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Purrosk. In this work, we tested the hypothesis that highly targeted delivery of antiglaucoma
drugs to the supraciliary space by using a hollow microneedle allows dramatic dose sparing of
the drug compared to topical eye drops. The supraciliary space is the most anterior portion of
the suprachoroidal space, located below the sclera and above the choroid and ciliary body.

METHODS. A single, hollow 33-gauge microneedle, 700 to 800 um in length, was inserted into
the sclera and used to infuse antiglaucoma drugs into the supraciliary space of New Zealand
white rabbits (N = 3-6 per group). Sulprostone, a prostaglandin analog, and brimonidine, an
ax-adrenergic agonist, were delivered via supraciliary and topical administration at various
doses. The drugs were delivered unilaterally, and intraocular pressure (IOP) of both eyes was
measured by rebound tonometry for 9 hours after injection to assess the pharmacodynamic
responses. To assess safety of the supraciliary injection, IOP change immediately after
intravitreal and supraciliary injection were compared.

Resurts. Supraciliary delivery of both sulprostone and brimonidine reduced IOP by as much as
3 mm Hg bilaterally in a dose-related response; comparison with topical administration at the
conventional human dose showed approximately 100-fold dose sparing by supraciliary
injection for both drugs. A safety study showed that the kinetics of IOP elevation immediately
after supraciliary and intravitreal injection of placebo formulations were similar.

Concrusions. This study introduced the use of targeted drug delivery to the supraciliary space
by using a microneedle and demonstrated dramatic dose sparing of antiglaucoma therapeutic
agents compared to topical eye drops. Targeted delivery in this way can increase safety by
reducing side effects and could allow a single injection to contain enough drug for long-term
sustained delivery.
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laucoma is the second leading cause of blindness
worldwide,'? even though well-established pharmacolog-
ical treatments are available. Poor patient compliance plays a
significant role in the loss of vision in patients with glaucoma.
Estimated compliance with the use of topical eye drops is as
low as 56%,> which shows that patients cannot manage daily
eye drops well. Patients are required to administer eye drops
one or more times per day because systemic therapy (e.g., by
oral delivery, which typically has higher compliance3->) with
most antiglaucoma drugs causes unacceptable side effects.®”
Although topical drops administer drug to the eye, they
nonetheless are poorly targeted to their specific sites of action
within the ocular globe.® Topical delivery is highly inefficient
and requires frequent dosing to overcome poor drug absorp-
tion and rapid clearance. Bioavailability of eye drops is typically
well below 5%, and what little drug enters the eye is delivered
nonspecifically throughout the anterior segment with only a
small fraction of the drug reaching its site of therapeutic
action.8-10 As with many antiglaucoma drugs, the site of
therapeutic action is the ciliary body.''-!> Also, the poorly
targeted nature of eye drops leads to extensive systemic
exposure, which causes 8% to 53% of glaucoma patients taking
topical antiglaucoma drugs to experience side effects.'®'> Poor

patient compliance and low bioavailability of glaucoma drugs
create the need for a better delivery method.'®

In this study, we introduced supraciliary delivery to target
drug administration adjacent to the ciliary body to maintain
high therapeutic drug levels at the site of pharmacologic action
in the targeted tissue. This targeting of the ciliary body can be
accomplished by administering drug into the supraciliary
space, which is a potential space located below the sclera
and above the choroid and ciliary body that can expand to
accommodate a fluid or drug formulation. We and others have
previously reported using the suprachoroidal space for drug
targeting to the choroid and adjacent retina to reach posterior
segment targets (Morales-Canton V, et al. JOVS 2013;54:ARVO E-
Abstract 3299).17-23 Here, we accessed the ciliary body in the
anterior segment by injecting drug into the most anterior
portion of the suprachoroidal space, which we are calling the
supraciliary space. By localizing the drug in the supraciliary
space, we expected to achieve high drug levels locally in the
adjacent ciliary body.

Previous studies have accessed the suprachoroidal space to
demonstrate highly targeted and reliable delivery to this space
and effective drug treatment, with no major safety concerns in
animal models and human subjects (Morales-Canton V, et al.
IOVS 2013;54:ARVO E-Abstract 3299).17-23 Researchers have
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accessed the suprachoroidal space using surgically introduced
catheters and conventional hypodermic needles, but more
recently, our group introduced the use of microneedles as a
simple and reliable method for suprachoroidal injection that is
expected to be suitable for use as a rapid office procedure.'® A
first-in-humans study recently demonstrated injection of
bevacizumab into the suprachoroidal space of four human
eyes by using a microneedle (Morales-Canton V, et al. IOVS
2013;54:ARVO E-Abstract 3299). In the present study, we
adapted this method to target injection into the supraciliary
space, as the first study exploring the use of this potential
space to deliver therapeutic agents immediately adjacent to the
ciliary body and the first study to examine pharmacodynamics
of this delivery method.

