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In vitro drug release testing and ex vivo transcorneal drug permeation can provide valuable information on the
performance of the Q1/Q2 equivalent ointments prior to any animal studies. Good correlation between in vitro
and ex vivo drug release may be indicative of good in vitro and in vivo correlation. Accordingly, it is important to
investigate in vitro as well as ex vivo drug release from Q1/Q2 equivalent ophthalmic ointments and evaluate
whether a correlation between these release proﬁles can be established. Four Q1/Q2 equivalent loteprednol
etabonate ointments were prepared using diﬀerent processing methods and excipient sources. The rheological
parameters (crossover modulus and K value) of the four formulations were determined. The in vitro drug release
testing of the four ointment formulations were performed using three diﬀerent apparati (Franz diﬀusion cells,
USP apparatus 2 with enhancer cells and USP apparatus 4 with semisolid adapters). Three models (zero order,
logarithmic and the Higuchi model) were used to study the release kinetics of the ointment formulations. The
transcorneal (rabbit corneas) permeation studies were performed using spherical joint Franz diﬀusion cells. The
USP apparatus 4 method demonstrated better discriminatory ability compared to the USP apparatus 2 and the
Franz diﬀusion cell methods. The in vitro release proﬁles of the four Q1/Q2 equivalent ointments with manufacturing diﬀerences showed a better ﬁt using the Higuchi model (R2 > 0.98) for all three release testing
methods, compared to the other two models. Ex vivo drug release through the rabbit corneas displayed zero order
release kinetics. A logarithmic correlation between rheological parameters (crossover and K value) and transcorneal ﬂux were established. In addition, a plot of the in vitro release rate against the ex vivo release ﬂux of the
four ointment formulations, yielded a straight line (R2 > 0.98) for all three release methods. Accordingly, the
rheological parameters may be useful in predicting in vitro as well as ex vivo release properties.

1. Introduction
Topical ocular drug delivery has been limited by low drug bioavailability due to the short retention time of drugs on the corneal surface and their rapid precorneal elimination. Following eye drop instillation, up to 95% of the drug contained in the drops is lost as a result
of tearing and nonproductive absorption. Tremendous eﬀort has been
made to improve ocular drug bioavailability using diﬀerent mechanisms such as in situ gelling [1–4], contact lenses [5,6], viscosity enhancers [7] and mucoadhesives [8]. However, to date, conventional
dosage forms (e.g. eye drops, suspensions and ointments) are still the
mainstream treatment of ocular diseases, accounting for approximately
97% of the marketed topical ocular products approved by the FDA [9].
Among those commercial ophthalmic dosage forms, ointments (mainly
the oleaginous type) account for approximately 10% of the products,
second only to eye drops. Conventional oleaginous ophthalmic

ointments are preferred due to their prolonged retention time on the
eye surface, which results in reduced dosing frequency and improved
patient compliance, compared to other conventional topical ocular
dosage forms. However, there has been a lack of understanding of
formulation design and processing, as well as in vitro, ex vivo and in vivo
performance of ocular ointments, with only a few recent publications
[9–11] covering these aspects.
According to the FDA guideline [12], a critical quality attribute
(CQA) is a physical, chemical, biological, or microbiological property or
characteristic that should be within an appropriate limit, range, or
distribution to ensure the desired product quality. CQAs are generally
associated with the drug substance, excipients, intermediates (in-process materials), and drug product. CQAs of dosage forms are typically
the aspects aﬀecting the drug product purity, stability and drug release.
It is crucial to understand the critical quality attributes and their impact
on product performance in order to facilitate manufacturing as well as

Abbreviations: Q1/Q2 equivalent, qualitative and quantitative sameness; RLD, reference listed drug, Lotemax®; CM, crossover modulus; K value, Power law consistency index; HP-β-CD,
Hydroxypropyl-beta-cyclodextrin; IVIVC, in vitro-in vivo correlation
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bicarbonate was purchased from Fisher®, USA. Hydroxypropyl-betacyclodextrin (HP-β-CD) was purchased from Shandong Binzhou
Zhiyuan Biotechnology Co., Ltd., China. Unless otherwise speciﬁed, all
materials were of analytical grade.

