make the resulting lens stable at a swollen state, the chitosan lens was crosslinked with
both covalent and ionic crosslinkers. The concentration of genipin is chosen based on findings
from previous student, where a 0.5mM is sufficient for forming nanopillars easily. The topography
of chitosan lenses crosslinked with 0.5mM genipin and 0%, 1%, 2%, or 4% TPP are characterized
at the pre-swelling state. The crosslinking process was separated into two steps where the genipin
chemical crosslinking is the first step. The hypothesis is that the shape and dimension of the

nanopillars would be determined by the first step in the crosslinking process. TPP should only
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diffuse into the film to crosslink the remaining free amino groups with little effect on the geometry
of nanopillars. The SEM images in Figure 13 show that the nanopillars on all four lenses with
different concentration combinations form uniform arrays without any collapsing. These replicated
nanopillars appear to be the accurate reproductions of the Ni positive mold in terms of the pillar
diameter and periodicity. These micrographs also indicate that the solvent-assisted drop casting

lithography can produce consistent nanostructures.
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0.5mM GP/ 2%TPP/CS 0.5mM GP/ 1%TPP/ICS  0.5mM GP/ 0%TPP/CS

0.5mM GP/ 4%TPP/CS

Figure 13: Representative SEM images of nanopillared surface of GP/TPP co-crosslinked chitosan
lenses with crosslinker concentration of 0.5mMGP/0%TPP (a,b), 0.5mMGP/1%TPP (c,d),
0.5mMGP/2%TPP (e,f), 0.5 mMGP/4%TPP (g,h). Scale bar =1 um.

The aspect ratio and density of the nanopillars will influence the efficiency of the
antimicrobial effect.>> 2! We choose to investigate the post-swelling pillar morphology of 0.5mM
GP/ 1% TPP and 0.25mM GP/ 2% TPP due to their appropriate swelling ratio (shown in section

3.5.3) as a contact lens material. The topography before and after swelling is characterized with

SEM. The volume contraction of air-dried CS/TPP lenses results in nanopillar shrinkage shown in
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Figure 14. Lyophilized CS/TPP lenses are able to maintain the geometry of nanopillars but result
in hydrogel brittleness and breakage of nanopillars. The SEM micrographs (Figure 14) show that
the swollen films maintain nanoscale patterns that are results of pillar shrinkage. To further explore
the actual nanopillar geometry on the chitosan surface at the hydrated state, we lyophilized the
swollen chitosan lens to look at their topography. Lyophilization allows the frozen solvent to
sublimate and escape from the chitosan hydrogel films while sustaining the geometry of the
hydrogel matrix. Volume expansion of solvent due to crystal forming may result in freeze thawing
of the hydrogel matrix. Figure 15 shows that the nanopillars on lyophilized 0.5mM GP/1%
TPP/CS lenses are deformed and the pillar periodicity have expanded due to swelling, which
demonstrates that the nanopillars are not stable with this co-crosslinking system. The surface of
0.25mM GP/ 2% TPP/CS lens only shows a porous structure, similarly to the cross-section
morphology. The lower chemical crosslinking concentration leads to larger hydrogel networks
which allow more solvent to diffuse into the hydrogel. The hydrogel morphology is therefore
strongly dependent on the first step of crosslinking which is the chemical crosslinking. Thus, we
can conclude that neither 0.5mM GP/ 2% TPP/CS nor 0.25mM GP/ 2% TPP/CS lenses are suitable

for this application due to the unstable surface nanostructure that result from these compositions.
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Figure 15: SEM micrographs of lyophilized GP/TPP co-crosslinked chitosan lenses. (b) and (c)
are the cross-sections of the chitosan hydrogel lenses. Scale bar =1 um.

3.5.1.3 TPP Crosslinked Chitosan Lens

Representative SEM micrographs of nanopillars on chitosan films crosslinked by TPP
show that they exhibit stable and uniform morphologies at the pre-swelling stage. Chitosan films
with no crosslinking also formed uniform arrays of nanopillars with few collapses observed due
to demolding. By contrast, the flat chitosan surface showed that the ionic crosslinking has little

effect on the morphology of the surface. Both 5% TPP and 10% TPP crosslinked chitosan lenses
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obtain nanopillars with high aspect ratios. The pillar periodicity of CS/TPP lenses is maintained at
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500 nm, which is the same as the that of nanopillars on the Ni positive mold.

