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Abstract

Purpose: To evaluate rheological properties, in vitro dissolution, and in vivo ocular pharmacokinetics of
loteprednol etabonate (LE) (submicron) ophthalmic gel 0.38%.
Methods: The viscosity of the LE gel 0.38% formulation was measured with a controlled stress rheometer.
Dissolution kinetics were evaluated in a fixed-volume and flow-through assay. Rabbits received a single
instillation of LE (submicron) gel 0.38% (both eyes), and concentrations of LE in ocular tissues were deter-
mined through 24 h by liquid chromatography with tandem mass spectrometry. Where indicated, comparators
included micronized LE gel 0.38%, 0.5% (Lotemax� gel), and 0.75%.
Results: LE (submicron) gel 0.38% exhibited shear-thinning characteristics similar to LE gel 0.5% with nearly
identical yield stress. LE (submicron) gel 0.38% released 2.6-fold more LE into the dissolution medium than
micronized LE gel 0.5% over 30 s in the fixed-volume dissolution assay, and submicron LE attained higher
concentrations of dissolved LE than micronized LE gel 0.38% in the flow-through dissolution assay. In rabbits,
the maximal concentration and area-under-the-curve over 24 h for LE in aqueous humor were 2.5- and 1.8-fold
higher, respectively, for LE (submicron) gel 0.38% versus micronized LE gel 0.5% (both P < 0.001). Phar-
macokinetic parameters were similar for most other tissues.
Conclusions: LE (submicron) gel 0.38% demonstrated similar rheological properties to micronized LE gel
0.5% but faster dissolution, thus providing similar or higher LE concentrations in the aqueous humor, cornea,
and iris-ciliary body after ocular dosing in rabbits despite a lowered concentration of drug in the formulation.
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Introduction

Topical corticosteroids are effective in reducing
postoperative pain and inflammation following ocular

surgery and have become a standard of care. However,
ophthalmic use of these drugs can be associated with ad-
verse effects, including elevation of intraocular pressure
(IOP), cataract formation with prolonged use, infections,
and delayed wound healing.1–4 Loteprednol etabonate (LE)
is a C-20 ester-based topical ophthalmic corticosteroid that
was retrometabolically designed to undergo rapid hydrolysis
into inactive metabolites after binding to the glucocorticoid

receptor and exerting its anti-inflammatory effects.5,6 This
results in a corticosteroid with potent anti-inflammatory
activity with a reduced risk of undesirable effects.7,8

Currently marketed formulations of LE (Lotemax� brand;
Bausch & Lomb Incorporated, Rochester, NY) include a sus-
pension, an ointment, and a gel, all with an LE concentration of
0.5% and a QID dosing regimen. Clinical studies with LE have
demonstrated that it is effective when used to control pain and
inflammation following cataract, refractive, and corneal trans-
plant surgeries.9–19 Further studies have shown efficacy of LE
in the treatment of inflammation associated with giant papillary
conjunctivitis,20–22 seasonal allergic conjunctivitis,23–27 vernal
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keratoconjunctivitis,28 anterior uveitis,29 and blepharitis/
blepharokeratoconjunctivitis.30–33 LE was safe and well toler-
ated in these studies, with minimal impact on IOP in both
vehicle and active comparator studies.7,8

Ocular delivery of ophthalmic therapeutics is challenging
for a number of reasons. After instillation, the drug mole-
cules must dissolve in the tear fluid before corneal absorp-
tion can occur. Speed of dissolution is critical, as a variety
of precorneal protective mechanisms quickly and efficiently
clear the surface of foreign material, including the normal
blinking process, tear turnover, induced lacrimation, and
tear fluid drainage through nasolacrimal channels.34–36 Drug
molecules which survive these clearance mechanisms face
additional physiochemical barriers to corneal penetration
that are affected by drug molecule characteristics such as
lipophilicity, charge, and molecule size. Due to these chal-
lenges, only *5% of a topical ophthalmic drug is estimated
to penetrate the cornea and reach intraocular tissues.37

LE gel 0.5% (Lotemax ophthalmic gel 0.5%) was designed
to help address these drug delivery barriers. The vehicle in
LE gel 0.5% contains polycarbophil, a polymer which pro-
vides the formulation with shear-thinning properties. On
topical ocular instillation, dilution of the gel formulation with
tears along with the applied shear stress of blinking have the
net effect of transitioning the gel to a mucoadhesive liquid
with sufficient viscosity to prolong the ocular residence time
of LE and facilitate penetration into the anterior tissues.36,38

A new LE gel formulation (Lotemax SM) was recently ap-
proved by the Federal Drug Administration, in which the size
of the drug particle has been reduced from a median diameter
of *3–5mm in LE gel 0.5% to *0.4–0.6mm, representing a
*5- to 10-fold reduction. The rationale for reducing the size
of the LE particle in LE (submicron) gel was that it would
enable faster dissolution, thereby facilitating ocular penetra-
tion. This is expected to allow for less frequent dosing which, in
turn, could improve patient convenience and dosing compli-

ance. In addition, the drug concentration of the submicron
formulation was reduced by 24% from 0.5% to 0.38% which,
together with the reduced dosing frequency, leads to an overall
reduced drug exposure and, therefore, the potential for an im-
proved safety profile compared to the 0.5% formulation.

