Annals of Biomedical Engineering, Vol. 46, No. 2, February 2018 (© 2017) pp. 211-221

https://doi.org/10.1007/s10439-017-1962-x

% BIOMEDICAL ENGINEERING SOCIETY™ @ C].'OSSMa].’k

www.bmes.org

Finite Element Design Optimization of a Hyaluronic Acid-Based Hydrogel
Drug Delivery Device for Improved Retention

JourDpAN COLTER,' BARBARA WIROSTKO,2’3 and BRITTANY COATS'

"Department of Mechanical Engineering, University of Utah, Mechanical Engineering Kennecott Building, 1495 E 100 South,
Rm. 1550, Salt Lake City, UT 84112, USA; *Jade Therapeutics Inc. (A wholly owned subsidiary of EyeGate Pharmaceuticals
Inc.), EyeGate Pharma, 391 Chipeta Way, Suite H, Salt Lake City, UT 84108, USA; and *Department of Ophthalmology,
Moran Eye Center, University of Utah, 65 Mario Capecchi Dr., Salt Lake City, UT 84132, USA

(Received 18 July 2017, accepted 13 November 2017; published online 17 November 2017)

Associate Editor Joel D. Stitzel oversaw the review of this article.

Abstract—Drug-loaded hydrogel devices are emerging as an
effective means of localized and sustained drug delivery for the
treatment of corneal conditions and injuries. One such device
uses a novel, thiolated crosslinked carboxymethylated, hya-
luronic acid-based hydrogel (CMHA-S) film to deliver drug to
the ocular surface upon placement into the inferior fornix of the
eye. While proven to be very safe and effective, the CMHA-S
film tends to dislodge in the highly-lubricated ocular environ-
ment, thereby reducing drug delivery efficiency and drug
efficacy. In this study, we used a three-dimensional computa-
tional finite element model of the eye to determine the effect of
geometry and surface friction on film retention in the inferior
fornix, and to evaluate multiple geometrical film designs.
Retention of the film was dependent on geometry and on the
friction ratio of the film to the eyelid and globe. These effects
were interactive. When the ratio of friction on the lid side to the
globe side of the film was low, geometry played a large role in
the film’s displacement. When this ratio was high, differences in
displacement due to geometry were negligible. The optimal
relationship of friction between the film and its eyelid-side and
globe-side surfaces was found to be linear with at least 1.4 times
greater friction required on the eyelid-side for immobilization.
A geometry similar to a half cylinder was found to be most
effective with this friction ratio in retaining the film in the
inferior fornix and in contact with the globe. Other geometries
will likely require other friction ratios. In summary, CMHA-S
film retention can be achieved through simple modifications of
geometry and manipulation of surface interaction with the eye.

Keywords—Ocular drug delivery, CMHA-S, Antibiotics,
Ophthalmology, Computation.
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INTRODUCTION

There are a suspected 60 million global cases of
glaucoma,'” and 20 million US cases of chronic dry eye
syndrome,'> which commonly employ liquid eye drops
for treatment. If not treated thoroughly and with
ongoing care, both can drastically diminish visual
quality of life, and even cause blindness in cases of
glaucoma.'® The standard of care treatment using
liquid topical drops suffer from several limitations.
Self-administration by the patient is often inadequate
or inefficient, and results in drop wastage and bottle
contamination.'® Patient compliance is poor, especially
in pediatric patients, the elderly, and in drugs pre-
scribed to be administered every 1-3 h.>?° In addition
to these user error inefficiencies, drug bioavailability is
often less than 5% due to quick drug removal by the
tear production, the drainage system and competition
with other non-intended tissues.>' All these inefficien-
cies of topical eye drops can lead to reduced healing,
less than optimal visual outcomes, and even drug-re-
sistance development when treating these pathologic
ophthalmic conditions.