=1 um.
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Figure 16: SEM images of CS/TPP P500 lenses and flat films before swelling with TPP
concentration of 0% (a,b,c,d), 5%(e,f,g,h) and 10% (i, j, k,1). Scale bar
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Figure 17: The films are swelled to reach an equilibrium state. SEM images of lyophilized CS/TPP
P500 lenses and flat films with TPP concentration of 0% (a,b,c,d), 5%(e.f,g,h) and 10% (i, j, k,1).
Scale bar =1 um.
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Lyophilized lenses were imaged with SEM to determine the stability of nanopillars at the
post-swelling state. All lenses were swollen for 24 hours to reach the equilibrium state. The
chitosan lens with no crosslinker exhibits the most pillar deformation due to volume expansion as
expected. (Figure 17) The amino and hydroxyl groups on chitosan chains are not fixed by
crosslinker and therefore can interact with the water molecules, which results in the large volume
expansion and unstable matrix structure. In comparison, the 5% TPP crosslinked chitosan lens still
maintained the nanopillar geometry after swelling with few defects observed. The best pillar
stability is shown on the 10% TPP crosslinked chitosan lenses, as the pillars are still maintained in
arrays with no deformation. There are some nanoscale impurities observed on lenses and flat film
surfaces which might be a result of contaminated PBS. Figure 17 proves that the chitosan lenses

crosslinked with 10% TPP have the ideal pillar geometry and stability in the hydrated state.
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3.5.2 Atomic Force Microscopy characterization

3.5.2.1 GP/TPP Co-crosslinked Chitosan Lens
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Figure 18: AFM scans, 3D profiles and cross section profiles of GP/TPP/CS P500 lenses and flat
films before swelling with crosslinker concentration of 0.5mMGP/0%TPP, 0.5mMGP/1%TPP,
0.5mMGP/2%TPP and 0.5mMGP/4%TPP.
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Figure 19: The average pillar heights of GP/TPP co-crosslinked chitosan lenses with crosslinker
concentration of 0.5mMGP/0%TPP, 0.5mMGP/1%TPP, 0.5mMGP/2%TPP, 0.5mMGP/4%TPP.
10 pillars were analyzed from each film (n=2).

The heights of nanopillars are characterized using AFM. Figure 18 shows 3D profile and
cross-section profile of the nanopillars on chitosan lenses co-crosslinked by 0.5mM genipin and
0%, 1%, 2% or 4% TPP. The average heights are summarized in the bar graph in Figure 19. The
average pillar height of 0.5 mM/0% TPP and 0.5 mM/4% TPP are similar. Each experiment group
only contains heights measurements from 2 lenses. The 0.5 mM/ 1% TPP has the lowest average

pillar height which might be due to the outliers. The result will be more accurate with larger sample

groups.
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3.5.2.2 TPP Crosslinked Chitosan Lens

0% TPP/CS P500

5% TPP/CS P500

10% TPP/CS P500

Figure 20: AFM scans, 3D profiles, and cross section profiles of TPP/CS P500 lenses and flat
films before swelling with TPP concentration of 0%TPP, 5%TPP, and 10%TPP.
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Figure 21: The average pillar heights of TPP crosslinked chitosan lenses with crosslinker
concentration of 0%TPP, 5%TPP, and 10%TPP. 10 pillars were analyzed from each film (n=3).
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The average pillar heights of nanopillars on 0% TPP, 5% TPP, and 10% TPP chitosan
lenses are similar to the nanohole depth of PU negative lens mold. This validates that the solvent
assistant drop-casting nanolithography is an appropriate method for replicating nanopillars to
chitosan hydrogel. There is no significant difference in pillar heights between chitosan lenses
crosslinked with different TPP concentrations. This demonstrates that the ionic crosslinker does

not affect the morphology of nanotpography using the immersion crosslinking method.