Additional modifications were made to the excipients in the
formulation to stabilize the submicron LE particles (Table 1).
For instance, hypromellose was added to coat the drug parti-
cles to stabilize particle size. A common ingredient in artificial
tears for dry eye, hypromellose, also has demulcent properties
and thus may also help address corneal discomfort.39

This article reports the findings of preclinical studies
conducted to evaluate the in vitro rheology and dissolution
profile of LE (submicron) gel 0.38% and to investigate the
ocular pharmacokinetics (PK) of LE following topical in-
stillation of LE gel 0.38% in rabbits.

Methods

Materials

The LE (submicron) gel 0.38% formulation (particle
median diameter *0.6 mm) and the 3 micronized gel for-
mulations (particle median diameter *3mm) with differing
LE concentrations: 0.38%, 0.5% (marketed formulation;
Lotemax), and 0.75% were prepared by Bausch & Lomb
Incorporated. The LE drug product was obtained in mi-
cronized form. For the LE submicron formulation, the LE
was milled to yield the submicron particle size. The 0.5% and
0.75% gel formulations were identical except for LE con-
centration, and the two 0.38% gel formulations were identical
except for LE particle size (Table 1 provides details of the
activity and excipients of these formulations).

Hanks’ Balanced Salt Solution (HBSS) was obtained from
Gibco/Thermo Fisher Scientific (Waltham, MA); benzalk-
onium chloride (BAK) was from Spectrum Chemical (New

Table 1. Comparison of Submicron and Micronized Loteprednol Etabonate Formulations Evaluated

Micronized formulations

LE (submicron)
gel 0.38%

LE gel
0.38%

LE gel
0.75%

LE gel
0.5%a

LE, mg/g 3.90 3.96 7.44 5.0
Median particle diameter, mm 0.6 2.9 2.7 2.7

Excipients Function

Disodium EDTA Chelant/antimicrobial enhancer + + + +
Sodium chloride Tonicity agent + + + +
Polycarbophil Suspending and/or viscosity-increasing agent + + + +
Hypromellose E4M Suspending and/or viscosity-increasing agent + + - -
Tyloxapol Surfactant and/or wetting agent - - + +
Poloxamer 407 Surfactant and/or wetting agent + + - -
BAK (0.003%) Antimicrobial preservative + + + +
Glycerin Tonicity agent/humectant + + + +
Propylene glycol Tonicity agent/humectants + + + +
Boric acid Buffer/antimicrobial enhancer + + + +
Sodium hydroxide and/

or HCl q.s. to pH 6.5
pH adjuster + + + +

aMarketed formulation (Lotemax� gel).
‘‘+’’Indicates excipients that are identical among the formulations.
‘‘-’’Indicates excipients absent from the respective formulations.
BAK, benzalkonium chloride; LE, loteprednol etabonate.
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Brunswick, NJ); sodium dodecyl sulfate (SDS) was sourced
from Fisher Scientific (Hampton, NH); and phosphate-
buffered saline (PBS) was prepared in house according to
standard protocols.

Assessment of in vitro rheological properties

A controlled stress rheometer (TA Instruments AR2000
with firmware V7.20; TA instruments, New Castle, DE)
with a vaned-rotor and cup was used to measure the rheo-
logical properties of 30-mL samples of LE (submicron) gel
0.38% and micronized LE gel 0.5% (Lotemax). A steady-
state flow experiment was conducted by scanning the shear
rate from 1,000 s-1 to 1 · 10-5 s-1 (log scale, 10 points/de-
cade) over 5 min with a sample period of 10 s at 25�C.

Steady-state equilibrium was defined as 3 consecutive
measurements within the tolerance window of 2%. Rheol-
ogy Advantage software V5.7.1 (TA Instruments) was used
to collect data, and shear stress and the yield stress for the
formulations were determined by fitting the steady-state
flow data to the Herschel–Bulkley equation40 for non-
Newtonian fluids. A second experiment was conducted as
above evaluating the viscosity of the LE (submicron) gel
0.38% formulation before and after dilution 3:1 in HBSS at
shear rates of 0.1–100 s-1.

