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ABSTRACT

Lifitegrast is an FDA-approved drug that inhibits T-cell mediated inflammation associated
with dry eye syndrome (DES). Lifitegrast is a potent inhibitor of the interaction between
LFA-1 on T-cells and ICAM-1 on endothelial cells at the ocular surface. While effective in
treating DES, 5% (81.2 mM) lifitegrast has low drug utilization and elicits off-target effects.
Here we engineer contact lenses to release therapeutically-relevant doses of lifitegrast to
every tear film for up to 10-hours. Lifitegrast is coupled to the polymer of the soft hydrogel
lens via a photolabile (caged) crosslinker. Exposures of the lens to the 400-430 nm
wavelengths of indoor daylight excite the caged crosslinker molecules and trigger a bond-
cleavage reaction that releases authentic lifitegrast passively to the tear film. The
photoproduct of the reaction remains chemically-linked to the polymer of the single-use
lens. Our studies show that passive exposures of the lens to indoor light would generate
an average of 990 nM lifitegrast to every tear film in a zero-order reaction for up to 10-
hours. This concentration exceeds the Kq for the interaction between ICAM-1 and LFA-1
by ~330-fold and would sustain inhibition of inflammatory responses at the ocular surface.
The amount of lifitegrast released from the lens increases during exposures to outdoor
sunlight. Over a 10-hour exposure to indoor light, a single lens would release 0.44% of
the lifitegrast present in two drops of commercial 5% lifitegrast. Compared to tear-drop
approaches, our engineered lenses would sustain the passive delivery of therapeutically-
relevant doses of lifitegrast over a longer period, and exhibit improved drug utilization at
a lower cost. Our technology could easily be integrated into daily-use contact lenses in
order to prevent inflammation at the ocular surface, dry-eye and contact lens-mediated

discomfort.
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INTRODUCTION

Approximately 40 million adults in the United States wear contact lenses?! with a
significant number experiencing dry-eye syndrome (DES).? DES symptoms in contact
lens wearers include dryness, eye tiredness and soreness, irritation, scratchy sensations,
blurry vision, and excessive blinking.®> These symptoms are typically managed by self-

administration of artificial tears.*

DES is believed to result from T cell-mediated inflammation at the ocular surface
and periocular tissue (Figure 1A,B).% Inflammation at the ocular surface has been linked
to the binding of lymphocyte function-associated antigen-1 (LFA-1) on T-cells, a
heterodimeric protein of the integrin family,® to the intercellular cell adhesion molecule-1
(ICAM-1) on conjunctiva epithelia. ICAM-1 is over-expressed on inflamed endothelial and
epithelial cells, and on antigen-presenting cells (APCs).” Formation of the LFA-1/ICAM-1
complex triggers the binding of the T-cell receptor (TCR) to the major histocompatibility
complex (MHC) on the APC membrane to formi immunological synapses.® Subsequent
intracellular signaling events lead to the activation and proliferation of T-cells. Activated
T-cells release inflammatory cytokines that may cause damage to ocular tissue, including
the ocular surface.® A competitive binding study has shown lifitegrast is a potent inhibitor
of the interaction between LFA-1 and ICAM-1 (Figure 1C) on the surface of Jurkat T cells

and HuT 78 T-cells, with an effective Kqg of 3 nM.10.11
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Figure 1. (A) Schematic representation of the engineered contact lens and the primary
structure of the anterior eye. Damage to epithelia at the ocular surface results in the
activation of T-cell mediated inflammatory responses; (B) The mechanism of action of
lifitegrast: Stress or damage to epithelia at the ocular surface leads to the overexpression
of ICAM-1; (C) Lifitegrast blocks the binding of LFA-1 to ICAM-1 on the surface of
infiltrating T-cells. Inhibition of complex-formation reduces T-cell activation, formation of
immunological synapses, release of cytokines, and further recruitment and proliferation
of T-cells at the site of injury; (D) Our engineered contact lens release therapeutically-
relevant doses of lifitegrast during exposures to indoor daylight (400-430 nm). The photo-
released lifitegrast molecules diffuse progressively from the hydrogel of the lens to the
tear film on the ocular surface, and to the conjunctiva stroma.