This study sought to assess the efficacy of supraciliary
delivery using a hollow microneedle in the rabbit and compare
that delivery to conventional topical delivery. We carried out
this assessment by delivering antiglaucoma drugs to the
supraciliary space and measuring reduction in intraocular
pressure (IOP) over time and comparing IOP to that with
topical delivery of the same drugs. Both of the drugs used in
this study, sulprostone and brimonidine, have sites of action in
the ciliary body,'!"!'> which suggested that supraciliary
targeting should be beneficial.

Sulprostone is a prostaglandin E2 analog that has been
shown to lower IOP in the rabbit>4-27 but is not used in
humans to treat glaucoma. Latanoprost, travoprost, and
bimatoprost are prostaglandin F2o analogs commonly used in
human clinical therapy,?®2° but rabbits respond poorly to
these drugs.3°-35 Receptors for the prostaglandin analog F2o
are located in both trabecular meshwork and ciliary body in
humans.'? Receptors for the prostaglandin E2 analogs (e.g.,
sulprostone) are found in the ciliary body and iris of the
rabbit.!! Although the mechanisms of action of prostaglandin
E2 and F2o are different,'23¢ the targeting or binding sites for
both drugs are in the ciliary body.!’'? We therefore used
sulprostone as a model analog with a targeting site similar to
other prostaglandin F2o analogs.!!-12

Our other drug, brimonidine, is a commonly used clinical
agent for antiglaucoma therapy and is active in the rabbit eye
t00.13 In this study, we measured IOP in the New Zealand
White rabbit after bolus injection of sulprostone and brimoni-
dine over a range of different doses and compared the
responses to topical eye drops to test the hypothesis that
highly targeted delivery of antiglaucoma drugs to the supracil-
iary space using a hollow microneedle allowed dramatic dose
sparing of drug compared to that with topical eye drops.

MATERIALS AND METHODS

Microneedle Fabrication and Formulation

Microneedles were fabricated from 33-gauge stainless steel
needle cannulas (TSK Laboratories, Tochigi, Japan). The
cannulas were shortened to approximately 700 to 800 pm in
length, and the bevel at the orifice was shaped using a laser
(Resonetics Maestro, Nashua, NH, USA), as described previ-
ously.>”3® The microneedles were electropolished using an
E399 electropolisher (ESMA, South Holland, IL, USA) and
cleaned with deionized water. Sulprostone (Cayman Chemical,
Ann Arbor, MI, USA) and 0.15% brimonidine tartrate ophthal-
mic solution (Alphagan P; Allergan, Irvine, CA, USA) were
diluted in Hanks’ balanced salt solution (HBSS; Cellgro,
Manassas, VA, USA). For topical delivery, the final concentra-
tion was 0.05 mg/mL sulprostone or 1.5 mg/mL brimonidine
tartrate. For supraciliary injection, the solution was diluted to a
range of drug concentrations and included 2% carboxymeth-
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ylcellulose (CMC; Sigma-Aldrich, St. Louis, MO, USA) to
increase viscosity and thereby improve localization of the drug
at the site of injection.

Anesthesia and Euthanasia

All studies used New Zealand white rabbits of mixed sex
weighing between 3 and 4 kg (Charles River Breeding
Laboratories, Wilmington, MA, USA). All of the animals were
treated according to the Association for Research in Vision and
Ophthalmology statement for the Use of Animals in Ophthal-
mic and Vision Research. For supraciliary injections and for
application of topical eye drops, rabbits were anesthetized
using 0.5% to 3.0% isoflurane, unless otherwise noted. The
isoflurane percentage was slowly increased from 0.5% to 2.5%
or 3.0% for 15 minutes. To achieve longer-lasting anesthesia for
the supraciliary and intravitreal safety studies measuring IOP
immediately after injection, anesthesia was achieved using
subcutaneous injection of a mixture of ketamine (25 mg/kg)
and xylazine (2.5 mg/kg). This ketamine/xylazine dose was
also used during initial studies of screening anesthetics suitable
for this study. For brimonidine-treated eyes, proparacaine (a
drop of 0.5% solution) was given 1 to 3 minutes before each
injection to locally numb the ocular surface. Animals were
euthanized using an injection of 150 mg/kg pentobarbital into
the ear vein.

Pharmacodynamics Studies

For supraciliary injection, a microneedle was attached to a 50-
to 100-uL gas-tight glass syringe containing either a placebo
formulation of HBSS or a drug formulation containing a
specified concentration of either sulprostone or brimonidine
tartrate. The eyelid of the rabbit was pushed back, and the
microneedle was inserted into the sclera 3 mm posterior to the
limbus in the superior temporal quadrant of the eye. A volume
of 10 uL was injected within 5 seconds, and the microneedle
was removed from the eye 15 seconds later to reduce reflux of
the injected formulation. Topical delivery of sulprostone and
brimonidine was achieved by administering an eye drop into
the upper conjunctival sack. IOP was measured hourly for 9
hours after drug administration, as described below. Each
treatment involved application of just 1 dose of one drug either
topically or by supraciliary injection in 1 eye. After a recovery
period of at least 14 days, rabbits were used for additional
experiments, alternating between the left and right eyes.