Fixed-volume dissolution assay

The fixed-volume dissolution assay was conducted in a
USP Apparatus No. 2 Varian Vankel VK 70000 Dissolution
System (Agilent Technologies, Santa Clara, CA). A volume
of 500 mL of dissolution medium (PBS with 0.45% SDS,
added to increase the solubility of LE) was placed into a 1 L
dissolution vessel. The temperature was maintained at 25�C
and stirred at 100 rpm. The assay was conducted at a non-
sink condition of *200% of saturation (ie, the amount of
LE introduced into the dissolution medium was twice that
needed to saturate the media).

An 18.42 g sample of test material [LE (submicron) gel
0.38% or micronized LE gel at 0.38%, 0.5%, or 0.75%] was
dispensed into the dissolution media with a syringe fitted
with an 18-gauge needle to ensure even dispersion of the
gel. Aliquots (*1 mL) of dissolution media were removed
at predetermined times thereafter (0.5, 1, 1.5, 2, 2.5, 3, 4,
5 min) and immediately filtered through a 0.22-mm nylon
syringe filter (Millex–HN; MilliporeSigma, Burlington,
MA) to remove any undissolved LE drug particles. The filter
size of 0.22 mm was selected based on >95% of the submi-
cron LE particles having a diameter greater than 0.3 mm.

Concentrations of LE in the eluent were determined using
high-pressure liquid chromatography (HPLC) system con-
sisting of an 1100 Series HPLC (Agilent Technologies)
coupled with a 1100 series photodiode array detector
(Agilent Technologies), set at 244 nm. Samples (20mL)
were injected on an Alltima� Phenyl (4.6 · 150, 5 mm mm)
column (Grace Davison Discovery Science, Columbia, MD)
and eluted using isocratic elution with 60:40 acetonitrile:
1% glacial acetic acid in water, at a flow rate of 1 mL/min.
The column temperature was held at 25�C. The calibration
curve for LE ranged from 0.004 to 0.5 mg/g and was found
to be linear (R2 = 0.99997). All samples analyzed fell within
the calibration curve.

Flow-through dissolution assay

To simulate on-eye conditions of an 11 mL tear volume,
*30 mL drop size and 10mL/min tear flow rate, 8 mL
aqueous suspensions of submicron LE particles at a con-
centration of 0.38%, or micronized LE particles at a con-
centration of 0.38% or 0.75% were introduced into 3 mL of
PBS with 1% BAK (added to increase the solubility of LE)
pH 6.9, at room temperature in a 25-mL beaker and stirred
with a magnetic stir bar.

To simulate tear flow on-eye, additional dissolution me-
dia (PBS pH 6.9, 1% BAK) was pumped into the beaker
using a multihead peristaltic pump at a flow rate of
10 mL/min, while simultaneously removing media from the
beaker from the outflow end of the pump at the same flow
rate. Aliquots (0.5 mL) of dissolution media were collected
every 30 s for 3 min and then every minute thereafter for a
total of 10 min and immediately filtered through a nylon
0.22-mm syringe filter. Concentrations of LE in the eluent
were analyzed by HPLC, as described above.

Ocular pharmacokinetic study

Male Dutch Belted rabbits *7 to 8 months of age and
weighing between 1.56 and 2.69 kg were obtained from
Covance Research Products. All in-life procedures were
conducted at PharmOptima (Portage, MI) according to the
Association for Research in Vision and Ophthalmology
statement for the Use of Animals in Ophthalmic and Vision
Research and the Institute of Laboratory Animal Resources
Guide for the Care and Use of Laboratory Animals. The
protocol was reviewed and approved by the Institutional
Animal Care and Use Committee of the test facility before
the start of the study.

A comprehensive health assessment, including an oph-
thalmic examination (including slit lamp biomicroscopy),
was performed on both eyes of study animals before in-
clusion into the study to verify that there were no pre-
existing ophthalmic abnormalities that would interfere with
the outcome of the study. Animals were randomly assigned
to 1 of 4 study groups of 27 animals each using a random
number generator. On the day of dosing, 35 mL of the as-
signed test formulation [LE (submicron) gel 0.38%, mi-
cronized LE gel 0.38%, micronized LE gel 0.5% (Lotemax),
or micronized gel 0.75%] was instilled into the lower con-
junctival sac of each eye of each rabbit using a calibrated
Gilson M-50 positive displacement pipette. Immediately
after dosing, the eyelids were gently held closed for several
seconds to facilitate even distribution of the test substance
over the surface of the eye and to minimize runoff.