Lifitigrast has been shown to reduce T-cell activation and cytokine release and to
mitigate downstream inflammatory processes (Figure. 1B).1? Lifitegrast is well-tolerated
in patients, and provides rapid and sustained relief of DES compared to traditional
treatments.316 Recently, the FDA approved a 5% lifitegrast ophthalmic solution (Xiidra™-
Shire) as an eye-drop-based therapy for DES.'"*8 Of note, the concentration of lifitegrast
(in Xiidra) is 81.2 mM (50 mg/mL), which is 81,200 higher than the concentration required
to treat severe cases of DES (1 uM).*2 The high concentration of lifitegrast is necessary

to overcome the low efficiency of drug delivery to inflamed tissue using eye-drops.*® The
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high concentration of lifitegrast also triggers off-target effects that include eye irritation,
blurred vision, and dysgeusia (change in taste).?° Lifitegrast has also been used to
manage DES in individuals with contact lens discomfort (CLD).*® In one study, lifitegrast
was applied twice daily in eye-drop form using a protocol that required the individual to
remove both contact lenses for 15 minutes, which is somewhat inconvenient.'® Previous
studies have shown the difficulties among some patient groups in self-administering eye-
drops, leading to additional expense and drug-wastage.?! Xiidra is already an expensive
treatment for DES at ~ $3.51/drop or $426.70 a month, and so efforts to reduce the cost

of treatment would have a significant impact on healthcare costs.??-24

While the administration of 5% lifitegrast from teardrop applicators is effective in
blocking the formation of LFA-1/ICAM-1 complexes at the ocular surface for a few hours,
this drug-delivery method has low drug-utilization and elicits off-target effects.'? It has
been reported that after dispensing an eye-drop, the concentration of lifitegrast in tear
films is maintained at 1 uM for a few hours.'%1225 Since the vast majority of drug
molecules in the initial drop are rapidly cleared from eye, a smaller percentage must
collect in local “reservoirs”, for example the conjunctiva stroma (Figure 1), from where
lifitegrast is released to subsequent tear films.1%12 |n this study, we introduce an
engineered solution to sustain the release of lifitegrast to the tear film using contact lenses
that release therapeutically-relevant doses (~1 pM) to every tear film for up to 10 hours.
Drug release is triggered from the lens during passive exposures to indoor and outdoor
daylight (Figure 1D). We show that lens exposed to a constant intensity of indoor light

release liftegrast to the bathing solution in a zero-order reaction. Herein we show our
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lenses would be more convenient in sustaining the release of therapeutically-relevant
doses of lifitegrast than eye-drop approaches. They are also shown to have higher drug-
utilization that would help to overcome overdosing and off-target effects.?? Finally, we
highlight opportunities for the wearer to control the amount of drug released to the tear

film, for example during exposures to outdoor sunlight.

RESULTS AND DISCUSSION

An important aspect in the design of our contact lenses is to calculate how much
caged lifitegrast must be coupled to the lens polymer to sustain release of therapeutic
concentrations of lifitegrast to every tear film over the course of 10 hours. For this
calculation, we assumed the individual blinks every 5 seconds?® and that each tear film
has a volume of 5 mL.?” The dissociation constant (Kd) for the lifitegrast/LFA-1 complex
is related to the rate of complex dissociation (k-1), and the association rate of the complex

(k1) by the expression:

Kda (M) = k1 (s) / ki (Mest)

Using a Kq value of 3x10° M,1%12 and assuming a diffusion-controlled rate of binding of
lifitegrast to LFA-1 in live cells of 10”7 M1s?128 we find lifitegrast molecules would
dissociate from their LFA-1 complexes at an average rate (k1) of 0.03 s1. Thus, on
exchanging the medium of cells whose LFA-1 membrane protein is stoichiometrically
bound to lifitegrast, one would expect the drug to dissociate to 1/e of its initial

concentration with a time constant of ~33 seconds (1/k-1). In order to maintain the fully-
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inhibited state, the medium (tear film) should be supplied with a steady-state
concentration of lifitegrast at 30 nM (10 x Kd). Next, we considered how much lifitegrast
must be released from the lens to the tear film between successive blinks of the eye to
maintain the 30 nM concentration. Assuming only 33% of lifitegrast molecules released
from the inner and outer faces of the lens diffuses to the tear film during a 5-second inter-
blink, then the lens itself should generate ~100 nM lifitegrast in the between blinks or
5x10 mole or 3.08x10710 g of lifitegrast (MW lifitegrast = 615.48 g-mol™). Assuming
uniform exposure of the central region of the contact lens to constant intensity daylight,
the lens should release a total of 2217.6x10° g or ~2.22 g of lifitegrast over 7,200 blinks
(10 hours). If we conservatively estimate that 10% of the caged lifitegrast is consumed
from the lens over the 10-hour period, we would need to couple ~22.2 ug of lifitegrast to
each lens via the photolabile linker (or 36.3 pg of caged lifitegrast). Our optimized
chemical-coupling protocol (shown later; Figure 2) is capable of linking 200 ug of caged
lifitegrast to a single lens. Thus, we can ensure that contact lenses would have an
adequate supply of caged lifitegrast to supply every tear film with 100 nM of the drug over

a 10-hour period.

