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Introduction: Cyclosporine-A (CsA) is generally used as an immunosuppressant and is also
prescribed for some ophthalmic applications such as vernal keratoconjunctivitis and dry eye.
However, it is limited clinically due to its low aqueous solubility and ocular bioavailability.
Methods: In this work, lyophilized methoxy poly(ethylene glycol)-poly(lactide) (mnPEG-PLA)
polymer micelles were prepared for ophthalmic formulations as a promising nano-carrier for
hydrophobic drugs like CsA. A mPEG-PLA diblock polymer was synthesized by ring open-
ing polymerization and CsA was loaded into mPEG-PLA micelles by a simple film dispersion
method. A uniform design of experiments was utilized to optimize the final formulation. The
obtained formulation was characterized for diameter (57.0£3.2 nm), entrapment efficiency
% (98.51£1.4), and in vitro release. Moreover, incorporating the stabilizer mPEG2000 could
increase the in vitro stability of the lyophilized CsA-loaded mPEG-PLA micelles.

Results: Results showed a sustained release of CsA from the micelles. Drug concentration and
time-dependent cytotoxicity of human corneal epithelial-2 cells was observed. Additionally, the
transcorneal mechanism of mPEG-PLA micelles was studied and the results showed that the
mPEG-PLA micelles mainly absorbed by a paracellular pathway via corneal epithelial cells.
Conclusion: Taken together, the results proved that this mPEG-PLA diblock polymer can be
potentially used as a nanoscopic carrier to deliver hydrophobic drugs in a controlled manner to
the ocular region and, thus, deserves further attention.

Keywords: CsA, mPEG-PLA micelles, lyophilization, physicochemical characteristics,
transcorneal mechanism

Introduction

Cyclosporine-A (CsA; Figure 1) is a cyclic peptide compound composed of 11 amino
acids, which is most commonly used in the clinic.! CsA is also known as a calcineurin
inhibitor which can form a complex with cyclophilin-A and, as a result, inhibit T-cell
activation by preventing translocation of the nuclear factor of activated T-cells to the
nucleus. Furthermore, it blocks the expression of interleukin (IL)-2, IL-3, IL-4, tumor
necrosis factor-2, and other cytokines.? In addition, it can inhibit apoptosis by binding
to cyclophilin-D.* Due to its high lipophilicity (LogP=3.0) and extremely low aque-
ous solubility (6.6 wg/mL), it is difficult to formulate for conventional topical ocular
delivery systems.* Attempts have been made to improve the aqueous solubility of CsA
using penetration enhancers or surfactants, such as benzalkonium chloride and mac-
rogolglycerol ricinoleate (Kolliphor® EL; BASF, Ludwigshafen, Germany), with the
former also commonly used as a preservative in ocular formulations.’ Although all of
these excipients can improve the solubility and penetration of CsA, their use is limited
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Figure | (A) Chemical structure of CsA. (B) Synthesis of block copolymer mPEG-PLA.
Abbreviations: CsA, cyclosporine-A; mPEG, methoxy poly(ethylene glycol); PLA, poly(lactide).

by their high ocular irritation. This irritation is mainly caused
by compromising the integrity of the ocular tissues.®*
Commercial products of CsA available in the market
are 0.05% CsA emulsion (Restasis®, Allergan) and Tkervis®
(Santen). Restasis®, marked in 2003 in the USA, is an anionic
emulsion of castor oil in water. It contains 0.5 mg/mL CsA
and is applied twice a day. Ikervis® was marked in 2015 in
Europe and is a nanoemulsion containing 1 mg/mL CsA. It
is the only approved “once a day” formulation, thanks to the
presence of cetalkonium chloride, which imparts a positive
charge to the nanodroplets, thus prolonging the contact time
with the epithelial layers of the eye by electrostatic interac-
tions between the positively charged droplets and negatively
charged mucus protein of the corneal epithelium.” Due to
the net positive charge of the oil nanodroplets, the residence
time and the ocular bioavailability of CsA are higher with the
cationic emulsion than with other formulations.!* However,
they are always accompanied with adverse reactions such as

visual disturbance, ocular burning, ocular hyperemia, eyelid
erythema, etc.!!!?

Many approaches have been explored for improving
biomolecule solubility and bioavailability including using
permeability enhancers,'* mucoadhesive polymers,'* viscosity
enhancers,” and novel formulations such as microemulsions, '
microspheres,'” liposomes, '® and micelles.'” All of the afore-
mentioned systems have low corneal permeability. Low
corneal permeability along with limited retention time of
ophthalmic formulations results in low bioavailability and
conjunctival uptake.?*>* Among these, the use of polymeric
micelles is an attractive strategy for improving the corneal
and conjunctival penetration of drugs, for prolonged therapy
with reduced systemic side effects.?* Polymer micelles (PMs)
are formed from amphiphilic copolymers, which comprise
a hydrophobic inner core surrounded by a hydrophilic outer
shell.?2¢ PMs can encapsulate various drugs into their inner
cores with relatively high stability and the hydrophilic corona
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can be stabilized on the core surface by covalent conjuga-
tion.?” Poly(ethylene glycol) (PEG) and poly(lactide) (PLA)
are widely used for fabricating biodegradable nanoparticles
because of their biocompatibility and biodegradability.?*
Researchers have also focused on the addition of PEG to the
micelles to improve the stability of the micelles in physi-
ological environments as well as precorneal fluid.*® It has
been reported that methoxy PEG (mPEG)-PLA polymeric
micelles, which are used as carriers of hydrophobic com-
pounds, can increase drug solubility and penetration.?

