
DOI: 10.1167/tvst.4.3.11

Article

Topical Ocular Drug Delivery to the Back of the Eye by
Mucus-Penetrating Particles

Lisa R. Schopf, Alexey M. Popov, Elizabeth M. Enlow, James L. Bourassa, Winston Z.
Ong, Pawel Nowak and Hongming Chen
Kala Pharmaceuticals, Inc., Waltham, MA, USA.

Correspondence: Lisa R Schopf; lisa.
schopf@kalarx.com.

Received: 6 February 2015
Accepted: 19 April 2015
Published: 12 June 2015

Keywords: choroid, cortico-
steroids, drug delivery, retina,
topical

Citation: Schopf LR, Popov AM,
Enlow EM, et al. Topical ocular drug
delivery to the back of the eye by
mucus-penetrating particles. Trans
Vis Sci Tech. 2015;4(3):11, doi:10.
1167/tvst.4.3.11

Purpose: Enhanced drug exposure to the ocular surface typically relies on inclusion of
viscosity-enabling agents, whereas delivery to the back of the eye generally focuses
on invasive means, such as intraocular injections. Using our novel mucus-penetrating
particle (MPP) technology, which rapidly and uniformly coats and penetrates mucosal
barriers, we evaluated if such drug formulations could increase ocular drug exposure
and improve topical drug delivery.

Methods: Pharmacokinetic (PK) profiling of topically administered loterprednol
etabonate formulated as MPP (LE-MPP) was performed in rabbits and a larger species,
the mini-pig. Pharmacodynamic evaluation was done in a rabbit model of VEGF-
induced retinal vascular leakage. Cellular potency and PK profile were determined for
a second compound, KAL821, a novel receptor tyrosine kinase inhibitor (RTKi).

Results: We demonstrated in animals that administration of LE-MPP increased
exposure at the ocular surface and posterior compartments. Furthermore using a
rabbit vascular leakage model, we demonstrated that biologically effective drug
concentrations of LE were delivered to the back of the eye using the MPP technology.
We also demonstrated that a novel RTKi formulated as MPPs provided drug levels to
the back of the eye above its cellular inhibitory concentration.

Conclusions: Topical dosing of MPPs of LE or KAL821 enhanced drug exposure at the
front of the eye, and delivered therapeutically relevant drug concentrations to the
back of the eye, in animals.

Translational Relevance: These preclinical data support using MPP technology to
engineer topical formulations to deliver therapeutic drug levels to the back of the eye
and could provide major advancements in managing sight-threatening diseases.

Introduction

Rapid drug elimination from the ocular surface is a
major obstacle for topical ophthalmic drug delivery.
Although eye drops remain the preferred ophthalmic
dosage form due to localized action and relative
patient acceptance, it is well established that conven-
tional solutions and suspensions only deliver a small
portion of the administered dose to the anterior
segment tissues. This is a result of static (corneal
epithelium and stromal as well as the blood–aqueous
barrier), dynamic (conjunctival blood and lymph
flow, and tear drainage), and lastly metabolic
barriers.1–3 Furthermore, blinking, eyelashes, and
reflex tearing promote rapid removal of topically

applied eye drops. The clearance of topically applied
solutions occurs within 15 to 30 seconds primarily due
to tear film turnover, which is entirely restored every 2
to 3 minutes.4 Therefore, the resulting intraocular
bioavailability of topically applied drugs to the
anterior chamber is less than 5%.4

The posterior segment, where additional physical
and diffusional barriers exist to further reduce drug
delivery, is even more challenging for topical deliv-
ery.5–7 As a result, high systemic doses and/or invasive
therapies are used currently to treat a variety of
conditions affecting the back of the eye, including
sight-threatening diseases, such as age-related macular
degeneration (AMD), diabetic retinopathy, and poste-
rior uveitis.8–12 High systemic dosing provides limited
local exposure and duration of action, and often is
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associated with liabilities and drug-specific toxicities.1–2

Intravitreal (IVT) injections provide the most direct
method of delivery to the posterior tissues; however,
IVT injections have the inherent potential for serious
adverse events, such as retinal detachment, hemor-
rhage, endophthalmitis, and the development of
cataracts.8 In addition, IVT injections must be
administered by an experienced ophthalmologist and
repeated injections are required frequently. This often
presents significant logistic constraints to patients and
caregivers, which can negatively impact compliance.
There is a clear unmet medical need for noninvasive,
topical drug delivery to the posterior segment.