Drug-loaded, hydrogel polymers are emerging as an
effective means of localized and sustained drug delivery
for treatment of ophthalmic conditions. Hydrogels can
be easily manipulated to control for shape, degrada-
tion, drug-release, and biomechanical properties to
enhance and customize therapeutic effects for specific
ophthalmic applications. For example, careful control
of degradation rates through cross-linking can create
hydrogels that last for weeks or months, yielding an
ophthalmic product that can offer a controlled and
slow-releasing drug delivery that has more efficient
uptake by the targeted ocular tissues.
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Jade Therapeutics Inc. (wholly owned subsidiary of
EyeGate Pharmaceutical, Inc., Salt Lake City, UT,
USA) has developed a polymer film that is able to
release drug to the ocular surface using a localized and
controlled delivery method. Their polymer is based on
a novel and proprietary, thiolated crosslinked car-
boxymethylated, hyaluronic acid-based, hydrogel
(CMHA-S). The CMHA-S film is soft, pliable, and
transparent when hydrated, and has proven to be safe
and tolerable in the eye.®'®*° A gelled version of
CMHA-S is presently sold commercially as a veteri-
nary liquid eye drop, as Remend® Corneal Repair
(SentrX Animal Care, Salt Lake City, UT, USA), and
sold globally by Bayer Animal Health. This product is
indicated for use in the management of superficial
corneal ulcers,”* and has been used for 5 years in dogs,
cats and horses, with an excellent safety record. Hya-
luronic acid (HA), a naturally occurring polysaccha-
ride in the body, provides additional medicinal benefit
to the CMHA-S film by contributing to lubrication
and tissue repair.”* HA-based topical eye drops are the
standard of care around the world, and being used as
lubricating eye drops in humans. Crosslinking HA to
get CMHA-S allows for hydrogels to be tailored in the
form of thin films, sponges or gels. While the lubri-
cating quality of HA increases comfort and tolerability
of the hydrogel film in the eye, it coats the film surface
and results in poor ocular retention. A recent pilot
in vivo rabbit study from our group documented that
CMHA-S films tended to migrate out of the inferior
fornix after a couple days, which eventually resulted in
complete dislodging from the inferior fornix. Careful
control of the interaction and retention of the hydrogel
films with the eye is needed to achieve a longer dura-
tion of drug administration.

One potential way to improve retention is through
geometrical alteration. In early design prototyping of
these hydrogels, it was observed that rolled films were
generally retained better than flat films. It was unclear
why this was the case, and resulted in the need for a
more thorough evaluation of geometric features which
would lead to better retention. One way to glean this
information is through computational finite element
(FE) analysis. Designing a FE model that is represen-
tative of the hydrogel in the inferior fornix of the eye
would be useful in understanding the geometrical and
mechanical contributions to film displacement. Addi-
tionally, the FE model would be able to quickly test
the viability of various design alterations, in compar-
ison to spending additional time and resources mold-
ing and testing various designs in vivo.

While geometrical optimization may lead to im-
proved retention, control of frictional interactions of the
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hydrogel with the eye will likely play a critical role. The
friction of the CMHA-S film with the eye is currently
unknown. However, similar hydrogel materials yield
coefficients of friction with low orders of magnitude.
Roba et al. quantified the coefficient of friction of high-
water, hydrogel contact lenses to be aslow as 0.02 and as
high as 0.5." A similar range of coefficient of friction
values was found for polyacrylic acid hydrogels (0.05—
0.3),'* while a slightly higher range was reported for
varied formulations of polyvinyl alcohol hydrogels (0.3—
0.9).” This relatively large range in coefficients of friction
reported in the literature is due to wide differences in
material stiffness, opposing sliding surface, and lubri-
cation methods. Despite this variability, the frictional
properties of hydrogel materials highly improve the
functionality of ocular, artificial joint, and surface-
coating applications; and the coefficient of friction val-
ues are tightly controlled to achieve the optimal function
in each application. Given this sensitive nature of a
hydrogel’s functionality due to its coefficient of friction,
itis hypothesized that altering the frictional interactions
of the CMHA-S hydrogel with the eye will highly impact
the hydrogel film’s displacement in the eye. Therefore,
optimizing the relationship of the coefficients of friction
of the hydrogel and globe to the hydrogel and lower
eyelid for improved retention will be important in
reducing displacement.