The stability of PMs plays important roles during storage,
handling, and clinical use. One approach to keep the micelles
stable is complete removal of water by lyophilization. How-
ever, many PM formulations are unstable in lyophilized
form also, but the incorporation of some excipients (such as
polysaccharides and amino acids) can solve this problem.
These excipients can prevent nanoparticle fusion by interpar-
ticle bridging during freeze drying processes.?! Herein, we
describe a lyophilized CsA-loaded mPEG-PLA micelle with
the stabilizer mPEG2000 to improve its in vitro stability.

Materials and methods

Materials
CsA was purchased from Nanjing Duly Biotechnology
Co., Ltd (Nanjing, China). mPEG (molecular weight [MW]
2,000) stannous octate was obtained from Sigma-Aldrich
Co. (St Louis, MO, USA). D,L-lactide (purity: 99.5%) was
purchased from Jinan Daigang Biomaterial Co, Ltd (Jinan,
China). Hydroxypropyl methylcellulose (HPMC) (Methocel
E4M) was obtained from Colorcon (Shanghai, China). EDTA-
2Na was purchased from Guangzhou Lexin Huagong Co,
Ltd (Guangzhou, China). MTT was provided by Sunshine
Biotechnology Co, Ltd (Nanjing, China). Methanol (HPLC
grade, 99.9%) was supplied by Tedia Chemical (Fairfield, OH,
USA). Distilled water was made from an OPH-II-10T Ultra
Pure Water System (Sichuan Top Ultra Pure Technology Co.,
Ltd., Sichuan, China). All other reagents used were of analyti-
cal grade obtained from various commercial sources.

Human corneal epithelial (HCE-2) cells purchased from
the American Type Culture Collection (ATCC® number
CRL-11135; Manassas, VA, USA) were cultured in 75 cm?
flasks in DMEM/F12 (Thermo Fisher Scientific, Waltham,
MA, USA) containing 10% fetal calf serum, 100 U/mL
penicillin G, and 100 pg/mL streptomycin sulfate in a 37°C,
5% CO, environment.

New Zealand White rabbits weighing 2-2.5 kg were
obtained from Qinglongshan Farms (Nanjing, China). All
rabbits were healthy and free of clinically observable ocular

surface disease. All animal experiments complied with the
requirements of the National Institute of Health Guide for
Care and procedures were approved by the China Pharma-
ceutical University Animal Experiment Center.

Synthesis and characterization of the

mPEG-PLA diblock polymer

mPEG-PLA diblock polymers with different weight ratios
(40:60, 50:50, 60:40) were synthesized by ring opening
polymerization as described previously.*? Briefly, D,L-lactide
and mPEG2000 at a certain ratio were added into a three
necked round bottle flask with a magnetic stirrer. Under
nitrogen flushing, the materials were heated up to 140°C
slowly until they completely melted; then 0.5% stannous
octate (w/v) was added as a solution in toluene. The above
mixed solution was allowed to incubate in the presence
of nitrogen for 6 hours at 160°C. The cooled product was
dissolved in dichloromethane, recovered by precipitation
into excess solvent of ethyl ether, and then the process was
repeated twice. The purified copolymers were dried in a
vacuum oven at 40°C for 24 hours and stored in a desicca-
tor for further use.

The composition and the average MW of each copoly-
mer were determined using 300 MHz 'H-nuclear magnetic
resonance ('"H-NMR; Bruker AV-500; Bruker Optik GmbH,
Ettlingen, Germany) in D-chloroform and differential scan-
ning calorimetry (DSC; TA Instruments, New Castle, DE,
USA). The integrals of the peaks corresponding to the
mPEG methene protons (3.5 ppm), the PLA methyl protons
(1.5 ppm), and methine protons (5.1 ppm) were applied to
determine the weight ratio of mPEG to PLA and to calculate
the average MW. The thermal properties of the copolymers
were studied by DSC.

Preparation of CsA-loaded micelle

ophthalmic preparations

In order to form CsA-loaded micelles, CsA and mPEG-
PLA at different weight ratios (40:60, MW: 5,000; 50:50,
MW: 4,000; 60:40, MW: 3,333) were dissolved in 1 mL of
acetonitrile. After that, the organic content from the mixture
was completely removed using a vacuum rotary evaporator
at 50°C. The dried film of the micelle was dispersed in saline
and filtered through a membrane filter followed by centrifuga-
tion at 8,000 rpm to remove free CsA. Further, CsA-loaded
micelle ophthalmic preparations were obtained by suspension
and by the addition of a saline solution containing thickener
HPMC and the osmolality of the suspension was adjusted
with EDTA-2Na. The final preparation was a filtrate and
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vortexed for 5 minutes to get a uniform mixer. Afterward,
the volume of the obtained solution was adjusted to an initial
volume with normal saline and the solution was filtered with
a 0.22-um cellulose nitrate membrane (Agilent Technolo-
gies, Santa Clara, CA, USA) for sterilization. Finally, the
supernatant was collected for further analysis.

The critical micelle concentration (CMC)

of mPEG-PLA micelles

The CMC of mPEG-PLA micelles with different weight
ratios was determined by using pyrene as a fluorescence
probe.** About 200 UL of 5 ug/mL pyrene solution in acetone
was added in 14 of the 10-mL flasks and acetone was dried
by N.. Different concentration mPEG-PLA solutions were
added into the flasks with the pyrene. The concentration of
mPEG-PLA solutions ranged from 0.1 to 2,000.0 pg/mL.
The flasks were kept in a shaker at 25°C for 24 hours and
light was avoided to reach equilibrium before fluorescence
measurements.

Fluorescence spectra were recorded by a fluorescence
spectrometer (Lumina; Thermo Fisher Scientific). The emis-
sion wavelength was fixed at 390 nm and the excitation and
emission bandwidths were 5 nm. The CMCs of mPEG-PLA
micelles were the crossover points in the plots of the fluo-
rescence intensity ratio of 338 nm (I,,) and 333 nm (I,,,) to
the logarithm concentration.