While nanoparticles may have the potential to
improve ocular tissue exposure from topical admin-
istration, this potential is undermined by the adhesive
nature of the ocular mucus layer, which among other
functions, serves to protect the eye from allergens,
pathogens, and debris by effectively trapping and
rapidly clearing foreign particles from the ocular
surface.13–15 It is well-documented that most nano-
particles greater than 50 nm become readily immobi-
lized in mucus due to steric and/or adhesive
interactions with the mucin mesh.16–20 Therefore,
ocular residence time of such trapped nanoparticles is
limited by the turnover rate of the peripheral ocular
mucus, typically on the order of seconds to minutes.
To enhance topical ocular delivery, drug carriers must
avoid entrapment by the tear mucins and readily
penetrate into the membrane-bound mucus layer
(glycocalyx) layer of the eye.

Mucus-penetrating particle (MPP) technology is a
novel drug delivery platform that can be used to
design drug-loaded nanoparticles to effectively pene-
trate human mucus secretions. This technology has
been described in connection with certain engineered
nanoparticles that move nearly freely through mucus,
distribute evenly in the vaginal tract, lung, and
gastrointestinal tracts of animals, and provide pro-
longed duration on these mucosal surfaces.16–21 We
hypothesized that MPPs designed for topically
administering certain compounds also would have a
prolonged residence time on the ocular surface, which
in turn may translate into enhanced drug delivery to
ocular tissues, superior pharmacokinetics (PK), and
improved efficacy.22 The focus of this study is to
demonstrate in animal models that MPPs of two
drugs can enhance delivery of those drugs to various
ocular tissues beyond the mucus layer.

The MPP technology was used to create formula-
tions of two drugs from different therapeutic classes:
loteprednol etabonate (LE), a corticosteroid specifi-

cally designed for ophthalmic inflammatory indica-
tions, but known to have limited penetration into
ocular tissues after topical delivery; and KAL821, a
novel small molecule receptor tyrosine kinase inhib-
itor (RTKi) with potential application for the
treatment of AMD. As a molecule with well-
established ocular PK, LE served as the primary test
compound, while the novel KAL821 served to further
validate the hypothesis. Using rabbit and mini-pig
preclinical models to decouple local and systemic
contribution, we have verified that the MPPs of these
two drugs can topically deliver drug to the back of the
eye at therapeutically relevant concentrations, which
supports the potential for topical treatment of
diseases affecting the posterior segment.

Materials and Methods

Nanoparticle Formulations

The MPP formulations of LE (LE-MPP) and
KAL821 (KAL821-MPP) were prepared by wet
nanomilling of coarse crystalline drugs in the presence
of an MPP-enabling surface-altering agent PLUR-
ONIC F127 (F127).22 This formulation process
involved no chemical modifications of the drug or
excipients (i.e., did not result in generation of new
chemical entities), and only excipients approved by
FDA for ophthalmic use were used. Resulting MPP
nanoparticles were composed of a drug core with a
noncovalently attached F127 coating and had an
average hydrodynamic diameter of about 240 to 350
nm for LE-MPP and about 160 nm for KAL821-
MPP. Nonmucus-penetrating conventional nanopar-
ticles of LE (LE-CP) were prepared in a similar
manner except that sodium dodecyl sulfate (SDS) was
used as a surface-altering agent that does not impart
MPP behavior. The LE-CP test article had a
hydrodynamic diameter of 240 nm. In an ex vivo
mucus mobility assay, LE-MPP and KAL821-MPP
showed the ability to penetrate mucus and LE-CP was
confirmed to be strongly mucoadhesive.

