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Background: The objectives of this study were to develop stable cyclosporine A (CsA)
ophthalmic micelle solutions for dry-eye syndrome and evaluate their physicochemical properties
and therapeutic efficacy.

Materials and methods: CsA-micelle solutions (MS-CsA) were created by a simple method
with Cremophor EL, ethanol, and phosphate buffer. We investigated the particle size, pH, and
osmolarity. In addition, long-term physical and chemical stability for MS-CsA was observed.
To confirm the therapeutic efficacy, tear production in dry eye-induced rabbits was evaluated
using the Schirmer tear test (STT). When compared to a commercial product, Restasis, MS-CsA
demonstrated improvement in goblet-cell density and conjunctival epithelial morphology, as
demonstrated in histological hematoxylin and eosin staining.

Results: MS-CsA had a smaller particle size (average diameter 14—18 nm) and a narrow size
distribution. Physicochemical parameters, such as particle size, pH, osmolarity, and remaining
CsA concentration were all within the expected range of 60 days. STT scores significantly
improved in MS-CsA treated groups (P<<0.05) in comparison to those of the Restasis-treated
group. The number of goblet cells for rabbit conjunctivas after the administration of MS-CsA
was 94.83£8.38, a significantly higher result than the 65.17+11.51 seen with Restasis. The
conjunctival epithelial morphology of dry eye-induced rabbits thinned with loss of goblet
cells. However, after 5 days of treatment with drug formulations, rabbit conjunctivas recovered
epithelia and showed a relative increase in the number of goblet cells.

Conclusion: The results of this study indicate the potential use of a novel MS for the ophthalmic
delivery of CsA in treating dry eyes.

Keywords: cyclosporine A, Cremophor EL, micelle solution, dry eyes, Restasis

Introduction

Cyclosporine A (CsA) is neutral and lipophilic. It is made of a cyclic undecapeptide of
amino acids that contain four intramolecular hydrogen bonds. It is isolated from the Toly-
pocladium inflatum Gams and other Fungi imperfecti.'* CsA is a powerful immunosup-
pressive drug, now routinely utilized to prevent rejection of transplanted organs. It acts by
selectively inhibiting T cells, and thus causes suppression of the cell-mediated immune
response.’® Because of its hydrophobicity with poor water solubility (0.012 mg/mL
at 25°C), CsA must be solubilized in nonaqueous media that include surfactants, such
as Cremophor EL, as in the case of Sandimmune® (Novartis International AG, Basel,
Switzerland).®® As an immunosuppressant, CsA at a low concentration has been shown
to be useful for patients with inflammatory ocular surface disorders, including dry-
eye syndrome. Dry-eye syndrome is a disorder of the tear film, occurring as a result
of tear deficiency or excessive evaporation. Dry-eye syndrome causes damage to the
interpalpebral ocular surface, and large numbers of patients suffer from symptoms of
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discomfort.!! Topical administration is the main route for
the treatment of dry-eye syndrome, and the targeted organs
are the cornea, conjunctiva, or lachrymal gland.'

A commercial CsA product for ophthalmic formulation is
Restasis® (0.5 mg/mL CsA; Allergan Inc, Irvine, CA, USA).
This product is an oil-in-water emulsion eyedrop that contains
a mixture of castor oil and Tween 80. However, the most
common side effect of castor oil is ocular burning or irritation
following the chronic use of eyedrops. In addition, adverse
effects, such as itching, redness, visual disturbance, and eye
pain, are problems that prevent patients from using these eye-
drops. Poor ocular tolerance, low bioavailability, and insta-
bility are other major drawbacks reported with Restasis.'*!?
These difficulties may be overcome through various drug
formulations. Many studies have attempted to improve the
availability and tolerance of topically applied CsA through
the development of such forms as cosolvency, prodrugs,
emulsions, and colloidal systems. Nevertheless, almost none
of the delivery systems has been fully satisfactory."” Ikervis®
(1 mg/mL CsA; Santen Pharmaceutical Co Ltd, Osaka,
Japan), which has recently been introduced to EU markets, is
a CsA formulation that can help alleviate dry-eye syndrome.
However, its milky white emulsion poses some challenges,
especially patient compliance.

There has recently been a great deal of attention focused
on micelle formulations. Micelles have been useful in the
solubilization of water-insoluble drugs, such as CsA. Also,
CsA in a micellar structure is stabilized in a biological
environment.'* For instance, nanoscale micelles as drug car-
riers are promising for being utilized as topical ophthalmic
administration, because of their excellent biocompatibility
and ocular tolerance.” Therefore, a micelle formulation is
effective in delivering CsA into corneal layers and ocular
tissues, allowing successful local CsA action. However, thus
far there have been few studies on CsA-micelle formulations
used to treat dry-eye syndrome. Kuwano et al solubilized
CsA in isotonic and neutral aqueous solution using micelles
of the nonionic surfactant — polyoxyl 40 stearate.'> Although
this work was promising, the ocular tolerance of polyoxyl
40 stearate is not yet known and has not been evaluated.
Recently, there have been studies on ocular delivery of
transparent nanomicellar CsA, but these have been hampered
by difficulties in the manufacturing process, which requires
evaporation and film rehydration. In addition, these studies
were not able to confirm therapeutic efficacy, measured
by recovery of goblet cells and increase in aqueous tear
production.'®!” Therefore, further research is essential to the
development of the preferred micellar formulation.