At predetermined time intervals (5 min, 15 min, 30 min,
and 1, 2, 4, 8, 12, and 24 h) after dosing, animals [n = 3 per
group (6 eyes) per collection time] were euthanized by in-
travenous overdose of sodium pentobarbital, and ocular
tissues were collected from each eye. Tear fluid (collected
using Schirmer tear strips), bulbar conjunctiva, and aqueous
humor (collected using a needle and syringe) were collected
in situ, whereas the cornea and iris/ciliary body (ICB) were
collected once the eyes had been enucleated and snap frozen
on dry ice. All samples were stored at -80�C until shipment
to Bausch & Lomb Incorporated for bioanalysis.

Concentrations of LE in the ocular fluids/tissues were
determined by liquid chromatography with tandem mass
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spectrometry (LC-MS/MS). The HPLC system consisted of
Shimadzu LC-20ADXR pumps and a CBM-20A controller
(Shimadzu Scientific Instruments, Inc.). The autosampler
was a CTC PAL from LEAP technologies. A Gemini C6-
phenyl (4.6 · 150 mm, 5 mm) column (Phenomenex) was
used for the chromatography. A triple quad mass spec-
trometer AB SCIEX API 5500 (Applied Biosystems) with a
TurboIonSpray source in Selective Reaction Monitoring
mode was used.

A variable amount of 1:1 acetonitrile: water was added to
all the fluid/tissue samples except the aqueous humor using a
Tecan Freedom EVO 150 (Tecan Group Ltd.). The volume of
solvent was adjusted for each sample based on the individual
sample weight to ensure a constant matrix concentration for
all samples, standards, and quality control samples. All sam-
ples were sonicated and vortexed before transferring an ali-
quot to a 96-well sample plate along with the internal standard
for analysis, 2H5-LE in solvent. Aqueous humor samples were
subject to protein precipitation by the addition of acetonitrile
directly to a 96-well plate containing internal standard. Two
sets of calibration standards (at a minimum of 8 concentration
levels), 3 quality controls (prepared by adding known amounts
of LE to the relevant rabbit tissue extract from untreated an-
imals), and appropriate blanks were included in each bioa-
nalytical run.

The lower limit of quantitation for the ocular tissues
ranged from 0.0001mg/mL (aqueous humor) to 0.0125mg/g
(tear fluid). All samples above the upper limit of quantita-
tion were further diluted 100 · with 1:1 acetonitrile: water
for reanalysis.

Data analysis

Areas under the curves (AUC) for dissolved LE in the fixed-
volume dissolution assay were determined using GraphPad
Prism (GraphPad Software, La Jolla, CA). Analysis of the
composite concentration versus time data from the rabbit PK
study was performed using noncompartmental methods in
WinNonlin Professional� (version 5.3; Pharsight Corporation,
St. Louis, MO). The maximum concentration (Cmax) was de-
termined directly from the concentration versus time profiles.

Cmax values were analyzed using the Shapiro–Wilk and
Bartlett tests to determine that there was normal distribution

and equal variance among the dataset. Data were then an-
alyzed directly or, if needed, following Box-Cox transfor-
mations41,42 using a 1-way ANOVA-Dunnett’s test ( JMP
11; SAS Institute, Cary, NC). The area under the concen-
tration versus time curve (AUC0–24h) for each test formu-
lation and corresponding standard error estimates were
calculated using the linear trapezoid method and compared
using Welch’s t-test as demonstrated by Schoenwald et al.43

and Tang-Liu & Burke44 using Microsoft Excel (2010).
Differences were considered statistically significant when

the calculated P value was less than or equal to 0.05.
Samples were considered to be outliers and therefore ex-
cluded from Cmax and AUC calculations if concentration
values were below the limit of quantitation and at least 10-
fold below the median or if sample concentration values
were more than 10-fold above the median concentration.

Results

Rheological characteristics

As expected, the LE (submicron) gel 0.38% formulation
had nearly identical rheological characteristics as the mi-
cronized LE gel 0.5% formulation. The viscosity of the LE
(submicron) gel 0.38% and micronized LE gel 0.5% ranged
from 0.102 Pa.s [102 centipoises (cps)] and 0.059 Pa.s
(59 cps) at a high shear rate of 100 s-1 to *3 · 106 Pa.s
(3 · 103 cps) and 8 · 106 Pa.s (8 · 103 cps) at the lowest shear
rate the instrument could measure, respectively. The shear-
thinning behavior of the LE (submicron) 0.38% gel and
micronized LE 0.5% gel formulations is shown in Fig. 1A as
a plot of viscosity as a function of applied shear stress.