regulatory review to achieve reproducible and safe drug products. In
the manufacturing of qualitatively (same components) and quantitatively (same components in same concentration) (Q1/Q2) equivalent
formulations, it has been reported that minor manufacturing changes
(e.g. manufacturing site changes, diﬀerent solvents utilized in the processing, the excipient grade and source, etc.) may lead to signiﬁcant
diﬀerences in the in vitro and in vivo performances [11,13–15]. Therefore, it is important to develop in vitro dissolution methods that are
capable of discriminating formulations with manufacturing diﬀerences.
To further understand how the critical attributes impact in vivo
performance of the Q1/Q2 equivalent ophthalmic formulations with
manufacturing diﬀerences, the best approach is to conduct in vivo studies. However, those studies are time-consuming, expensive and require
a large number of animals. In vitro and/or ex vivo models, on the other
hand, are more economical and are ethical alternatives to investigate
permeation and absorption in the eye. Such models can be particularly
useful during preliminary formulation development. There has been a
recent review of commonly used in vitro and ex vivo models of corneal
penetration and absorption [16]. The rabbit model is preferred for in
vivo as well as ex vivo corneal studies since the anatomy of the rabbit
eye is the most similar to that of the human eye. It has been demonstrated that good linear correlation (r2 = 0.95) can be achieved between in vitro permeation and in vivo drug absorption for passively
diﬀused drugs in corneal epithelium studies [17]. A good in vitro-ex vivo
correlation of drug release may be indicative of good in vitro-in vivo
correlation.
The current study investigates loteprednol etabonate ophthalmic
ointment. Loteprednol etabonate is one of the ﬁrst-generation cortienic
acid-based soft steroids extensively used as a treatment for ophthalmic
inﬂammatory conditions [18]. Under physiological conditions, loteprednol etabonate converts to an inactive metabolite after it produces
its therapeutic eﬀect [19]. Compared to other corticosteroids, the soft
drug design of loteprednol etabonate renders it less toxic with a higher
therapeutic index. To date, there are three ophthalmic dosage forms
(suspension: 0.5% or 0.2%, ointment: 0.5% and gel: 0.5%) of loteprednol etabonate approved by the FDA as Lotemax® (Bausch & Lomb
Inc.) for the treatment of postoperative pain and inﬂammation after
ocular surgery.
Previous reports [10,11] have shown strong logarithmic correlations between the critical quality attributes (crossover modulus and K
value) and the in vitro drug release rate for loteprednol etabonate
ophthalmic ointments. The aim of the present study is to investigates
how the CQAs aﬀect the ex vivo transcorneal ﬂux and the relationship
between the in vitro drug release and ex vivo transcorneal drug permeation for four Q1/Q2 equivalent formulations of loteprednol etabonate with manufacturing diﬀerences using the spherical Franz diﬀusion
cells. Therefore, the attempts will be made to correlate the physicochemical properties with the in vitro as well as the ex vivo drug release
from the Q1/Q2 equivalent formulations, and to correlate the in vitro
and the ex vivo drug release. In addition, the present paper will study
the in vitro drug release mechanism of the ointments. In vitro drug release data from three diﬀerent methods (Franz diﬀusion cells, USP
apparatus 2 with enhancer cells and USP apparatus 4 with semisolid
adapters) will be utilized. The in vitro drug release kinetics of the Q1/
Q2 equivalent ointments will be evaluated using three commonly used
models (zero-order kinetics, logarithmic model and Higuchi model).

2.2. Preparation of loteprednol etabonate ointments
Loteprednol etabonate ointments (drug content: 0.5% w/w) that are
Q1/Q2 equivalent were prepared as previously reported [11]. In brief, a
mixture (batch size: 50 g) of white petrolatum (69.2% w/w), API (0.5%
w/w) and mineral oil (30.3% w/w) was added in a plastic jar (Unguator®). The mixture was processed with three diﬀerent manufacturing methods including: 1) hot melting at 65 °C and mixing with
immediate cooling in a −20 °C freezer; 2) hot melting at 65 °C and
mixing with cooling at room temperature; and 3) simple mixing at room
temperature. The stirring speed of mixing (Unguator® e/s mixer,
GAKO® International GmbH) was 1450 rpm and the mixing time for the
simple mixing and hot melting methods were 6 and 5 min, respectively.
Two diﬀerent sources of white petrolatum (Fisher®, Fougera®) were
used to prepare the loteprednol etabonate ophthalmic ointment formulations. Four Q1/Q2 equivalent ointment formulations with different manufacturing processes were prepared and are listed in Table 1.
2.3. HPLC analysis
The concentration of loteprednol etabonate was determined using a
PerkinElmer Flexar HPLC system with a UV detector set at 244 nm. The
mobile phase was a mixture of acetonitrile, water, and acetic acid
(65.0/34.5/0.5,
v/v/v).
Zorbax®
Eclipse
XDB-Phenyl
C18
(250 × 4.6 mm, 5 μm; Agilent Technologies, USA) column was used
with a ﬂow rate of 1 ml/min and the column temperature was set at
30 °C. Fifty microliters of the samples were injected into the HPLC. The
chromatographs were analyzed using the Chromera software kit V3.0.
Adequate linearity was shown in the concentration ranges of 0.02 to
1.00 μg/ml (R2 = 0.99) and 0.10 to 5.00 μg/ml (R2 = 0.99). Both
concentration ranges showed adequate inter- and intra-day precision
(RSD (%) < 2.0).
2.4. Rheological characterization
The rheological properties of the loteprednol etabonate ointments
were characterized using a Rheometer (ARES-G2, TA Instruments, USA)
equipped with a step-peltier stage and a 20 mm AL ST plate.
Approximately 0.3 g of the ointment was placed on the lower plate. The
geometry gap was set at 1000 μm. The temperature of the conditioning
step was set at 37 °C. A time sweep step was performed for 45 min to
allow the samples to fully recover from the shear applied during sample
preparation (monitored at oscillatory stress 0.1 Pa and 0.1 Hz oscillation frequency. Then a stress sweep step was performed with the oscillatory stress changing from 0.1 to 25 Pa while maintaining the frequency at 0.1 Hz. After the same time sweep step mentioned earlier, a
steady state ﬂow step was performed with the shear rate (Ẏ, 1/s)
changing from 10−4 to 103 s−1. The viscosity of the samples were
measured in log mode (2 points per decade were collected). During the
Table 1
Manufacturing methods for the Q1/Q2 equivalent loteprednol etabonate ophthalmic
ointments.