Lifitegrast is linked throughout the optically-transparent hydrogel polymer of the
contact lens via a photolabile crosslinker. The caged crosslinker absorbs light from 300
nm to 430 nm, although we only consider photon interactions over the wavelength range
of 400 — 430 nm (blue-violet). We note exposures of the eye to these blue-violet
wavelengths is unavoidable, unless the individual wears sunglasses, or has UV-blue cut

glass lenses.
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Coupling chemistry

We developed mild reaction conditions to couple lifitegrast to the caged crosslinker
4-[4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy]butyric acid (hydroxyethyl photo-linker,
or PL). All chemical reactions described herein were performed in a light-protected
environment. First, we prepared the N-hydroxysuccinimide (NHS) ester at the carboxyl
group of the crosslinker and then reacted with the amino group of 2-aminoethyl
methacrylate to couple the methacrylate group (MA) to the photo-linker via an amide bond
(PL-MA) (Reaction Scheme 1). Next, we brominated PL-MA with phosphorus tribromide
(PBrs) to produce Br-PL-MA, which then reacted well with ammonia to generate the
amine (NHz2-PL-MA) (Reaction Scheme 2). In the last step, we used a standard carboxylic
acid/amine coupling reaction using a mixture of catalysts, including N, N-
diisopropylethylamine (DIPEA), 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
tetrafluoroborate (TBTU), and N,N-Dimethylpyridin-4-amine (DMAP), to form the amide
bond with the carboxyl group of lifitegrast to cage lifitegrast (LG-PL-MA)(Reaction
Scheme 2).2° Finally, LG-PL-MA is ready to co-polymerize with other monomers specified

below through its MA group to fabricate the contact lens polymer (Reaction Scheme 3).
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Reaction Scheme 1. Preparation of methacrylate hydroxyethyl photolinker (PL-MA).
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Reaction Scheme 2. Preparation of caged lifitegrast (LG-PL-MA).

We used a CNC-milled template device to fabricate contact lenses. The volume
sandwiched between the two components of the template was occupied with a pre-
reaction mixture composed of caged lifitegrast (200 pg), poly-2-hydroxyethyl
methacrylate (HEMA, 81 pL), N,N-dimethylallylamine (DMAA, 10 uL), methyl
methacrylate (MMA, 1 pL), 4 Arm-PEG-Acrylate (8 puL of stock solution of 100 pg/pL in
CH2Cl2) and 2,2-azobis(2-methylpropionitrile) (AIBN, 0.3 mg). Polymerization of this
solution at 80 °C for 1 hour resulted in the formation of transparent hydrogels having the
form and stiffness of a daily-use contact lens for humans.®® The functions of each
component of the mixture are summarized as follows: HEMA was used as the backbone
of the polymer; specific concentrations of DMAA and MMA were used to modulate the
stiffness of the polymer; 4-Arm-PEG was used to increase the hydrophilicity of the

polymer and helps to maintain water content. We employed AIBN as a heat-activated

10
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initiator. The dehydrated contact lens was washed and purified by exhaustive soakings in
ethanol (8 x 4 mL) for 24 hours and hydrated in phosphate-buffered saline (PBS) (8 x 4
mL) for an additional 24-hour soaking. The lenses had a water content of 40% and were
optically clear. Since the absorption of the photoprotection group crosslinker in the lens
only extends to 430 nm, we would not expect it to impact color-perception, i.e., lenses are
transparent over the visible range and indistinguishable in form and function to 2-
hydroxyethyl methacrylate (HEMA)-based disposable contact lenses.*°
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Reaction Scheme 3. Co-polymerization of caged lifitegrast into contact lens hydrogel
and subsequent release of authentic lifitegrast upon exposure to indoor daylight (400 —
430 nm).
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Spectroscopic characterization of our engineered contact lenses