At low shear stress, the gel was a semisolid and viscosity
could not be measured. Beyond the yield stress, or the point
at which the formulation converts from a semisolid to a
liquid (2 Pa.s for LE 0.38% and 4 Pa.s for LE 0.5%), the
viscosity of each formulation rapidly decreased as the shear
rate increased, such that at higher shear stresses the viscosity
of both formulations was low (0.1–0.5 Pa.s). The viscosity
of the LE (submicron) 0.38% formulation at a given shear
rate also decreased after dilution of 3:1 with HBSS
(to simulate the effect of dilution with tears on eye) as
shown in Fig. 1B.

FIG. 1. Rheology charac-
teristics of LE (submicron)
gel 0.38%. (A) Shear-thinning
behavior of LE gel 0.38%
compared to micronized LE
gel 0.5% (Lotemax�). Visc-
osity was determined at in-
creasing shear stress; arrows
show the yield stress for
LE (submicron) gel (2 Pa.s)
and Lotemax gel (4 Pa.s).
(B) Viscosity of LE gel 0.38%
before and after dilution with
saline. Viscosity of LE gel
0.38% was determined at in-
creasing shear rate before and
after dilution 3:1 in Hank’s
buffered saline solution. LE,
loteprednol etabonate.
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In vitro dissolution

Figure 2A presents the in vitro dissolution profile of LE
(submicron) gel 0.38% and that of micronized LE gel
0.38%, 0.5%, and 0.75% in a fixed volume of dissolution
media. The smaller LE particle size of the submicron for-
mulation (ie, 0.6 mm) was associated with an increased rate
of dissolution versus the 3 micronized drug particle con-
centrations.

At the first time point evaluated, namely 30 s, the con-
centration of LE dissolved following introduction of the LE
(submicron) gel 0.38% formulation was 3.4-, 2.6-, and 1.6-
fold higher, respectively, than concentrations of LE dis-
solved following introduction of the micronized 0.38%,
0.5%, and 0.75% gel formulations indicating an increased
rate of dissolution with the smaller particle formulation. The
AUC0-5min for dissolved LE was 239, 151, 188, and
238 mg$min/mL for LE (submicron) gel 0.38% and mi-
cronized LE gel 0.38%, 0.5%, and 0.75%, respectively.

Results of the flow-through dissolution assay demon-
strated that at an equivalent concentration (0.38%), intro-
duction of an aqueous suspension of submicron LE particles
into the dissolution vessel resulted in a higher peak con-
centration of dissolved LE compared to that following in-
troduction of an aqueous suspension of micronized particles,
again supportive of an increased dissolution rate (Cmax of 72
and 65 mg/mL; respectively; Fig. 2B). Compared to LE
(submicron) gel 0.38%, doubling the concentration of the
micronized LE particles introduced from 0.38% to 0.75%
did not increase the Cmax for dissolved LE which was
66 mg/mL for the micronized LE particles 0.75%.

Ocular pharmacokinetics

PK parameters [Cmax, Tmax, and AUC(0–24h)] for LE in
ocular tissues following ocular instillation of LE (submi-
cron) gel 0.38% and the micronized comparators, LE gels
0.38%, 0.5%, and 0.75% are presented in Table 2. In the

aqueous humor, the Cmax and AUC0–24h for LE after in-
stillation of LE (submicron) gel 0.38% were both signifi-
cantly greater (2.5- and 1.8-fold, respectively) compared to
LE gel 0.5% (P < 0.001). The AUC0-24h for the bulbar
conjunctiva was significantly lower (2.8-fold) with LE
(submicron) gel 0.38% compared to LE gel 0.5%
(P = 0.0091).

The Cmax and AUC0-24h were similar between LE (sub-
micron) gel 0.38% and LE gel 0.5% for the remaining tis-
sues (all P > 0.05). The Cmax and AUC0–24h for micronized
LE gel 0.38% and LE gel 0.75% in the ocular tissues
evaluated were similar to those for LE gel 0.5%, with ob-
served differences in exposure being less than proportional
to dose, except for the AUC0–24h for micronized LE gel
0.38% in tears, which was 3-fold lower (P = 0.0076).

Concentration versus time profiles for LE in ocular tissues
following a single topical ocular instillation of LE (submi-
cron) gel 0.38% and micronized LE gel 0.5% are presented
in Fig. 3. LE was detected in all ocular tissues for both
formulations within 5 min of dosing, and maximum con-
centrations were achieved within 1 h of instillation (Fig. 3).
Measurable concentrations of LE were present for up to 24 h
in all tissues except the aqueous humor for which concen-
trations were detected for up to 12 h.

