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Abstract: To improve the oral bioavailability of poorly water-soluble cyclosporin A (CyA),
polymeric micelles based on monomethoxy poly(ethylene glycol)-b-poly(p,L-lactic acid) (MPEG-
PLA) were prepared. In vitro release test showed that the cumulative release percentage, about
85%, of CyA from polymeric micelles within 24 h was comparable to that from Sandimmun
Neoral, the currently available oral formulation of CyA. A relative oral bioavailability of 137% in
rats compared with Sandimmun Neoral was demonstrated for CyA-loaded polymeric micelles.
The other aim of the current work was to study the transport mechanism of mPEG-PLA micelles
across the intestinal barrier. It was found that polymeric micelles could significantly increase
the permeability of CyA across Caco-2 monolayers without significantly affecting transepithelial
electrical resistance values, and the apparent permeation coefficient (Pap,) of CyA was
significantly higher in the AP—BL direction compared to that in the BL—AP direction, suggesting
that polymeric micelles might undergo an active AP to BL transport that probably involved
endocytosis which was confirmed by confocal microscope observation. The permeation of CyA
through Caco-2 monolayers showed that the Py, was significantly increased when CyA was
formulated with the copolymer below its critical association concentration (CAC) and no significant
difference was found above its CAC, implying that mPEG-PLA monomers affected the intestinal
P-gp efflux pumps. Therefore, the mMPEG-PLA micelles seemed to be a good candidate for oral
delivery of poorly soluble drugs.
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Introduction of autoimmune disease.'”> However, it also has some
drawbacks such as large molecular weight (1202 Da), low

Cyclosporin A (CyA) is a highly effective immunosup- OERS 4
solubility in water (23 ug/mL at room temperature),” very

pressive agent which is widely used in clinic for prevention
of allograft rejection after organ transplantation and treatment
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high lipophilicity (log P = 2.92),° being a substrate of
P-glycoprotein (P-gp), and vulnerability to intestinal mucosa
and liver P450 3A4. These factors lead to a low and irregular
oral bioavailability, about 10% to 60%.° The currently
available oral formulation of CyA in the form of a micro-
emulsion, Sandimmun Neoral, has more stable drug me-
tabolism, but its gastrointestinal absorption is still incomplete
and variable due to its hydrophobic character.”* Moreover,
Cremophor RH 40 present in Sandimmun Neoral has been
reported to induce undesirable side effects, such as anaphy-
lactic reactions in sensitized patients.”'” In view of the
clinical importance of CyA, various oral formulations of CyA
without Cremophor RH 40 such as liposomes,'' micro-
spheres,” nanoparticles,*'* "> microemulsions'®!” and poly-
meric micelles'® have been developed to improve the oral
bioavailability of CyA. Given the limited stability of lipo-

(4) Miyake, K.; Hirayama, F.; Uekama, K. Solubility and mass and
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of cyclosporin A with dimethyl-alpha- and -beta-cyclodextrins in
aqueous solution. J. Pharm. Sci. 1999, 88 (1), 39-45.
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J. Pharm. 2007, 345 (1—2), 134-41.
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sporin after oral dosing. Eur. J. Clin. Pharmacol. 1988, 34 (5),
461-4.
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Knight, J. F.; Hodson, E. M. Pharmacokinetics of cyclosporin in
children with stable renal transplants. Pediatr. Nephrol. 2000, 15
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Oral administration of liposomes containing cyclosporine: a
pharmacokinetic study. Int. J. Pharm. 1998, 168, 163-8.

(12) Wang, X. Q.; Dai, J. D.; Chen, Z.; Zhang, T.; Xia, G. M.; Nagai,
T.; Zhang, Q. Bioavailability and pharmacokinetics of cyclospo-
rine A-loaded pH-sensitive nanoparticles for oral administration.
J. Controlled Release 2004, 97 (3), 421-9.
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Mehnert, W.; Souto, E. B. Cyclosporine-loaded solid lipid
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2008, 68 (3), 535-44.
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somes in vivo, they have not been widely applied in clinical
use.'””?' Among other particulate vehicles, polymeric mi-
celles have presented their great potential in oral delivery
of poorly water-soluble drugs in recent years.