Rabbit PK Studies

A topical dose of 50 lL was administered to each
eye of 4- to 6-month-old male New Zealand White
(NZW) rabbits (n¼ 3 per group; n¼ 6 eyes; Covance
Research Laboratories, Denver, PA) using a calibrat-
ed positive displacement pipette (Gilson M-50).
Animals were restrained for approximately 2 minutes
post-dose to prevent them from shaking their heads or
pawing away the doses. Animals were euthanized by
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intravenous barbiturate overdose at various time
points post-dose according to their treatment group.
Both eyes from each animal were harvested, and
aqueous humor and ocular tissues were collected. For
the dosed versus nondosed eye studies, Dutch Belted
(DB) 7-month-old male rabbits (n¼ 4 per time point;
Covance) were dosed in a single eye and euthanized,
and tissues from both eyes were collected as described
above. Animals were observed for abnormalities
before placement on study, after topical dosing, and
at necropsy. Ocular irritation was monitored using
the Draize Eye Irritation Scoring System.23 All the
formulations were well-tolerated and all animals
received a Draize System score of 0 pre- and post-
dosing. Concentrations of drugs in the tissues were
determined using liquid chromatography-tandem
mass-spectrometry (LC-MS/MS) method. All rabbit
PK studies, including bioanalytical analysis, were
conducted at PharmOptima, LLC (Portage, MI).

VEGF-Induced Vascular Leakage Model in
Rabbits

Male DB rabbits (Covance) 4 months old were
randomized (n¼ 4 per group; n¼ 8 eyes) and 50 lL of
1.0% LE-MPP was administered topically (twice daily
[BID] or four times daily [QID]) using a positive
displacement pipet. Vehicle was dosed topically QID.
On day 3, all animals were anesthetized and injected
with 50 lL of recombinant human VEGF (Pepro-
Tech, Inc., Rocky Hill, NJ) into the mid-vitreous of
both eyes through the pars plana, approximately 3 to
4 mm from the edge of the cornea. Additionally, one
group also received an intravitreal injection of 4.0%
triamcinolone acetonide on day 3. During the VEGF
injection, reflux was noted in three eyes these data
were removed from analysis (2 eyes from the
triamcinolone acetonide group and 1 eye from the
LE-MPP [QID] group). Fluorescein angiograms were
conducted on day 5. Briefly, all eyes were anesthetized
with proparacaine and pupils dilated with tropic-
amide. Animals then were anesthetized with isoflur-
ane vapors to effect and injected with 0.3 mL of 10%
ophthalmic sodium fluorescein via the ear vein at least
2 minutes before imaging. Images then were scored by
a standard scoring system, and all treatment identity
was blinded during the scoring of the images.24 This
study was conducted at PharmOptima, LLC.

Mini-Pig PK Studies

A topical dose of LE-MPP (35 lL) was adminis-
tered in the right eye of 5- to 6-month-old female

Gottingen mini-pigs (Marshall Farms USA, Inc.,
North Rose, NY) approximately 6 hours apart (6
20 minutes), for 4 consecutive days. On the fifth day,
animals were administered only two doses, approxi-
mately 6 hours apart (620 minutes). A total of 18
doses were administered over the study duration. The
dose was administered on the top of the cornea via a
calibrated positive displacement micropipette and
allowed to distribute across the eye. Each animal
was restrained for approximately 1 minute to prevent
rubbing of the eyes. Any observed irregularities or
local irritation were recorded. Three animals/time
point were euthanized with sodium pentobarbital and
blood was collected via cardiac puncture at 0.5, 1, and
2 hours after the last dose on day 5. Blood
(approximately 10 mL) was collected into tubes
containing K2EDTA and samples were maintained
on wet ice until centrifuged to obtain plasma. All
plasma samples were stored at approximately �708C
until analyzed. At the time of sacrifice, both eyes were
enucleated. Fresh tissues were collected and each eye
was flash frozen in liquid nitrogen for 15 to 20
seconds, and placed on dry ice. Within 3 days, tissues
were collected from both eyes. Drug concentrations
were determined using LC-MS/MS. In a separate
study, 6- to 8-month-old female Gottingen mini-pigs
(Marshall Farms) were administered a topical dose of
KAL821-MPP (35 lL) approximately 12 hours apart
(61 hour), for 4 consecutive days. On the fifth day,
animals were administered one dose in the morning.
A total of 9 doses were given over the study duration.
Three animals/time point were sacrificed at 0.5, 1, 2,
and 4 hours after the last dose on day 5. Tissues were
sampled and processed as described above. Both
mini-pig PK studies, including bioanalytical analysis,
were conducted at Covance Research Laboratories.