Optimization of the preparation process
In order to optimize the micellar preparation process, single
factor experiments and a uniform design were applied. In
single factor experiments, the CsA residue in the rabbit
tear after the administration of 2 minutes was considered
an indicator to choose the block ratio of mPEG to PLA.
Based on the results of single factor experiments, a uniform
design was applied to determine the optimum amount of
the excipients in ophthalmic preparations. According to the
experimental design, the accurate requirement, independent
variables X (the ratio of the drug to polymer), X, (HPMC),
and X, (EDTA-2Na), was designed at five variable levels in
the optimization process and is listed in Table 1.

Table | The uniform design factors and levels

Independent Levels

variables | 2 3 4 5
X,: Drug:polymer (%) 0.37 0.74 1.10 1.45 1.84
X,: HPMC (%) 0 0.5 1.0 1.5 2.0
X,: EDTA-2Na (%) 0.0l 0.02 0.03 0.04 0.05

Abbreviation: HPMC, hydroxypropyl methylcellulose.

CsA determination in rabbit tears
To determine the presence of CsA in rabbit tears, a single dose
of 60 UL CsA formulation (0.5 mg/mL) was administered in
the eyes of New Zealand White rabbits. All the experiments
were performed under the Protocol of Ethical Committee
Permission of China Pharmaceutical University. Tear fluid
samples were collected by using Schirmer test strips.** Briefly,
the amount of tears withdrawn was calculated by subtracting
the weight of each strip after sampling from the weight before
sampling. The eyelids were gently held to close during sam-
pling in order to prevent loss of the eye drops. Subsequently,
the Schirmer strips were placed in an Eppendorf tube, dried
under N, stream, and then 0.2 mL of the mobile phase was
added. The sample was vortexed for 30 seconds to dissolve
CsA into the mobile phase and centrifuged at 10,000 rpm
for 5 minutes (KDC-140HR; Anhui USTC Zonkia Scientific
Instruments Co, Ltd, Anhui, China). The concentration of
CsA in the supernatant was determined by HPLC (Thermo
Fisher Scientific) and the presence of CsA was ascertained.
The concentration of CsA was calculated by HPLC.
HPLC analysis was performed on a reverse C18 column
(4.6x250 mm, 5 um, ZORBAX Eclipse Plus C18; Agilent
Technologies). The mobile phase consisted of a mixture of
methanol, water, and phosphoric acid at a ratio of 85:15:0.05
(v/vlv), respectively. The detector wavelength, flow rate,
injection volume, and column temperature were adjusted at
225 nm, 1 mL/min, 20 pL, and 70°C, respectively. The HPLC
method was validated with respect to linearity, repeatability,
limit of quantitation, and limit of detection.

Characterization of CsA-loaded mPEG-
PLA micelles

Size distribution and zeta potential

Mean particle size and size distribution of the micelles
were measured by a ZetaPlus laser particle size analyzer
(Brookhaven Instruments Corporation, Holtsville, NY,
USA). The micelles were diluted in saline (25°C) before
the measurement. All measurements were performed in
triplicate. The zeta potential of the micelles was detected in
the same instrument at 25°C.

Transmission electron microscopy (TEM)

A drop of the CsA micelle solution with a concentration
of 0.5 mg/mL was attached to the copper network and was
mixed with a drop of 2% (w/v) phosphotungstic acid. The
morphology of the CsA micelles was examined by a transmis-
sion electron microscope (JEM-1400; JEOL, Tokyo, Japan)
using standard protocols.
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Determination of entrapment efficiency (EE%) and
drug loading (DL%)

To determine the percentages of EE and DL of CsA in the
micelles, 1 mL of the micellar solution was diluted with
methanol to disrupt the self-assembled structures and the
amount of CsA was then determined using the validated
HPLC method. EE% and DL% was calculated by the fol-
lowing equations:

Weight of drug in micelles
Weight of the fed drug

EE% =

x100% (1)

Weight of drug in micelles
Weight of the micelles

DL% =

x100%.  (2)

Effect on the pH and temperature on
stability

According to the method described in the Preparation of
CsA-loaded micelle ophthalmic preparations section, all
of the parameters were fixed except the pH of the hydrated
buffer solution; the pH of the solution was adjusted at 4.0,
5.0, 6.0, 7.0, 8.0, and 10.0, respectively. The CsA micelle
solution was incubated at different pH values and was sealed
in colorless glass vials. To protect from light, all vials were
wrapped with aluminum foil and stored at 4°C, 25°C, and
37°C, respectively. After 24 hours, the EE% of each CsA-
loaded micelle was determined.

Determination of physical stability

To evaluate physical stability, the ophthalmic preparations
were sealed in transparent glass vials and stored in strong
light and high temperature environments in both solution and
lyophilized form. The samples were exposed to an artificial
daylight fluorescent lamp with 4,500+500 Lx for 10 days to
test photostability. The temperature stability was studied at
two temperature conditions at 40°C and 60°C for 10 days,
respectively. At the end of the study, the samples were tested
for CsA content and size of micelles. The stability of the
lyophilized powder was measured in terms of CsA content
and water dispersibility.

Preparation and optimization of
lyophilized CsA-loaded polymeric

micelles

Lyophilized CsA-loaded polymeric micelles were prepared
by the optimized formulation method. To prevent leaching of
the payload from micelles during freeze drying, some excipi-
ents were used as a cryoprotectant. In this case, six excipients

were used as stabilizers: glucose, sucrose, L-glutamic acid,
sorbitol, mannitol, and mPEG2000. The CsA-loaded micelle
solution (1 mL) and 50 mg of a stabilizer (5%, w/v) were
pipetted into a 5-mL glass vial and kept in a lyophilizer (LGJ-
10FD; Beijing Songyuan Huaxing Technology Develop Co,
Ltd, Beijing, China) for 43 hours to obtain lyophilized CsA-
loaded ophthalmic preparations.