2. Materials and methods
2.1. Materials
Loteprednol etabonate (particle size: 19 μm) was purchased from
Pure Chemistry Scientiﬁc Inc., USA. Two diﬀerent sources of white
petrolatum were purchased from Fisher® and Fougera®, respectively.
Mineral oil USP, sodium chloride, calcium chloride, sodium dodecyl
sulfate (SDS), was purchased from Sigma-Aldrich, USA. Sodium

Formulations

Manufacturing process

Petrolatum sources

F1

Hot melting with immediate cooling at
−20 °C
Hot melting with cooling at room
temperature
Simple mixing at room temperature
Simple mixing at room temperature

Fisher®

F2
F3
F4

94

Fougera®
Fisher®
Fougera®
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2.6. Ex vivo transcorneal permeation

measurement, the % tolerance in each point was set to 5.0%. All samples were performed in triplicates.

Franz diﬀusion cells (PermeGear Inc., Hellertown, PA) with spherical joints (diameter: 9 mm, area: 0.64 cm2, volume: 5 ml) (Fig. 2) were
utilized to investigate the transcorneal permeation of the ointment
formulations. Optisol™-GS, which is the storage media used for the
preservation of donor corneal epithelium in cornea transplantation
[20], was utilized as the storage medium for the rabbit corneas. The
excised rabbit corneas (Pel-Freez Biologicals, Rogers, AR) were stored
in Optisol™-GS corneal storage media (Bausch & Lomb Inc., NY) at 4 °C
after harvesting. The corneas were shipped in this medium on ice and
stored at 4 °C upon receiving. All the experiments were completed
within three days. The transcorneal permeation was performed in
pH 7.4 artiﬁcial tear ﬂuid with 9% (w/v) hydroxypropyl-beta-cyclodextrin (HP-β-CD) at 34 °C. Five milliliters of permeation media was
added into the receptor chamber and the agitation speed was set at
600 rpm. The rabbit corneas with sclera (the white part) were trimmed
to the right size and washed using pH 7.4 PBS three times prior to
mounting onto the spherical joint of the receptor chamber. The cornea
was placed so that the exterior side faced the donor chamber. A steel
clamp was used to tighten the two chambers. Any bubbles between the
media in the receptor chamber and the cornea were expelled. 200 μl of
permeation media was added to the donor chamber to equilibrate the
corneas for 10 min. The equilibrium media was then removed from the
donor chamber and any residual media was removed via absorption
onto a tissue paper. Approximately 200 mg of ointment was dispensed
into the donor chamber and ﬂattened using a dispensing tip (Unguator®). 100 μl of permeation media was added to the donor chamber
to mimic the tear ﬂuid excreted from the human eyes. The transcorneal
permeation of drug solutions (in pH 7.4 artiﬁcial tear ﬂuid with 9% (w/
v) HP-β-CD) with diﬀerent concentrations was also investigated. One
milliliter volumes of the drug solutions (8.80, 17.20 and 35.70 μg/ml)
were added to the donor chamber. Paraﬁlm was used to cover the donor
chamber to prevent water evaporation. The samples were withdrawn at
predetermined time intervals: 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0 h after
sample loading.