The goal of this study was to build a human eye FE
model to (1) identify a potential film geometry for better
retention in the inferior fornix, and to (2) determine an
ideal friction relationship of the hydrogel with the globe
and eyelid for hydrogel film immobilization. To achieve
this, parametric simulations were run that varied a
hydrogel film through eight designs, and iteratively ran
through a range of coefficient of friction values on each
side of one hydrogel geometry to test the retention due to
many coefficient of friction pairs. Outcomes from the
model will inform the final design of the EyeGate/Jade
Therapeutics’ CMHA-S drug delivery device.

METHODS

Model Geometry

A finite element model was developed that consisted
of a globe, lower eyelid, and hydrogel film (Fig. 1). The
globe was simplified as a spherical shell with a diameter
of 22 mm, which is similar to that of an adult, human
eye.* A 0.25 mm thick lower eyelid, was placed in di-
rect surface-to-surface contact with the inferior portion
of the globe. The hydrogel film was placed between the
globe and eyelid in a manner that allowed realistic
compression of the hydrogel against the globe. Meth-
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ods to achieve this are discussed in detail in Sec-
tion “Boundary Conditions and Contact Interac-
tions.”

Initial prototypes developed by Jade Therapeutics
were molded as flat, rectangular films. Observations
noted that these flat films were inclined to roll up on
themselves after rehydration. Early evaluation sug-
gested that these rolled films tended to have better
retention than the flat films. Therefore, eight different
hydrogel film geometries were designed and analyzed
in the model, representing various iterations of this
preferred cylindrical shape (Fig. 2). All geometries
were designed to be the final swelled shape that would
be achieved after film hydration. The half-life of these
films is greater than 1 week, so degradation was not
considered. Geometry 1 was a solid and perfect cylin-
der replicating the rolled flat film of 3 mm diameter.
Geometries 2 and 3 were half-cylindrical in shape, with
Geometry 2 having a flat surface in contact with the
globe, and Geometry 3 having a slightly-rounded sur-
face. Geometry 4 was designed as the smaller version
of Geometry 1, because Geometry 1 was very large in
relation to the globe. Out of these first 4 geometries,
preliminary simulations deemed that Geometry 2 per-
formed the best. Thus, Geometry 5 was designed
similar to Geometry 2, but with its flat side against the
eyelid. It was hypothesized that Geometry 5 would
have better retention, since it had more contact with
the eyelid. Geometries 6—8 were designed as the less-
bulky and flatter versions of Geometry 5 by reducing
two or more dimensions of thickness, width, or length.
The dimensions were designed to generate a volume of
30 uL based on desired drug loading concentrations
and release profiles. All geometry dimensions, includ-

FIGURE 1. (a) Simplified globe, lower eyelid, and hydrogel film

section of the film placed between the globe and lower eyelid.

(b)

ing thickness, length, width and volume, are listed in
Fig. 2.

Material Properties

The hydrogel film was modeled as a hyper- and
viscoelastic solid. Hydrogel material data were
obtained in lab using uniaxial tensile testing with
sterilized and rehydrated films of the desired formu-
lation (CMHA-S, Jade Therapeutics Inc., SLC).
Specimens were subjected to both stress-relaxation and
pull-to-failure tests while submerged in a phosphate-
buffered saline solution.” A number of hyperelastic
material models were considered using the ABAQUS
Material Evaluator (v6.12-2, Dassault Systemes
Simulia Corp., Vlizy-Villacoublay Cedex, France).

Common constitutive models, such as the Mooney-
Rivlin and second-order Ogden models, provided good
fits to the data, but were considered unstable by
ABAQUS (Fig. 3a). Therefore, a Marlow hyperelastic
model was selected because it was able to replicate the
uniaxial test data exactly, and reasonably estimates
other modes of deformation for isotropic and nearly
incompressible materials.'* The equation of the Mar-
low model strain energy potential is

U = Udev(I) + Uyol (Ja1) (1)

where U is the strain energy per unit of reference vol-
ume, with Uge, and U, as its deviatoric and volu-
metric parts, respectively; and J is the elastic volume
ratio. The first deviatoric strain invariant, I;, is defined
by

L =73+ 25+ 73 (2)

representing film placement in the inferior fornix. (b) Cross-
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Geometry 1 2 3 4 5 6 7 8