Safety Studies

Supraciliary injections of either 10 pL or 50 puL HBSS were
performed as described above. Intravitreal injection was
performed by inserting a 30-gauge hypodermic needle across
the sclera 1.5 mm posterior to the limbus in the superior
temporal quadrant of the eye. A volume of 50 uL HBSS was
injected within 5 seconds, and the needle was removed from
the eye 15 seconds later to reduce reflux. IOP was measured
periodically for 1 hour after injection, as described below.
Tonometer Calibration. The tonometer (TonoVet; icare,
Vantaa, Finland) we used for this study is calibrated for use in
dogs and cats?® and was therefore recalibrated both in vivo (V
=4) and ex vivo (N = 3) for the rabbit eye.® Ex vivo rabbit eyes
were cannulated using a 25-gauge hypodermic needle (Becton
Dickinson, Franklin Lakes, NJ, USA). The needle was inserted 2
to 3 mm posteriorly from the limbus and was connected to a
reservoir containing balanced salt solution (BSS, Baxter, Deer-
field, IL, USA), elevated to a known height in order to create a
controlled pressure inside the eye. The surface of the eye was
wetted periodically using saline solution (every 2-3 minutes)
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to mimic the wetting of the cornea by tear fluid. Final
measurements were made after confirming stable IOP for 5
min. Data over a range of IOPs (7.3-22 mm Hg) were collected
and used to generate a calibration curve to correct values
reported by the TonoVet device to the actual values of IOP in
the eyes.

For the in vivo study, rabbits were anesthetized using a
subcutaneous injection of a mixture of ketamine (25 mg/kg)
and xylazine (2.5 mg/kg). Proparacaine (a drop of 0.5%
solution) was given 1 to 3 min before cannulation to locally
numb the ocular surface. IOP was controlled in a manner
similar to that used in the ex vivo experiments, using an
elevated BSS reservoir, and a similar calibration curve was
generated. In vivo and in vitro experiments yielded calibration
curves of y=1.18x + 1.82 (R>=0.98) and y = 1.01x + 3.08 (B>
= 1.00), respectively, where x = IOP reported by the TonoVet
tonometer and y = water column pressure applied to the eye.
The resulting calibration curves showed approximately linear
relationships with similar slopes. The in vivo calibration curve
was used for all data reported in this study.

Intraocular Pressure Measurement

IOP was measured with a hand-held tonometer (TonoVet) in an
awake, restrained rabbit. Topical anesthesia was not necessary
for the measurement, and no general anesthetic or immobiliz-
ing agent was used because the procedure is not painful. We
made every effort to avoid artifactual elevation of IOP by
avoiding topical anesthesia and by careful and consistent
animal handling during each measurement. Each rabbit was
acclimatized to the IOP measurement procedure for at least 7
days to obtain a stable background IOP reading. To account for
the specific IOP behavior of each rabbit, the initial IOP value
(time = 0) reported for each individual eye was an average of
measurement over 3 to 4 days, and IOPs over time were
reported as changes in IOP relative to the initial average value.

Calculation of Area Under the Curve and
Equivalent Dosage

The pharmacodynamic effect of each treatment was charac-
terized by determining the area under the curve (AUC) of the
temporal profile of intraocular pressure by numerically
integrated use of the trapezoidal rule.®! This pharmacodynamic
AUC (AUCpp) is a measure of the strength and duration of the
treatment in IOP. To calculate the AUCpp, IOP readings were
normalized to the IOP reading prior to treatment. The AUCpp
values obtained had units of mm Hg-h and a negative value
(because the drugs under study all lowered IOP). However, the
negative values were changed to positive values for better
representation of the data.

Gy — 29: [7 t—t) {IOP(t,-,l) +IOP(t,-)} } ()

2
i=1

where IOP(2) in mm Hg represents the IOP value measured at
time #; in seconds.

An equivalent dosage comparison was made between
topical and supraciliary delivery using the following equation,
where D is the dose administered and subscripts SC and
topical mean suprachoroidal injection and topical administra-
tion, respectively.

AUCpp sc | Drp,sc
AUCpp opicat / Dpp sopicat |

Equivalent dosage =

(2)
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Statistical Analysis

Three replicated pharmacodynamics and safety experiments
were performed for each treatment group, from which the
means and standard errors of mean were calculated. Experi-
mental data were analyzed using two-way analysis of variance
(ANOVA) to examine differences between treatments. In all
cases, a P value of <0.05 was considered statistically
significant. Parametric statistics were used to evaluate the
data, as justified by an Anderson-Darling normality test, which
showed a normal distribution of IOP measurements in
untreated eyes (N =3, P value = 0.367).