The volume of a single contact lens is 56.6 pL (radius of 0.6 cm, thickness of 0.05
cm), and so the effective concentration of 200 pug (198.6 nmol) of caged lifitegrast
chemically-coupled to the lens polymer is 3.58 mM. Using an average extinction
coefficient (¢) of 1000 M-icm? for the caged group between 400 — 430 nm,3° we uised the
Beer-Lambert law to show caged groups in the lens would absorb ~33.3% of all photons
between 400 — 430 nm. Since the quantum yield for the uncaging reaction is 0.1 3132,
then one equivalent of lifitegrast would be released from the lens after an average of 30
excitation events. Excitation of 4,5-dimethoxynitrobenzene (the caged group) between
400 — 430 nm results in rapid excited-state photoisomerization and cleavage of the amide
bond that links liftegrast to the lens.3® We will show that exposure of the lens to
400~430nm light generates free and authentic lifitegrast, carbon dioxide, and a 2-

nitrosobenzaldehyde photoproduct, which remains attached to the lens polymer.3©

Inspection of the absorption spectrum of the contact lens (Figure 2) measured
using an Agilent diode array spectrophotometer,'® shows the caged group absorbs ~x6
more photons over the UV-Al range (340~399 nm) compared to the 400~430 nm range.
The intensity of light over the 400~430 nm range is greater for outdoor daylight compared
to indoor daylight. Consequently, exposures to outdoor sunlight result in a higher rate of
photon absorption by the caged crosslinker molecules in the lens that would increase the
amount of lifitegrast released to the tear film. The same relationship would hold for the
UV-Al wavelengths, which are more intense on sunny days. Our contact lenses would

respond to exposures of 340~399nm photons in two important ways. First, the higher

12
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extinction coefficient of the caged group over 340~399 nm (x3 - 6) would increase the
amount of drug released from the lens. This property could be used to rapidly boost the
concentration of lifitegrast in the tear film, for example during a bout of severe
inflammation. Second, we have calculated caged crosslinker molecules in the lens would
absorb ~80% of the photons between 340~399 nm,3*35 which would help protect the
retina from UV-A1 photodamage. The lens would thereby provide three distinct and useful
functions: First, to sustain the release of lifitegrast to each tear film for at least 10-hours;

second, to provide corrective vision; and third, to act as a UV-A1 blocker.
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Figure 2. The absorption spectrum of the composite lens is dominated by the absorption

of the caged crosslinker. Highlighted regions include the wavelength range of natural

daylight for drug release (400~430 nm), and the wavelength range associated with UV-

Al (340~399 nm).

Characterization of light-mediated release of lifitegrast from contact lenses
Lifitegrast has a maximum UV-absorption band at 260 nm (Supporting Information,

Figure S1), which we used to quantify the amount of drug released from the lens after

exposures to blue-violet light (400 — 430 nm). We calculated the extinction coefficient of

13
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lifitegrast at 11300 + 1400 M-tcm from the intensity of absorption at 260 nm for known

concentrations of the drug (n = 3) in PBS, (Supporting Information, Figure S2).

First, we investigated the kinetics of lifitegrast release from contact lenses during
exposures to either 405 nm light delivered from an LED or indoor daylight. The protocols
for these studies have been described by Mu et al (2018).3° The intensities of the 405 nm
light and indoor daylight were measured using an Ohir meter manufactured by the Laser
Measurement Group.3° Light delivered from a 395 nm LED (Cairn Research, UK) was
directed through a Schott UG390 nm glass filter to remove all UV-A/B wavelengths. We
measured the power of this transmitted light at 0.2 mW/cm?,3° and an absorption
spectrophotometer to show a maximum wavelength of the filtered light was at ~405 nm.
Studies on the photo-release of lifitegrast from lenses using either 405 nm LED or natural
indoor daylight were performed in triplicate (n = 3) as follows. First, a fully purified and
hydrated lens (as described in the Methods section) was immersed in 2 mL of PBS in a
scintillation vial that was completely transparent to each light source. We directed the 405
nm LED through a quartz lens (f = 10 cm) and located the vial at a distance to ensure
complete and uniform illumination of the lens. We illuminated the lens in the vial for 1-
minute, after which we gently agitated the vial for 15 minutes in the dark to flush the photo-
released lifitegrast from the polymer. Next, we withdrew 1 mL of the bathing solution and
recorded its UV-absorption spectrum wusing an Agilent 8453 diode array
spectrophotometer (Figure 3A). After that, we returned the 1 ml volume to the mother
solution in the vial and exposed the lens to the 405 nm LED for an additional minute. We
repeated the same cycle of 405 nm exposure, stirring, and absorption measurement for