All animal studies, whether conducted at Phar-
mOptima or Covance Research Laboratories, ad-
hered to the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research.

Cellular Assay

In the cellular VEGF-R2 phosphorylation assay,
the cell line HUE, a spontaneously immortalized
human umbilical vein endothelial cell clone, is used,
which expresses endogenously a high level of VEGF-
R2. The immortalized cell line was a gift from the
group of Werner Risau (Bad Nauheim, Germany).
Stimulation of these cells with human vascular
endothelial growth factor A (VEGFA) results in
receptor tyrosine autophosphorylation. The HUE
cells were plated in endothelial cell growth medium
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(ECGM) supplemented with 10% fetal calf serum
(FCS) in multi-well cell culture plates. After starva-
tion in endothelial cell basal medium (ECBM)
supplemented with 10% FCS overnight, cells were
incubated with compounds in serum-free ECBM.
Substrate phosphorylation was quantified in 96-well
plates via sandwich ELISA using a substrate-specific
capture antibody and an anti-phosphotyrosine detec-
tion antibody. Raw data were converted into percent
substrate phosphorylation relative to High controls,
which were set to 100%. The half maximal inhibitory
concentration (IC50) values were determined using
GraphPad Prism 5 software (GraphPad Software,
Inc., La Jolla, CA) by constraining bottom to 0 and
top to 100, and using a nonlinear regression curve fit
with variable hill slope. The equation is a four-
parameter logistic equation. The KAL821 IC50s were
determined in five independent assays performed by
ProQinase GmbH (Freiburg, Germany).

Statistical Analysis

Area under the curves (AUC) values were gener-
ated using GraphPad Prism v6.0 and ratios of dosed
over nondosed eyes were determined. Statistical
analyses were performed using the Holm-Sidak
method multiple t-test, and P values were shown on
graphs. In the VEGF vascular leakage studies, 1-way
analysis of variance (ANOVA) with Tukey’s multiple
comparison test was performed using GraphPad
Prism v6.0. Cellular IC50 for KAL821 was expressed
as mean 6 SD.

Results

Single Dose PK Profile in Rabbits Comparing
LE-MPP and Conventional Particles (LE-CP),
and LE-MPP and Micronized LE Plus Mucus-
Penetrating Surface Altering Agent (LE-
Micro)

To determine whether LE-MPP has the potential
to enhance topical drug delivery to ocular tissues
compared to similarly sized control particles of LE
without the MPP surface modification (LE-CP), we
measured drug levels in cornea and retina of rabbits
following instillation of an equivalent dose of LE-CP
or LE-MPP. The LE-MPP was prepared by nano-
milling coarse crystalline LE in the presence of an
MPP-enabling surface-altering agent F127, as de-
scribed previously.22 Resulting LE-MPP nanoparti-
cles had an average hydrodynamic diameter of 240

nm. Nonmucus-penetrating conventional nanoparti-
cles, LE-CP, were prepared in a similar manner
except that a conventional surfactant, SDS, was
used. The LE-CP test article also had a hydrody-
namic diameter of 240 nm. Rabbits received a single
dose to both eyes of LE-MPP or LE-CP. The
concentration-time profiles of LE are shown in
Figures 1A and 1B. Ratios of the AUC reveal a 4-
fold increase in LE in the cornea when dosed as LE-
MPP compared to LE-CP, and a 5-fold enhancement
in the retina (Table 1).

To assess the influence of MPP particle size on
ocular drug exposure, LE-MPP was compared to a
micronized LE suspension containing F127 (LE-
Micro). The particle size of LE-Micro was .1 lm.
Ratios of the AUCs reveal a 2-fold increase in LE in
the cornea and a 3-fold enhancement in the retina
when LE-MPP was compared to LE-Micro (Figs. 1C,
1D; Table 1).