RESULTS

Effect of Anesthesia on Transient IOP Change

Before studying the effect of supraciliary targeting of anti-
glaucoma drugs, we needed to identify a general anesthetic
that did not create artifactual changes in rabbit IOP over the
time scale of the experiment. We first tested subcutaneous
injection of ketamine/xylazine, which produced deep anesthe-
sia for approximately 2 hours. This anesthetic also produced
significant ocular hypotension that lasted for 4 to 5 hours, with
a peak IOP decrease of approximately 5 mm Hg at 1 hour after
injection of the anesthetic, which was followed by a slow
recovery of IOP over time (Fig. 1a).

We then tested isoflurane, which was administered by
inhalation of an escalating dose over 15 minutes. Anesthesia
quickly set in upon initiation of the isoflurane dose and was
quickly reversed upon discontinuation of the isoflurane dose.
During the 15 minutes of isoflurane administration, IOP was
elevated by almost 5 mm Hg but quickly returned to normal
after isoflurane administration was stopped and remained
unchanged for 9 hours after that (Fig. 1b). We believe the
initial, transient ocular hypertension might have been due to
both the pharmacological effect of the anesthetic as well as the
psychological effect (i.e., startling the rabbit) of administering
the inhaled anesthetic.

We concluded from these studies that isoflurane is a
suitable anesthetic for the pharmacodynamic experiments in
this study, because isoflurane’s effects on IOP reversed within
15 to 30 minutes, which is fast enough to permit hourly
measurements of IOP without significant artifacts from the
anesthetic. However, for the safety experiments in this study, in
which IOP was measured multiple times within 1 hour, the
rapidly changing effects of isoflurane on IOP would signifi-
cantly affect IOP measurements. For that reason, we used
ketamine/xylazine for the safety study, because the effect of
the anesthetic on IOP was relatively small during the first 10
minutes, when the most critical IOP measurements were made
in the safety study.

Antiglaucoma Drugs in the Normotensive Rabbit
Model

To test our hypothesis regarding drug targeting via the
supraciliary space, we next needed to identify antiglaucoma
drugs that had pharmacological action at the ciliary body and
reduced IOP in the normotensive rabbit model. Our candidates
were prostaglandin analogs, adrenergic agonists, and -
blockers that have their pharmacological site of action at the
ciliary body.®!'-13 QOur first choice was prostaglandin analogs
because they are widely used in human clinical medicine,?52°
including for glaucoma treatment.® Latanoprost, travoprost,
and bimatoprost are commonly used prostaglandin ana-
logs,?®2° but rabbits respond poorly to these drugs.30-35 We
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Ficure 1. Effect of general anesthetics on IOP in the rabbit eye. (a)

Ketamine/xylazine (25/2.5 mg/kg) was administered by subcutaneous
injection. (b) Isoflurane (up to 3%) was administered by inhalation for
15 minutes. IOP was measured in both eyes periodically for up to 9
hours. Data points are averages = SEM (12 = 4-06).

tested latanoprost in our rabbit model but observed no change
in IOP at the standard human dose of 2.5 g (data not shown).

We therefore used sulprostone as a model prostaglandin
analog with its site of pharmacological action to the ciliary
body!!12 and an ocular hypotensive effect well documented in
reports.?>27 A single topical eye drop of 2.5 ug sulprostone
gave a maximum IOP decrease of almost 3.4 mm Hg at
approximately 2 hours after drug administration (Fig. 2).
Ocular hypotension in the treated eye lasted approximately 8
hours. We also observed changes in IOP in the contralateral
(i.e., untreated) eye but to a lesser extent.

To more fully test our hypothesis, we decided to study a
second drug that lowers IOP by a different mechanism in the
ciliary body, as well, and selected brimonidine, an adrenergic
agonist widely used in clinical glaucoma therapy. Although the
pharmacology and site of action causing an IOP response to
brimonidine are species dependent,'? adrenergic agonists have
a site of action in the ciliary body in both rabbit'® and
human.2-44 A previous study demonstrated o,-adrenoceptor
agonism by showing that pretreating the eye with a,-selective
antagonists inhibited the IOP response to brimonidine in
rabbits. 4>
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Change in IOP (mm Hg)
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Ficure 2. Effect of topical sulprostone administration on IOP in the
rabbit eye. A single drop containing 2.5 pg sulprostone was
administered to one eye. IOP was then followed for 9 hours in both
the treated eye and the untreated/contralateral eye. Data points are
averages = SEM (n = 4).