Generally, block copolymers with concentration above the
critical association concentration (CAC) self-assemble into
spherical polymeric micelles with a core—shell structure in
water: the hydrophobic segments aggregate to form an inner
core able to accommodate hydrophobic drugs with improved
solubility by hydrophobic interactions; the hydrophilic shell
consists of a brushlike protective corona that stabilizes the
micelles in aqueous solution.?* 2* Polymeric micelles as
novel drug vehicles present numerous advantages, such as
reduced side effects of drugs, selective targeting, stable
storage, stability toward dilution, and prolonged blood
circulation time.?** Furthermore, polymeric micelles possess
a nanoscaled size with a narrow distribution. They can protect
drugs against premature degradation in vivo owing to their
core—shell architecture.?®*” More importantly, polymeric
micelles are fabricated according to the physicochemical
properties of drugs and the compatibility between the core
of micelles and drug molecules.>**® Since most of polymeric
micelles are intended to be administered intravenously, the
development of polymeric micelles via the oral route has
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attracted attention.”’ 3! Nevertheless, the documented in-
creased uptake using polymeric micelles may then be merely
the result of an increase in membrane permeability**** and/
or inhibition of P-gp efflux, which has been established for
several types of micelles (or its monomers),>* including
TPGS,* poly(ethylene glycol)-block-poly(alkyl acrylate-co-
methacrylic acid),>® and Pluronic P85, the bioavailability
enhancement of CyA loaded in polymeric micelles by oral
delivery has been only predicated so far, and the mechanism
through which oral absorption of polymeric micelles would
occur remains elusive.

The purposes of the present work were (1) to fabricate
polymeric micelles to improve the oral bioavailability of CyA
and (2) to characterize transport mechanisms of polymeric
micelles through the intestinal barrier. Therefore, monomethoxy
poly(ethylene glycol)-b-poly(D,L-lactic acid) (mPEG-PLA)
copolymers, which were selected as micelle-forming material

(26) Wilhelm, M.; Zhao, C. L.; Wang, Y. C.; Xu, R. L.; Winnik, M. A;
Mura, J. L.; Riess, G.; Croucher, M. D. Poly(styrene-ethylene
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(acrylic acid) copolymers. J. Controlled Release 2004, 97, 537—
51.
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carrier. Chin. J. New Drug 2009, 18 (3), 262-7.

(29) Tobio, M.; Sanchez, A.; Vila, A.; Soriano, I. I.; Evora, C.; Vila-
Jato, J. L.; Alonso, M. J. The role of PEG on the stability in
digestive fluids and in vivo fate of PEG-PLA nanoparticles
following oral administration. Colloids Surf., B 2000, 18 (3—4),
315-23.
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A 2005, 75 (3), 639-47.
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J. Pharm. Biopharm. 2009, 71 (2), 223-30.

(32) Zastre, J.; Jackson, J.; Burt, H. Evidence for modulation of
P-glycoprotein-mediated efflux by methoxypolyethylene glycol-
block-Polycaprolactone amphiphilic diblock copolymers. Pharm.
Res. 2004, 21 (8), 1489-97.

(33) Francis, M. F.; Cristea, M.; Yang, Y.; Winnik, F. M. Engineering
polysaccharide-based polymeric micelles to enhance permeability
of cyclosporin A across Caco-2 cells. Pharm. Res. 2005, 22 (2),
209-19.

(34) Bogman, K.; Erne-Brand, F.; Alsenz, J.; Drewe, J. The role of
surfactants in the reversal of active transport mediated by multidrug
resistance proteins. J. Pharm. Sci. 2003, 92 (6), 1250-61.

(35) Dintaman, J. M.; Silverman, J. A. Inhibition of P-glycoprotein
by D-alpha-tocopheryl polyethylene glycol 1000 succinate (TPGS).
Pharm. Res. 1999, 16 (10), 1550-6.

(36) Sant, V. P.; Smith, D.; Leroux, J. C. Enhancement of oral
bioavailability of poorly water-soluble drugs by poly(ethylene
glycol)-block-poly(alkyl acrylate-co-methacrylic acid) self-as-
semblies. J. Controlled Release 2005, 104 (2), 289-300.