3.5.3 Swelling Behavior

P500 Crosslinked Chitosan Lens Swelling Behavior
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Figure 22: The swelling ratios of 0% TPP, 5% TPP, 10%TPP, 0.25mM GP/2%TPP and 0.5mM
GP/1% TPP chitosan films. The equilibrium swelling ratio of GP/TPP crosslinked films is
significantly higher than TPP crosslinked films. All films contain P500 nanotopography. (n=3)
To examine the dynamic swelling behavior of crosslinked chitosan lenses, the lenses were
swelled in PBS for 7 days. Mechanistically, the higher degree of crosslinking will result in reduced
pore size of hydrogel networks, therefore, decrease the swelling ratio. The swelling behavior of
crosslinked chitosan demonstrates that GP/TPP co-crosslinked chitosan lenses have a higher
equilibrium swelling ratio compared to the non-crosslinked and TPP crosslinked chitosan lenses.
(Figure 22) The high swelling ratio of GP/TPP co-crosslinked chitosan causes distortion of the

lens at a hydrated state and decreased stability of lens geometry. The chemical crosslinking of

genipin happens while polymer chains are still suspended in the solvent. These observations could
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be because, while the genipin prevents chitosan networks from forming crystalline regions,
whereas the non-crosslinked chitosan chains can rearrange into the crystalline region during the
solvent evaporation process. If this is true then genipin crosslinked networks should be more
amorphous, which would cause the increase in water content. The equilibrium swelling ratio of
TPP crosslinked chitosan lenses are within the proper range for contact lens material. The large
fluctuation in swelling ratio can increase internal stress in material, which lead to deformation of
nanopillars. Unlike the co-crosslinked chitosan lenses, the single crosslinked chitosan lenses have
no large fluctuation in swelling ratio before reaching equilibrium swelling, which indicates that

the single crosslinking system is optimal for maintaining the lens geometry at swollen state.
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3.5.4 EDS studies

0% TPP/0.5mM GP/CS 1% TPP/0.5mM GP/CS
2% TPP/0.5mM GP/CS 4% TPP/0.5mM GP/CS

Figure 23: EDS energy profiles of GP/TPP co-crosslinked chitosan lenses with crosslinker
concentration of  0.5mMGP/0%TPP, 0.5mMGP/1%TPP, 0.5mMGP/2%TPP  and
0.5mMGP/4%TPP. The Ko peak for phosphorus is identified at 2.02 keV.
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Element 0% TPP (Wt%) 1% TPP (Wit%) 2% TPP (Wt%) 4% TPP (Wt%)

N 30.93 26.39 24.43 28.48

(0] 64.11 64.26 64.98 55.92

Na 2.48 4.30 2.44 4.37
Ma 0.42 0 0.64 0.43

Ca 2.07 0 0 1.81.57

Si 0 1.02 0.48 0.76

P 0 4.04 7.02 8.47

Table 2: The elemental analysis of GP/TPP co-crosslinked chitosan lenses with crosslinker
concentration  of  0.5mMGP/0%TPP,  0.5mMGP/1%TPP,  0.5mMGP/2%TPP  and
0.5mMGP/4%TPP.

The energy profile of phosphorous distributed on the nanopillared surface of co-crosslinked
chitosan lenses is examined by EDS to evaluate the relative amount of ionic crosslinking. Chitosan
lenses crosslinked with genipin shows no trace of phosphorous. The elemental analysis shows that
the ionic crosslinking increased as the concentration of TPP increased without reaching the
saturation in crosslinking. This observation demonstrates that the free NH3" groups in the GP/CS
lenses can still be fixed by ionic crosslinking. TPP can penetrate the chitosan matrix to form ionic
bonds with the protonated amino groups. The degree of crosslinking also demonstrates the same
tendency. The mass percentage of phosphorous for 5%TPP and 10%TPP crosslinked chitosan
lenses are higher than the GP/TPP co-crosslinked lenses, which is expected as the concentration

of crosslinker increases. The data shows the 5% TPP crosslinked chitosan is not at the saturation

point in crosslinking.
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5% TPPI/CS

10% TPP/CS

Figure 24: EDS energy profiles of TPP crosslinked chitosan lenses with crosslinker concentration
of 0%TPP, 5%TPP, and 10%TPP. The intensity of phosphorus Ko peak indicates the amount of P
in the chitosan film.



Element 0% TPP 5% TPP 10% TPP

(Wt%) (Wt%) (Wt%)

N 36.48 17.59 14.03

0 56.55 54.71 50.33

Na 2.76 14.94 18.6
Mg 0.44 0 0
Ca 2.16 0 0
cl 0.85 0 0

Si 0.76 0 0.53

P 0 12.76 16.5

Table 3: The elemental analysis of TPP crosslinked chitosan lenses with crosslinker concentration

of 0%TPP, 5%TPP, and 10%TPP.