Discussion

Results of this study demonstrate that the new LE (sub-
micron) gel 0.38% formulation retains the rheological
characteristics of LE gel 0.5% while exhibiting faster dis-
solution in vitro. Ocular instillation of LE (submicron) gel
0.38% also resulted in increased or similar penetration of LE
into the anterior segment ocular tissues (cornea, aqueous
humor, and ICB) of rabbits after a single dose.

While topical corticosteroids are a standard of care for
managing inflammation following ocular surgery or in-
flammation in association with ocular disease, drug delivery

FIG. 2. Dissolution kinetics of submicron LE drug particles. (A) Fixed-volume dissolution of LE for LE (submicron)
0.38% gel and LE micronized gel at various concentrations. An 18.42 g sample of LE (submicron) gel 0.38% or micronized
LE gel 0.38%, 0.5% (Lotemax), or 0.75% was added to a fixed volume of dissolution medium, and the concentration of
dissolved LE was determined up to 5 min thereafter. (B) Flow-through dissolution of submicron LE particles compared to
micronized LE particles. Aqueous suspensions (8 mL) of LE particles at a concentration of 0.38% or micronized LE
particles at a concentration of 0.38% or 0.75% were introduced into a 3 mL sample of dissolution media (PBS pH 6.9, 1%
BAK); additional dissolution media was then pumped through the mixture at a flow rate of 10 mL/min. Dissolved LE was
determined from samples taken from the outflow over 10 min. BAK, benzalkonium chloride; PBS, phosphate-buffered
saline.
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can be hampered by the eye’s protective barriers, including
dilution and removal of instilled drug through normal tear
dynamics and by the challenge presented by the cornea itself
(lipophilicity and tight junctions of the epithelium).34 As a
result, high doses and/or frequent administration are often
required to achieve sufficient and sustained drug concen-
trations in relevant ocular tissues.

LE gel 0.38%, with submicron-sized drug particles, was
designed to have prolonged ocular residence time due to
inclusion of polycarbophil in the formulation, combined
with faster drug dissolution in the tears due to the reduced
particle size. These factors were hypothesized to allow for
both a reduction in drug concentration of the formulation
(0.5%–0.38%) and potentially less frequent dosing (QID to
TID or BID), while affording similar or greater drug ex-
posure in relevant ocular tissues.

Findings from rheology experiments confirmed that the
viscoelastic properties of the LE (submicron) gel 0.38%
formulation were similar to those of micronized LE gel
0.5% with nearly identical shear-thinning behavior and de-
creased viscosity on dilution with saline.36 This is expected
since both formulations contain equivalent concentrations of
the polymer polycarbophil, which confers mucoadhesive
and viscoelastic properties to the formulation.36,45 At low
shear stress, both gel formulations are highly viscous, which
allows for existence as a non-settling semisolid at rest (in the
bottle) without the need for shaking before dosing.36,46

Like LE gel 0.5%, the 0.38% formulation displayed a rapid
decrease in viscosity with increasing shear stress; thus the in-
creased shear stress of squeezing the bottle during instillation

causes the formulation to behave as a low-viscosity liquid for
easy dispensing through the dropper tip. In addition, the tran-
sition of the formulation to a viscous liquid on dilution with
saline indicates that when instilled into the eye, due to dilution
with tears and the intermittently applied shear stress of blink-
ing, LE (submicron) gel 0.38% behaves as a mucoadhesive
viscous liquid, also similar to the 0.5% gel formulation.36 This
characteristic of the gel formulations is important for
prolonging ocular surface residence time relative to suspension
formulations, while minimizing potential for stickiness and
blurring. In support of the latter, there were no reports of drug-
related blurred vision, and most subjects reported no discom-
fort upon instillation in a Phase 3 study evaluating LE gel
0.38% for treatment of postsurgical inflammation and pain.47

Dissolution is a prerequisite to ocular penetration. Redu-
cing the particle size of a drug results in an increase in total
surface area of the drug particles and, thus, is an effective way
to enhance drug dissolution rate.48 The submicron LE parti-
cles evaluated in this study had an *5-fold smaller median
diameter than the micronized LE particles, resulting in an
*5-fold greater total surface area compared to an equivalent
concentration of the micronized particles.