(37) Batrakova, E. V.; Han, H. Y.; Alakhov, V.; Miller, D. W.; Kabanov,
A. V. Effects of pluronic block copolymers on drug absorption in
Caco-2 cell monolayers. Pharm. Res. 1998, 15 (6), 850-5.

based on our screening of a wider range of block copolymers
according to the compatibility between the core of micelles
and the drug,*®3° were synthesized and characterized. The
micelle preparation, CyA solubilization and micelle proper-
ties were investigated by size measurement, drug loading
content (LC), encapsulation efficiency (EE) and in vitro drug
release. Pharmacokinetic profiles of CyA-loaded polymeric
micelles and CyA commercial formulation (Sandimmun
Neoral) after oral administration were assessed in rats. Caco-2
cell monolayers representing intestinal cell lines were used
in this study to better characterize the transport mechanism
of polymeric micelles through the intestinal barrier.

Materials and Methods

Materials. Cyclosporin A (CyA) was received as a gift
from Hangzhou Zhongmei Huadong Pharmaceutical Co., Ltd.
(Hangzhou, China). Monomethoxy poly(ethylene glycol)
(mPEG) with molecular weight of 5 kDa and stannous
2-ethylhexanoate were purchased from Sigma (St. Louis,
MO). 3,6-Dimethyl-1,4-dioxane-2,5-dione (D,L-dilactide) was
obtained from Daigang Biological Technology Co., Ltd.
(Shandong, China). Sandimmun Neoral capsule was pur-
chased from Novartis (Switzerland). Cremophor RH 40 was
obtained from BASF Corp. (Parsippany, NJ). Dulbecco’s
modified Eagle medium (DMEM), penicillin—streptomycin
(10,000 TU/mL penicillin-G and 10 mg/mL streptomycin),
0.25% trypsin—0.53 mmol/L. EDTA and Hanks balance salt
solution (HBSS) were obtained from M&C Gene Technology
(Beijing, China). Fetal bovine serum (FBS) was obtained
from Gibco, Invitrogen (Ontario, USA), and nonessential
amino acid solution was obtained from Sigma-Aldrich (St.
Louis, MO). 25 ¢cm? and 75 cm? plastic culture flasks, 12-
well and 96-well tissue culture plates and Transwell 12-well
plate (12 mm, 3.0 4m pore size inserts) were obtained from
Costar (Corning Incorporated, USA). Sulforhodamine B
sodium salt (SRB) and coumarin-6 were obtained from
Sigma-Aldrich (St. Louis, MO). Tris was obtained from
Shenggong Biological Technology Co. Ltd. (Shanghai,
China). Bis Benzimide Hoechst 33258 was purchased from
Biodee Biotechnology Co. Ltd. (Beijing, China). TritonX-
100 was obtained from Amresco Inc. (Solon, USA).

Synthesis and characterization of mPEG-PLA
Copolymers. mPEG-PLA copolymers were synthesized from
D,L-dilactide and mPEG by the ring-opening polymerization
method under continued supply of nitrogen, with stannous
2-ethylhexanoate used as a catalyst and methylbenzene as a
solvent as previously described.*” The synthesized diblock

(38) Barthe, L.; Woodley, J.; Houin, G. Gastrointestinal absorption of
drugs: methods and studies. Fundam. Clin. Pharmacol. 1999, 13
(2), 154-68.

(39) Liu, J.; Xiao, Y.; Allen, C. Polymer-drug compatibility: a guide
to the development of delivery systems for the anticancer agent,
ellipticine. J. Pharm. Sci. 2004, 93 (1), 132-43.

(40) Xinru Li, Z. Y. Kewei Yang, Yanxia Zhou, Xingwei Chen, Yanhui
Zhang, Fei Wang, Yanliu, Lijun Ren, Self-assembled Polymeric
Micellar Nanoparticles as Nanocarriers for Poorly Soluble Anti-
cancer Drug Ethaselen. Nanoscale Res. Lett. 2009, 4, 1502-11.
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copolymers were referred to as mPEGx-PLAy. x and y
represented the weight-averaged molecular weight of the mPEG
and PLA block in kDa. mPEGS5-PLA2.5, for example, consisted
of a 5 kDa mPEG block connected to a 2.5 kDa PLA block.