Thickness(mm) 3 15 2 15 15 125 1 0.88
Length(mm) 15 15 15 15 156 122 117 176
Width (mm) 3 3 3 15 3 25 3 25
Volume (uL) 106 47 73 26 55 30 30 30

FIGURE 2. SolidWorks renderings and dimensions of the
eight hydrogel film geometries that were designed and sim-
ulated in the model. Geometries are not shown to scale.

where the deviatoric stretches are
Ji=J73, (3)

where J is the total volume ratio, and 4; are the prin-
cipal stretches. In this case, the deviatoric part of the
potential is defined by uniaxial test data, and the vol-
umetric part is defined by the Poisson’s ratio.
Hydrogel film viscoelastic stress-relaxation data was
fit with a Prony-series approximation (Fig. 3b). The
density and Poisson’s ratio were selected to be similar
to water, because hydrogels have very high water
content (> 90%).%” Due to computational limitations
modeling a purely incompressible material such as
water, Poisson’s ratio was chosen to represent a nearly
incompressible material with a value of 0.49. A
hyperelastic and viscoelastic model was selected over a
poroelastic model because preliminary evaluations
indicated small compressions during placement of the
film in the eye and no additional compression during
globe rotation. This suggested a poroelastic model
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FIGURE 3. (a) Hyperelastic experimental data and material
fits from ABAQUS Material Evaluator. Dashed lines indicate
constitutive models that are stable, while solid lines indicate
those that are unstable. (b) Viscoelastic experimental data and
Prony-series approximation.

would not likely influence displacement of the hydrogel
during globe rotation.

The lower eyelid was modeled as an isotropic, lin-
ear-elastic solid with the properties of skin. Specifi-
cally, the elastic modulus was defined as 58.2 MPa,
which is found to be in the range of elasticities reported
for adult skin in the literature.® Values of 0.49 and
g/cm?® were assigned for the Poisson’s ratio and density
of skin, respectively.'"!*

Due to intraocular pressure and the stiff mechanical
properties of sclera compared to the hydrogel, the
globe was assumed to experience minimal deformation
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during placement of the hydrogel and eye rotation. To
verify this assumption, measured hyper- and vis-
coelastic properties of sclera were incorporated into
the model. Maximum principal strain was 2 x 10~/
suggesting approximating the globe as rigid body is an
adequate assumption and greatly reduces computa-
tional time. A list of all material parameters used in the
inferior fornix model can be found in Table 1.

Mesh

All geometry meshing was performed in ABAQUS.
The globe was meshed with hybrid, linear quadrilateral
and triangular shell elements. The lower eyelid and all
eight hydrogel film geometries were meshed with linear
hexahedral elements. A mesh convergence study was
run, and found nodal displacements to converge. A
mesh density was selected, in which the average nodal
displacement of the hydrogel film was within 27% er-
ror from the finest mesh density evaluated. Mesh
densities for the globe and lower eyelid components
were defined by global seed sizes of 0.001 and 0.0005,
respectively. In order to maintain constant mesh den-
sity across the films, a global seed size of 0.0003 was
used for all film design iterations.

The number of nodes, number of elements, and
mesh quality for each model component can be found
in supplementary material Table S1. Mesh quality was
determined by extracting average elemental aspect ra-
tios for each model component. Aspect ratios under
2.5 were deemed good for this analysis. The lower
eyelid had some elements above this threshold
(worst = 4.13), but these elements were in the periph-
ery, not in highly deforming areas, and would not af-
fect hydrogel displacement.

Boundary Conditions and Contact Interactions

The simulation was executed in two steps: a
hydrogel film placement step, and a globe rotation
step. In the placement step, the hydrogel film origi-
nated inside the globe with the eyelid lying flat and in
direct contact with the globe. The posterior edge of the
eyelid was fixed in translational degrees of freedom,
and the globe was fixed in all degrees of freedom so

that it was immobilized. Contact between the globe
and the hydrogel was muted to allow the hydrogel to
pass through the globe during placement. Specifically,
the hydrogel was displaced out of the globe by 2-4 mm
(depending on the geometry), which pushed the eyelid
away from the globe until the hydrogel inner surface
was in contact with the outer surface of the globe. This
allowed the eyelid to deform around the hydrogel
shape, which physiologically replicated the lower eyelid
being deformed during hydrogel placement in the
inferior fornix.