13-times. The absorption intensity of the withdrawn sample increased uniformly with

14
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illumination time, as shown in Figure 3A. The concentration of lifitegrast released from
the lens at each time point was calculated from the absorption value at 260 nm using the
measured extinction coefficient constant. The data plotted in Figure 3C shows the
concentration of photo-released lifitegrast peaked at 25.0 pM after 13 minutes of
accumulated exposures to 405 nm. This study shows that 50 nmol (30.77 pg) of lifitegrast
was released from the lens to the bathing solution, which corresponds to an uncaging
reaction rate (lifitegrast release rate) of 0.0758 nmol/s or 46.6 ng/s. The total amount of
lifitegrast released from the lens represents 26.7% of the total caged lifitegrast coupled
to the lens. Inspection of Figure 3C indicates the lens released free lifitegrast at a constant
rate (zero-order release kinetics) in a 405 nm-dependent manner. We note devices that
exhibit zeroth-order release kinetics are highly desired for long-term in vivo delivery of

drugs.36

Having shown that the lens generates free lifitegrast in the bathing solution to a
concentration of 25.0 uM using the 405 nm LED source, we then conducted a second set
of lifitegrast release studies using lenses exposed to natural indoor light. The contact
lenses were processed as described above with the exception of being exposed to natural
(indoor) daylight for 8 hours. These studies were performed from 8:00 am to 4:00 pm in
December 2019 in a building on the campus of University of California, Berkeley. On
these days, sunrise was at 7:15 am and sunset was at 4:50 pm.3’ These studies were
conducted in triplicate (n = 3). As shown in Figures 3B and 3D, we found that contact
lenses released lifitegrast at an almost constant rate over the 8-hour exposure period.

The average (cumulative) concentration of lifitegrast released from the lens to the bathing

15
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solution after 8 hours was measured at 17.16 yM, or 34.32 nmol (21.12 pg), which
represents 68.6% of the maximum amount released at the 13-minute exposure to the

more intense 405 nm light source.
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Figure 3. Representative UV-VIS spectra of the bathing solution of lenses exposed to (A)
405 nm LED light and (B) natural daylight, and their corresponding release kinetics (C)
and (D) y-axis concentration data was calculated from the absorption value of lifitegrast
at 260 nm.

By extrapolating the fitted line of data shown in Figure 3D to 10-hours of exposure
to indoor daylight, we found our lenses would have released 35.66 nmol or 21.9 ug of
lifitegrast, which corresponds to 19% of the caged lifitegrast we had crosslinked to the

entire lens. The rate of lifitegrast release from the lens in this study was measured at 0.99

pmol/sec or 0.608 ng/sec, which corresponds to 990 nM in each tear film, or 330 x Ka. It
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would seem likely that the concentration of lifitegrast released from the inner face of the
lens to the interstitial fluid at the ocular surface would be higher than that in the volume

of the tear film.

In summary, our results show that the amount of lifitegrast released to each tear
film during passive exposures to indoor daylight over 10 hours would be sufficient to
saturate the LFA-1 binding site on cells at the ocular surface, and thereby suppress T-

cell mediated inflammatory responses associated with DES.

Characterization of lifitegrast released from light-exposed contact lenses
We established lifitegrast photo-released from the lens to the bathing solution
during exposures to 405 nm and indoor daylight was authentic by first recording and
comparing the UV-vis absorption spectra of the bathing solution (Figure 3A and 3B) with
a PBS solution of commercial lifitegrast (Supporting Information, Figure S1). The spectra
were indistinguishable. We also conducted control studies (detailed below) to show that
260 nm absorbing species were not released from the lenses in the absence of light.
Second, we evaporated the bathing solution of light-exposed lenses to dryness under
vacuum, re-dissolved the residue in dimethyl sulfoxide-d6, and then recorded its 400 MHz
'H NMR spectrum (Figure 4). Analysis of the spectra shows the photo-released sample
and authentic lifitegrast have identical resonance signals that coincide with reported
values for lifitegrast.3® Importantly, we did not detect any resonances in the bathing
solution that did not belong to lifitegrast, i.e., the bathing solution was free of impurities