2.5. In vitro release testing
Three release testing methods (Franz diﬀusion cells, USP apparatus
2 and USP apparatus 4) were used to investigate the in vitro release of
the loteprednol etabonate ointments. The release testing was performed
in pH 7.4 artiﬁcial tear ﬂuid (containing 0.67% (w/v) of NaCl, 0.2%
(w/v) of NaHCO3, and 0.008% (w/v) of CaCl2·2H2O) with 0.5% SDS
(w/v) at 37 °C. Cellulose acetate membranes (Sartorius®, 0.45 μm
average pore size) were used as the artiﬁcial membrane and maintained
in Millipore water for 30 min prior to ointment loading. At predetermined time intervals (0.25, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 6.0 h), a
certain volume of sample was withdrawn and replenished with fresh
media.
2.5.1. Franz diﬀusion cells
Vertical Franz diﬀusion cells with a volume of 12 ml (contact area:
1.77 cm2, PermeGear Inc.) were used. Cellulose acetate membranes
were placed on top of the receptor chambers of the cells following the
addition of the release media. Then the donor chambers were mounted
on the membranes and clamped tightly. 150 mg samples of the ointments were loaded into the donor chambers and 250 μl of the release
medium were added to the top of the ointment to simulate the small
amount of tear secreted on the eye surface. The stirring speed of the
Franz diﬀusion cells was set at 600 rpm. At pre-determined time intervals, 0.15 ml of the media were withdrawn from the receptor
chambers and replenished with fresh media.
2.5.2. USP apparatus 2 with enhancer cells
Enhancer cells (surface area: 4 cm2, Agilent Technologies, USA)
were used with USP apparatus 2 equipped with 200 ml ﬂat bottom
dissolution vessels to determine the in vitro release proﬁles of the loteprednol etabonate ointments. Fifty milligrams of the ointment samples were ﬁlled into the compartment of the enhancer cells. To prevent
bulge or air entrapment between the ointment surface and the membrane, the ointment surface was ﬂattened using a thin plastic tool.
Cellulose acetate membranes were placed on the surface of the ointment samples and the cells were assembled as per the manufacturer's
instructions. The assembled enhancer cells were placed at the bottom of
the dissolution vessels with the membrane facing up and the pre-heated
(37.0 ± 0.5 °C) release medium (40 ml) was then added to start the
test. The mini paddles were used and the agitation speed was set at
150 rpm. At pre-determined time intervals, 1 ml samples of the release
medium were withdrawn and replenished with fresh media.

2.7. Epithelium integrity of rabbit corneas
Integrity of the epithelium layer of rabbit corneas were examined
before and after the ex vivo transcorneal permeation experiments. The
cornea tissues were ﬁxed using 10% buﬀered (phosphate buﬀer) formalin and embedded in paraﬃn blocks. Hematoxylin and eosin (H&E)
staining was used to check the histology of the corneas. Slides of the
tissue sections were observed using Olympus BX51 light microscopy
(Olympus America Inc. New York) and the images were captured utilizing SPOT IMAGING™ software (Diagnostic Instruments, Inc. MI,
USA).

2.5.3. USP apparatus 4 with semisolid adapters
Semisolid adapters (exposure area of 1.54 cm2, Sotax Corporation,
USA) were used with USP apparatus 4 (Sotax CE7 smart with CY 7
piston pump, Sotax Corporation, USA) to perform the in vitro release
testing of loteprednol etabonate ointments. The reservoirs of the
adapter cells (depth: 2.6 mm) were ﬁlled with the ointments (~330 mg)
and the surface was ﬂattened with a thin plastic tool to avoid air entrapment between the ointment surface and the membrane. Cellulose
acetate membranes were placed over the surface of the sample compartments and the adapters were assembled as per the manufacturer's
instructions. The adapters with the membrane facing down were loaded
into ﬂow-through cells (22.6 mm in diameter) preﬁlled with 14 g of
glass beads (1 mm in diameter). 50 ml of release media was circulated
through the ﬂow-through cells at a ﬂow rate of 8 ml/min at 37 °C. At
pre-determined time intervals, 1 ml of the release medium was withdrawn and replenished with fresh media. This method was developed in
our laboratory to achieve discrimination between ophthalmic ointment
formulations with manufacturing diﬀerences [11] (Fig. 1).

2.8. Statistical analysis
ANOVA analysis with Bonferroni's test was performed to compare
the mean diﬀerence of the parameters. Signiﬁcant diﬀerences were
regarded when p < .05. Wilcoxon Rank Sum/Mann-Whitney rank test
was used to compare the discriminatory ability of the in vitro and ex vivo
release testing methods. The linear regression and ﬁtting were performed using OriginPro 2017 software (OriginLab Corporation).
3. Results and discussion
3.1. Rheological properties of loteprednol etabonate ointments
Based on the previous reports [10,11], the two critical rheological
parameters of loteprednol etabonate semisolid formulations are the
crossover modulus (CM) and the Power law consistency index (K
value). The crossover modulus is obtained at the point where the
95
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Fig. 1. Photographs of the semisolid adapters and schematic representation of USP apparatus 4 with the semisolid adapters used for release testing of ophthalmic ointments.