Nonionic surfactants are used mainly in ophthalmic
delivery systems because of their excellent compatibility and
stability. Furthermore, with milder impact on cell membranes
in comparison to that posed by more toxic cationic or anionic
surfactants, nonionic surfactants are less irritating.'* Among
the nonionic surfactants, Tween 80 and Cremophor EL
are generally nonirritating or are known to cause only mild
redness in the eye of the rabbit. Mild redness has been shown
to disappear within a few hours (the rabbit eye is more
susceptible to irritant substances than the human eye).!**
However, Cremophor EL enhances the permeation of CsA
through human corneas. It was found that the presence of
Cremophor EL led to more drug bioavailability compared to
Tween 80.2%! Therefore, the aim of this study was to evaluate
CsA-micelle solutions (MS-CsA) containing Cremophor EL
prepared using a simple method. The efficiency of MS-CsA in
producing tears was tested in rabbit (dry-eye induced) eyes by
analyzing the changes in the Schirmer tear test (STT). Goblet
cell-density determination and epithelium-morphology
evaluation of rabbit conjunctivas were also carried out to
investigate the strength of the newly proposed MSs.

Materials and methods

Materials

CsA was obtained from Concord Drugs Ltd (Hyderabad,
India). Polyoxyl 35 castor oil (Cremophor EL) was gener-
ously gifted by BASF Co Ltd (Ludwigshafen, Germany).
Glycerin (purity 99%), ethanol (purity 99.9%), sodium
phosphate dibasic (anhydrous), sodium phosphate monobasic
(anhydrous), and high-performance liquid chromatography
(HPLC)-grade acetonitrile were purchased from Samchun
Pure Chemical Co Ltd (Pyeongtaek, South Korea). Restasis
emulsion was purchased from a local market. Atropine
sulfate (AS) and hematoxylin and eosin (H&E) were
purchased from Sigma-Aldrich (St Louis, MO, USA). Puri-
fied water (Milli-Q; EMD Millipore, Billerica, MA, USA)
was used through the study. All other chemicals used were
of analytical grade.

Preparation of CsA-micelle solutions

The MS-CsA were prepared using very simple method.
Formulations of MS-CsA containing 0.01-5 (weight%)
Cremophor EL were used in this study. To explain briefly,
the CsA was dissolved in surfactant with ethanol (0, 0.5, and
1 weight%). Sodium phosphate dibasic, sodium phosphate
monobasic, and glycerin (2.2 weight%) were dissolved in the
aqueous phase. We adjusted the volume of the water phase to
be 100 mL when both solutions were mixed. Both solutions
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were stirred with a magnetic stirrer separately until a homo-
geneous state was obtained. The homogeneous mixture was
selected by visual observation. After the homogeneous solu-
tion was obtained, two solutions were mixed. If the result-
ing formulation was not miscible, stirring with a magnetic
stirrer was given an additional run. The pH was adjusted
to 7.4, which was suitable for topical application to ocular
tissue by phosphate ratio (Serensen’s phosphate buffer,
pH 7.4). The micelle formulation was then filtered through a
polytetrafluoroethylene-membrane filter (GE Healthcare Life
Sciences, Little Chalfont, UK) with a pore size of 0.2 um.
All processes were carried out at room temperature.

Characterization of MS-CsA

Analysis of particle size

The average diameter and size distribution of MS-CsA and
Restasis were measured by dynamic light scattering using
an electrophoretic light-scattering spectrophotometer (ELSZ;
Otsuka Electronics, Hirakata, Japan). The laser source was the
semiconductor diode, and the measurement angle was 165°.
We did not dilute the MS-CsA or Restasis, which were both
measured by adjusting the intensity. Measurements were
carried out at room temperature. Particle sizes are expressed
as volume mean diameter in nanometers.

Determination of pH and osmolarity

The pH was examined by a pH meter (S20-KS; Mettler
Toledo, Columbus, OH, USA). Experiments were executed
at room temperature. The osmolarity of MS-CsA and Restasis
was analyzed by an osmometer (K-7000; Knauer, Berlin,
Germany). The interior temperature of the osmometer was
controlled at 45°C. A 400 mOsm/kg (12,687 g NaCl/kg)
2 mL Eichlésung ampoule was used for calibration of the
osmometer.

Analysis of CsA content

CsA content was determined by HPLC. HPLC analysis of
CsA was performed using a method similar to that utilized in
our previous study.'? The system was an HPLC set (Agilent
Technologies, Santa Clara, CA, USA), which consisted of
a pump (model 1260 quaternary pump VL), an autosampler
(model 1260 ALS), and an ultraviolet detector (model 1260
VWD VL). A CI18 reverse-phase column (Eclipse XDB
C18, 5 um, 4.6x250 mm; Agilent) was used at 70°C. The
mobile phase consisted of acetonitrile:water (90:10), and was
pumped at a flow rate of 1 mL/min. The eluent was monitored
at 210 nm following injections of 20 puL standard CsA solu-
tions in ethanol and MS samples. At specific time intervals,

each sample was immediately filtered through the 0.45 um
polytetrafluoroethylene-membrane filter prior to analysis.