We found that topical administration of a single drop (75
ng) of brimonidine produced a peak IOP reduction of
approximately 4 mm Hg at 2 hours after drug administration,
which slowly returned to normal within 6 hours (Fig. 3). It is
notable that the contralateral (untreated) eye also experienced
a decrease in IOP with faster kinetics and similar magnitude
(Fig. 3), presumably due to systemic distribution of brimoni-
dine. The slower kinetics in the treated eye could be explained
by a local brimonidine concentration that was initially too high
and only after some clearance of the drug reached the optimal
concentration for IOP reduction, whereas the contralateral eye
had lower brimonidine concentration from the start due to the
nontargeted systemic delivery route. Previous research also

®Topical Brimonidine (75 ug)
-O-Contralateral

Change in IOP (mm Hg)

Time (h)

Ficure 3. Effect of topical brimonidine administration on IOP in the
rabbit eye. A single drop containing (a) 75 pg brimonidine was
administered to one eye. IOP was then followed for 9 hours in both the
treated eye and the untreated, contralateral eye. Data points are
averages = SEM (n = 5).
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showed decreased IOP in the contralateral eye in rabbits,
which was produced due to systemic administration after
administering brimonidine at high concentrations in the
treated eye and was reflected by plasma concentrations high
enough to activate central oy-adrenoceptors?® and cardiovas-
cular changes.!?

Microneedles for Targeted Delivery to the
Supraciliary Space

Our next step was to demonstrate targeted injection into the
supraciliary space using a microneedle. Because the thickness
of sclera above the suprachoroidal space in the rabbit is ~500
um, 7 we prepared microneedles measuring 700 to 800 um, to
be inserted into the base of the sclera and in that way target
injection into the suprachoroidal space. The needles were
longer than the thickness of the sclera to account for the
overlying conjunctiva and for the expected deformation of the
sclera during insertion of the microneedle. Figure 4 shows a
representative microneedle prepared for supraciliary injection
next to a typical eye dropper used for topical administration.

Previous studies of injections made in this way have
targeted the suprachoroidal space with the objective of having
the injected formulation flow away from the site of injection
and travel circumferentially around the eye for broad coverage
of the choroidal surface, especially toward the posterior pole.
In this study, we had the opposite objective. Our goal was to
localize the injected formulation at the site of injection
immediately above the ciliary body and minimize flow to
other parts of the eye.

To accomplish this goal, we increased the viscosity of the
injected formulation by adding 2% w/v (weight/volume
percent) CMC. The viscosity of this solution at rabbit body
temperature of 39°C was 80.5 £ 3.7 Pa/s at a shear rate of 0.1
s~!, which is approximately 80,000 times more viscous than
water at room temperature. Injection of this high-viscosity
formulation into the rabbit eye by using a microneedle was
able to localize the injection near the site of injection. As
shown in Figure 5a, the dye injected in this way spread over an
area within just a few millimeters from the site of injection.
The degree of spread depended on the amount of fluid
injected, such that there was more spread when larger volumes
were used (data not show).

Histological examination demonstrated that the injection
was localized to the supraciliary space. As shown in Figure 5b,
the injected dye can be seen in the expanded supraciliary

Ficure 4. Hollow microneedle (arrow), 720 pum in length, is shown
next to a liquid drop of approximately 50-uL volume from a
conventional eye dropper.
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Ficure 5. Supraciliary targeting of injections using a high-viscosity
formulation injected using a microneedle. (a) Injection of 10 pL red
fluorescing particles (1-um diameter, 0.5% w/v) into the rabbit eye ex
vivo spread only a few millimeters from the site of injection. The whole
eye was imaged by digital camera 60 min after injection. (b) Injection
of 50 uL red fluorescing particles (1-um diameter, 0.5% w/v) into the
rabbit eye ex vivo was localized to the supraciliary space, directly
above and adjacent to the ciliary body. The eye was frozen
immediately after injection, prepared as frozen sections, and imaged
by brightfield microscopy. (¢) Injection of 30 pL red fluorescing
microparticles (10-pm diameter, 0.5% w/v) into a human cadaver eye
was localized to the supraciliary space. The eye was fixed in formalin
immediately after injection, prepared as frozen sections, and a
brightfield image was overlaid on a fluorescent image to show ocular
anatomy with fluorescence in the same histological section.

space bounded by the ciliary body on the lower anterior
boundary, the choroid on the lower central and posterior
boundary and the sclera on the upper boundary of the rabbit
eye. In Figure 5c, a similar experiment was conducted in a
human eye, which similarly shows supraciliary localization of
the injected fluorescent particles. While the supraciliary space
is significantly expanded immediately after injection, when
these tissues were frozen for analysis, we believe that this
space closes down again as fluid flows away and is absorbed,
based on our unpublished data for suprachoroidal injections
and other data discussed further below.