As expected, due to the increase in available total surface
area with the smaller versus larger LE particles, in both the
fixed volume and flow-through dissolution assays, the ob-
served dissolution rate of the submicron LE particles was
greater compared with the micronized LE particles at the
equivalent concentration. Indeed, it is possible that the fold
increase in dissolution rate would have been even more
apparent had sampling been possible earlier than the earliest

Table 2. Ocular Pharmacokinetic Parameter Values for Loteprednol Etabonate Following a Single Topical

Ocular Instillation of LE (Submicron) Gel 0.38% Compared to Micronized LE Formulations in Rabbits

Tissuea Formulation

Cmax (mg/g) AUC(0–24h) (mg$h/g)

Tmax (h)Mean (SD)
P vs. LE
gel 0.5% Mean (SE)

P vs. LE
gel 0.5%

Tear
fluid

LE (submicron) 0.38% 614 (691) 0.98 260 (49.2) 0.057 0.083
Micronized LE 0.38% 201 (269) 0.71 157 (26.4) 0.0076* 0.083
Micronized LE 0.5% 871 (942) — 483 (96.6) — 0.25
Micronized LE 0.75% 673 (1,020) 1.00 384 (101.0) 0.50 0.25

Bulbar
conjunctiva

LE (submicron) 0.38% 12.0 (12.7) 0.94 33.5 (4.3) 0.0091* 0.083
Micronized LE 0.38% 78.7 (102) 0.30 55.0 (10.6) 0.066 0.25
Micronized LE 0.5% 16.4 (19.7) — 95.0 (16.7) — 0.25
Micronized LE 0.75% 22.4 (31.0) 0.97 96.6 (18.0) 0.95 0.25

Cornea LE (submicron) 0.38% 3.74 (1.24) 0.10 11.7 (2.34) 0.52 0.083
Micronized LE 0.38% 2.26 (0.980) 0.99 7.32 (1.86) 0.38 0.25
Micronized LE 0.5% 2.38 (1.01) — 9.71 (1.91) — 0.083
Micronized LE 0.75% 2.78 (1.09) 0.86 11.7 (2.09) 0.49 0.083

Aqueous
humorb

LE (submicron) 0.38% 0.0281 (0.00665) 0.0091* 0.0421 (0.00247) 0.0005* 1
Micronized LE 0.38% 0.0135 (0.00313) 0.50 0.0183 (0.00107) 0.25 0.5
Micronized LE 0.5% 0.0112 (0.00586) — 0.0228 (0.00349) — 0.5
Micronized LE 0.75% 0.0190 (0.0273) 1.00 0.0282 (0.00382) 0.31 0.25

Iris/ciliary
body

LE (submicron) 0.38% 0.165 (0.0793) 0.20 0.338 (0.0314) 0.97 0.25
Micronized LE 0.38% 0.126 (0.0758) 0.52 0.299 (0.0335) 0.37 0.25
Micronized LE 0.5% 0.102 (0.118) — 0.385 (0.0841) — 0.083
Micronized LE 0.75% 0.255 (0.311) 0.18 0.491 (0.0586) 0.32 0.25

*P < 0.05 compared to LE gel 0.5%.
an = 5–6 eyes per group per time point.
bFor aqueous humor, the relevant units for Cmax and AUC0–24h are mg/mL and mg$h/mL, respectively.
AUC0-24h, mean (standard error) area under the concentration versus time curve from the time of dosing through 24 h; Cmax, maximum

mean concentration; Tmax, time Cmax was observed.
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sampling time point in these experiments (ie, 30 s), a time
frame likely to reflect zero order dissolution kinetics. Fur-
thermore, doubling the concentration of the micronized
particles to 0.75% did not appear to increase dissolution
compared to LE (submicron) 0.38% over the respective time
frames of the 2 dissolution assays, confirming the influence

of the smaller particle size on the rate of drug dissolution.
On eye, the mucoadhesive properties of the gel formulation
together with the faster dissolution rate of the submicron
drug particles may help overcome the rapid elimination of
drug by tear flow/turnover and facilitate penetration through
the ocular surface.

FIG. 3. Pharmacokinetic profile of LE (submicron) gel 0.38% in rabbits. Mean (SD) LE concentrations in (A) tear fluid,
(B) bulbar conjunctiva, (C) cornea, (D) aqueous humor, and (E) iris/ciliary body of rabbits after a single ocular instillation
of LE (submicron) gel 0.38% or micronized LE gel 0.5% (Lotemax). Error bars represent standard deviations; n = 4–6 eyes
per group per time point. Note that for the aqueous humor, LE was detected in 1 out of the 6 eyes at the 24 h time point for
LE gel 0.5%.
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As a correlate to the improved dissolution with smaller
LE particles, the Cmax and AUC0–24h for LE in the aqueous
humor of rabbits were significantly greater following in-
stillation of a single topical ocular dose of LE (submicron)
gel 0.38% compared to micronized LE gel 0.5%. The
aqueous humor Cmax and AUC0-24h with LE (submicron) gel
0.38% also appeared to be about 50% higher than that ob-
served with the micronized 0.75% formulation, again
highlighting the impact of the reduced particle size on rate
of dissolution and therefore penetration.