In vitro release study

Initially, the calculated weight of the micelle powder was
dispersed in 2 mL of saline at 37°C and | mL from it was
transferred into a dialysis bag (Shanghai Yuanye Bio-
Technology Co, Ltd, Shanghai, China) with a 3.5-kDa
MW cutoff. After that, the resulting system was placed
in a suitable container containing 10 mL of release media
(phosphate buffer solution, pH =6.8% and 0.25% sodium
lauryl sulfate [SLS]) and the container was placed in a
shaker with water bath at 37°C. The shaker was adjusted
to rotate at 100 rpm/min. Samples from the released media
were collected and replaced in equal volumes (1 mL) each
time as per the defined study protocol. The content of CsA
in the released media at each time interval was measured
by the HPLC method.

In vitro cytotoxicity tests

Cell viability was measured by the MTT assay method;
HCE-2 cells were seeded in 96-well plates at an initial cell
density of 8,000 cells/well. After 24 hours incubation of
the cells, fresh medium containing different concentrations
of free CsA (0.1, 1, 10, 50, 100, and 200 pg/mL), blank,
or CsA-loaded mPEG-PLA micelles (0.1, 0.5, 1 and
5 mg/mL) was added. To determine the concentration and
time-dependent cytotoxicity of the free CsA solutions,
blank, and CsA-loaded mPEG-PLA micelles, the study was
performed for 24 and 48 hours at 37°C on HCE-2 cells.
After the incubation, media were removed and 200 puL
(0.5 mg/mL) of the MTT solution was added in each well
and incubated for another 4 hours at 37°C. Since the live
cells metabolize MTT and form formazan crystals, 150 UL
of dimethyl sulfoxide was added to dissolve the formazan
crystals. Absorbance values were measured by reading the
plates at 570 nm on a microplate reader (ELx800; BioTek
Instruments, Winooski, VT, USA), and the viability per-
centage was calculated. The inhibition rate was calculated
according to the following formula:

1 -1
sample blank % 100 (3)

control  * blank

Cell viability =
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In vivo eye irritation test

The in vivo eye irritation test of mPEG-PLA micelles with
different weight ratios was performed in three groups of
12 New Zealand White rabbits. CsA micelles (25 uL;
0.5 mg/mL) were instilled into the lower conjunctival sac of
the rabbit’s right eye and physiological saline was used as the
control in the left eye by single dosing per day for 3 weeks.
Then, the rabbits were euthanized and the ocular tissues
were extracted; the cornea, conjunctiva, sclera, iris were
collected and stored in 10% formalin solution (v/v) at 4°C.
The tissue was embedded in paraffin, serially sectioned into
5-um thick sections, and stained with H&E. The histological
slides were evaluated using a JFMV300CG camera lens and
JEMV controller software (Nan Jing Ji Fei Technology Co,
Ltd, Nanjing, China).

Transcorneal mechanism of mPEG-PLA

micelles across the ocular barrier

In order to study the transcorneal mechanism of mPEG-
PLA micelles across the ocular barrier, fluorescent micelles
incorporating fluorescein as a fluorescent marker were pre-
pared. Fluorescein is insoluble in water and has a similar
dissolution property to CsA. On the other hand, it is widely
used as a fluorescent tracer. Consequently, fluorescein
was selected as a fluorescent marker that was loaded in
the micelles in the same way as CsA was loaded. A single
dose (3x25 pL, at 10-minute intervals) of the micelle for-
mulations containing 15 pg/mL fluorescein was instilled
into the lower conjunctival sac of one eye for each rabbit.
Meanwhile, a transport study of fluorescein-loaded micelles
was performed in the presence of EDTA to open the para-
cellular route by chelation with calcium at a concentration
of 0.25% w/v.** The untreated contralateral eye was used
as a control and 15 pg/mL of the fluorescein solution was
instilled into the control eye. At 2 hours post-administration,
rabbits were sacrificed with CO, gas and freshly excised
corneal specimens were collected. The corneas were rinsed
with 0.9% w/v sterile NaCl and placed in 4% v/v formalin
solution. Finally, the corneas were observed with a confo-
cal laser scanning microscope (Carl Zeiss Meditec AG,
Jena, Germany).

Statistical analyses

Data were analyzed using SPSS software, version 19 (IBM
Corporation, Armonk, NY, USA). Statistical comparisons
were performed by one-way ANOVA for different groups.
Significant differences between or among groups were indi-
cated by *P<0.05, **P<0.01, and ***P<<0.001. All data
were presented as mean = SD.

Results and discussion

Polymer synthesis and micellization
mPEG-PLA was synthesized by ring opening polymerization
of D,L-lactide and mPEG2000 using a 0.5% (w/v) stannous
octate catalyst, as shown in Figure 1B. A series of mPEG-
PLA copolymers with different weight ratios were success-
fully synthesized and characterized as listed in Table 2 and
Figure 2. The weight ratio of mPEG to PLA was calculated
from 'H-NMR spectra. The obtained DSC spectra were not
significantly different from the initial weight ratio. Melting
enthalpies decreased as the content of lactide increased, due to
the reduction in crystallization of mPEG in the copolymer.*
Micelles were formed by self-assembly whereby the water
insoluble mPEG-PLA was dissolved in acetonitrile; then, a
vacuum rotary evaporator was used to form a transparent
colloid. The obtained colloid was dispersed into saline to get
the colloidal suspension. The hydrophobic PLA backbone
aggregated together to form the micelle core. The hydrophilic
mPEG chains formed the micelles corona, thereby stabiliz-
ing the hydrophobic—hydrophilic interface by limiting the
interaction between the core and the aqueous solution.’’