During the globe rotation step, displacement of the
hydrogel was terminated and contact was established
between the hydrogel and globe. The stored elastic
deformation energy of the eyelid caused the hydrogel
and lower eyelid to retract back towards the globe.
This provided a realistic precompression of the
hydrogel against the globe. An upward eye movement,
representative of a quick 60° saccade® was simulated
by rotating the globe around its center axis. Repre-
sentative images of each step, and the applied rotation
trace can be found in supplementary material Fig-
ure S1.

Contact between the eyelid and globe was defined as
frictionless, and contact of the hydrogel with either
side of the globe and eyelid was defined with coefficient
of friction values (Ugobe OF fuig). Values used for these
contact interactions are described in Section “Geome-
try Comparison.” Coefficient of friction values are
considered to be constant throughout the duration of
the simulation. Any changes in lubrication upon
placement of the hydrogel in the eye are not antici-
pated in the very short amount of time represented in
the simulation. Long-term changes in lubrication were
not considered because the focus of this study was on
the immediate response of the hydrogel in the eye. All
simulations were performed using an explicit solver.

Simulation Study Design
Geometry Comparison

As the coeflicients of friction between the chosen
hydrogel film formulation (CMHA-S) and the sclera
(Ugione) and eyelid (wig) are not known, all eight
hydrogel geometries were tested in model iterations of

TABLE 1. Summary of material properties used in the human eye FEM.

Model component Constitutive model Model parameters Poisson’s ratio Density (g/cm®) Reference

Hydrogel Film Hyperelastic Marlow G; = 0.0334 0.49 1 2,5,7,13
Viscoelastic Prony-series 1 =4.79

Eyelid Linear-elastic E =58.2 MPa 0.49 1.05 1,6, 11,14

Globe Discrete rigid body - - -
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differing puig:feiobe Tatios. A low pgione value of 0.05
was chosen as this is a common coefficient of friction
that is found in low-friction, high-water, hydrogel
contact lenses,'” and is assumed to be comparable to
the coefficient of friction of the CMHA-S film. This
low g10ne Was held constant for every simulation, and
each geometry was tested at increasing juy;q values that
resulted in fpig:figione Tatios ranging from 1 to 3.5
(thig = 0.05, 0.075, 0.1, 0.125, 0.15, and 0.175).

For each simulation, nodal displacements of the
hydrogel films were extracted at the beginning of the
rotation step, and at every 15 ms thereafter until the
conclusion of the simulation. Nodal displacements
were normalized so as to only include film displace-
ment due to globe movement and not from placement
of the films. Mean nodal displacements were calculated
for every time point and compared across geometries.

Regression and correlation analyses were performed
to evaluate the effect of geometry characteristics,
contact area and friction ratio on hydrogel film dis-
placement. Geometry characteristics included the
thickness, length, width and volume of the film. Con-
tact area evaluation included the total, lid-side and
globe-side contact areas, and the ratio between lid-side
and globe-side contact areas. The friction ratio was
defined as the ratio of pq t0 figione. Main effects and
correlations were significant at a p value less than 0.05.
Correlation coefficients greater than 0.8 were consid-
ered strongly correlated, while coefficients less than 0.8
were considered weakly correlated. Interaction effects
were not evaluated due to limited geometries and data.

Parametric Friction Study

To better understand the relationship between py;q
and peobe, @ parametric study was conducted to find
the optimal relationship that completely immobilized
the film in the lower eyelid. Geometry 5 was used for
this study. Globe-side coefficient of friction (tigiobe) Was
increased from 0 to 2 at general increments of 0.02. At
each value, lid-side coefficient of friction (u;q) was
increased by increments of 0.01 until the film was
immobilized. The film was considered successfully
immobilized when the center node of the film displaced
less than 0.05 mm during the rotation step.