Stability studies of MS-CsA

For a stability test of the MS-CsA, MSs were stored at
4°C and also at room temperature. The samples were pro-
tected from light. The parameters of particle size, pH, and
osmolarity were chosen to study the stability over a period
of 2 months. Particle sizes were measured using the ELSZ
particle-size analyzer. Also, suitable aliquots of the samples
were collected at given times (0, 4, 7, 10, 14, 21, 30, and
60 days), and the concentration of the remaining CsA was
analyzed by HPLC. The degree of aggregation and phase
separation were assessed visually at specific time intervals.
All other visible changes were recorded.

In vivo study of MS-CsA in dry-eye
syndrome-induced rabbit model
Animal treatments
Unanesthetized, fully awake male New Zealand albino rabbits
(Samtako Bio Korea Inc, Osan, South Korea) weighing
1.5-1.8 kg were used throughout. The animals were housed
singly in standard cages at 19°C£1°C and 50%%5% relative
humidity, with proper light conditions (12-hour light-dark
cycle). They were fed a standard diet and purified water.
They were allowed to move their heads freely, and their
eye movements were not restricted.?? All the experiments
received the approval from the Committee on Care and Use
of Laboratory Animals at Yonsei University, Incheon, South
Korea and were carried out according to the Guidelines.
The animals were divided into a control and three differ-
ent drug-treated groups, each group consisting of eight units.
The rabbits were preliminarily given the STT. To induce dry
eyes, 1% AS (Sigma-Aldrich) solution was instilled into both
eyes of the rabbits. At 9 am, 2 pm, and 7 pm, three groups
received 50 UL AS solution in the lower conjunctival sac
of both eyes. Five minutes after each administration of AS
solution, each group received 50 UL normal saline (NS) in
one eye. The other eye received drug treatment, which was
MS-CsA (04 or O7) or commercial CsA emulsion (Restasis).
The fourth (control) group received 50 UL of AS solution or
NS in each eye, as the only treatment, at 9 am, 2 pm, and 7 pm.
All treatments were continued for 5 days.

Measurement of tear production

(Schirmer tear test)

The ability to measure tear production is important for the
diagnosis of many types of lachrymal dysfunction, including
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dry eyes. The STT measured the aqueous portion of tear
secretion in response to both conjunctival stimulations.” Tear
production was measured with the STT using sterile test strips
(ColorBar™; Eagle Vision Inc, Memphis, TN, USA), which
were made of 5x35 mm standardized filter paper strips with
a blue color bar that moves with a tear front. The test was
executed on both eyes (unanesthetized) of all animals, by
maintaining test strip in the external lower conjunctival sac
for 2 minutes. The wetted length in millimeters of the strip
was taken as the test score. In our study, after causing dry
eye in both eyes, we confirmed the difference between the
administration of the drug (CsA) formulations (MS-CsA and
Restasis) and NS. The tear-difference value was calculated
from equation 1:

Tear-difference value (mm) =S — S, )

where S is the STT scores of drug formulation-treated eye,
and S the STT scores of NS-treated eyes. This equation
was corrected for variation owing to individual differ-
ence. The STT was performed at 9 pm on day 1, day 3,
and day 5.

Histologic analysis

Conjunctival biopsy specimens measuring approximately
5x5 mm were obtained from the same regions in the bulbar
conjunctiva by surgeons following standard procedures,
in control eyes and eyes of rabbits treated with the drug
formulations. Removed eye tissues from rabbits were fixed
in formalin solution and embedded in paraffin. Eye tissues
were then cut into 4 um-thick sections at room temperature.
After deparaffinization, 4 um sections were processed and
mounted on gelatin-coated slides. These were then stained
with H&E .+

Goblet cell-morphology determination

Conjunctival biopsies were performed to evaluate con-
junctival goblet-cell density and epithelial morphology.
Morphology was assessed with a bright-field microscope
(BX-51; Olympus, Tokyo, Japan) with magnification of 40x.
Conjunctival epithelial morphology was evaluated, and the
numbers of conjunctival epithelial goblet cells were counted
along the length of three separate tissues by two independent
masked observers.?*

To study the direct effects of AS and NS on the ocular
surface, 50 UL 1% AS solution and 50 uL 0.9% NS were
applied to the ocular surface for 5 days. To evaluate the cura-
tive value, 50 UL drug formulations (MS-CsA and Restasis)

were applied, according to the method described previously.
Conjunctival biopsies were then performed to evaluate
conjunctival goblet-cell density and epithelial morphology.

Statistical analysis

Statistical analysis was carried out using Student’s #-test for
tear production and goblet-cell counting. One-way analysis
of variance (ANOVA) tests were performed to compare the
means of more than two groups. The level of significance was
set at P<<0.05. All results are expressed as mean + standard
deviation.

Results and discussion
Determination of optimal MS-CsA

In this study, it was necessary to find optimal formulations
for transparent MS. MS-CsA of various formulations was
considered, and CsA 0.05% and 0.1% were deemed the most
appropriate concentrations for ophthalmic formulations,
because no additional benefits were observed with higher
CsA concentrations. In addition, CsA 0.05% produced the
most consistent improvements in patient symptoms, such as
ocular dryness.*

Ethanol was selected as the cosolvent in the US Food
and Drug Administration’s acceptable range for the oph-
thalmic route. All formulations contained 2.2% glycerin.
We conducted a study on compositions containing various
concentrations of ethanol and Cremophor EL.