(Figure 4).
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Figure 4. *H NMR (400 MHz, DMSO) spectrum of uncaged lifitegrast released from
contact lenses after exposure to both 405 nm LED and indoor daylight. & 8.83 (s, 1H),
8.10 (d, J = 2.2 Hz, 1H), 7.82 (s, 1H), 7.71 (g, J = 8.2 Hz, 3H), 7.63 (d, J = 7.8 Hz, 1H),
7.53 (t, J =7.7 Hz, 1H), 7.29 (s, 1H), 7.02 (d, J = 2.1 Hz, 1H), 4.68 (s, 4H), 3.59 (s, 3H),
3.12 (s, 2H), 3.06 — 2.96 (m, 1H), 2.74 (s, 2H).
Control studies

Control contact lenses without caged lifitegrast were prepared using the same
fabrication method with the exception that LG-PL-MA was removed from the pre-reaction
mixture. These control lenses were used to show our purification methods were effective
in removing unreacted monomers after the polymerization reaction. This controlled study
was necessary to prove the absorption signals recorded from the bathing solution at 260
nm arose exclusively from photo-released lifitegrast. In these experiments, dry lenses
were fully hydrated by pre-soaking in 2 mL of fresh PBS on a shaker at a rate of 60 rpm

for 4 hours in the dark. We showed that the lenses did not leach UV-absorbing
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components by recording absorption spectra of the bathing solution after 6 washes with
PBS (Supporting Information, Figure S3). Next, we showed that the lenses did not leach
any organic components by repeating this wash and measure procedure in ethanol. No

measurable 260 nm absorption was recorded in either solvent after 6 washes.

In a second control study, we showed that uncaged lifitegrast was only released
from the lens during exposures to the 405 nm LED, or natural indoor daylight. In these
experiments, purified lenses coupled with caged lifitegrast were immersed in 2 mL of PBS
on a shaker at a rate of 60 rpm in the dark for 3 days. Recordings of the absorption
spectrum of the PBS solutions did not reveal any significant 260 nm absorption, which
suggests that caged lifitegrast was not released in the absence of light (Supporting

Information, Figure S4).

CONCLUSIONS

In this study, we introduced a soft hydrogel contact lens that generates
therapeutically-relevant concentrations of lifitegrast to tear films with zero-order release
kinetics during passive exposures to indoor (and outdoor) daylight for up to 10 hours.
These lenses offer significant advantages over the current eye-drop approaches to deliver
lifitegrast that include passive release of therapeutically significant doses of the drug to
every tear film for up to 10 hours at a constant (zero-order) rate of release, and the ability
to control the amount of drug released from the lens during intermittent exposures to
sunlight or to dim-light. A single lens releases 0.44% of the amount of lifitegrast present

in 2-drops of Xiidra, which offers benefits in terms of cost, and reducing over-dosing and
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off-target effects. In addition to the drug release and vision correction functions, our
lenses are highly effective in absorbing harmful UV-Al wavelengths (340~399 nm) and
thereby act to protect the retina against exposures to harmful wavelengths. Finally, the
lenses offer a simple, passive, and convenient means to manage DES-mediated contact

lens discomfort among contact lens wearers.

MATERIALS AND METHODS

Materials

4-[4-(1-Hydroxyethyl)-2-methoxy-5-nitrophenoxy]butanoic  acid  (hydroxyethyl
photo-linker, PL) was purchased from Novabiochem®. Lifitegrast was purchased from
AChemBlock (Cat:L18012). 4 Arm-PEG-Acrylate (MW 10,000) was purchased from
Laysan Bio, Inc.. 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate
(TBTU), 4-(dimethylamino)pyridine (DMAP), N,N-diisopropylethylamine (DIPEA), 2-
hydroxyethyl methacrylate (HEMA), methyl methacrylate (MMA), N,N-dimethylacrylamide
(DMAA), 2,2’-azobis(2-methylpropionitrile) (AIBN), inhibitor remover for removing
hydroquinone and monomethyl ether hydroquinone, and other chemical reagents were
purchased from Sigma-Aldrich. No unexpected or unusually high safety hazards were

encountered during our studies.

Synthetic Procedures
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All reactions were conducted in the dark, under N2 atmosphere protection, and with
the rate of stirring set to 120 RPM. Unless specified, all experiments were conducted at
room temperature.