Taken together, these data suggested that the
mucus-penetrating surface modifier (F127) and the
smaller particle size of LE-MPP contributed to the
enhanced ocular drug levels observed in vivo.

PK Profile of LE in Pigmented Rabbit Dosed
Versus Nondosed Eyes After Multi-Dose
Topical Administration of LE-MPP

There were three distinct purposes in this rabbit
PK study: first, to study the PK of LE in pigmented
DB rabbits rather than the nonpigmented NZW to
mimic pigmented human eyes in the event that LE
binds to melanin, which occurs with many drug
classes;23–25 second, to dose twice a day for 5 days to
achieve steady-state drug levels in the ocular tissues;
and lastly, to dose rabbits in one eye and measure
drug levels in both eyes to evaluate local versus
systemic delivery to the back of the eye, since it is
likely that a portion of an eye drop could be absorbed
systemically and, therefore, contribute to drug levels
seen in the back of the eye tissues via systemic
distribution.27,28 The concentration-time profiles of
LE are shown in Figure 2. Drug levels in choroid were
2.5-fold higher in the dosed eye than the nondosed
eye, and a 3.4-fold difference was observed in the
dosed versus nondosed retina (Table 2).

Effect of Topical LE-MPP in a Rabbit VEGF
Vascular Leakage Model

To confirm that drug levels in the retina after
administration of LE-MPP would be sufficient to
translate into a biological effect, we used a standard
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rabbit model to assess protection against vascular
leakage induced by VEGF.24 Groups of rabbits
received in a single eye either LE-MPP BID or QID
starting on day 1. Triamcinolone acetonide given by
IVT injection was used as a positive control and
vehicle alone was used as a negative control. On day
3, vascular leakages at the back of the eye were
induced in the animals by a VEGF challenge. At 48
hours after VEGF challenge, fluorescein angiograms
were performed on both eyes following the morning
dosing. For each eye, the temporal and nasal
vasculature was examined and graded on a score of
0 to 4. All scoring was done blinded. As expected,24

animals treated with triamcinolone acetonide had
significantly lower leakage compared to vehicle-

treated animals at 48 hours after VEGF challenge.
Furthermore, topical LE-MPP (QID and BID) were
equally as effective as IVT triamcinolone acetonide in
preventing leakage (Fig. 3).

PK Profile of LE in Pigmented Mini-Pig Dosed
Versus Nondosed Eyes After Multi-Dose
Topical Administration of LE-MPP

The primary objective in this study was to
determine if LE could be detected at the back of the
eye in significantly larger animals and to confirm the
contribution of local delivery. The Gottingen mini-pig
is considered an appropriate species for translation to
human ocular drug distribution.29–35 The mini-pigs
used here were 8-fold higher in body weight compared

Figure 1. The NZW rabbit ocular levels of LE following a single topical dose. (A) Corneal LE levels post-topical administration of 0.5% LE-
CP or LE-MPP. (B) Retinal LE levels post-topical administration of 0.5% LE-CP or LE-MPP. (C) Corneal LE levels post-topical administration
of 0.5% LE-MPP or LE-Micro. (D) Retinal LE levels post-topical administration of 0.5% LE-MPP or LE-Micro. All data are shown as mean 6

SEM (n¼6 eyes). Statistical analysis was performed using the Holm-Sidak method multiple t-test, P values were shown on graphs, and are
reflective of the differences between the MPP groups and the control groups (Fig. 1) or between dosed and nondosed eyes (Figs. 2, 4, 5).

Table 1. Area Under the Curve

LE-CP LE-MPP LE-Micro LE-MPP

Cornea: AUC, ng/g*h 12,386 54,373 21,449 39,224
Retina: AUC, ng/g*h 112 558 104 317
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to the DB rabbits used in earlier studies, and also

have pigmented eyes with similar melanin content to

human eyes.25 The concentration-time profiles of LE

in plasma, and all ocular tissues examined are shown

in Figure 4A. Comparing the AUCs across the ocular

compartments revealed that drug exposure had the

following order, suggestive of a concentration gradi-

ent from the front of the eye to the back: cornea .

anterior sclera � posterior sclera . aqueous humor

~ choroid ~ retina. Drug levels were below detectable

limits in the vitreous humor (,0.1 ng/mL). As shown

in Figures 4B and 4C, the choroid in the dosed eye

had 8-fold higher drug levels compared to the

nondosed eye, and a 6-fold increase was observed in

the retina. Anterior sclera in dosed pigs had a 17-fold

higher drug level compared to the nondosed eye, and

posterior sclera showed a 13-fold difference (Figs. 4D,

4E).