RESULTS

Geometry Comparison

Eyelid retraction towards the globe resulted in a
pocket formation around the hydrogel film, and the
pocket shape was unique to each geometry. Cross-
sectional views of the hydrogel film in the lower eyelid
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pocket can be seen in Fig. 4. Contact areas on either
the lid or the globe side of the hydrogel ranged from 40
to 90 mm? (supplementary material Fig. S2). A mini-
mal amount of compression occurred across the
thickness of each geometry following the placement
step of the hydrogel. The amount of compression was
no more than 6% of its original thickness. No change
in shape was seen during eye rotation.

Perfectly cylindrical geometries (i.e., Geometries 1
and 4) completely dislodged from the lower fornix at
all iterations of py;4, and were therefore excluded from
further analysis. Equal friction on either side of the
hydrogel film (giobe = tiia = 0.05) resulted in com-
plete dislodging of all geometries from the lower fornix
(supplementary material Fig. S3). Increasing pyiq to
0.075 (tgione = 0.05) caused Geometries 2 and 8 to stay
in the lower eyelid throughout the duration of globe
movement, however all other geometries dislodged. It
was not until p;4 was at least two times that of gjobe
(tiq 2 0.1) that all geometries remained in the lower
fornix (Fig. 5).

Generally, as pyq increased, average nodal dis-
placement in all six geometries decreased. For all
iterations of py;q = 0.1, Geometry 7 displaced the least.
Its displacement was at or below 0.05 mm, which was
the threshold for immobilization defined in the friction
optimization study in Section ‘“‘Parametric Friction
Study.” Geometry 7 was also least affected by
increasing (y;q values, meaning that the decrease in
displacement with increasing y;q was less than the
other geometries. Geometry 2 was the next best per-
former, and also was not strongly affected by changing
wiq- However, not all geometries were as impervious to
the increasing ratio of puiq: fgione. Geometry 5 displaced
the most at small values of ;4, but displacement was
substantially reduced by 94% at higher p;q values.
Differences in displacement between the geometries
became smaller with increasing py;4, and all but one
geometry (Geometry 3) displaced less than or equal to
the immobilization threshold of 0.05 mm at
Hiid = 0.175.

In the regression analysis, the ratio of friction on
either side of the hydrogel film was the only factor that
was significantly predictive of hydrogel film displace-
ment. Thickness and volume of the hydrogel films were
moderately correlated with displacement and had
higher correlation coefficients (0.60 < r < 0.75) than
the rest of the factors (r < 0.50). However, these cor-
relations were found to be insignificant with p-values
between 0.1 and 0.2. Examples of correlations can be
seen for thickness, volume, total contact area, and lid-
side to globe-side contact area for p;q = 0.175 in
Fig. 6.
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FIGURE 4. Cross-sectional images showing hydrogel film placed in lower fornix following eyelid retraction back towards the
globe. Film geometry and the pocket that formed around the film were important in dictating film displacement.
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FIGURE 5. Mean nodal displacement found at the end of
each simulation is shown for all hydrogel film geometries at
increasing ;4. Globe-side friction is held constant through-
out simulations (ugione = 0.05). Only ratios that resulted in
displacement <0.5 mm are shown for clarity (uiq:tgiobe = 2,
2.5, 3 and 3.5). Changing u;q disproportionately affected the
geometries’ displacements, however as g4 increased, differ-
ences between the geometries’ displacements decreased.
Cylindrical Geometries (i.e., Geometries 1 and 4) dislodged
from the inferior fornix at every value of u;4, and were ex-
cluded from analysis.

Friction Parametric Evaluation

The ratio of coefficients of friction between the
hydrogel film and the eyelid/globe interfaces
(tiia: fglobe) required for immobilization in the lower
eyelid (displacement < 0.05 mm) was found to be lin-
ear and described by the equation: =14
X Hglobe 1 0.07 (Fig. 7). Specifically, the coefficient of
friction on the lid side of the film must be approxi-

mately 1.4 times larger than the globe side of the film
to resist noticeable displacement during vertical globe
movement. If the interaction between the hydrogel and
the globe is frictionless, the ideal friction coefficient
between the hydrogel and eyelid would need to be
greater than 0.07.