3.5.5 Ninhydrin Assay

Swelling behavior data demonstrate that the GP/TPP co-crosslinked chitosan lenses had a
much higher swelling ratio than the TPP single crosslinking system. This indicates that the GP/TPP
chitosan networks have lower crosslinking density than the single crosslinking system, which is
also verified by the degree of crosslinking (DoC) data shown in Table 3. The surface morphology
of lyophilized GP/TPP co-crosslinked chitosan shows a large volume expansion of the matrix,
which also demonstrates that GP/TPP co-crosslinked chitosan has a lower crosslinking density.

The degree of crosslinking increases by two orders of magnitude as the concentration of TPP

crosslinker doubles.
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Lens Type (P500) Average DoC (%)

0.5 mM GP/1% TPP/CS 14
0.5 mM GP/2% TPP/CS 24
0.5 mM GP/4% TPP/CS 41

Table 4: The degree of crosslinking data of GP/TPP co-crosslinked chitosan P500 lenses with
crosslinker concentration of 0.5mMGP/1%TPP, 0.5mMGP/2%TPP and 0.5mMGP/4%TPP.

(n=3)

The degrees of crosslinking of TPP crosslinked flat films and P500 lenses were also
evaluated. The data suggest that the presence of nanostructures on the hydrogel surface apparently
increases the degree of crosslinking of the chitosan films. Heedy et al. also observed that the
confinement of nanostructure can promote the alignment of the polymer chains.?! The
intermolecular interaction between chains is enhanced during the nanofabrication process. Even
for chitosan matrix with no crosslinker, the affiliation of nanostructure increases the degree of
crosslinking from 35% to 65%, which is a result of enlargement of the crystalline region due to

chain alignment.

Film Type Average DoC (%)
0% TPP/CS Flat 35
5% TPP/CS Flat 75
10% TPP/CS Flat 67
0% TPP/CS P500 Lens 65
5% TPP/CS P500 Lens 79
10% TPP/CS P500 Lens 84

Table 5: The degree of crosslinking data of TPP crosslinked chitosan lenses and flat films with
crosslinker concentration of 0%TPP, 5%TPP, and 10%TPP. (n=3)
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3.5.6 Tensile Properties

Tensile Test of Crosslinked Chitosan Flat films Young's Modulus
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Figure 25: The representative stress/strain curves of 5% TPP, 10%TPP, 0.25mM GP/2%TPP
and 0.5mM GP/1% TPP chitosan flat films. Young’s modulus is calculated from the slope of the
linear region on the curves. (n=3)

The modulus of the hydrogel is an important factor for determining the comfort of the
contact lens. It is believed that it will also affect the durability of contact lenses. Commercial
contact lenses usually obtain a range of modulus around 0.4 — 1.5 MPa. Tensile behavior of the
GP/TPP co-crosslinked chitosan are compared with the TPP single crosslinked chitosan flat films.
(Figure 25) The modulus of co-crosslinked films is found to be significantly higher than single
crosslinked films while the fracture strains are much lower. Thus, higher modulus and lower
fracture strain correspond to the higher crosslinking density of the dual-crosslinking hydrogel films.
Yet, according to the ninhydrin test, the crosslinking degree of the dual crosslinking systems is
much lower than the single crosslinking system. The fact that GP/TPP co-crosslinked chitosan
films have higher tensile modulus might be due to the higher bond dissociation energy of covalent

bonds. It was observed in this study that the single crosslinking system is able to prevent lens from

changing shape for 7 days.
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3.5.7 Transparency studies
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Figure 26: Transmittance of wet co-crosslinked chitosan films in the visible light spectrum. The
nanotopogtaphy has little effect on the transmittance of the crosslinked films when the film is

hydrated. (n=3)

The light transmittance of 0.5 mM GP samples was observed to be lower than the 0.25 mM
and 0 mM GP samples for both films and lenses. As the concentration of genipin increases, the
absorption of 600 nm light (orange) by the crosslinked chitosan films increases which renders a
blue coloration. The nanostructures on the surface of the chitosan lens have little effect on the light
transmittance when transmittance is measured normal to the film plane, shown in Figure 26.
Overall, all co-crosslinked chitosan lenses have a degree of transparency ranging from 57%-67%
in the visible light spectrum (400nm-800nm). It is known that UV radiation from the sun can
damage the cornea and slow down the cornea’s healing process. The co-crosslinked chitosan lenses
have the potential to protect the injured eye from UV exposure. These lenses obtain optical
transmittance of 17%-25% in the UV waveband (200nm-400nm), which indicates medium to high

reduction of sun glare and good UV protection.
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Figure 27: Optical Properties of flat and nanopillared TPP crosslinked chitosan lenses over the
visible light spectrum. The average transmittance of CS/TPP lenses are compared to the HEMA
based commercial contact lenses. The nanotopogtaphy has little effect on the transmittance of the
crosslinked films when the film is hydrated. (n=3)