Figure 2. The PK profiles of LE in pigmented rabbits after topical
administration of LE-MPP. The mean LE concentrations 6 SE (ng/g,
n ¼ 4) in choroid (A) or retina (B) were shown with the following
symbols: dosed eyes (closed circles), nondosed eyes (open squares),
plasma (x, dashed line). Statistical analysis was performed using the
Holm-Sidak method multiple t-test, P values were shown on
graphs as related to differences between dosed and nondosed
eyes.

Table 2. Area Under the Curve

Choroid Retina

Dosed
Eye

Nondosed
Eye

Dosed
Eye

Nondosed
Eye

AUC, ng/g*h 19.2 7.8 15.8 4.6

Figure 3. Topical administration of LE-MPP significantly
prevented vascular leakage in pigmented rabbit model of VEGF-
induced retinal vascular permeability. An IVT injection of VEGF on
day 3 induced vascular leakage. Fluorescein angiograms were
graded blinded on day 5 and plotted as means 6 SEM. Vehicle was
given topically QID starting on day 1 (black solid bar). An IVT
administration on day 1 of 4.0% triamcinolone acetonide was used
as a positive control (checked bar; all values are 0). The LE-MPP,
1.0% was given BID (white solid bar) or QID (striped bar). All groups
had 4 rabbits and both eyes (n ¼ 8) were used. Statistical
significance was determined using GraphPad Prism v6.0 Tukey’s
multiple comparison test.
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PK Profile of KAL821 (a Novel RTKi) in
Pigmented Mini-Pig Dosed Versus Nondosed
Eyes After Multi-Dose Topical Administration
of KAL821-MPP

A new chemical entity KAL821, a potent inhibitor
of VEGF-R2, was formulated as an MPP and
topically administered to one eye of mini-pigs. The
cellular potency, expressed as IC50, of this molecule is

1.6 6 0.6 nM (n¼ 5). The concentration-time profiles

of KAL821 in choroid and retina for the dosed and

nondosed eyes are shown in Figure 5. Drug levels in

choroid were 4-fold higher in the dosed eye than the

nondosed eye, and a 3-fold difference was observed in

the retina of the dosed eye versus the nondosed retina.

The concentrations detected in the back of the eye

were over the cellular IC50 for the target.

Figure 4. The PK profiles of LE in Gottingen mini-pigs after topical administration of LE-MPP. The mean LE concentrations 6 SE (ng/g, n
¼3) were shown for the dosed eyes (A): cornea (solid triangle), anterior sclera (open circle), posterior sclera (solid square), AH (open triangle,
dotted line), choroid (solid octagon), retina (solid diamond), plasma (x, dashed line). Dosed eyes (closed circles) versus nondosed eyes (open
squares) versus plasma (x, dashed line) are shown for choroid (B), retina (C), anterior sclera (D), and posterior sclera (E). The AUC values
were generated using GraphPad Prism v6.0 and ratios of dosed over nondosed eyes were determined. Statistical analysis was performed
determined using the Holm-Sidak method multiple t-test, P values were shown on graphs (D, E).

7 TVST j 2015 j Vol. 4 j No. 3 j Article 11

Schopf et al.