CMC of mPEG-PLA micelles

The CMC of mPEG-PLA with different weight ratios was
determined using pyrene as probe.?® Figure 3 reports the ratio
of the I,
of surfactants concentration. Two different linear regions

to the L, vibronic peak of pyrene as a function

can be identified in each profile; since 1., /... indicates the

338 7333
polarity of the medium in which pyrene is dissolved, the
two regions correspond to pre-micelles and post-micelles
formation. CMC can thus be estimated from the crossover
concentration.”’ The CMC of mPEG-PLA with a weight ratio
of 60:40, 50:50, and 40:60 were 7.90, 3.05, and 1.25 mg/L,
respectively. The CMC value of mPEG-PLA was decreased
with the increase of hydrophobic block PLA, with the reason

being that PLA strengthened the hydrophobic interactions

Table 2 Characteristics of mMPEG-PLA synthesized polymers

Weight ratio 'H-NMR DSC

(wiw) mPEG:PLA® | weight ratio | Weight ratio | Melting
of mPEG to of mPEG to point
PLA® PLA: °C)

60:40 64:34 61:39 48.8

50:50 45:55 48:52 43.6

40:60 37:63 38:62 41.0

Notes: *Weight ratio of mPEG to PLA was the actual weight ratio. "Weight ratio
of mPEG to PLA was the weight ratio of mPEG to PLA calculated from 'H-NMR
spectra. “Weight ratio of mPEG to PLA was the weight ratio of mPEG to PLA in the
copolymers, calculated from DSC.

Abbreviations: DSC, differential scanningcalorimetry; mPEG, methoxy poly(ethylene
glycol); NMR, nuclear magnetic resonance; PLA, poly(lactide).
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CH, of PEG

Weight ratio of mPEG to PLA: 40:60 | CH, of PLA

CH of PLA /
A i

Weight ratio of mPEG to PLA: 40:60
Weight ratio of mPEG to PLA: 50:50

Weight ratio of mPEG to PLA: 50:50

Weight ratio of mPEG to PLA: 60:40 ~/

Weight ratio of mPEG to PLA: 60:40
l I

100 80 6.0 40 20 00 20 30 40 50 60 70 80 90 100
ppm Temperature (°C)

Figure 2 (A) H-NMR spectra and (B) DSC spectra of mPEG-PLA with a weight ratio of 60:40, 50:50, and 40:60, respectively.
Abbreviations: DSC, differential scanning calorimetry; mPEG, methoxy poly(ethylene glycol); NMR, nuclear magnetic resonance; PLA, poly(lactide).
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1.2 1.2
b y =0.3785x + 0.1965. 1 y =0.3363x + 0.3646
.08 R2=0.8706 ) %08 R?=0.9768
©® 2 08"
= 06| y=0.04961x + 0.3764 = | y=003667x+0.3808
- 04| FF=0.9928 e _806| R?=0.9968 :
0.2 o ' 04
0 e : 0.2 S ‘
215 1 050 05 1 15 2 25 3 35 151 050 05 1 15 2 25 3 35
Log C Log C
C
1.2
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208¢ A
= | y=0.02373x+0.3728
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04l
0.2
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Figure 3 Plot of the fluorescence intensity ratio of I /l... from excitation spectra as a function of mPEG-PLA with a weight ratio of (A) 60:40 concentration, (B) 50:50

338 333
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Table 3 The effect of polymer block ratio on micelles (n=3,
mean t SD)

Block ratio (w/w) CsA tear concentration (ug/mL)
(mPEG:PLA)

60:40 -

50:50 28.27+0.21

40:60 25.1340.26*

Notes: *P<<0.05; compared with 50:50. The “-~” represents below the minimum

detection of this method.
Abbreviations: CsA, cyclosporine-A; mPEG, methoxy poly(ethylene glycol); PLA,
poly(lactide).

among the polymer chains at the micelle’s core. The lower
CMC value provided good stability for the drugs and remark-
able resistance to dissociation and dilution due to a large
volume of tear in the eye.

Optimization of the preparation process
The polymer block ratio of mPEG to PLA

The objective of this study was to develop a CsA ophthalmic
micelle formulation to increase corneal retention. The CsA
concentration in tears was determined by HPLC. As shown
in Table 3, the formulation of CsA micelles could confer
higher retention to CsA (P<<0.05), when the block weight
ratio of mPEG to PLA was 50:50. Moreover, CsA could not
be detected by HPLC, when the CsA micelles had a block
weight ratio of mPEG to PLA equaling 60:40. Therefore,
the weight ratio of 50:50 was chosen to prepare the micellar
system.

Formulation screening by uniform design
As anovel drug carrier that is intended to be used in the ocular
drug delivery system, one of the most important parameters
was the retention (Y) of CsA in the tear upon instillation. The
uniform design was used to speculate optimal prescription
with high CsA retention. The independent variables of the
experimental runs and their responses are given in Table 4.
A regression analysis was carried out to fit the math-
ematical model to the experimental data aiming at an optimal

Table 4 The uniform design and resulting values

region for the study. The regression equation was expressed
as follows:

Y=0.548-1.2692X +2.946X ~0.1228X, (R*=0.9856)  (4)

The positive value of the regression coefficient indicates
an effect that favors optimization, while a negative value
represents an inverse relationship between the factor and the
response. It can be seen that the variable with the largest and
positive effect was X, (HPMC), the negative influence of X,
(the ratio of drug to polymer), and X, (EDTA-2Na). Based
on the above results, an optimum condition for the synthesis
of CsA-loaded micelles was found as follows: the amount
of HPMC with a maximum level of 2%, the ratio of drug to
polymer =0.37%, and the amount of EDTA-2Na =0.01%.