The results obtained with various micelle formulations
are summarized in Table 1. First, formulations of MS-CsA
containing 0.01-1 (weight%) Cremophor EL without etha-
nol were not manufactured (Z1-Z4), because in the process
of dissolving the CsA in a surfactant, CsA did not get wet
enough in these compositions. Furthermore, the formulations
of MS-CsA containing 0.01-0.5 (weight%) Cremophor EL
with ethanol (0.5% and 1%) were not transparent (F1-F3,
01-03). These formulations had large mean diameters
of 160-360 nm, with no homogeneous distribution. Once
a clear MS was created, the composition did not seem to
have a perceivable effect on particle size. Therefore, further
experiments thereafter for MS-CsA were all performed with
MSs with a size less than 20 nm.

For the stability test, Z5-Z7, F5-F7, and O5-0O7 were
selected. All of these samples were very stable, as seen from
the stability-test results, yet of these samples, O7 was selected
to be compared to Restasis. Aqueous tear production and
goblet-cell morphology were the comparison criteria used
to compare O7 with Restasis. van der Bijl et al showed that
Cremophor EL improved the permeability of CsA through the

submit your manuscript

2924

Dove

International Journal of Nanomedicine 2016:1 |


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Novel micellar cyclosporine A for dry-eye syndrome

Table | Particle size and transparency of different micelle solutions

Formulation Composition (weight%)

Particle size (nm)

Cremophor EL Ethanol Glycerin Mean diameter Transparency
Ethanol 0 system
Z| 0.01 0 22 - -
z2 0.05 0 22 - -
Z3 0.5 0 2.2 - -
Z4 | 0 22 - -
Z5 3 0 22 17.50+0.26 v
Z6 4 0 22 17.7310.15 v
z7 5 0 22 17.2710.31 v
Ethanol 0.5% system
Fl 0.01 0.5 22 359.4316.1 X
F2 0.05 0.5 2.2 192.131£3.76 X
F3 0.5 0.5 22 213.93+6.97 X
F4 | 0.5 22 14.7310.21 v
F5 3 0.5 22 17.3£0.1 v
Fé 4 0.5 22 17.53+0.38 v
F7 5 0.5 22 17.33£0.29 v
Ethanol 1% system
Ol 0.0l | 22 199.77+£7.23 X
02 0.05 | 22 168.1+2.4 X
o3 0.5 | 22 245.17+4.31 X
04 | | 22 14.53+0.4 v
o5 3 | 22 17.3740.25 v
(0] 4 | 22 17.5310.06 v
o7 5 | 22 17.240.3 v

Notes: Z1-Z4 did not form micelle solutions in this study. Transparency was assessed visually. Data expressed as mean * standard deviation (n=3). “v"”’ Transparent micelle

solution; “X” non-transparent solution; “~” not formed solution.

rabbit cornea, and so for this reason O7 with 5% Cremophor EL
was selected.?”

Unlike the commercial product, which is an opaque
emulsion, the MS-CsA we prepared was transparent. This
difference is expected to improve the therapeutic effect and
reduce the irritation. MSs that do not contain oil, which is
responsible for causing irritation in eyedrops, are expected
to decrease irritation. In fact, we have registered a patent
(Korean patent 10-1211902) for a nonirritating eyedrop that is
the focus of this study. In addition, the micellar formulations
proposed in this study need just a simple experimental setup
with low cost. This novel nanoscale MS-CsA formulation
will enhance the ocular delivery potential of CsA.

Particle size and distribution of MS-CsA

It is well known that the critical micelle concentration
(CMC) of a given surfactant aqueous solution increases
with the addition of a cosolvent. Although ethanol acts as a
cosolvent at higher concentrations, it acts as a cosurfactant
at lower concentrations and thus rather reduces the CMC.?
In addition, we also took into account the existence of other
molecules and the peptide environment that could affect
the CMC. It was determined that interference from other

molecules may also raise the CMC value of Cremophor EL
in plasma.? For this reason, even when Cremophor EL has a
higher concentration than the CMC, micelles are not neces-
sarily formed. Therefore, considering surfactant interaction
with peptides, drugs, and various excipients is very important.
We empirically determined the range in which micelles are
formed. In our study, a transparent MS was not formed at
0.5% Cremophor EL formulations of high concentration
compared to the CMC of Cremophor EL (0.02 wt%).'® As
a result, we conducted an experiment with formulations
containing more than 1% Cremophor EL.

As shown in Table 1, formulations containing 1%
or more Cremophor EL were clear MSs, except for Z4.
(As mentioned earlier in the manuscript, Z4 was not manu-
factured.) The average diameter of MS-CsA ranged from
14 nm to 18 nm. In general, it is known that the pharmaceuti-
cal micelle has a size range of 10-80 nm (of note, particle
sizes of micelles have a range of 5-100 nm). Micelles with
a size range of 10-20 nm particularly enhance the ability
to penetrate various tissues, and this size range also allows
them to remain stable in vivo for a sufficiently long time.
This size range also reduces biological side effects, and
within this size range, the carrier components are thought
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Figure | Size distribution (by volume) of CsA eyedrops obtained by DLS for (A) O7 MS and (B) Restasis.
Note: Bar refers to the differential volume (%), and line graph refers to the cumulative volume (%).
Abbreviations: CsA, cyclosporine A; DLS, dynamic light scattering; MS, micelle solution.