The critical association concentration (CAC) of mPEG-
PLA copolymer was determined by fluorescence spectros-
copy using pyrene (Fluka, > 99%) as a hydrophobic probe
as previously described.*®

Preparation and Characterization of mPEG-PLA
Polymeric  Micelles. Preparation of mPEG-PLA
Polymeric Micelles. The preparation process of mPEG-PLA
micelles was optimized by using drug loading content,
entrapment efficiency and the micelle size as indicators by
orthogonal design. mPEGS5-PLA2.5 and mPEGS5-PLAS poly-
meric micelles were prepared by rotary evaporation
method.*' Briefly, 25 mg of mPEG-PLA was dissolved in
10 mL of methanol followed by evaporation under vacuum
at 60 °C to form a homogeneous film. The resulting film
was dispersed in 10 mL of water at 60 °C and then vortexed
for 3 min. The mixture was filtered through a 0.45 um filter
(Millex-GV, Millipore, USA) to obtain a clear and homo-
geneous micellar solution. The CyA-loaded micelles were
prepared as described above except 25 mg of mPEG-PLA
was replaced by a mixture of 5 mg of CyA and 25 mg of
mPEG-PLA. Coumarin-6-loaded polymeric micelles were
prepared as described above.

mPEGS5-PLA10 and mPEGS-PLA15 polymeric micelles
were prepared by a dialysis method.** Briefly, 25 mg of
mPEG-PLA and 5 mg of CyA were dissolved in 3 mL of
dimethyl sulfoxide (DMSO). The solution was then intro-
duced into a dialysis bag (Spectrapor, MWCO = 3500), and
dialyzed against 1 L of distilled water, which was replaced
every 4 h in the course of 48 h. The micellar solution
obtained in the dialysis bag was then filtered through a 0.45
um filter to remove nonencapsulated CyA. CyA-free micelles
were produced by the same method without adding CyA at
the first stage of the preparation.

Particle Size Measurement. The average particle size and
size distribution of polymeric micelles were determined by
dynamic light scattering (DLS) (Zetasizer ZEN 3600, Mal-
vern, U.K.). All DLS measurements were performed with a
scattering angle of 90° at 25 °C after diluting the micellar
solution to an appropriate volume with water. The results
were the mean values of three samples.

Determination of Encapsulation Efficiency and Drug
Loading Content. To determine drug loading content (LC,
w/w %) and entrapment efficiency (EE, w/w %) of micelles,
CyA-loaded polymeric micelles solution was freeze-dried and
then dissolved in methanol, and CyA content in micelles was
determined on a Shimadzu series HPLC system (Shimadzu

(41) Zhang, X.; Jackson, J. K.; Burt, H. M. Development of amphiphilic
diblock copolymers as micellar carriers of Taxol. Int. J. Pharm.
1996, 132, 195-206.

(42) Yu, B. G.; Okano, T.; Kataoka, K.; Kwon, G. Polymeric micelles
for drug delivery: solubilization and haemolytic activity of
amphotericin B. J. Controlled Release 1998, 53 (1—3), 131-6.
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LC-10AT, Kyoto, Japan) equipped with a UV detector
(Shimadzu SPD-10A) and reversed phase column (ODS C18,
5 um, 4.6 mm x 250 mm, Dikma, China). The mobile phase
consisted of acetonitrile/water (90/10, v/v) and was pumped
at a flow rate of 1.0 mL/min. The detection wavelength was
210 nm. The column temperature was set to 70 °C. The LC
and EE of the micelles were then calculated based on the
following formula:

LC (%) =
mass of CyA extracted from freeze-dried micelles

total mass of freeze-dried micelles x 100%

EE (%) =
mass of CyA extracted from freeze-dried micelles
mass of feed CyA

x 100%

In Vitro Release of CyA from Micelles. One milliliter of
micellar solution in simulated gastric fluid (SGF) or simulated
intestinal fluid (SIF) was placed into a dialysis bag with
molecular weight cutoff of 50,000. The dialysis bag (con-
taining 0.25 mg of CyA loaded in polymeric micelles) was
immersed into a flask with 30 mL of release medium (SGF
or SIF) containing 30% (v/v) ethanol (under sink conditions)
which was kept in a constant temperature shaking water bath
at 37 °C and 100 rpm. At predetermined time intervals,
aliquots (I mL) of the release medium were taken and
immediately replaced with the same volume of fresh release
medium. The content of CyA in the medium was measured
by HPLC method as described above. The cumulative release
percentage of CyA was calculated. The in vitro release of
CyA from Sandimmun Neoral (containing equivalent content
of CyA to polymeric micelles) was also tested as control.