Characterization of the optimal CsA-

loaded micelle ophthalmic preparations

The CsA micelles were a transparent, slightly blue opalescent
solution, and slightly off-white when compared to water
(Figure 4A). The TEM image showed that the micelles were
spherical or quasi-circular and homogenous, and no aggre-
gates were present. TEM also confirmed that the micelles
were spherical core—shell structures. The hydrophobic seg-
ments forming PMs could not be stained by phosphotungstic
acid. As a result, these parts showed up as bright white cores
under the electron microscope. The hydrophilic mPEG shells
absorbed some of the phosphotungstic acid in the aqueous
phase which displayed as gray halos. The core—shell struc-
tures of the micelles could control drug release and enhance
drug stability.** According to particle size measurements
(Figure 4B), it can be seen that the particle size of CsA-loaded
mPEG-PLA micelles was about 57 nm. The smaller size
observed in the TEM image compared to that in dynamic light
scattering was probably due to the drying effect during the
preparation of the sample for TEM measurements.* Further-
more, the zeta potential of CsA-loaded mPEG-PLA micelles

Responses

X,: HPMC (%)

X,: EDTA-2Na (%) Y: retention (ug/mL)

Experiments Variables

X: ratio of drug to

polymer (wiw %)
| 0.37 0.50
2 0.74 1.50
3 1.10 0.00
4 1.45 1.00
5 1.84 2.00

0.04 21.40
0.03 28.68
0.02 15.08
0.0l 20.50
0.05 26.42

Abbreviation: HPMC, hydroxypropyl methylcellulose.
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was about —1.23 mV (Figure 4C) at room temperature. The
EE% of the CsA micelles formulation was 98.51%%1.4%.

Stability study — effects of pH and
temperature

Stability is a critical factor that must be considered during
formulation design and development. The EE% of micelles

with different pH and temperature is presented in Figure 4D.
After 1 day of storage at 4°C and 25°C, the results showed
that there were no obvious changes in the EE% of the micel-
lar solution at different pH values. It was interesting to note
that the CsA micelles solution at pH 10.0 showed some white
insoluble aggregates, while others did not show noticeable
changes in appearance. This behavior was reasonable due to

mPEG-PLA 25 mg/mL + Water
CsA 0.5 mg/mL
B C 10
100 0
75 I g,
2 i 0.5
.a g
£ 50
3
£
25 I
0 ‘ : 0.0
5.0 50,000.0 -150.0 0 150.0

Diameter (nm)
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* * etk ek
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Figure 4 (Continued)

Zeta potential (mV)
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Figure 4 (A) TEM of CsA-loaded mPEG-PLA micelles and the appearance of the ophthalmic solution. (B) Representative size distribution of CsA-loaded mPEG-PLA micelles
and (C) its zeta potential analysis. (D) The stability of micelles with different pH and temperature. TEM of CsA-loaded mPEG-PLA micelles after 10 days stored at (E) 40°C,
(F) 60°C, and (G) 4,500+500 Lx light, respectively. n=3, mean = SD. *, *¥, and *** represent P<<0.05, P<<0.01, and P<<0.001, respectively.
Abbreviations: CsA, cyclosporine-A; mPEG, methoxy poly(ethylene glycol); PLA, poly(lactide); TEM, transmission electron micrograph.

the degradation of the mPEG-PLA copolymer under alkaline
conditions. CsA was stable under alkaline and neutral condi-
tions, while it was unstable and prone to degradation under
acidic conditions.* Our exploratory tests showed that the
drug in acidic conditions showed no aggregation. It indicates
that CsA was solubilized in the micelle core structure after
the micelle solution was prepared, reducing the influence
of the solvent, and thereby improving the stability of the
drug in water.

After storing at 40°C for 1 day, the micelle solution with
different pH values showed obvious turbidity and a decrease
in EE%, and the turbidity increased with an increase in pH.
This is because CsA was degraded under acidic conditions.
Under alkaline (pH =8) and high temperature (40°C) condi-
tions, the degradation of the copolymer and the leakage of
the drug led to a remarkable reduction in EE%.** These
results indicated that the CsA micelles were stable at lower
temperatures and at neutral conditions.

Physical stability of CsA micelles in

solution

The variations of the CsA micelle solution in strong light and
high temperature environment are shown in Table 5, which
revealed that the stability of the CsA micelle solution was
greatly influenced by light and temperature. The particle size
and EE% of micelles at day 0 showed significant differences
compared to the micelles on other days (P<<0.05). Mean-
while, there were white precipitates which emerged in the
vial turning the transparent solution into a turbid one. On
the other hand, TEM micrographs (Figure 4E—G) indicated
that the CsA micelles had changed in shape and particle size
with aggregations after 10 days of storage at 40°C, 60°C,

and at 4,500+£500 Lx light, respectively. This can explain
the degradation of the mPEG-PLA block copolymer which
leads to the precipitation of CsA.

Formulation and optimization of the
lyophilized CsA micelle ophthalmic

preparations

The lyophilized CsA-loaded polymeric micelle ophthalmic
preparations were investigated due to the instability of
its liquid solution. Glucose (5%), sucrose, L-glutamic
acid, sorbitol, mannitol, or mPEG2000 was chosen as a
stabilizer for lyophilization of CsA polymeric micelles.
The physicochemical characteristics of lyophilized CsA
polymeric micelles are presented in Figure 5. The addition
of mPEG2000 did not significantly affect the particle size
of CsA micelles as compared with the freshly prepared
CsA micelles solution (P>0.05), but the addition of other
stabilizers had a significant impact on the particle size of
the CsA micelles (P<<0.001). The size distribution of CsA

Table 5 Variations of the CsA micelle solution (n=3, mean + SD)

Time Environmental Characteristics

(days) conditions Particle Entrapment
size (nm) efficiency (%)