to leave the body easily when the therapeutic function is
completed.®*°

Unlike opaque Restasis, MS-CsA is supposed to be
more homogeneously distributed. This can be further veri-
fied by Figure 1, which represents the volume-distribution
curves of the formulation O7 and Restasis. Distribution
results indicate that Restasis achieved more peaks than MS-
CsA. These results proved that MS-CsA was smaller and
more homogeneous compared with the commercial CsA
product.

pH and osmolarity studies
Ophthalmic medication and ocular disease may alter cor-
neal pH, affecting functions of eye tissue.?! Shifts in ocular
surface pH also could have therapeutic and diagnostic implica-
tions. pH changes could affect drug effectiveness and clinical
signs in the disease process.*? Therefore, pH analysis of the
prepared eyedrops was essential. The pH and buffering capac-
ity of an ophthalmic preparation are important, since the stabil-
ity of commonly used ophthalmic drugs is generally controlled
by the pH of their environment. In addition to stability effects,
pH adjustment can influence comfort, safety, and activity of
the ocular products.®* Normal tears have a pH of about 7.4,
and possess some buffer capacity (US Pharmacopoeia; USP
29-NF 24, Ophthalmic preparations). Normally, the buffering
action of the tear is capable of neutralizing topically applied
eyedrops, and is thus able to prevent marked discomfort. To
maximize comfort, an ophthalmic preparation should have
the same pH as the lachrymal fluid. Therefore, we produced
MS-CsA of pH 7.4 with maximum buffer capacity within the
allowable range of osmolarity.

Tear osmolarity correlated significantly with dry-eye
syndrome, as progressively elevated tear osmolarity related
to the worsening of disease severity. Although it is important

to keep in mind that tear osmolarity cannot be used as the sole
indicator of dry-eye syndrome, tear osmolarity as a biomarker
for dry-eye disease severity is a matter to be considered.**
Therefore, the osmolarity of drug formulations that are
used for eyedrops should be both confirmed and controlled.
Lachrymal fluid is almost isotonic to 0.9% sodium chloride
solution, which has osmolarity of approximately 300 mOsm.
However, the eye can tolerate a range of osmolarity between
0.6% and 2% NaCl solution, and so we adjusted osmolarity
within this range.

The pH and osmolarity of the MS-CsA were in the
expected range as follows. The pH range of prepared
MS-CsA was 7.41-7.47, and the osmolarity range of prepared
MS-CsA was 298.3-317.4. These results can be regarded as
the range to minimize irritation in the application of the eye-
drops. Eye irritation is accompanied by eye blinks and more
tear secretion, as a defense mechanism for the recovery of
normal conditions. When confronted with these discomforts,
the defense mechanism may be more rapid loss of the drug
with a reduction in therapeutic response.** Therefore, to pre-
vent these problems, appropriate ranges of pH and osmolarity
for our MS-CsA were carefully determined.

Stability of MS-CsA

Stability is a critical factor that must be considered during
formulation design and development. Physical and chemical
stability is one of the major barriers that limit the widespread
use of CsA as pharmaceutical eyedrops. As a dry powder,
CsA is very stable for at least 2 years under dark and refrig-
erated (2°C—8°C) conditions and over 7 months at 40°C,
75% relative humidity.*® In contrast, it is difficult to prepare
aqueous ophthalmic CsA, because of both its hydrophobicity
(log, =2.92)* and its extremely low aqueous solubility
(6.6 ng/mL).*” Therefore, in most other studies, CsA was
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dissolved and administered in vegetable oils, such as the
castor oil contained in Restasis. However, these vegetable
oils may present problems of stability, such as rancidity.!
These difficulties may be overcome through formulations
aimed at improving CsA water solubility (eg, micelles) and
ensuring stability. Therefore, stabilization of CsA in aqueous
conditions was an important factor in the development of CsA
ophthalmic formulations. The results showed that the micelle
formulations of our study contribute to the stabilization of
the CsA to a great degree.

The stability of MSs was evaluated using MS-CsA of less
than 20 nm. Z5-77, F5-F7, and O5-0O7 were used for this
study. The initial size range of selected MS-CsA was 17.2—
17.73 nm. The particle-size range of these samples was main-
tained at 18.53—-19.63 nm after 60 days of storage at room
temperature, and was also maintained at 18.03—19.27 nm
after 60 days of storage at 4°C. The results of particle-size
analysis during the 60 days of storage at room temperature
and at 4°C are presented in Table 2. It was interesting to note
that MS-CsA did not show noticeable changes in particle
size during the 60 days. Also, visible changes, such as
aggregation and phase separation, were not observed, indi-
cating concordance with the size results. In other words,
these MS-CsA were physically stable when stored at both
temperatures.

Table 3 shows the stability of MS-CsA with respect to
changes in pH and osmolarity during 60 days of storage at
room temperature and at 4°C. The increasing ratio of pH at
room temperature was 0.992—1 and was 0.987—0.999 at 4°C.

Furthermore, the increasing ratio of osmolarity at room
temperature was 0.947-1.02 and was 0.959—1.012 at 4°C.
Stability results of pH and osmolarity showed no remarkable
changes during the 60 days.