Pharmacokinetics Study. In Vivo Experiment. Male
Sprague-Dawley (SD) rats were purchased from Peking
University Health Science Center (weighing 200 4+ 20 g).
Animals were housed under standard conditions with free
access to food and water. All of the animal experiments
adhered to the principles of care and use of laboratory
animals and were approved by the Institutional Animal Care
and Use Committee of Peking University.

Two groups (6 rats per group) of male SD rats were used
to examine the effect of solubilizing vehicle on the phar-
macokinetics of CyA. The control group received CyA
commercial formulation (Sandimmun Neoral), and test
groups received CyA-loaded polymeric micelle formulation.
All animals were provided with standard food and tap water
ad libitum and exposed to alternating 12 h periods of light
and darkness. Temperature and relative humidity were
maintained at 25 °C and 50%, respectively. After an
acclimatization period of two days, the rats were fasted for
12 h but allowed free access to water prior to the experi-
ments. The animals were singly dosed by oral gavage at a
dose of 10 mg/kg, and fasting continued for a further 6 h
after oral administration. 0.5 mL of blood samples were
collected and transferred into heparinized glass tubes at 0.5,
1,1.5,2,2.5,3,4,5,6, 8, 10, 12, 24, 48, and 72 h postdose
via ocular vein, and then stored at —20 °C until analysis.
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Blood Sample Analysis. A published method was used for
analysis of blood with minor modification.® A 0.5 mL blood
sample was incubated in a 37 °C water bath for 20 min, and
then 50 uL of internal standard (cyclosporin D, Kerui
Pharmaceutical Co., Ltd., China) solution with concentration
of 60 ug/mL in methanol and 1.0 mL of hydrochloric acid
(180 mmol/L) were added. The mixture was vortexed for 1
min, and then 5.0 mL of redistilled ether was added. After
vortexing for 10 min, the organic layer was collected by
centrifugation at 3500 rpm for 10 min, and then 1.0 mL of
sodium hydroxide (95 mmol/L) was added. After vortexing
and centrifugation as described above, the organic layer was
collected and evaporated under a light stream of nitrogen at
40 °C. The residue was redissolved in 120 uL of mobile
phase (acetonitrile/water, 80/20, v/v) and 1.0 mL of n-hexane.
This solution was vortexed for 2 min and centrifuged at 3500
rpm for 8 min. The organic layer was removed, and 1.0 mL
of n-hexane was added. Then the same vortexing, centrifuga-
tion and reconstitution procedure as described above was
performed, and 20 uL samples were injected into the HPLC
system as described above. The linearity of the calibration
curves ranged from 0.200 to 25.0 ug/mL. The coefficient of
variation of the interday and intraday precision of the quality
control samples ranged from 0.78% to 1.48%, and accuracy
ranged from 97.1% to 101.1%. The limit of detection (LOD)
and the limit of quantification (LOQ) were 0.0625 ug/mL
and 0.122 ug/mL, respectively. The extraction recovery
ranged from 90% to 105%.

The maximal blood concentration of drug (C,.x) and the
time to reach maximum blood concentration (T, were
directly obtained from blood data. The area under the drug
concentration—time curve (AUC) of CyA for each formula-
tion was assessed by the WinNonlin program (version 5.2,
Pharsight Corp., Mountain View, CA) using the noncom-
partment method.

Cell Culture. The human colon adenocarcinoma cells,
Caco-2 cells, at passage 25 were obtained from Cell Culture
Center of Institute of Basic Medical Sciences, Chinese
Academy of Medical Sciences. The Caco-2 cells were
routinely maintained in DMEM with 4.5 g/L. D-glucose,
supplemented with 10% of heat inactivated FBS, 1% of
nonessential amino acids, 100 U/mL penicillin, 100 @g/mL
streptomycin and 2 mmol/L L-glutamine. The cells were
cultured in an incubator at 37 °C with a controlled atmo-
sphere containing 5% CO, and 90% relative humidity.*>**
The cells were subcultivated every 5 days at 80—90%
confluence. The Caco-2 cells used for experiments were
between passages 35 and 50.