The GP/TPP co-crosslinked chitosan lens is reported to have an average transmittance of
57%-67% in the visible light spectrum (400nm-800nm). This range is not within the acceptable
transmittance range for commercially available contact lenses. The low transmittance is due to the
crosslinking mechanism of genipin which renders a blue coloration as the crosslinked film absorbs
light with a wavelength ~600nm. Genipin reacts with amino groups from chitosan to form
heterocyclic amines under an acetic environment and produces a dark blue coloration.** With
increased TPP concentration from 1% to 5% and 10%, the crosslinked chitosan lens can maintain
the aspherical shape without the presence of covalent crosslinking due to genipin. The average
transmittance of TPP single crosslinked chitosan lens can reach 84% in the visible light spectrum
(Figure 27). We hypothesize that the increase in transparency from 5% TPP/CS lenses to 10%
TPP/CS lenses may be due to the reduction in the size of the crystalline region, and therefore
scatter less at the boundary between crystalline and amorphous regions. This can be examined by

Small Angle X-ray Scattering (SAXS) in the future work. We conclude that 10% TPP crosslinked

P500 chitosan lenses shows the best transparency.
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3.5.8 FTIR studies

The co-crosslinked chitosan lenses with different concentrations of ionic crosslinking were
characterized by Fourier-transform infrared spectroscopy (FTIR). The electrostatic interaction
between negatively charged TPP and positively charged amino groups on chitosan should be
detectable in terms of shifts in intensities or absorption bands in the IR spectrum. Specifically, the
P=0 bond is the characteristic bond for the presence of TPP in the crosslinked films. Therefore,
the intensity of P=O stretching peak can be used to determine the amount of TPP that is obtained
in the chitosan lens.

The infrared spectrum of chitosan showed characteristic saccharide structure peaks for C-
O stretching at 1024 and 1064 cm™!, and antisymmetric stretching of C-O-C bridge at 1152 cm™!.
# The protonated amide group is shown around 1550 cm-!. The appearance of a strong peak at
1640 cm! can be assigned to C=0 stretching in the amide group. Several authors have posited that
the evidence of ionic crosslinking is the new band that forms at 1203 c¢cm' assigned to the
antisymmetric stretching vibration of the POz group in TPP ions. But there are no significant peaks
can be around 1203 c¢cm!. This might be due to the shifting of the peak due to antisymmetric

movement.
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Figure 28: FTIR spectra of CS/GP/TPP lens prepared with different TPP concentrations. The
bottom graph is an expansion of the region of interest. The P=0 stretching peak is not detected
in this region.
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Chapter 4: In vitro Antifungal Study of Nanopatterned Contact Lens

4.1 Objective

@ (if) —> (i)

Figure 29%: Schematic of biofilm development in filamentous fungi. The process includes the
following stages: (i) adsorption of fungi and their spores, (ii) active attachment and sporulation,
(iii) formation of microcolony I, (iv) formation of microcolony I, (v) development of the mature
biofilm, and (vi) planktonic phase. This figure is modified from Harding et al.

Fungal adhesion is the initial step for fungal growth and biofilm formation, which can
decrease the susceptibility of fungi to chemical antifungal methods. The fungal cell wall is a
composition of polysaccharide B-1,6-glucan, chitin, and cell wall proteins.*® Some of the cell wall
proteins have intracellular functions and can influence cell metabolism. The stress applied from
the nanopillars to the cell wall could interference with the normal cell function and therefore inhibit
cell attachment and growth.? To examine the antifungal efficacy, we established an in vitro fungal
adhesion assay where the fungus spores are suspended in the nutrient media and can settle onto
the testing surface.*’ The adherent cells are cultured for an extended period of time and quantified
microscopically at time intervals. To accurately characterize if the antifungal activity arises from
the presence of nanopillars instead of from the release of material components, control groups of
flat surfaces made with the same material are also cultured under the same condition. Fungal
growth on polystyrene and polydimethylsiloxane (PDMS) are also recorded as the negative control