Figure 2 shows the chemical stability during 60 days
of storage at room temperature and at 4°C. The initial
concentrations of remaining CsA were 96.11%12.26%,
97.21%%1.69%, and 96.91%*1.8% for Z7, F7, and O7,
respectively. Even after 60 days of storage at room tempera-
ture, no samples had a marked reduction in concentrations
of remaining CsA. These results indicate that there were
no changes in concentration of remaining CsA during the
60 days. Chemical stability results when stored at 4°C also
showed a similar tendency.

To summarize, no distinct changes in mean particle size,
pH, osmolarity, or drug content were observed during the
stability study of MS-CsA. In fact, the MS-CsA that we
developed has proven stability and is being marketed in
South Korea (Clacier; Alcon Laboratories Inc, Fort Worth,
TX, USA). Previously, when we applied to the Korean Food
and Drug Administration for drug approval under the name
Clacier, we conducted an experiment by adhering to the
International Council for Harmonisation guidelines. However,
since the focus of this experiment was the formulation, we
only assessed its stability within a short period of time. These
stability results, which suggest that MSs prepared by the
simple method would be stable for long periods of time, indi-
cate that our newly developed micelle formulations meet the
requirements for an effective ocular drug-delivery system.

Table 2 Changes in particle size of MS-CsA stored at room temperature and 4°C

Ethanol 0 system

Ethanol 0.5% system

Ethanol 1% system

z5 Z6 z7 F5 Fé6 F7 o5 06 o7
Day Storage at room temperature
4 18.13 18.47 19.03 18.07 18.83 18.7 18.53 18.93 18.2
7 19.43 19.97 20.27 19.73 19.47 19.57 19.83 20.27 20.93
10 18.77 18.8 18.2 19.3 18.97 19.37 18.9 19.2 19.57
14 20.33 20.07 20.1 19.97 19.8 19.83 21.73 20 19.83
21 20.8 20.73 20.8 21 20.37 20.13 20.6 20.8 20.07
30 20.8 21.03 21.17 20.63 20.53 20.37 20.4 20.1 20
60 18.53 19.27 19.47 19.07 19.63 19.5 19.4 19.5 18.93

Storage at 4°C
4 18.2 18.47 18.7 18.37 18.7 19.07 17.97 17.9 18.77
7 18.5 18.9 18.23 18.5 19.6 19.7 20.23 19.67 19.5
10 18.17 19 19.33 19.4 19.47 19.53 19.7 19.9 19.83
14 21.73 21.87 21 21.37 21.27 21.9 21.2 20.83 19.7
21 19.53 19.33 19.2 19.37 19.73 18.8 19.63 19.5 19.3
30 20.4 21.13 21.5 20.8 20.87 20.73 20.83 21.03 21.33
60 19.27 18.5 18.07 18.03 18.8 18.63 18.97 18.33 18.47
Note: Data are expressed as mean (n=3).
Abbreviation: MS-CsA, micelle solution of cyclosporine A.
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Table 3 pH and osmolarity analysis of different micelle formulations

Formulation pH Osmolarity (mOsm)
Initial pH After 60 days Increasing Initial After 60 days Increasing
ratio® osmolarity ratio®

Stored at room temperature over 60 days

Z5 7.4110.01 7.3940.02 0.997 317.4+7.64 303.7+4.62 0.957
Z6 7.42+0.02 7.38+0.06 0.995 316.77£12.86 299.8743.26 0.947
z7 7.4340.03 7.4+0.03 0.996 311£10.65 298.57+3.95 0.96
F5 7.43+0.03 7.4140.03 0.997 305.5£3.51 296.6+13.67 0.971
Fé6 7.4740.02 7.4110.02 0.992 298.30+9.54 304.4+5.03 1.02
F7 7.4410.01 7.4+0.01 0.995 299.6312.68 296.6+10.82 0.99
o5 7.4240.03 7.4240.05 | 309.53%12.11 301.67+4 0.975
06 7.4610.01 7.4+0.05 0.992 311.13+4.3 297.47+2.95 0.956
o7 7.45+0.03 7.3940.07 0.992 306.37+3.46 300.3£3.02 0.98
Stored at 4°C over 60 days

Z5 7.4110.01 7.4+0.01 0.999 317.4+7.64 309.03£7.8 0.974
Z6 7.42+0.02 7.411£0.02 0.999 316.77£12.86 307.17£7.48 0.97
z7 7.4340.03 7.3940.09 0.995 311£10.65 304.87+14.2 0.98
F5 7.4340.03 7.4140.08 0.997 305.5+3.51 297.7+7.57 0.974
Fé6 7.4740.02 7.3740.05 0.987 298.3+9.54 300.13£2.99 1.006
F7 7.4410.01 7.4110.04 0.996 299.63+2.68 303.27£10.05 1.012
o5 7.42+0.03 7.39+0.06 0.996 309.53t12.11 30249.24 0.976
06 7.4610.01 7.3940.07 0.991 311.13+4.3 298.27+3.7 0.959
o7 7.45+0.03 7.42+0.03 0.996 306.37£3.46 300.03+5.02 0.979

Notes: ‘Increasing ratio = pH after 60 days/initial pH; ®increasing ratio = osmolarity after 60 days/initial osmolarity. Data expressed as mean * standard deviation (n=3).
Information about the formulation names is shown in Table .