(43) Mathot, F.; des Rieux, A.; Arien, A.; Schneider, Y. J.; Brewster,
M.; Preat, V. Transport mechanisms of mmePEG750P(CL-co-
TMC) polymeric micelles across the intestinal barrier. J. Con-
trolled Release 2007, 124 (3), 134-43.

(44) Palmgren, J. J.; Monkkonen, J.; Jukkola, E.; Niva, S.; Auriola, S.
Characterization of Caco-2 cell monolayer drug transport proper-
ties by cassette dosing using UV/fluorescence HPLC. Eur.
J. Pharm. Biopharm. 2004, 57 (2), 319-28.

Cytotoxicity Assay. The cytotoxicity of test samples was
evaluated using the sulforhodamine B (SRB) assay.*>
Briefly, Caco-2 cells were seeded in sextuplicate in 96-well
plates at a density of approximately 1.2 x 10* cells per well.
The cells were cultured for 48 h at 37 °C in a humidified
atmosphere with 5% CO,.*” Subsequently, the culture
medium was removed and then 200 4L of sample solutions
(mPEGS5-PLAS copolymer solution in PBS, CyA-loaded
polymeric micelles, CyA solution in ethanol, Sandimmun
Neoral in PBS and Cremophor RH 40 in PBS), negative
control (20 uL of PBS with 180 uL of culture medium) and
positive control (1%, v/v, Triton X-100, a known toxin for
cells) were added to the wells. The cells were further cultured
for 24 h. Thereafter the medium was removed and the cells
were washed once by cold PBS. The cells were fixed with
200 uL of 10% trichloracetic acid (TCA) at 4 °C for 1 h.
The cells were then washed five times with deionized water
after removal of TCA and dried at 37 °C, and then stained
with 200 uL of 0.4% (w/v) SRB in 1% (v/v) acetate solution
for 30 min at room temperature. Thereafter the cells were
washed five times with deionized water after removal of SRB
and dried at 37 °C, and then 96-well plates were shaken for
30 min at 37 °C after 200 uL of 10 mmol/L Tris was added.
The absorbance was measured at 540 nm with a Microplate
Reader (Bio-Rad model 550, USA). Relative cell viability
% was determined as follows:

absorbance,,,

relative cell viability (%) = —————  x 100

absorbance,_ .,

Transport Studies of Drug-Loaded Polymeric
Micelles. Assessment of Cell Monolayer Integrity. For the
transport experiments, Caco-2 monolayers were obtained by
seeding Caco-2 cells with a density of approximately 1.5 x
10° cells/cm? on Transwell polycarbonate inserts and cultur-
ing them for 21 days to allow confluency, full maturation,
including P-gp expression and increased transepithelial
electrical resistance (TEER) due to the formation of tight
junctions in the cell monolayer.*****” The culture medium
was replaced every other day for the first week and daily
thereafter as the apical (AP) and basolateral (BL) compart-
ments received 0.5 and 1.5 mL of the culture medium,
respectively. The integrity of the cell monolayers was
evaluated both before and after transport studies using an
EVOM resistance volt-ohm-meter (WPI Inc., FL). Mono-
layers presenting with TEER values below 200 €/cm? were

(45) Skehan, P.; Storeng, R.; Scudiero, D.; Monks, A.; McMahon, J.;
Vistica, D.; Warren, J. T.; Bokesch, H.; Kenney, S.; Boyd, M. R.
New colorimetric cytotoxicity assay for anticancer-drug screening.
J. Natl. Cancer Inst. 1990, 82 (13), 1107-12.

(46) Guichard, S. M.; Macpherson, J. S.; Thurston, D. E.; Jodrell, D. I.
Influence of P-glycoprotein expression on in vitro cytotoxicity
and in vivo antitumour activity of the novel pyrrolobenzodiazepine
dimer SJG-136. Eur. J. Cancer 2005, 41 (12), 1811-8.

(47) Sezgin, Z.; Yuksel, N.; Baykara, T. Investigation of pluronic and
PEG-PE micelles as carriers of meso-tetraphenyl porphine for oral
administration. Int. J. Pharm. 2007, 332 (1—2), 161-7.
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excluded from the experiments. The resistance of HBSS
alone (12 Q/cm?) was considered as background resistance
and subtracted from each TEER value.