Discussion

To date, means for enhancing topical drug delivery
to the front of the eye often rely on viscosity-enhancing
agents, which can lead to patient discomfort and lack
of compliance, and generally only provide slight
improvement in drug retention on the ocular sur-
face.36–38 An even larger hurdle in ocular drug delivery
is the treatment of sight-threatening diseases involving

the posterior chamber, which to date has been achieved
only by invasive and/or systemic delivery. Noninvasive
techniques are the ultimate goal for treating retinal
disease and the progress shown in nanotechnology,
including the work presented here, may hold the key to
success.2,3,6,39–42 If successful, topical delivery to the
back of the eye would provide a major breakthrough in
the treatment of sight-threatening diseases, such as
AMD, diabetic retinopathy, and posterior uveitis.8

Unlike previous generations of drug-loaded parti-
cles that relied on covalent conjugation of drugs to a
nanoparticle-forming polymer or encapsulation of
drugs into polymeric carriers, the formulations
described in this report were prepared by a novel
method of making MPP via nanomilling of crystalline
drugs. Contrary to the conjugation-based approaches,
no chemical modifications of the drug or excipients
are performed in this method and all excipients
involved are those generally recognized as safe
(GRAS) or, moreover, previously approved by the
FDA for use in ophthalmic products.

To accurately test our hypothesis that MPPs can
deliver topical drug to the back of the eye, it was
critical to choose the most appropriate species to
assess ocular drug distribution. Although commonly
used, rodents provide little value when evaluating
topical delivery due to their dramatically thinner
corneal layer and smaller axial length, reduced
anterior and vitreous chamber depth, and lower
volume of tear film when compared to humans.43 A
commonly used and more appropriate species for
topical delivery evaluation is the rabbit. Features that
make them an especially appropriate choice when
delivering drugs topically are size and shape of their
eyes, and their corneal thickness and anterior
chamber depth similarities.24,44–47 The closer evolu-
tionary distance of monkey to humans and the fact
that nonhuman primates are the only other species to
have a true macula have made them a favorite choice
for ocular studies, particularly when using biologic
interventions.44 However, there now is a body of
evidence that suggests the Gottingen mini-pig may
provide an excellent alternative to the use of monkeys
and, in fact, has some key attributes that may even
make them superior for certain applications and
translation into humans. The sclera thickness in the
small pigs ranges from 0.3 to 0.8 mm, which closely
resembles the range in humans of 0.4 to 0.9 mm.31,48

The Gottingen mini-pig also has been found to be the
closest species to humans in terms of melanin pigment
content even when compared to the monkey; this may
have a critical influence on drug binding within

Figure 5. The PK profiles of KAL821 in Gottingen mini-pigs after

topical administration of KAL821-MPP. The mean KAL821

concentrations 6 SE (nM, n ¼ 3) were shown for choroid (A) and

retina (B): Dosed eyes (closed circles), nondosed eyes (open

squares). The AUC values were generated using GraphPad Prism

v6.0 and ratios of dosed over nondosed eyes were determined.

Statistical analysis was performed using the Holm-Sidak method

multiple t-test, P values were shown on graphs.
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certain ocular compartments, and can affect drug
partitioning and availability.25 Although pigs do not
have a true macula, they do have a narrow horizontal
area centralis that mimics primate macula.30 Other
key porcine ocular features similar to humans include
holangiotic retinal vascularization, refractive error,
corneal power and thickness, choroidal blood flow,
retinal pigment epithelium, the absence of a tapetum,
and the presence of cone photoreceptors in the outer
retina.30,33–35,49

To test our hypothesis, we first created an MPP
formulation of the steroid LE and measured drug
levels after topical administration to NZW rabbits.
For nanoparticles to move through mucus, they must
have certain defined surface properties (strong hy-
drophilicity and neutral charge) to circumvent adhe-
sion and be small enough to avoid steric hindrance
created by the dense fiber mesh.16 Compared to LE-
CP, LE particles of the same size, but lacking these
critical surface properties, the LE-MPP formulation
increased the drug exposure at the corneal surface and
in the retina (Figs. 1A, 1B). These results are
consistent with our hypothesis that LE-MPP are able
to avoid entrapment by ocular tear mucins and, thus,
reduce ocular clearance. In a separate experiment, we
also confirmed that the smaller particle size (e.g., 200
nm vs. .1 lm) contributes to improved ocular
exposure, even if the surface modifier is identical.
Together these results indicated that nanoparticles of
LE combined with proper surface altering properties
for LE provide the best drug delivery to tissues in the
anterior and posterior segments of the eye.