Synthesis of PL-NHS

PL-NHS was synthesized using a previously reported synthesis.*°

Synthesis of PL-MA

To a solution of PL-NHS (118.9 mg, 0.30 mmol) dissolved in 1.5 mL of DMF under
stirring, a solution of 2-aminoethyl methacrylate hydrochloride (59.6 mg, 0.36 mmol)
dissolved in 1.5 mL of methanol was added dropwise. After the solution was stirred for 15
minutes, triethylamine (125.4 pL, 91.1 mg, 0.90 mmol) was added. The reaction mixture
was stirred at room temperature in the dark under a nitrogen gas atmosphere for 4 hours
before it was diluted with 15 mL of chloroform and extracted with water (3 x 15 mL). The
organic layer was dried over Na2SOa, filtered, and evaporated under vacuum to give a
yellow oily product. The purity of the product was assured by TLC eluting with DCM/MeOH
(9:1), showing only a single spot. Yield: 119.1 mg, 0.290 mmol, 96.7%. High-resolution
electrospray ionization mass spectrometry (HR ESI-MS) of PL-MA m/z calculated for
C19H2708N2 ([M+H]*) 411.1762, found 411.1764, delta 0.50 ppm; m/z calculated for
C19H260sN2Na1 ([M+Na]*) 433.1581, found 433.1578, delta -0.78 ppm (Supporting

Information, Figure S13).

Synthesis of Br-PL-MA
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To a solution of PL-MA (119.1 mg, 0.290 mmol) in 6 mL of CH2Clz, PBr3 (84.6 L,
243.6 mg, 0.90 mmol) was added at O °C. After the reaction mixture was stirred overnight
at room temperature in the dark under a nitrogen gas atmosphere, it was diluted with 15
mL of chloroform and extracted with water (3 x 15 mL). The organic layer was dried over
Naz2S04u, filtered, and evaporated under vacuum to produce a yellow solid. The product
was used in the next step without further purification. HR ESI-MS of Br-PL-MA m/z
calculated for C19H2507N2BriNaz ([M+Na]*) 495.0737, found 495.0737, delta -0.07 ppm

(Supporting Information, Figure S14).

Synthesis of NH2-PL-MA

To the above Br-PL-MA residual, 5 mL of ammonia solution (2 M in ethanol) was
added. Excess ammonia and ethanol were removed under vacuum overnight while
keeping the reaction mixture stirring at room temperature in the dark and under a nitrogen
gas atmosphere. The residue was acidified with 5 mL of 0.5 M of HCI. The solution was
then extracted with ethyl acetate (3 x 5 mL) to remove unreacted Br-PL-MA or other by-
products. The aqueous phase solution was evaporated under vacuum to dryness, and 5
mL CH2Cl2 was added to the residue. The white insoluble suspension was filtered off and
the filtrate was dried under vacuum to afford a yellow powder crude product. The crude
product was purified by column chromatography with silica gel, eluting with a mixture of
DCM/MeOH 9:1. The last band was collected, and the solvent was removed under

vacuum to afford pure NH2-PL-MA as a pale yellow solid. Yield: 30.7 mg, 0.075 mmol,
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25.9% from PL-MA. HR ESI-MS of NH2-PL-MA m/z calculated for C19H2807N3 ([M+H]*)

410.1922, found 410.1918, delta -0.92 ppm (Supporting Information, Figure S15).

Synthesis of LG-PL-MA

NH2-PL-MA (30.7 mg, 0.075 mmol), lifitegrast (50.8 mg, 0.0825 mmol), DMAP (3.0
mg, 0.027 ymol), TBTU (28.9 mg, 0.09 mmol), and DIPEA (23.5 pL, 17.4 mg, and 0.135
mmol) were dissolved in 1.5 mL of DMF. After the resulting mixture was stirred for 16
hours at room temperature in the dark under a nitrogen gas atmosphere, 5 mL of 0.5 M
of HCl was added and a pale-yellow precipitate formed immediately. The precipitate was
collected, washed with 3 x 3 mL of water, and dissolved in 5 mL of CH2Cl2. The resulting
solution was extracted with water (3 x 5 mL), dried over Na2SO4, and evaporated under
vacuum to afford a yellow powder as the crude product. It was purified by column
chromatography with silica gel eluting with a mixture of CH2Cl2/MeOH (9.5: 0.5, v/v). The
second from the last band (R¢=0.2) was collected and evaporated under vacuum to afford
pure LG-PL-MA as a pale yellow solid. Yield: 20.8 mg, 0.0207 mmol, 27.6%. HR ESI-MS
of LG-PL-MA m/z calculated for CasHs0013NsCl2S1 ([M+H]") 1006.2497, found
1006.2501, delta 0.36 ppm; m/z calculated for CuasH49013NsCl2Nai1S1 ([M+Na]*)

1028.2317, found 1028.2318, delta 0.11 ppm (Supporting Information, Figure S16).