Transport Experiments. For all transport experiments, the
culture medium was removed and the monolayers were
washed twice with 0.5 and 1.5 mL of HBSS for AP and BL
side, respectively, and incubated for 30 min with HBSS at
37 °C. Thereafter HBSS was removed and 0.5 mL of test
formulation was added to the AP side of inserts while the
BL compartments were filled with 1.5 mL of prewarmed
fresh HBSS for investigating the AP to BL transport. For
the BL to AP transport, 1.5 mL of test formulation was added
to the BL compartments while the AP side of inserts was
filled with 0.5 mL of prewarmed fresh HBSS. 100 4L of
solution was sampled from the receiver compartments and
replaced with prewarmed fresh HBSS at 30, 60, 90, 120,
180 min after incubation at 37 °C. The amount of drug
crossing the monolayer was assayed by HPLC method as
described above for CyA. The amount of coumarin-6 was
measured by using a Shimadzu RF-5301 PC fluorescence
spectrometer. The excitation wavelength was adjusted to 521
nm, and the detection of fluorescence was performed at 488
nm. Calibration curves were prepared in the concentration
range from 0.625 to 20 ug/mL for CyA and 1.56 to 50 ng/
mL for coumarin-6, respectively. The coefficients of variation
(CV) for intra- and interassay were all within 3%. At the
end of the experiment, TEER values were measured in
triplicate to assess the integrity of the cell monolayers.

The cumulative amount of CyA permeated was plotted as
a function of time. The apparent permeability coefficient
(P,pp, cm/s) was determined from the linear slope of the plot
using the following equation: Py, = (dQ/d1)(1/CyA), where,
P, is the apparent permeability coefficient (cm/s), dQ/dt is
the steady state flux (mg/s), C is the initial concentration
of CyA in AP (for AP to BL transport) or BL (for BL to AP
transport), and A is the surface area of the membrane filter
(1.13 cm?). 4874

The transport studies were conducted for seven treatment
groups as follows:

1. 1 ug/mL of coumarin-6 dissolved in HBSS with 1%
(v/v) DMSO

2. 1 ug/mL of coumarin-6 loaded in polymeric micelles

3. 1 ug/mL of coumarin-6 dissolved in HBSS with 1%
(v/v) DMSO along with 10 ug/mL of blank polymeric
micelles

4. 25 ug/mL of CyA dissolved in HBSS with 10% (v/v)
ethanol

5. 25 ug/mL of CyA loaded in polymeric micelles

(48) Yin, Y. M.; Cui, F. D.; Mu, C. F.; Choi, M. K.; Kim, J. S.; Chung,
S. J.; Shim, C. K.; Kim, D. D. Docetaxel microemulsion for
enhanced oral bioavailability: preparation and in vitro and in vivo
evaluation. J. Controlled Release 2009, 140 (2), 86-94.

(49) Artursson, P.; Karlsson, J. Correlation between oral drug absorp-
tion in humans and apparent drug permeability coefficients in
human intestinal epithelial (Caco-2) cells. Biochem. Biophys. Res.
Commun. 1991, 175 (3), 880-5.
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6. 25 ug/mL of CyA dissolved in HBSS with 10% (v/v)
ethanol along with blank polymeric micelles

7. 25 ug/mL of CyA dissolved in HBSS with 10% (v/v)
ethanol and copolymer.

Confocal Laser Scanning Microscopy (CLSM) Study.
CLSM was used to determine the pathway by which the
drug-loaded polymeric micelles crossed the cell monolayers.
Briefly, 0.5 mL of coumarin-6 solutions (group 1), coumarin-
6-loaded polymeric micelles (group 2) or coumarin-6 solu-
tions along with blank polymeric micelles (group 3), each
with concentration of 1 ug/mL of coumarin-6, were added
to the AP side of inserts while the BL compartments were
filled with 1.5 mL of prewarmed fresh HBSS and then
incubated for 2 h at 37 °C. Then monolayers were washed
three times with PBS and fixed for 30 min at room
temperature using freshly prepared 3.7% (v/v) formaldehyde
solution and then replaced. Thereafter, the cells were washed
three times with PBS and stained for 30 min at room
temperature using 1 ug/mL of Hoechst 33258 and then
replaced. The cells were washed three times with PBS, and
then the Transwell polycarbonate inserts were cut and
preserved in blocking solution (glycerol-PBS, 9:1, v/v) for
CLSM observation by confocal laser scanning microscope
(Leica SP2, Heidelberg, Germany).