as these surfaces are known to be nonresistant to fungus.*® It is known that surface hydrophobicity

varies between different materials and will influence the adhesive properties of fungi.*
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Filamentous fungus like Fusarium oxysporum is a common soilborne pathogen that is
invasive to humans.>® Fungal spores release adhesin to attach to a surface and germinate into
hyphal fragments in nutrient culture media. (Figure 29) A microcolony of fungus will then produce
extracellular matrix to form biofilm. The hyphal elongates and branches within the biofilm and
releases hyphae fragments as spores for a new cycle of growth.** The hyphae networks do not only
grow parallel to the host surface but also perpendicular to the surface in the form of layers. (Figure
29) Once the three-dimensional networks are formed, they can limit the observation of the bottom
fungi layer adhesion. In order to solve this problem, floating non-adherent organisms must be
flushed away before imaging.

Fusarium oxysporum is engineered to include green fluorescing protein (GFP) gene which
is used to monitor the fungal growth under the florescence microscope. The GFP will be activated
with blue light and emit green fluoresce. The fluorescence images can provide structural
information of the fungi, and the intensity of GFP can be used to quantify the fungal mass in an in
vitro environment. In this study, the attachment and growth of F. oxysporum on various surfaces

are characterized, and the change of fungal mass over time is concluded.
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4.2 Experimental Procedures

. . . | ~Fungal Spores
6« *, . ° | Chitosan Films

Figure 30: Schematic of in vitro study sample set up. P500 and flat chitosan films are adhered
onto the polystyrene well plate using PDMS.

In vitro antifungal study on nanopillared (P500) and flat chitosan films crosslinked with
5%TPP and 10%TPP was performed to evaluate the antifungal efficacy of a nanopillared chitosan
surface. A GFP expressing strain of Fusarium oxysporum (GFP 8996) was used in the study. The
Fusarium oxysporum spores were collected from the matured Fusarium oxysporum hyphae
networks on the Sabouraud Dextrose (SD) agar plate and filtered using cotton gauze. Spores were
swelled in SD broth for 5 hours to develop initial germinations before plating them on sample
surfaces.

The dry CS/TPP films were cut into 16 mm diameter circular-shaped specimens and
adhered to the bottom of polystyrene well (d =22 mm) using PDMS. (Figure 30) PDMS was cured
for 48 hours at room temperature to fix CS/TPP films in the well plates. Then the CS/TPP films
were swelled in culture media RPMI 1640 (Gibco Inc.) for 24 hours before experiments to reach
an equilibrium swollen state.

Fusarium oxysporum spores were plated on triplicated surfaces of each pattern at a
concentration of 1x103 spores/film. The samples were incubated in 2 ml of fungal growth media

(RPMI 1640) containing initial spore count of 5*10%/ml at 34 °C with stirring at 100 rpm. The
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green fluorescent protein images were taken at O hr, 2 hrs, 4 hrs, 8 hrs, 16 hrs, and 24 hrs with 10X
magnification lens on the fluorescence microscope (Cytation 5 Imaging Multi-Mode Reader).
After 24 hours of incubation, the samples were fixed with 10% formalin(Sigma Aldrich) for 15
minutes and dehydrated with a serial dilution of ethanol. The dehydrated films were then sputter

coated with 4 nm platinum and imaged with SEM.
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4.3 Result and Discussion

0 hr 2 hrs
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Figure 31: Green fluorescent protein images of F. oxysporum growth on flat and P500 chitosan
films crosslinked with TPP concentration of 5%TPP and 10% TPP after 2 hrs, 4hrs, 8 hrs, 16hrs,
and 24 hrs of incubation. (n=3) Scale bar = 200um.

The GFP fluorescence images in Figure 31 show that most germ tubes had developed on
the flat surfaces and negative control surfaces after 4 hours of incubation. In comparison, germ
tubes were inhibited on the P500 surfaces at the 4 hours point. Nanopillared surfaces have fewer
hyphae growth after 8 hours of incubation. The antifungal effect of nanopillared surface lasted for
24 hours. The 10% TPP crosslinked chitosan P500 films have the greatest fungal growth inhibition.