0 25°C 57.00+0.65 98.51+1.40

5 40°C 61.60x11.3 81.17+1.20%*

5 60°C 94.30+5.02%* 65.10£1.01%*

5 Light 84.97+18.4* 63.03+1.01%*

10 40°C 90.97+3.76%* 74.731+0.45%*

10 60°C 131.4£12.2%F 60.17+1.21%*

10 Light 28|.3146.5%* 58.47+0.78**

Note: *P<<0.05, **P<<0.01, ***P<<0.001, compared with day 0.
Abbreviation: CsA, cyclosporine-A.
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Figure 5 (A) Particle size, (B) PDI, (C) entrapment efficiency, and (D) drug loading of CsA-loaded mPEG-PLA polymeric micelles with different stabilizers. n=3, mean * SD.
*, *%, and *** indicate P<<0.05, P<<0.01, and P<<0.001, respectively, versus fresh preparation.
Abbreviations: CsA, cyclosporine-A; mPEG, methoxy poly(ethylene glycol); PDI, polydispersity index; PLA, poly(lactide).

micelles almost tended to become larger (P<<0.001) after
lyophilization except for micelles with 5% mPEG2000.
The addition of 5% mPEG2000 retained the size of the
particles and polydispersity index values of the CsA-loaded
polymeric micelles remained unchanged. In addition, higher
EE% and DL% were attained when mPEG2000 was added
as compared to the other stabilizers. The greatest decrease
in EE% (P<<0.001) and DL% (P<<0.05) was observed when
other stabilizers were used in the formulations. From these
results, 5% mPEG2000 was chosen as a stabilizer for lyo-
philization since it did not change the particle size, EE%,
and DL% of the CsA polymeric micelles. The result is
consistent with the observations of our previous studies.*
mPEG2000 consists of PEG chain structural units and has
a similar structure with the micelle shell. The addition of
mPEG2000 could fill the gap of micelles and micelles filled
with PEG chain units. In the process of lyophilization,

mPEG2000 mainly played the role of steric stabilizers to
protect the micelles.*

Physical stability of CsA micelle
lyophilization

The CsA-loaded mPEG-PLA micelle lyophilized powder
was investigated for physical stability under a strong light
and high temperature environment. As presented in Table 6,
there were no significant changes in the particle size and EE%
of the lyophilized product, indicating that the lyophilized
powders were stable under severe reaction conditions (40°C,
60°C, or light with 4,500£500 Lx for 10 days). Furthermore,
the results showed that there were no significant differences
in the diameter and EE% of the fresh micelles solution and
lyophilized formulations (P>0.05). This indicated that recon-
stitution of the lyophilized powder is suitable for clinical
applications. Based on the above results, the CsA micelle
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Table 6 Variations in CsA micelle lyophilized powder (n=3,
mean + SD)

Time Environmental Characteristics
(days) conditions Particle Entrapment
size (nm) efficiency (%)

0 25°C 57.00+0.65 98.51£1.40

5 40°C 59.10+2.88 97.6310.68

5 60°C 60.00£1.56 96.4012.86

5 Light 59.03£3.59 98.40£0.53

10 40°C 60.13£3.07 96.031£0.97

10 60°C 60.77£3.25 95.73£3.02

10 Light 61.63£3.21 95.27+1.86

Abbreviation: CsA, cyclosporine-A.

lyophilized formulations were stable and favor long-term
preservation.

In vitro release study
The in vitro release profiles of free CsA and CsA from mPEG-
PLA micelles in 0.25% SLS solution are shown in Figure 6.
As can be seen, free CsA was released up to 91.92% after
1 hour. CsA loaded in mPEG-PLA micelles presented a two-
step release pattern without a burst effect, demonstrating an
initial rapid release period at 36 hours, in which about 73.08%
CsA was released, followed by a prolonged release of up to 92
hours reaching a cumulative release of CsA close to 89.23%.
Due to the high hydrophobicity of CsA, it was encapsulated
into the core and was restricted for drug release from the
kernels, which resulted in a sustained release.®

It should be noted that the release of CsA from the
mPEG-PLA micelles followed more than one type of

100
P 80
7]
3
o 60
S
S
= 40+
)
=]
€ o0 —e— Free CsA
3 —a— CsA-loaded mPEG-PLA micelles
0 T 1 ] T 1 ] T ] ] 1
-10 0 10 20 30 40 50 60 70 80 90 100

Time (hours)

Figure 6 In vitro release profile of free CsA and CsA-loaded mPEG-PLA micelles in
0.25% SLS solution (n=3, mean * SD).

Abbreviations: CsA, cyclosporine-A; mPEG, methoxy poly(ethylene glycol); PLA,
poly(lactide); SLS, sodium lauryl sulfate.

mechanism, including diffusion of CsA and the dissociation
and degradation of mPEG-PLA micelles. The results of the
release studies were fitted with some kinetic models (zero-
order, first-order, Higuchi’s, Hixson—Crowell’s, Weibull’s,
Peppas—Sahlin’s, and Korsmeyer—Peppas kinetic equations)
to investigate the CsA release behavior.** As shown in
Table 7, the comparison of R? values for the different kinetic
equations indicated that the best agreement of fitting was
achieved with the Peppas—Sahlin equation (R?>=0.9917). The
results suggested that the mPEG-PLA micelles may provide
prolonged release of CsA.

In vitro cytotoxicity
The survival rate of the HCE-2 cells declined in a dose-
dependent manner (P<<0.001) (Figure 7A). CsA showed
a significant level of cytotoxicity at concentrations up
to 10 ug/mL after 24 hours of incubation. Cell viability
at 0.1 and 1 pg/mL of free CsA was significantly higher
(P<<0.001) in comparison to the other concentrations of free
CsA (10, 50, 100, and 200 pg/mL). Similarly, the cytotoxic-
ity levels were increased by increasing the incubation time.
Figure 7B and C shows the cytotoxicity level of blank
mPEG-PLA micelles at 24 and 48 hours, respectively. The
results showed that about 80% of the cells were alive even at
higher concentrations, ie, 5 mg/mL of blank mPEG-PLA.
The cytotoxicity results of CsA-loaded mPEG-PLA
micelles are depicted in Figure 7D and E. The survival rate
of cells decreased with an increase in incubation time and
micelle concentration. A significant difference in survival
rate for the cells treated with mPEG-PLA (60:40) and mPEG-
PLA (50:50) micelles was observed (P<<0.01). mPEG-PLA
(50:50) showed lower toxicity in comparison to mPEG-PLA
(60:40) micelles. This difference in cytotoxicity is postulated
due to the difference in the relative MW of the hydrophobic
PLA segment. An increase in the amount of hydrophobic
segments would have a higher affinity to form aggregations
at lower CMCs. In this way, the self-assembled micelles
became more stable and reduced cytotoxicity.