We also determined the possible effect of supraciliary
injection of 2% CMC in 10 pL on IOP over the course of our
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Ficure 6. Effect of supraciliary injection on IOP in the rabbit eye. A

single injection of 10 pL of a 2% w/v solution of CMC was administered
to one eye. IOP was then followed for 9 hours in both the treated eye
and untreated, contralateral eye. Data points are averages * SEM (n =
3.

experiments. As shown in Figure 6, there was no apparent
effect of this injection on IOP at the hourly time points over the
course of a 9-h study. Two-way ANOVA comparison of the
isoflurane-only group (Fig. 2) to the placebo group (Fig. 6)
showed no statistically significant differences, with P values of
0.05 and 0.07 for treated and contralateral eyes, respectively.

Pharmacodynamics of Sulprostone After
Supraciliary Delivery

Having completed the initial experiments for anesthesia,
topical delivery, and supraciliary targeting, we were now able
to test the central hypothesis of this study regarding the effects
of antiglaucoma drugs targeted to the supraciliary space. We
therefore injected sulprostone into the supraciliary space over
a range of doses (0.025 pg-0.005 pg in 10 pL) in rabbits.

Supraciliary delivery of sulprostone at a dose of 0.025 pg in
10 pL (.e., a dose 100 times lower than the topical dose shown
in Fig. 2) produced an IOP decrease of ~3.1 mm Hg within 1
hour that persisted at that level for at least 9 hours (Fig. 7a).
IOP was similarly decreased in the contralateral eyes but to a
lesser extent.

Supraciliary delivery of 0.005 pg sulprostone in 10 pL (i.e., a
dose 500 times lower than the topical dose) produced a peak
IOP drop of ~2.8 mm Hg at 1 hour after drug administration
(Fig. 7b). IOP levels increased over time, but ocular hypotension
persisted for approximately 6 hours in the treated eye and was
statistically significant compared to that of placebo treated eyes
(P < 0.0001). However, responses of the contralateral eyes were
not significantly different from placebo-treated eyes (P = 0.159).

Overall, sulprostone was found to lower IOP in a dose-
dependent manner (Fig. 8a). Based on a rough comparison,
topical delivery of 2.5 nug sulprostone and supraciliary delivery
of 0.025 pg sulprostone in 10 pL showed similar levels of initial
IOP reduction, although the effect lasted longer after
supraciliary delivery. To provide a more quantitative measure
of the supraciliary dose equivalent to topical delivery, we
determined and compared the AUCpp for pharmacodynamic
data in the topically and supraciliary-treated eyes (Fig. 8b).
Comparison of these values gave a ratio of 101, which indicates
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Ficure 7. Effect of a supraciliary injection of sulprostone on IOP in
the rabbit eye. A single injection of (a) 0.025 pg and (b) 0.005 ug
sulprostone in 10 pL was administered to one eye. IOP was then
followed for 9 hours in both the treated eye and untreated,
contralateral eye. Data points are averages = SEM (nz = 4-06).

that the supraciliary dose needed to achieve a similar
pharmacodynamic response was ~100-fold less than that for
topical delivery. We believe that this dramatic dose sparing was
achieved by highly targeted delivery of sulprostone to its site of
action in the ciliary body.

Pharmacodynamics of Brimonidine After
Supraciliary Delivery

To assess the generality of dose sparing by targeting
antiglaucoma drugs to the supraciliary space, we carried out
similar experiments to study supraciliary delivery of brimoni-
dine over a range of concentrations (0.015-0.15 pg in 10 pL) in
rabbits. Similar to sulprostone, brimonidine produced a
concentration-dependent drop in IOP at doses much lower
than those used for topical delivery.

Supraciliary delivery of brimonidine at a dose of 1.5 pgin 10
pL (.e., a dose 50 times lower than the topical dose shown in
Fig. 3a) produced an IOP decrease of ~3.3 mm Hg within 1
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Ficure 8. Comparison of decrease in IOP by supraciliary delivery
versus topical delivery of sulprostone. (a) Data from Figures 2 and 7 are
graphed together to show the dose-response relationship after
supraciliary delivery and to facilitate comparison with topical delivery
in the treated eyes. (b) Pharmacodynamic area under the curve
(AUCpp) after supraciliary delivery in treated and contralateral eyes and
in comparison with topical delivery. AUCpp was calculated using
Equation 1.

hour that persisted at that level for approximately 9 hours (Fig.
9a). IOP was similarly decreased in the contralateral eye but to
a lesser extent.

Supraciliary delivery of 0.75 pg brimonidine in 10 pL Gi.e., a
dose 100 times lower than the topical dose) produced a peak
IOP drop of ~3 mm Hg at 2 hours after drug administration
that persisted for approximately 5 hours (Fig. 7b). The
contralateral eye showed a similar but smaller drop in IOP.
Statistical analysis showed significant differences for treated (P
< 0.001) eyes but not for contralateral eyes (P = 0.915).

Supraciliary delivery of 0.015 ug of brimonidine in 10 pL
(i.e., doses 500 times lower than the topical dose) showed no
significant IOP changes in treated (P = 0.20) and contralateral
eyes (P = 0.26).