storage modulus G′ is equal to the loss modulus G″ when plotted against
the oscillatory stress (Fig. 3). The K value is obtained using the Power
law equation based on the rheograms of the formulations. It has been
shown that a strong logarithmic correlation exists between the two
critical parameters (crossover modulus and K value) and the in vitro
drug release of the Q1/Q2 equivalent ointment formulations [10]. Accordingly, in the formulation screening processes, the crossover modulus and the K value may be used to predict the in vitro release rate of
the Q1/Q2 equivalent ointment formulations.
3.2. In vitro drug release of the Q1/Q2 equivalent ointments
In vitro drug release testing of the loteprednol etabonate ointments
was investigated using three methods including: Franz diﬀusion cells,
USP apparatus 2 with enhancer cells and USP apparatus 4 with semisolid adapters. The in vitro method development and evaluation of Q1/
Q2 equivalent loteprendnol etabonate ointments have been previously
reported [11]. According to the results, the USP apparatus 4 method
had the best discriminatory ability between the Q1/Q2 formulations
with manufacturing diﬀerences, compared to the other two in vitro release testing methods. The in vitro release rates of the ointment formulations obtained from diﬀerent release methods all showed a logarithmic linear relationship with the critical physicochemical parameters
(crossover modulus and K value) [11].
Based on the release proﬁles of the four Q1/Q2 equivalent loteprednol etabonate ointments, diﬀerent models including zero order
kinetics, logarithmic and Higuchi models were used here to investigate
the release kinetics of the loteprednol etabonate semisolid ointments
obtained using the diﬀerent release testing methods (Franz diﬀusion
cell method (Table 2a), USP apparatus 2 with enhancer cells (Table 2b)
and USP apparatus 4 with semisolid adapters (Table 2c). The Higuchi
model showed the best ﬁt for all the ointment formulations obtained
and all three release testing methods. The goodness of ﬁt coeﬃcient
(R2) between the three models demonstrated the following rank order:
Higuchi > logarithmic > zero order. Therefore, drug release from the
ointments follows the Higuchi model and is diﬀusion controlled.
The selection of the time ranges as well as the number of time points
may aﬀect the model ﬁtting results. Diﬀerent time points and ranges of
time (between 0.25 and 6 h) were used for the model-ﬁtting analysis. It
was determined that the time points below 2 h were very critical in
determining the release kinetics of the formulations, as if only the time
points of 2 h and above are considered then the data from all three
release testing methods changed from Higuchi to logarithmic or other
models. For apparatus 4 data, the 0.25 h time point was below the
detection limit for all four formulations. In addition, for the formulation
with the slowest drug release (F1), 0.5-hour time point was also below
the detection limit. Accordingly, for fair comparison the time range
between 1 and 6 h was selected to perform the model ﬁtting.

Fig. 2. Photographic image of spherical joint Franz diﬀusion cells used for transcorneal
permeation studies.

Fig. 3. Representative (F2) stress sweep proﬁles (log-log scale) via plotting G′ and G″
against oscillatory stress.
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Table 2a
Model ﬁtting of drug release proﬁles (Franz diﬀusion cell method) of loteprednol etabonate ointments.
Formulation

Zero order model
k0 × 102

F1
F2
F3
F4

1.250
1.530
2.060
2.510

±
±
±
±

Logarithmic model
R2

0.131
0.259
0.294
0.216

0.946
0.965
0.967
0.977

R2

klog
±
±
±
±

0.013
0.012
0.005
0.008

5.030
6.062
8.139
9.814

±
±
±
±

0.543
1.024
1.149
0.878

3.3.1. Transcorneal permeation of loteprednol etabonate solutions
Transcorneal permeation studies of diﬀerent concentrations of loteprednol etabonate solutions prepared in 9% (w/v) HP-β-CD were
tested using rabbit corneas. All drug concentrations showed zero order
permeation kinetics (Fig. 4A) and the steady state transcorneal ﬂux (Jss)
was linear, proportional to the concentration of the drug solution
(Fig. 4B). The apparent permeation coeﬃcient (Papp) of the loteprednol
etabonate was calculated using the following equation [21,22]:

∆Q
∆t × A × C0 × 3600

(1)