To assess if the drug levels observed in the back of
the eye are sufficient to elicit a biological effect, we
used a standard model of vascular leakage in the
rabbit to evaluate our topically administered LE-
MPP formulation.24 This study was performed in the
pigmented DB rabbits to account for any effect from
melanin binding. The VEGF-induced vascular leak-
age was successfully prevented in animals receiving
LE-MPP, demonstrating that the LE-MPP formula-
tion can deliver therapeutically relevant concentra-
tions to the back of the eye in rabbits.

Because it is possible that drug concentrations
observed in the back of the eye can come from
systemic circulation and local transport, we dosed
drug to one eye and measured drug concentrations in
both eyes. The assumption used to interpret these
data is that the drug levels detected in the nondosed
eye represent contribution from the systemic circula-
tion, and the differences in drug levels between the
dosed and nondosed eyes represent the local compo-

nent of drug delivery from the ocular surface. Our
results revealed an approximate 3-fold higher con-
centration of LE in back of the eye tissues in the
dosed eye compared to the nondosed eye. Although
some systemic contribution is likely, since detectable
drug levels were seen in the nondosed back of the eye
tissues, the higher concentrations in the dosed eye
suggest direct local delivery of LE from the ocular
surface. To further validate the observations in
rabbits, we conducted a similar study in Gottingen
mini-pigs. Results revealed an even greater separation
of drug concentrations between the dosed and non-
dosed eyes, and the differences were statistically
significant at every time point evaluated. These data
confirmed the ability of LE-MPP to deliver drug to
the back of the eye after topical delivery, and that true
local delivery makes a significant contribution. Of
course the ultimate test of whether LE-MPP can
deliver sufficient steroid levels to exert a biological
effect in humans will need to come from the clinic.

Given the positive preclinical data from LE-MPP,
we decided to explore possible topical treatment
options for AMD, a chronic, progressive disease of
the macula. Our lead efforts are centered on small
molecule inhibitors of the VEGF pathway (RTKi).
KAL821, a potent inhibitor of the VEGF receptor,
VEGF-R2, was formulated as an MPP and PK
profiling was done in the mini-pig. Similar to LE,
KAL821 was detected in the choroidal and retinal
tissue after topical dosing of KAL821-MPP. Drug
level in these tissues exceeded its cellular IC50 over the
course of 4 hours tested. Studies are now underway to
determine the best dose concentration and dose
frequency to inhibit VEGF signaling with the MPP
formulation.

To improve drug delivery across ocular tissues
various approaches have been explored and imple-
mented, such as pro-drugs, various viscosity-enhanc-
ing excipients and devices, and nanotechnology
platforms.2,8,39–42,44,51 The posterior segment remains
the highest hurdle for topical delivery. We have
demonstrated in animal models that a steroid and
RTKi formulated as mucus-penetrating nanoparticles
provided enhanced drug penetration not only to the
ocular surface, but also to the posterior segment.
There are three potential pathways that a topically
dosed drug can transport to the posterior segment
from ocular surface: (1) the transvitreous route, where
drugs diffuse through the cornea, enter the vitreous,
and distribute to the back of the eye; (2) the
periocular route, where diffusion occurs around the
sclera and drugs are absorbed through the sclera; and
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(3) the uvea–scleral route where drugs diffuse through
the cornea, penetrate the aqueous humor, and
continue through the uvea-sclera where they can gain
access to the choroid and retina.52 In our preclinical
studies with LE, we observed high drug levels in
cornea and aqueous humor, a concentration gradient
from anterior to posterior sclera, and drug levels in
the choroid and retina. However, no detectable drug
levels in the vitreous humor were seen. Therefore, we
propose that drug delivery with the LE-MPP is not
accomplished through the transvitreous route, but via
either the periocular or the uvea–scleral route.
However, further distinguishing these latter two
routes may prove difficult since the actual transport
mechanism also may depend heavily on the physio-
chemical properties of any given drug.52

In summary, there is a clear unmet medical need
for noninvasive, topical drug delivery to the anterior,
but especially to the posterior segment of the eye. We
have demonstrated here that in animal models, a
steroid and an RTKi formulated as mucus-penetrat-
ing nanoparticles provided enhanced drug penetration
not only to the ocular surface but also to the posterior
segment.
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