Supraciliary delivery of brimonidine reduced IOP in a dose-
dependent matter (Fig. 10a). Compared to topical delivery of
75 pg of brimonidine, a 100-fold lower dose of 0.75 pg of
brimonidine by supraciliary delivery showed a similar duration
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Ficure 9. Effect of supraciliary injection of brimonidine on IOP in the
rabbit eye. A single injection of (a) 1.5 pg, (b) 0.75 ng, and (c) 0.015 pg
of brimonidine in 10 pL was administered to one eye. IOP was then
followed for 9 hours in both the treated eye and untreated,
contralateral eye. Data points are averages = SEM (n = 3-5).
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Ficure 10. Comparison of decrease in IOP caused by supraciliary
delivery versus topical delivery of brimonidine. (a) Data from Figures
3a and 9 are graphed together to show the dose-response relationship
after supraciliary delivery and to facilitate comparison with topical
delivery in the treated eyes. (b) Pharmacodynamic area under the
curve (AUCpp) after supraciliary delivery in treated and contralateral
eyes and in comparison with topical delivery. AUCpp was calculated
using Equation 1.

and magnitude of ocular hypotension (Fig. 10a). By calculating
AUCpp, values (Fig. 10b), we estimated the supraciliary dose
needed to obtain a similar pharmacodynamic response was
115-fold less than topical delivery.

It is notable that in the rabbit model studied here, decreased
IOP was seen in both the treated eyes and to a lesser extent in
the contralateral eyes (Fig. 9). Ocular hypotension in contra-
lateral eyes is believed to be due to systemic absorption.*® Both
we and other investigators!? have observed similar contralat-
eral responses after topical delivery of brimonidine (Fig. 3).

Safety of Microneedle Injection Into the
Supraciliary Space
Injections into the supraciliary space using microneedles were

well tolerated, and no injection-related complications were
observed, such as bleeding or squinting. After injection, the

IOVS | November 2014 | Vol. 55 | No. 11 | 7394

needle insertion site was not visually apparent on the
conjunctival surface, indicating only very minor trauma (Fig.
11). We did not observe any inflammation, redness, or pain-
related response after the injection. No apparent vision loss
was observed in any of the rabbits.

To further assess safety, we measured IOP elevation
associated with supraciliary and intravitreal injection. Note
that this is the shortlived elevation in IOP caused by the
injection itself (as opposed to the longer-term IOP reduction
caused by the antiglaucoma drugs presented above). For this
study, ketamine/xylazine was used for general anesthesia
because it provides a relatively steady IOP between 1 hour
and 2 hours after injection (Fig. 1). Rabbits given an intravitreal
injection of 50 pL of HBSS 1 hour after induction of anesthesia
were found to have a peak IOP increase of 36 = 1 mm Hg due
to the injection (Fig. 12). IOP then decreased exponentially
until it stabilized at 30 to 40 minutes after the injection. This
reaction is similar to that seen in human patients, where
intravitreal injection can increase IOP by ~30 mm Hg.*
Considering intravitreal injection is well tolerated in human
patients when only topical anesthesia is used and is safely
performed millions of times per year,>® we expect that this
temporary increase in IOP is safe and well tolerated.

We similarly injected 50 pL of a 2% CMC formulation into
the supraciliary space of the rabbit eye and observed a
transient increase in IOP that peaked at 35 * 3 mm Hg and
decayed in under 1 hour, which is similar to the effects of
conventional intravitreal injection (Fig. 12). We also injected 10
pL of formulation into the supraciliary space and found the
peak IOP increase was 5 = 1 mm Hg, which then disappeared
within 20 minutes. Considering the similar magnitude and
kinetics of IOP change by these intravitreal and supraciliary
injections, we hypothesized that the safety profile of supracil-
iary delivery may be similar to that of intravitreal injection. In
fact, supraciliary injection may be safer than intravitreal
injection, considering that intravitreal and supraciliary injec-
tions are performed at the same site of the eye (i.e., pars
plana),>° but supraciliary injection uses a needle that penetrate
an order of magnitude less deeply into the eye.

DISCUSSION

In current therapy, antiglaucoma drugs with a site of action in
the ciliary body are almost always given by topical eye drops.
This approach has a very low bioavailability, with typically less
than 5% of the applied drug being absorbed into the eye and
only a tiny fraction of that reaching its therapeutic target in the
ciliary body.>!:52 As a result, eye drops must be given at least
daily and there can be side effects from systemic delivery of the
poorly absorbed drug.>354

This study introduced the idea of targeting the ciliary body
by injection into the adjacent supraciliary space. We accessed
this space, located just a few hundred micrometers below the
conjunctival surface, by using a hollow microneedle designed
to be just long enough to penetrate to the base of the sclera.
Injection at this site filled the supraciliary space with a
formulation designed with high viscosity that inhibited its flow
away from the site of injection, thereby creating a depot next
to the ciliary body. When the antiglaucoma drugs sulprostone
and brimonidine were injected in this way, they were able to
reduce IOP at doses 2 orders of magnitude lower than those
required for similar pharmacodynamics using topical eye
drops. These results show the highly targeted nature of
supraciliary delivery and suggest opportunities to improve
glaucoma therapies.