Jss = Papp × C0

0.995
0.987
0.987
0.980

R2

kH
±
±
±
±

0.004
0.006
0.003
0.008

0.346
0.421
0.565
0.684

±
±
±
±

0.037
0.071
0.088
0.066

0.989
0.995
0.996
0.998

±
±
±
±

0.006
0.003
0.001
0.001

permeation study. Accordingly, epithelium integrity was carefully examined during storage before experimentation, as well as after the drug
permeation studies. The corneas were stored in Optisol™-GS at 4 °C. H&
E staining was used to examine the integrity of the rabbit corneas upon
receipt (Day 0) (Fig. 6A) and after storage for up to 6 days (Fig. 6B). The
corneas were intact for at least six days, however by day 13 the epithelium layer was not continuous and had thinned due to loss of cells
(Fig. 6C). Accordingly, all the corneas were used within three days to
ensure epithelium integrity.
The in vitro drug release testing of the semisolid ophthalmic ointments was conducted in pH 7.4 artiﬁcial tear ﬂuid containing 0.5% (w/
v) SDS to maintain sink conditions. However, the same media cannot be
applied to perform the ex vivo permeation study due to the severe deepithelization caused by the surfactant (Fig. 6D). HP-β-CD is an excellent excipient in ophthalmic drug delivery due to its superior drug
solubilization, and tolerance in rabbit eyes (not toxic even at a concentration of 12.5% (w/v) aqueous solution) compared to other excipients [23]. 9% (w/v) of HP-β-CD was used as the permeation media
and diﬀerent durations were investigated. As expected, the corneas
remained intact after incubation (7 h) in the permeation media
(Fig. 6E). However, when mounted in the spherical Franz diﬀusion cells
for a similar period of time (6.5 h), the epithelial layers (Fig. 6F) were
partially de-epithelized. This damage was avoided by reducing the experimental duration to 4 h (Fig. 6G). It is speculated that the force
applied on the corneas after mounting onto the Franz diﬀusion cells
may have a signiﬁcant impact on the integrity of the rabbit corneas.
Therefore, the duration of the transcorneal permeation study using the
Franz diﬀusion cells was limited to 4 h in this case.
The concentration of the drug in the receiver chamber was far below
the detection limit when no solubilizer was added due to the extremely
low water solubility (~0.5 μg/ml) of loteprednol etabonate. Therefore,
HP-β-CD was used as a solubilizer to increase the drug solubility while
maintaining sink conditions. It has been reported that cyclodextrins
alone cannot enhance drug transcorneal permeation, but they can enhance topical drug delivery to the eye by increasing the amount of free
drug in the aqueous tear ﬂuid [24]. In the ex vivo transcorneal process,
the drug molecules have to pass through the ﬁve diﬀerent cornea layers.
The most important cornea layers in terms of drug permeation are the
outmost epithelium layer and inner stroma layer. The other layers are
relatively thin and do not provide signiﬁcant resistant to drug permeation. For hydrophilic molecules, penetration into the epithelium
layer is the rate limiting step. Whereas the stroma layer of the cornea is
the rate limiting step for lipophilic drug molecules. Loteprednol etabonate has suﬃcient lipophilicity (logK of 3.0) [25], and therefore

3.3. Ex vivo drug permeation of the Q1/Q2 equivalent ointments

Papp =

Higuchi model

(2)

where ΔQ/Δt is the cumulative permeated amount of drug across the
cornea (Q) over time (t), A is the exposed corneal surface area (0.64 cm2
in present study), C0 is the initial concentration of the drug in the donor
chamber, 3600 is conversion from hours to minutes, and Jss is the
steady state transcorneal ﬂux (slope of cumulative permeation proﬁles
in Fig. 4A). The transcorneal permeation coeﬃcient of the loteprednol
etabonate was 0.04 cm/h (1.11 × 10−5 cm/s).
3.3.2. Transcorneal permeation of the ointment formulations
The proﬁles of ex vivo transcorneal permeation of the loteprednol
etabonate ointment showed zero-order kinetics (Fig. 5A). The drug ﬂux
from the ointments was obtained using zero-order model ﬁtting
(Fig. 5B). Signiﬁcant diﬀerences (p < .05) were observed between the
transcorneal ﬂux of F1 and F3; F1 and F4; as well as F2 and F4. In order
to compare the discriminatory ability of the in vitro release methods
with the ex vivo permeation methods, Wilcoxon Rank Sum/MannWhitney rank test was performed as previously described [11]. The
same rank order was observed for transcorneal ﬂux from the ointment
formulations with manufacturing diﬀerences as had previously been
observed for the in vitro drug release rates. All the methods (three in
vitro release testing methods and the ex vivo permeation method)
showed good discriminatory ability for the four ointment formulations
(Table 3).
3.3.3. Integrity of rabbit corneas
The current study was to investigate the impact of manufacturing
diﬀerences on the physicochemical characteristics (in vitro drug release)
as well as the ex vivo transcorneal ﬂux. It is crucial to maintain the
integrity of the rabbit cornea epithelium during the transcorneal

Table 2b
Model ﬁtting of drug release proﬁles (USP apparatus 2 with enhancer cells method) of loteprednol etabonate ointments.
Formulation

Zero order model
k0 × 102

F1
F2
F3
F4

0.560
0.730
1.100
1.450

±
±
±
±

Logarithmic model
R2

0.073
0.080
0.092
0.113

0.975
0.949
0.978
0.977

R2

klog
±
±
±
±

0.009
0.012
0.008
0.013

2.186
2.900
4.286
5.693

Higuchi model

±
±
±
±

0.289
0.317
0.373
0.466

97

0.981
0.980
0.980
0.979

R2

kH
±
±
±
±

0.008
0.010
0.006
0.012

0.152
0.200
0.299
0.397

±
±
±
±

0.020
0.022
0.026
0.031

0.996
0.983
0.997
0.998

±
±
±
±

0.003
0.009
0.003
0.002
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Table 2c
Model ﬁtting of drug release proﬁles (USP apparatus 4 with semisolid adapters method) of loteprednol etabonate ointments.
Formulation