Measurements of aqueous tear topical administration of AS, which antagonizes all types
production of muscarinic receptors, rapidly induces typical dry-eye
In this study, we induced dry eyes in rabbits and then con-  Symptoms.?>** Hence, bilateral eyes in rabbits were treated
firmed the presence of induced dry eyes in these rabbits. ~ equally with AS solution to induce dry eyes. After induction
We then saw that CsA eyedrops were able to accelerate the — of dry eyes, one eye was treated with drug formulations
lachrymation, confirming their therapeutic effect. Commonly,  (group 1, MS-CsA of O7; group 2, MS-CsA of O4; group 3,
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Figure 2 Changes in chemical stability (remaining CsA) of MS-CsA stored at (A) room temperature and (B) 4°C at different time intervals over 60 days.
Note: Data expressed as mean + standard deviation (n=3).
Abbreviation: MS-CsA, micelle solution of cyclosporine A.
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Figure 3 (A) STT scores in the AS-treated group (control) at different time points and (B) according to CsA-formulation treatment in the rabbit dry-eye model.
Notes: *P<<0.05 versus STT score of day |; “P<<0.05 (one-way ANOVA between the three groups). Data expressed as mean + standard deviation (n=8).
Abbreviations: AS, atropine sulfate (1% solution); STT, Schirmer tear test; CsA, cyclosporine A; MS, micelle solution; ANOVA, analysis of variance.

Restasis), while the other eye was treated with NS. The initial
average STT scores of the three groups were defined as the
range of normal eyes (baseline). STT scores ranging from
9.38to 12.65 (average + standard deviation) were the range of
normal eyes in our study. In Figure 3, the gray box (baseline)
indicates the scores corresponding to normal eyes.

The STT scores (reported as millimeters of wet strip
2 minutes after insertion) of the control group are reported
in Figure 3A. These show noticeable and significant changes
in tear production during 5 days of the in vivo experiment.
Decreased tear production was observed on the second day
after beginning of treatment. The average STT score was
reduced from 10.08%2.13 mm (day 1) to 7.85+2.36 (day 2)
at this time (paired #-test, P=0.035). The STT score of the
control group at the end of the experiment was 6.56+1.47.

Table 4 summarizes the STT scores and tear-difference
values of all three drug-treated groups. On the first day, STT
scores between the drug-treated eyes and NS-treated eyes
were significantly similar, and scores were around 10 or
11 mm, which are values expected in normal eyes. The
tear-difference values of groups 1-3 were 1.38+1.79 mm,
0.84+1.8 mm, and 1.25%£3.55 mm, respectively. Never-
theless, after that, both eyes of the groups treated with
MS-CsA in one eye showed a significant difference on day 3
(group 1, P=0.0007; group 2, P=0.0254). After treatment for
5 days, there was significant improvement (P=0.0032) in the
STT scores of the Restasis-treated eyes in comparison with
untreated eyes. However, the extent of the improvement was

much higher in the O7 (P=0.0003)- and 04 (P=0.0003)-
treated groups, which were almost above the initial scores
of the respective groups. At the last test point, the tear-
difference values among group 1, group 2, and group 3
were distinct. The tear-difference values of groups 1-3
were 6.35+4.49 mm, 4.942.96 mm, and 3.6+3.27 mm,
respectively. The tear-difference value of group 1 was
approximately 1.76-fold that of group 3. Compared with
the conventional emulsion (Restasis), MS-CsA formulations

Table 4 Schirmer tear test scores with cure

Day | Day 3 Day 5
Group |
AS + O7 11.23£1.1 12.13£1.84* 13.16+£2.212
AS + NS 9.85+1.78 7.78+2.16 6.8113.08
P, 0.084 0.0007 0.0003
Tear-difference value 1.38+1.79 4.35+1.54 6.35+4.49
Group 2
AS + O4 10.76+1.86 11.16£3.12° 11.65+1.58°
AS + NS 9.93+1.59 7.2513.14 6.7512.45
P, 0.3497 0.0254 0.0003
Tear-difference value 0.84+1.8 3.91+4.73 4.90+2.96
Group 3
AS + Restasis 11.06%1.5 10.29+2.07 10.4£2.11¢
AS + NS 9.81+2.74 7.58+3.44 6.8+1.94
P, 0.2763 0.0767 0.0032
Tear-difference value 1.25+3.55 2.71+3.12 3.613.27

Notes: :P<<0.05 versus AS + NS in group | on the same day; ®P<<0.05 versus
AS + NS in group 2 on the same day; ‘P<<0.05 versus AS + NS in group 3 on
the same day. Data expressed as mean * standard deviation (n=8). All solutions
administered at 50 pL.

Abbreviations: AS, atropine sulfate (1% solution); NS, normal saline.
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showed improvement demonstrated by the tear-difference
values between day 1 and day 5.

STT scores relevant to treatment with the drug formula-
tions under testing are illustrated in Figure 3B. On the first
day, the STT scores of all groups were significantly similar
(ANOVA, P=0.8276) and belonged to the normal-eye range.
On the fifth day, one-way ANOVA (P=0.0365) showed that
there were statistically significant differences among the
formulations posttreatment, and the therapeutic effective-
ness of the formulations (based on the STT scores) was
possible to predict. Interestingly, it was observed that only
O7 produced greater scores with respect to normal eyes at
the last experimental time, while the other two formulations
produced scores within normal ranges during all experimental
times. The enhanced effect of micelle formulations might be
due to the increased permeability in relation to the amount
of Cremophor EL. These results suggest that the micelle
formulations in this study have the potential to reduce the
amount of active pharmaceutical ingredients.