DISCUSSION

The objectives of this study were to use FE analysis
to determine potential geometrical designs of the
hydrogel for improved retention, and to identify opti-
mal surface friction ratios between the hydrogel and
the globe or eyelid for immobilization in the inferior
fornix. It was found that the hydrogel film’s tendency
to displace was influenced by both the geometrical
design and the surface friction ratio, but friction was
the only factor that was significantly predictive of the
hydrogel film displacement. This may be due to the
discrete evaluation of multiple geometries instead of a
systematic evaluation of one geometry with varying
length, width and thickness.

Differences between the cross-sectional shapes,
lengths and orientations of each of the geometries af-
fected the way the lower eyelid formed around the
hydrogel upon placement, and is hypothesized to be a
mechanism of action for resisting hydrogel film dis-
placement during globe movement. Cylindrical
geometries (i.e., Geometries 1 and 4) performed worse
than all other geometries, and did not stay in the
inferior fornix at any model iteration of ;4. These
geometries physically rolled across the globe and out of
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FIGURE 7. Relationship between friction of the hydrogel film
with the lid (u;4) and globe (ugi0ne) that is required to immo-
bilize Geometry 5 in the inferior fornix of the eye during reg-
ular vertical eye movement.

the lower eyelid pocket. The flatter and less bulky
geometries tended to perform better, with Geometries
7 and 2 displacing the least. However, an exception to
this observation was found in Geometry 8. This
geometry was the thinnest of the geometries (0.88 mm
thick), and was notably the most discrete in the inferior
fornix pocket. This geometry was also the longest
geometry, which in addition to its thinness, caused its
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ends to easily flex upwards with globe rotation. While
this geometry was mostly stationary in the pocket, the
flexing mechanism contributed to the higher average
nodal displacements that were yielded by this geome-
try. Geometry 3, which was more cylindrical in shape
than the other geometries, was another of the worst-
performing geometries of the study. This geometry
yielded the greatest displacement of the retaining
geometries at higher yy;q values. This was not due to a
rolling motion as seen in the perfect cylinders. Rather,
it was much bulkier than the other geometries, and the
eyelid was less able to resist movement caused by
rotation.

Contact area of the hydrogel film’s surfaces with the
globe or eyelid was seen to have no effect on the dis-
placement of the film. Coulomb friction is independent
of surface area if small deformations are observed. All
hydrogel deformations in these studies were < 6%,
which corresponds with our finding of no relationship
of contact area to film displacement. Therefore, we
believe the differences in displacement of each geome-
try are due to the pocket formed around the hydrogel
when placed in the inferior fornix. Pockets that con-
formed to most of the geometry (Geometries 2, 7, and
8) were better retained than those that left large gaps
around the geometry (Geometries 1, 3, 5, and 6).
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Since overall changes in the cross-sectional shape
and length affected the displacement of the hydrogel
film, a more systematic design optimization of hydro-
gel size will be required to identify geometrical char-
acteristics that improve retention. Dimensions, such as
length, thickness, and width, can be parametrically
evaluated in future studies on a single geometry to
identify geometry modifications that are least disrup-
tive to lower eyelid retention. This will be important
for future design iterations that require volumetric
changes to accommodate different drug loading vol-
umes.

One of the most critical design aspects learned from
the FE simulations was that while geometry was an
important factor in mitigating hydrogel film displace-
ment, controlling the friction will be the most effective
mechanism of reducing displacement. As friction on
the lid side of the hydrogel (w;4) increased, displace-
ment of all retaining geometries decreased. Further-
more, as [y;q increased, the difference in displacement
between the geometries became smaller. At
tia = 0.175, all geometries displaced less than
0.06 mm, with five out of six geometries displacing less
than the threshold for immobilization (0.05 mm).
These small differences in displacement at high g
were considered to be negligible.