Zero order model
k0 × 102

F1
F2
F3
F4

0.730
1.100
1.430
1.830

±
±
±
±

Logarithmic model
R2

0.075
0.052
0.177
0.233

0.983
0.981
0.987
0.980

R2

klog
±
±
±
±

0.009
0.006
0.004
0.004

2.856
4.282
5.532
7.139

Higuchi model

±
±
±
±

0.275
0.199
0.708
0.911

R2

kH

0.978
0.977
0.978
0.979

±
±
±
±

0.011
0.008
0.010
0.008

0.200
0.299
0.388
0.498

±
±
±
±

0.020
0.015
0.049
0.063

0.985
0.997
0.983
0.988

±
±
±
±

0.002
0.008
0.002
0.002

Fig. 4. A) Transcorneal permeation of loteprednol etabonate solutions with diﬀerent concentrations; and B) linear regression proﬁle obtained via plotting transcorneal ﬂux against drug
concentration (n = 3).

penetration into the stroma is the rate-limiting step.

Table 3
Discriminatory ability comparison of the three in vitro release testing methods as well as
ex vivo permeation method based on the Wilcoxon Rank Sum/Mann-Whitney rank test.

3.4. In vitro-ex vivo correlation of drug release from the ophthalmic
ointments

Ratio order

To better understand the impact of the physicochemical attributes
of the ophthalmic ointments on the ex vivo drug ﬂux, logarithmic
models were utilized to investigate possible correlation between the
rheological parameters (CM and K values) and the ex vivo drug ﬂux. In
addition, a linear model was used to understand the correlation between the in vitro drug release rate and the ex vivo transcorneal drug
ﬂux. A strong logarithmic correlation was observed for both rheological
parameters (CM and K value) with the transcorneal ﬂux for all four
ointment formulations (Fig. 7A). When comparing the in vitro drug
release proﬁles with the ex vivo transcorneal permeation proﬁles
(Fig. 8), the drug permeation rates were much slower compared to the
in vitro drug release rates obtained using diﬀerent release testing
methods. However, the rank order of the in vitro release from the four
formulations was the same as their permeation rate. Plotting the in vitro
release rate against the ex vivo release ﬂux of the four ointment formulations, yielded a straight line (R2 > 0.98) for all three release

Test:

F2

F4

F4

F4

F3

Reference:

F1

F1

F2

F3

F2

In vitro release testing using Franz Diﬀusion Cell
8th (%)
102.3
178.1
29th (%)
143.2
223.7

139.5
187.8

104.7
105

115.4
166.7

In vitro release testing using USP Apparatus 2
8th (%)
116.5
235.7
29th (%)
151.4
300

180.9
222.4

126.4
146.5

133.3
166.9

In vitro release testing using USP Apparatus 4
8th (%)
142.5
224.3
29th (%)
162.3
286.5

144.2
185.2

114.2
148.9

112.0
145.1

Ex vivo permeation using spherical joint FDC
8th (%)
98.1
153.0
29th (%)
141.6
232.0

129.6
189.0

104.8
157.5

104.3
164.0

Fig. 5. A) Transcorneal permeation proﬁles; and B) Transcorneal ﬂux of the loteprednol etabonate ointments obtained using spherical joint Franz diﬀusion cells (n = 6). (*p < .05;
**p < .01.)