Goblet-cell density

Lachrymal glands, conjunctivas, and corneas are affected
in dry-eye disease. Therefore, the ocular surface is the
ideal target for topical administration of CsA in order to
suppress ocular inflammation without significant systemic
CsA exposure.’® Goblet cells are located in the surface of
conjunctiva-secreted mucin, and once it is secreted, it pos-
sesses the ability to hydrate and gel the conjunctiva.*® This
biological film produces a protective covering over the
ocular surface***! to protect it from a variety of pathogens,
chemicals, and environmental toxins.** Conjunctival goblet
cells are the main source of ocular surface mucoproteins
that lubricate and protect the ocular surface.*? It is likely that
the poorly lubricated ocular surface resulting from reduced
mucin production makes the tear film unstable.* Therefore,
goblet-cell density (adequate numbers of goblet cells) is a
critical parameter that reflects the overall health of the ocular
surface. ¥ CsA emulsion (Restasis), but not artificial tears,
increases goblet-cell density in the bulbar conjunctiva in
patients with dry eyes.?**

To evaluate the effects of sequential treatment with AS
and drug formulations on conjunctival goblet-cell density
in the rabbit, samples of conjunctiva sacs were stained with
H&E solution. Table 5 shows the number of average con-
junctival goblet cells of groups 1 and 3. The number of goblet
cells in conjunctivas treated with AS + MS-CsA (94.8318.38)
or AS + Restasis (65.17+11.51) was significantly higher than
the number of goblet cells treated with AS + NS (group 1,

Table 5 Average conjunctival goblet-cell density

Goblet-cell density Difference
Group |
AS + O7 94.8318.38* 51.17+£6.43
AS + NS 43.67+4.76
Group 3
AS + Restasis 65.17£11.51¢ 24.67£9.33
AS + NS 40.5£7.01

Notes: :P<<0.05 versus AS + NS in group |;°P<<0.05 versus AS + Restasis in group 3;
‘P<<0.05 versus AS + NS in group 3. Data expressed as mean =+ standard deviation
(n=6, three separate tissues by two independent masked observers).
Abbreviations: AS, atropine sulfate (1% solution); NS, normal saline.

43.6714.76; group 3, 40.5£7.01). The goblet-cell densities
of group 1 (treated with O7) and group 3 (treated with
Restasis) showed a significant difference (P<<0.05). As a
result, MS-CsA formulations have the potential to become
a useful tool for curing dry eyes, and could be employed as
an ideal alternative to Restasis for the treatment of dry-eye
syndrome.

Conjunctival epithelial morphology

As shown in Figure 4, goblet cells were stained purple and
located in the superficial epithelium. Treatment with AS
decreased goblet-cell density, such as dry-eye disease. Also,
these results were consistent with STT results, as previously
mentioned.

Conjunctivas of rabbits after 5 days of treatment with AS
and NS are shown in Figure 4, C (group 1) and E (group 3),
respectively. These epithelia were thinned with the loss of
goblet cells. However, conjunctivas of rabbits after 5 days of
treatment with AS and drug formulations recovered epithelia,
and there was a relative increase in the number of goblet cells.
Conjunctivas treated with MS-CsA formulation (Figure 4D)
or commercial CsA emulsion (Figure 4F) were composed of
sufficient layers of epithelial cells and contained numerous
goblet cells.

Conclusion

CsA eyedrops are widely known as a therapeutic agent for
dry-eye syndrome in the pharmaceutical industry. However,
alternative preparations of ophthalmic medications for
this disorder, except for Restasis, are almost nonexistent,
due to stability and patient-compliance issues. To develop
transparent MS-CsA capable of enhancing patient com-
pliance and effectively treating patient with dry-eye
syndrome, MS-CsA formulations composed of nonionic
surfactant Cremophor EL, ethanol, and phosphate buffer
were established. These studies revealed that the MS-CsA
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Figure 4 Images of histologic sections from the rabbit conjunctiva stained with H&E.

Notes: (A) Administration of normal saline only; (B) administration of 1% atropine sulfate solution only; (C) AS + NS administration in group |; (D) AS + O7
administration in group |; (E) AS + NS administration in group 3; (F) AS + Restasis administration in group 3. Goblet cells are stained purple and located in the superficial
epithelium. Epithelia in (B), (C), and (E) were thinned with loss of goblet cells. Goblet-cell morphology in (D) was relatively well formed. Magnification 40x. All solutions

administered at 50 pL.

Abbreviations: AS, atropine sulfate (1% solution); H&E, hematoxylin and eosin; NS, normal saline.

manufacturing method provided a simpler and more efficient
way to prepare eyedrops that were characteristically much
smaller and with more homogeneous size distribution than
Restasis. MS-CsA can be stored for 60 days without any
chemical or physical changes, such as pH, osmolarity, par-
ticle size, and content. The newly developed MS-CsA showed
significant therapeutic effect, as demonstrated by histological
evidence of higher goblet-cell density and clinical evidence
of improved tear production in dry eyes. Our results strongly
implicate that MS-CsA could be an ideal alternative therapy
for dry eyes. Furthermore, the MS-CsA delivery system, with

its shorter processing time and possible large-scale produc-
tion, is an advantageous technique.
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