It is important to reiterate that hydrogel displace-
ment was not influenced by just p;4, but rather by a
relationship of g t0 Ugiobe- In order to mitigate dis-
placement, the hydrogel needs to stick more to the
eyelid than it does to the globe; that is, w;q must be
greater than pobe, S0 that it can slip against the globe
surface during eye rotation. Specifically, the FE model
determined that a relationship of piq = 1.4 X figiope +
0.07 was optimal for completely immobilizing Geom-
etry 5 in the lower eyelid. However, this relationship
likely does not apply for all geometries, because each
geometry was uniquely affected by changing the ;g4 to
Helobe Tatio. Geometry 5 was most strongly influenced
by this ratio, and reduced displacement by 0.43 mm
over ;g of 0.1 through 0.175. Geometries 7 and 2 were
least affected by an increased fiiq:feiobe Tatio with final
displacements reduced by 0.05 and 0.07 mm, respec-
tively. Therefore, the linear relationship identified for
Geometry 5 presumably defines a worst-case scenario.
Relationships for the other geometries will likely re-
quire smaller friction ratios. Future studies are planned
to find an optimal relationship of pig to figione that is
independent of geometry.

Another important finding from the model was that
equal friction on either side of the hydrogel caused the
hydrogels to immediately dislodge from the inferior
fornix. This finding was confirmed by animal studies
investigating the retention and tolerability of some of
the designed geometries in the inferior fornix of rabbits

(unpublished data). The geometries tested in vivo were
not designed to have different coefficients of friction on
either side of the hydrogel, and they were not retained
reliably. Many geometries dislodged from the inferior
fornix within hours. To generate different frictional
properties on each side of the hydrogel, modifications
to the hydrogel surface that increase roughness or
adhesion will need to be made on the side that comes
into contact with the lower eyelid. Examples of meth-
ods to achieve this include texturing the surface with
micropatterns, or integrating an adhesive layer into the
polymer.

During development of the FE model, inclusion of
the complex inferior fornix anatomy was considered.
Due to the challenging nature of precisely replicating
the anatomy, it was decided to simplify the structure
but maintain the contour to the surface of the globe
and the pocket-like formation of the inferior fornix.
One limitation of this simplification is that this pocket
representation was symmetrical and did not account
for inferior fornix asymmetry or non-uniform inter-
actions with the globe or CMHA-S film. Therefore,
this simplification limited the ability of the study to
evaluate the geometry when placed in different loca-
tions of the inferior fornix pocket. It is possible the film
geometry and its specific placement in vivo may have a
greater effect on retention than found in this study.

This FE representation models the hydrogel film in
a healthy eye. Since these films will presumably be used
to treat an injured or diseased eye, it is important to
consider how the films will behave under altered and
pathological circumstances. An injured eye will be
highly inflamed and swollen, and may increase the
pressures enacting on the film from the eye and eyelid.
The conjunctiva may have excessive inflammation,
swelling, and an altered mucosal surface, thus render-
ing it more mucoadhesive. In which case, the film is
hypothesized to be held more tightly in place than in
the healthy model, and is more likely to resist move-
ment and dislodging. However, it is also thought that
the inflammatory response in an injured or diseased
eye will contribute to an increase in degradation rate of
the hydrogel causing it to lose mass and overall shape
more quickly. It is unclear how the polymer’s degra-
dation over time changes its shape and retention in the
eye, therefore further investigation will be needed to
characterize the longer-term degradation of the poly-
mer.

One final limitation of the FE model is the lack of
available validation data. It will be challenging to de-
velop a test setup to monitor displacement of the
CMHA-S film in an in vivo model to validate FE
model predictions. However, the results presented in
this study are purely comparative of geometry and
friction interactions, and not predictive of stresses or
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strains seen in the eye. Therefore, conclusions made
herein of the effects of geometry and friction are still
valid without supporting validation data.

CONCLUSION

Retention of the hydrogel film in the inferior fornix
was dependent on hydrogel geometry and the ratio of
friction on the hydrogel to the eyelid and globe. The
effectiveness of reducing displacement by these factors
was interactive. At low pigq 10 Ugiohe ratios, geometry
played a role in a films tendency to displace with the
flatter and less bulky geometries displacing less than
the geometries that were cylindrical. However, at high
Mid 1O Uglobe ratios, the effect of displacement due to
geometrical differences was minimal. Despite these
observations, only the ratio of piq t0 fgobe Was found
to significantly influence displacement. Therefore,
careful control of friction will be the focus of future
studies. A systematic evaluation of the effects of
length, width and thickness on film slip is still neces-
sary to guide geometry modifications for drug volume
requirements.

ELECTRONIC SUPPLEMENTARY MATERIAL
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