Targeted delivery reduces the amount of drug administered.
This can improve safety and patient acceptance, due to



Investigative Ophthalmology & Visual Science

Before

Ficure 11.

reduced side effects. For example, the incidence of iris
darkening in patients receiving prostaglandin analogs is as
high as 35%,%%5¢ and brimonidine causes dry mouth in 33% of
patients.” By targeting drug delivery to the ciliary body, side
effects caused at off-target sites of action could be reduced.

Targeted delivery also facilitates development of sustained-
release therapies that eliminate the need for patients to comply
with daily eyed drop regimens. For example, brimonidine is
used clinically at a daily topical dose of 75 pg given 3 times per
day>” The daily dose of brimonidine administered to the
supraciliary space appears to be approximately 100 times less
than the topical dose. This means that the supraciliary daily
dose is roughly 2.25 pg, and a 3-month supply would be 67.5
ng. While these calculations suggest the feasibility of injecting
controlled-release microparticles into the supraciliary space,
additional pharmacokinetics study will be needed to develop
such controlled-release microparticles.

If this vision for sustained-release drug therapy can be
realized, it could have a dramatic effect on patient compliance
with glaucoma therapy. Current therapy requires many
patients to administer eye drops on at least a daily basis.
Compliance with such dosing schedules is very low, in the
range of 56%.> Many glaucoma patients visit their ophthalmol-
ogists every 6 months for routine examinations. In this way,
glaucoma patients could receive supraciliary injections of
sustained-release medication during their regular doctor’s visits
and thereby eliminate the need for compliance with topical eye
drop therapy.

From a practical standpoint, we believe that supraciliary
injections could be relatively easily introduced into clinical
practice. Currently, retina specialists give millions of intravit-
real injections per year at the pars plana, located 2 to 5 mm
from the limbus.>%5° Supraciliary targeting requires placement
of microneedles at the same site, which should be straightfor-

1 Hr After
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1 Day After

Representative images of a rabbit eye (a) before (b) 1 hour after and (c) one day after supraciliary injection of the placebo formulation
(2% CMC in 10 pL). All images are of the same rabbit eye. The lower row of images shows magnified views of the injection site of the eyes shown in
the upper row of images.

ward for an ophthalmologist to do. Assuring microneedles go
to the right depth at the base of the sclera is determined by
microneedle length, which is designed to match approximate
scleral thickness. We believe variations of scleral thickness
could be compensated for by the pliable nature of the choroid.
In related work accessing the suprachoroidal space, micronee-
dles have been used for hundreds of suprachoroidal injections
in rabbits®” (Verhoeven RS, et al. IOVS 2013;54:ARVO E-
Abstract 119) and to a lesser extent in pigs®> and were recently
reported for use in four human (Morales-Canton V, et al. JOVS
2013;54:ARVO E-Abstract 3299) subjects, without significant

40 <-IVT 50 uL of BSS
-#5CS 50 pl of CMC
+5CS 10 pl of CMC

Change in IOP (mm Hg)
N
o

0 20 40 60
Time (m)
Ficure 12. IOP increase due to injection of 50 pL of HBSS into the

intravitreal space (IVT) and 10 pL and 50 pL of 2% carboxymethylcel-
lulose placebo formulation (CMC) into the supraciliary space (SCS).
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complications. Furthermore, in all the unpublished and
published works!?37:¢0 from our laboratory, we never experi-
enced failed injection due to the variation of scleral thickness.
However, further studies are required to more fully assess
safety.

CONCLUSIONS

This study provides the first demonstration of supraciliary
injection that targeted delivery of antiglaucoma drugs to their
site of action in the ciliary body. Choice of the correct
anesthetic facilitated these studies, as both isoflurane and
ketamine/xylazine affected IOP but with different pharmaco-
dynamics. Choice of the right drug was also important; we
studied sulprostone, which is a model prostaglandin analog
drug that works in rabbits, and brimonidine, which is an o2-
adrenergic agonist drug that works in both rabbits and humans
and shows significant effects in the contralateral eye after
unilateral drug administration in the rabbit. We found that
microneedles enable targeted injection into the supraciliary
space and that antiglaucoma drugs administered in this way
show reductions in dose of 2 orders of magnitude for similar
reductions in IOP compared to topical delivery. The rabbits
tolerated supraciliary injections well with no adverse events or
notable findings regarding safety. We conclude that targeted
drug delivery to the supraciliary space using a microneedle
enables dramatic dose sparing of antiglaucoma therapeutics
compared to topical eye drops.
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