Preparation of Lifitegrast Release Contact Lenses
The transparent mock contact lens was fabricated using a method adapted from a
literature report with materials used for making functional contact lenses for human use.3°

To a mixture of monomers composed of HEMA (810 pL), MMA (10 pL), and DMAA (100
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ML), ~10 inhibitor remover beads were added, shaken well for 30 minutes, and filtered off.
A solution of 4 Arm-PEG-Acrylate (8 mg dissolved in 80 pL CH2Clz), photo-initiator AIBN
(3 mg), and LG-PL-MA (2 mg) was added to the mixture of the monomers and mixed
well. The stock solution was ready to be used for fabricating the lifitegrast release contact

lenses.

The stock solution (100 uL) was added to the 2-component case mold, which had
been coated with Gel Slick solution (Lonza, cat. No.:50640). The mold was heated at
80°C for 1 hour to get a dry contact lens, which was purified by soaking in ethanol (6 x 3

mL) for 24 hours and then in PBS (6 x 3 mL) for another 24 hours.

Measurement of Extinction Coefficient of Lifitegrast

Pure lifitegrast (Advanced ChemBlocks, Cat: L18012) was measured with a
calibrated high accuracy and precision analytical balance (Model: Mettler Toledo xs205)
and dissolved in 1.0 mL of PBS solution measured by a calibrated pipette. Lifitegrast has
two absorptions at 205 and 260 nm. The absorption at 260 nm was used to determine the
extinction coefficient since 205 nm is too close to the instrument’s shortest detectable

wavelengths (~200 nm), potentially introducing noise and errors in the data.

Absorption, measured at 260 nm, was recorded for a series of lifitegrast solutions
prepared via a serial dilution from the stock solution (4:5 dilutions). Using the Beer-
Lambert Law, experimental absorption values, and known concentrations of lifitegrast,

the molar extinction coefficient constant was calculated. The experiments were performed
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in triplicate (n = 3) and the average value and standard deviations were calculated

(Supporting Information, Figure S2).

UV-vis Test Contact Lenses Coupled with Caged Lifitegrast

To inspect the UV-vis absorption of the lens coupled with caged lifitegrast, we used
the above-mentioned method but using flat molds made of silicone isolator between two
the glass slides to prepare the flat lenses (diameter 13 mm, thickness 0.5 mm) coupled
with caged lifitegrast. We also made blank lenses without coupling caged lifitegrast and
used them as the baseline control. We measured the UV-vis absorption spectrum as

shown in Figure 2.

Spectroscopic Studies of the Light-Mediated Release of Lifitegrast from Contact

Lens

A contact lens loaded with caged lifitegrast was immersed in 2 mL of PBS in a 20
mL scintillation glass vial equipped with a small stir bar. Two types of light sources were
used to trigger the release of lifitegrast from the contact lens to its bathing solution: 405
nm light from a 395 nm LED source (Cairn Research, UK) filtered through a Schott UG390
nm filter to remove the UV-A (<400 nm; power = 0.2 mW/cm? measured using an Ohir
meter manufactured by Laser Measurement Group), and natural indoor daylight on typical
rainy winter days (December 2019) (n = 3) from 8 am to 4 pm (sunrise at 7:15 am and
sunset at 4:50 pm) on the University of California, Berkeley campus. The release process

of photo-uncaged lifitegrast from the contact lens to its bathing solution was monitored
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using UV-vis absorption spectroscopy recorded by an Agilent 8453 UV-vis

spectrophotometer (Agilent Technologies).

In the 405 nm LED light-mediated release experiments, the lenses were directly
exposed to 405 nm LED light for 1 minute from a distance of approximately 30 cm and
stirred at a rate of 60 rpm in the dark for 15 minutes to allow the full dissociation of
uncaged lifitegrast into the bathing solution. A UV-vis absorption spectrum of the bathing
solution was recorded each time until no further change of the spectra was observed. In
the indoor daylight-mediated release experiments, the contact lenses were exposed to
normal indoor daylight inside a glass vial while stirred at a rate of 60 rpm. The absorption
spectra of the bathing solution were recorded every hour over an exposure period of 8
hours. In both experiments, the vials were capped when possible to prevent the
evaporation of water from the PBS bathing solution. Absorptions of the bathing solutions

at 260 nm were used for the release kinetic studies.
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