98

Journal of Controlled Release 276 (2018) 93–101

Q. Bao et al.

consequently a more dense ointment base compared to those prepared
via simple mixing. Our previous study [10] showed that white petrolatum from Fisher® possessed higher rheological properties compared
to the petrolatum from Fougera®. Consequently, F1 showed the highest
rheological parameters (crossover modulus (CM) and K value) since this
formulation was prepared with the white petrolatum from Fisher® using
the hot melting method. The current study revealed that both the in
vitro drug release and the ex vivo drug ﬂux from the ointments are inversely correlated to the rheological parameters (Fig. 7A). The higher
the rheological parameters (CM and K value), the lower the in vitro drug
release and ex vivo ﬂux. CM and K values are two diﬀerent rheological
parameters utilized to characterize the ointment formulations. CM
characterizes the oscillatory stress applied on the ointments for transition from the solid-like state to the liquid-like state. The higher the
CM, the more diﬃcult it is to transition from solid-like to liquid-like
properties under stress. The K value expresses the apparent viscosity of
an ointment base at a shear rate of 1/s. Although the ointment samples
are not under any stress during the in vitro and ex vivo drug ﬂux experiments, the in vitro drug release rate or ex vivo ﬂux of the ointment
are dependent on their apparent viscosity. This can explain why the K
value showed a higher degree of correlation with the in vitro drug release rate and ex vivo ﬂux rate compared to CM.
Among the three in vitro release testing methods, the Franz diﬀusion
cell method resulted in the highest release rate (Fig. 8) for all four
formulations. This can be attributed to the addition of 250 μl of release
media (simulated tear ﬂuid) into the donor chamber in the Franz diffusion cell method, facilitating drug release. Despite the release rate
diﬀerences, all three release testing methods demonstrated the same
release kinetics and the same rank order for all four Q1/Q2 equivalent
ointments.
To better understand the impact of the manufacturing process on
the ex vivo transcorneal permeation of the ophthalmic ointments, the
lag time of the four formulations was determined using the intercept of
the linear regression proﬁles (Fig. 5A). The lag times were
19.4 ± 21.9, 15.2 ± 11.0, 48.3 ± 21.9 and 33.2 ± 14.2 min for F1,
F2, F3 and F4, respectively. The formulations prepared using the hot
melting methods (F1 and F2) showed signiﬁcantly shorter (p < .05)
lag times compared to the formulations prepared using the non-hot
melting method (F3 and F4). This may be attributed to faster heat
transfer and temperature equilibration as a result of the higher density
of these formulations, allowing drug release at the initial time point.
However, once the formulations prepared using simple mixing reached
heat equilibrium, the drug is released faster due to the lower viscosity
of these ointments. The formulations prepared using the white petrolatum from Fougera® demonstrated a slightly shorter lag time compared
to the formulations prepared using the white petrolatum from Fisher®
(i.e. F1 vs. F2; F3 vs. F4). This is probably due to the lower viscosity of
the white petrolatum form Fougera®.
Fig. 6. Histological photographs of rabbit corneas: A) stored in Optisol™-GS at Day 0 at
4°C; B) stored in Optisol™-GS at Day 6 at 4°C; C) stored in Optisol™-GS at Day 13 at 4°C; D)
incubated in pH 7.4 artiﬁcial tear ﬂuid with 0.5% (w/v) of SDS at 34°C for 4 h; E) incubated in pH 7.4 artiﬁcial tear ﬂuid with 9% (w/v) HP-β-CD at 34°C for 7 h; F) used in
the transcorneal permeation study (6.5-hour duration); and G) used in the transcorneal
permeation study (4-hour duration). * represents the epithelium layer side (exterior side
of the rabbit cornea).

4. Conclusions
The present study further conﬁrmed the utility of rheological
parameters (crossover modulus and K value) as benchmarks to characterize semisolid ointment formulations. In addition, these rheological
parameters may also be useful in the characterization of other semisolid
formulations such as gels and creams. Strong correlations were obtained between the rheological parameters and both the in vitro and ex
vivo drug release. Therefore, the rheological parameters can be used to
predict the in vitro drug release and ex vivo drug permeation. Such
correlations have not been previously reported. Given the particular
anatomy of the eye, in vivo drug release data is diﬃcult to obtain and is
compromised by physicochemical factors such as tearing and nonproductive absorption. Accordingly, development of in vitro-in vivo
correlations (IVIVCs) is challenging for ophthalmic formulations.
Therefore, ex vivo studies may be a good option to compare ophthalmic
formulations including Q1/Q2 equivalent formulations with

testing methods, indicating a good in vitro-ex vivo linear correlation of
the four Q1/Q2 equivalent ointment formulations (Fig. 7B).
The four Q1/Q2 formulations were prepared using diﬀerent mixing
methods and excipient sources. Based on our previous studies [10,11],
two major manufacturing factors inﬂuence the rheological properties:
1) hot melting or non-hot melting; and 2) the white petrolatum source.
Formulations prepared using the hot melting methods showed higher
rheological properties compared to formulations prepared using the
non-hot melting method (i.e. simple mixing). Hot melting results in
intimate mixing of the white petrolatum and mineral oil, and
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Fig. 7. Regression proﬁles of A) Linear correlation (logarithmic mode) between critical parameters and transcorneal ﬂux; and B) linear correlation between in vitro release rate and ex vivo
transcorneal ﬂux.
Fig. 8. In vitro drug release and ex vivo transcorneal permeation proﬁles of four Q1/Q2 equivalent semisolid ophthalmic ointments: A) Formulation 1; B) Formulation 2; C)
Formulation 3; and D) Formulation 4. (FDC: Franz diﬀusion
cell method; USP apparatus 2: USP apparatus 2 with enhancer cells method; USP apparatus 4: USP apparatus 4
with semisolid adapters method; ex vivo: ex vivo transcorneal permeation using spherical joint Franz diﬀusion cells.)

Dissolution equipment support from Sotax Corporation is highly
appreciated.

manufacturing diﬀerences. An in vitro-ex vivo correlation may be indicative of a possible IVIVC. The in vitro drug release from the ointment
formulations is diﬀusion controlled since their in vitro drug release
proﬁles followed the Higuchi release kinetics for all three release
testing methods. The release kinetics of the ophthalmic ointments may
vary if diﬀerent time ranges are utilized in the model ﬁtting, and so care
should be taken when selecting which time range to use during the
model ﬁtting process. Epithelium integrity should be carefully examined during transcorneal permeation studies in the development of
ophthalmic ointment products to avoid any possible errors.
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