(Figure 31) The negative control surface and flat chitosan films are completely covered with

hyphae and biofilm after 24 hours of incubation. The fungal mass will be determined by the amount

u
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of fluorescence from the images. Detachment of germ rubes from the nanopillared surface was
observed after 8 hours of incubation. (Figure 31) Thus, the nanopillars can not only prevent the

fungal adhesion but also limit the cyclic hyphal spore secretion behavior.
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Figure 32: The fungal mass on flat and P500 TPP/CS surfaces are analyzed at each time interval

for 24 hours.

Among all the surfaces, 10% TPP/CS P500 surface has the best antifungal effect. The flat
TPP/CS surfaces have similar results in fungal growth, which indicates that the concentration of
crosslinker does not affect the antifungal properties of the material. (Figure 32) As an antimicrobial
material, chitosan surfaces have lower fungal growth than negative control polystyrene surfaces.
5% TPP/CS and 10% TPP/CS P500 surfaces have similar fungal control ability for the first 16

hours.

57



b s by & By
5% TPP P500

10% TPP Flat 10% TPP P500

Figure 33: Representative SEM images of Fusarium oxysporum on P500 chitosan films
crosslinked with TPP concentration of 5%TPP and 10% TPP after 24 hrs of incubation. (Scale bar

= 50 um for image with low magnification, scale bar = 5 um for image with high magnification.)

The interaction between surface topography and fungi cell are analyzed using scanning
electron microscopy (SEM). (Figure 33) The ellipsoidal cells observed in the micrograph are the
F. oxysporum spores. Spores on the flat surface exhibit spherical shape, whereas the spores and
hyphae on nanopillared surfaces were found to be deflated. The low magnification image shows
that pillared surfaces have limited hyphae growth compared to the flat surface, which is covered
with layers of hyphae. Fungi cells can shrink due to the dehydration and fixation process, but
deflation was observed with flattened cell walls. Consequently, these observations are not caused
by artefacts in specimen preparation. In conclusion, the study has demonstrated the antifungal

properties of pillared TPP/CS surfaces and their potential in the application of contact lens design.
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Chapter 5: Future Outlooks

In this study, the transparency data of TPP crosslinked chitosan hydrogel shows an
increase in opacity when the samples are crosslinked with 5%TPP and a decrease when the
crosslinker concentration increases to 10%. It is known that the opacity of polymers results from
light diffraction at the boundary between the amorphous and crystalline regions or
microdomains. Light can only pass through the material when the regions are too small to
interference with light. The transparency data indicates that the 5% TPP crosslinked chitosan
films have a larger phase region. Both the swelling behavior and ninhydrin test data shows that
the nanopillared films have a higher degree of crosslinking than flat films. These findings lead to
a question: how will nanostructures affect the material crystallinity and crosslinking mechanism
at the nano scale? The size of the crystalline region and degree of crystallinity can be examined
by small angle X-ray scattering (SAXS). We can also use thermoanalytical techniques to analyze
the amount of crystalline in the materials. Differential scanning calorimetry (DSC) can measure
the amount of energy required to melt or decompose the material. In theory, materials with

higher crystallinity need more heat to separate the crystalline regions.
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Figure 34°!: An example of microfluidic system used in in vitro study.
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When a contact lens is introduced to the eye, tear films are divided into two sections: pre-
and post-lens tear films. The two sections are thinned from the primary tear film, which could
result in increase of friction between the contact lens and cornea. Tear film is formed from three
layers: a lipid layer, an aqueous layer, and a mucin layer. The lipid layer has with an average
thickness of 42 nm and prevents the underlying aqueous phase from evaporating.>?> The aqueous
layer is mostly a salt solution and forms 90% of the tear film volume. The mucin layer consists
of glycoproteins coated on the surface of the cornea, and acts as an adhesion layer between the
aqueous layer and the cornea. During a blink, the stability of the tear film is disturbed by
spreading new tear flow from the lacrimal gland. The lipid layer contains non-polar and polar
molecules (Figure 2), where the polar layer phase separates from the aqueous layer immediately
following the blink and forms a stratified flow. The in vitro study can be modulated to mimic the
physiological environment for microbes in certain conditions. For instance, the microbes that
cause keratitis will experience the shear stress from tear and eyelid during blinking. Instead of a
steady microbe culture, we can incorporate a flow system (Figure 34) to mimic the flow of tear at
the surface of contact lens. Unlike in a static culture, non-adherent microorganisms will be
flushed away during the experiments. The flow system can be achieved by using microfluidic

channels.
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