In vivo eye irritation test

The biocompatibility of mPEG-PLA micelles with different
weight ratios was investigated in the eye balls of rabbits. After
3 weeks study, ocular tissues (cornea, conjunctiva, sclera,
and iris) of the rabbits were collected for histopathological
analysis. Histopathological evaluation showed all the signs
representative of control eyes similar to the tests above
(Figure 8A). mPEG-PLA micelles with different weight
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Table 7 CsA-loaded mPEG-PLA micelles release in vitro

Model CsA micelles
Equation R? Rlagjlsted

Zero-order Q=1.252t 0.8197 0.8197
First-order Q=100 [|-exp(—0.03t)] 0.9851 0.9851
Higuchi Q=10.020t%* 0.9378 0.9378
Hixson—Crowell Q=100 [1-(1-0.008*t)] 0.9818 0.9817
Weibull Q=100 {I—exp[—((t+0.896)"'®%)/65.155]} 0.9879 0.9849
Peppas—Sahlin Q=2.419t'%%-0.01 6¢>' 0.9917 0.9916
Korsmeyer—Peppas Q=7.2¢0%8 0.9475 0.9417

Abbreviations: CsA, cyclosporine-A; mPEG, methoxy poly(ethylene glycol); PLA, poly(lactide).

ratios-treated eyes and their corresponding contralateral
control eyes demonstrated anterior eye segments and nor-
mal ocular surface structures with preserved morphology
and architecture. After 3 weeks administration, there was
no inflammatory response (inflammatory cells infiltration,
edema, and atrophy) observed on the cornea, conjunctiva,
sclera, and iris in the test groups, which indicated that

mPEG-PLA micelles with different weight ratios showed no
irritation in the in vivo test.

Transcorneal mechanism study of mPEG-
PLA micelles

The mPEG-PLA micelle transcorneal mechanism was
studied after the instillation of a fluorescein aqueous solution
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Figure 7 (A) Cytotoxicity of free CsA. Cell viability of blank mPEG-PLA micelles at (B) 24 hours and (C) 48 hours. Cell viability of CsA-loaded mPEG-PLA micelles at (D)
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Abbreviations: CsA, cyclosporine-A; mPEG, methoxy poly(ethylene glycol); PLA, poly(lactide).

>

Control mPEG-PLA (60:40) mPEG-PLA (50:50) mPEG-PLA (40:60)

Cornea

Sclera Conjunctiva

Iris

20 ym 20 um 20 ym
—_ bt |

Figure 8 (A) Histology of cornea, conjunctiva, sclera, and iris after instilling mPEG-PLA micelles with different weight ratios at 3 weeks. Sections were embedded in paraffin
and stained with H&E. Scale bars represent 100 pum. Confocal fluorescence images of the rabbit eye after 2 hours of instillation of (B) fluorescein solution, (C) fluorescein
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Abbreviations: mPEG, methoxy poly(ethylene glycol); PLA, poly(lactide).
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and fluorescein micellar solution in the conjunctival sac of
rabbits for 2 hours. The distribution of fluorescein in the
cornea was observed by confocal laser scanning micros-
copy. The fluorescence intensity of the micelle solution in
the cornea was stronger than that of the fluorescein aqueous
solution, as illustrated in Figure 8B and C. It is possible that
the micelles accumulated in the tear film layer, thereby being
retained in the eye, and more fluorescein entered the cornea;
so, the micelle solution had a higher fluorescence intensity in
the cornea.’® Whether it was the fluorescein aqueous solution
or micelle solution, the corneal epithelium showed stronger
fluorescence intensity than the stroma because the epithelial
cells hindered the entry of fluorescein in the cornea, hence
resulting in a decline in the retention effect.

Figure 8D shows the distribution of fluorescence in the
epithelial cells at 2 hours after administration of the micelle
solution along with 0.25% EDTA. It can be observed that
the intercellular space of epithelial cells showed stronger
fluorescent signals than the epithelial cells. It is well known
that Ca?* ions have an important role in maintaining the
paracellular permeability in epithelial cell monolayers by
modulating tight junctions.”’ EDTA depletes Ca’* in the extra-
cellular space including the tight junction region and activates
protein kinase C, resulting in paracellular permeability.*
It was clear that the fluorescein mainly passed through the
corneal epithelial cells through the paracellular pathways.

Conclusion

The present study reported the formulation and physicochemi-
cal characterization of lyophilized CsA-loaded mPEG-PLA
micelles for ophthalmic preparations. Uniform design was
used to obtain the optimal formulation which was composed of
2% HPMC, 0.01% EDTA-2Na, and 0.37% drug and polymer
ratio. These CsA-loaded mPEG-PLA micelles resulted in a
spherical core—shell structure with a homogeneous size dis-
tribution, as confirmed by TEM. Stability studies of the CsA
micelle solution and lyophilized powder were carried out to
determine the long storage conditions of the formulation. The
in vitro release profile study indicated a sustained release pat-
tern of CsA from the micelles. The mechanism study showed
that the developed mPEG-PLA micelles mainly absorbed via a
paracellular pathway in corneal epithelial cells. Conclusively,
the mPEG-PLA diblock polymer is a safe and promising car-
rier to further develop for improved ocular therapy.
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