Maximum LE concentrations achieved in the ICB and
cornea were also numerically greater following instillation of
LE (submicron) gel 0.38% compared to LE gel 0.5%, while
the AUC0–24h in these tissues was similar to those for LE gel
0.5%. Therefore, despite a 24% reduction in drug concen-
tration in the formulation, LE released by LE (submicron)
gel 0.38% reaches the anterior segment ocular tissues most
relevant to addressing postsurgical inflammation, that is, the
aqueous humor and ICB, at equivalent or higher levels than
micronized LE gel 0.5%. Conversely, based on the AUC0–24h

values, LE conjunctival concentrations were significantly
lower following instillation of LE (submicron) 0.38% rela-
tive to LE gel 0.5% and numerically lower in tears, consis-
tent with greater penetration of LE through the ocular surface
into the anterior chamber. Nevertheless, concentrations of
LE in the conjunctiva following a single dose of LE gel
0.38% remained higher than those in all other ocular tissues.

The ocular PK parameters for LE gel 0.5% in this study
agree with those from a similarly designed study, which
showed that LE gel 0.5% provided prolonged exposure of
LE to the ocular tissues, with ocular drug levels being
highest in the conjunctiva, followed by cornea, ICB, and
aqueous humor after a single 35-mL instillation of drug.38 In
both studies, LE was detected in all tissues for up to 24 h,
with the exception of the aqueous humor, where LE levels
were detected for up to 12 h, likely due to clearing through
aqueous turnover in conjunction with esterase activity. The
respective Cmax and AUC(0-24h) for LE in the previous study
were 0.162 mg/mL and 0.282mg$h/mL for the ICB and
0.0138 mg/mL and 0.0157mg$h/mL for aqueous humor and
similar to those determined in the current study for LE gel
0.5% (Table 2).

The ocular PK of a LE formulation with reduced particle
size along with mucus-penetrating particle technology (LE-
MPP) was previously reported.49 In contrast to LE (submi-
cron) 0.38% gel, the LE-MPP formulation evaluated was a
suspension containing LE particles with a diameter in the
range of 200 nm and coated with a mucus penetrating agent.
In a study comparing the ocular PK of LE following in-
stillation of a single 50-mL drop of LE-MPP 0.4% with that
of micronized LE suspension 0.5% into rabbit’s eyes, the
Cmax for LE was *3-fold higher in ocular tissues and the
aqueous humor with LE-MPP 0.4% than with the micron-
ized LE suspension 0.5%.49 Of note, in the current study, LE
concentrations in the aqueous humor and ICB following
instillation of LE (submicron) gel 0.38% appear similar to
those reported following instillation of LE-MPP 0.4% both
based on AUC and the Cmax. However, these apparent
similarities need to be confirmed in a head-to-head study
comparing the LE (submicron) gel 0.38% formulation to the
LE-MPP suspension.

Currently, topical ophthalmic corticosteroids indicated
for the treatment of pain and inflammation postcataract

surgery have a QID dosing regimen (LE 0.5% suspension,
gel, ointment, and difluprednate 0.05%).50–53 The PK data
presented here indicate that a reduced dosing frequency is
possible with LE (submicron) gel 0.38% even with a re-
duced drug concentration of the formulation.

Indeed, 2 pivotal Phase 3, randomized, multicenter,
vehicle-controlled clinical trials have demonstrated that LE
(submicron) gel 0.38% appeared safe and effective for the
reduction of inflammation and pain postcataract surgery,
with a TID dosing regimen.47,54 In both studies, the numbers
of subjects with complete resolution of ocular pain and
anterior chamber cells (primary efficacy endpoint) were
significantly higher in the LE (submicron) gel 0.38% TID
dosing group compared to the vehicle group. Improvements
in resolution of inflammation and pain postcataract surgery
were also observed with BID dosing, despite the drug not
meeting the primary efficacy endpoint in 1 study.47,54 In
addition, there was minimal impact on IOP, with a total of
only 4 reports of IOP elevation ‡10 mm Hg in the LE
(submicron) gel 0.38% BID and TID treatment groups
across both studies encompassing a total of 742 LE-treated
subjects.47,54

In conclusion, the LE (submicron) gel 0.38% formulation
demonstrated similar rheological properties and a higher
rate of drug dissolution in vitro than the current marketed
formulation, micronized LE gel 0.5%. The LE (submicron)
gel 0.38% formulation also provided higher or similar
concentrations of LE in clinically relevant rabbit ocular
tissues, including the aqueous humor and ICB, compared to
micronized LE gel 0.5%. These findings, together with data
from clinical studies, support the concept that the anti-
inflammatory efficacy of LE will be maintained at a reduced
concentration and with a reduced dosing frequency with LE
(submicron) gel 0.38%.
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