Inhibition of P-gp Efflux Pumps. Studies of CyA transport
in presence of P-gp inhibitor, Pluronic P85 unimers (BASF
Corp, Parsippany, NJ) with a concentration of 30 uM in
transport medium,?’>® were conducted. HBSS with P85 was
added to the AP side of monolayers to preincubate for 30
min and then replaced by sample solutions containing 30
UM P85 (groups 4—7). At the end of the experiment, TEER
values were measured in triplicate to assess the integrity of
the cell monolayers. The amount of transported CyA was
determined by the HPLC method as described above.

Statistical Analysis. All data were expressed as mean £
standard deviation (SD) unless particularly outlined. The
statistical significance of differences was determined by one-
way ANOVA using SPSS for Windows versions 13.0 (SPSS
Inc., Chicago, IL). Values of p < 0.05 and p < 0.01 were
considered statistically significant and highly significant,
respectively.

Results

Characterization of mPEG-PLA Copolymers and
Micelles. Polymeric micelles can be formed only when the
block copolymer concentration is higher than CAC which
characterizes the micelle stability. Table 1 summarizes the
CAC values of the various synthesized mPEG-PLA diblock
copolymers ranging from 1.08 to 3.07 x 1077 mol/L.
Compared with low molar mass surfactants, the copolymers
exhibited a remarkably lower CAC. These data indicate that
micelles formed from mPEG-PLA copolymers as drug

(50) Batrakova, E. V.; Han, H. Y.; Miller, D. W.; Kabanov, A. V.
Effects of pluronic P85 unimers and micelles on drug permeability
in polarized BBMEC and Caco-2 cells. Pharm. Res. 1998, 15
(10), 1525-32.
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Table 1. Characterization of mMPEG5-PLAy Copolymers and Polymeric Micelles®

copolymers mPEG5-PLA2.5 mPEG5-PLAS mPEG5-PLA10 mPEG5-PLA15
M, (PLA) 2269 4802 9247 15825
CAC (1077 mol/L) 3.07 1.99 1.57 1.08
CyA-free

d (nm) 43.8+24 54.9 + 3.1 75.0 + 3.0 79.0£5.8

PDI 0.21 + 0.01 0.23 +0.02 0.21 + 0.01 0.25 + 0.01
CyA-loaded

d (nm) 60.1 + 8.2 71.9 +0.42 89.0 + 0.48 95.2+1.2

PDI 0.23 + 0.01 0.19 + 0.01 0.20 + 0.01 0.23 +0.10
LC (%) 12.1 £ 0.8* 152+ 1.1 10.7 £ 1.5* 9.7 £ 0.2*
EE (%) 44.0 + 3.0** 77.9 +4A1 33.1 £ 2.1* 10.9 +£ 0.2*

2 d and PDI represent the average diameter and the polydispersity index of micelles, respectively. CyA-free: blank polymeric micelles;
CyA-loaded: CyA-loaded polymeric micelles. *p < 0.05 vs mPEG5-PLA5 micelles. **p < 0.01 vs mPEG5-PLA5 micelles.

carriers could preserve stability without dissociation after
dilution,”" which was of major interest for oral administration
where considerable dilution will take place. Notably, the
CAC values gradually decreased with increasing of the length
of PLA chains, which was in agreement with a previous
report.5 2

For particulate drug formulations, the carrier size is one
of the key parameters that determine the extent of drug
absorption, and much has been debated on the optimal size
of micro- and nanoparticles in relation to their uptake by
the intestine. The mean size and size distribution of CyA-
free and CyA-loaded polymeric micelles were therefore
determined by DLS. The mean diameter ranged from 43 to
79 nm for CyA-free micelles and from 60 to 96 nm for CyA-
loaded micelles with narrow distributions (Table 1), and no
significant change was observed within at least 24 h (p >
0.05, data not shown). It appeared that the micelle size, which
varied depending on the polymer constitution, gradually
increased with increasing of the length of PLA chains. This
result was in agreement with the characteristic of amphiphilic
copolymeric micelles, i.e., the shorter the hydrophobic block
length, the smaller the micelles. This might be accounted
for by the fact that it is difficult to form compact polymeric
micelles for amphiphilic copolymers with longer hydrophobic
chain length. In addition, similar to drug-loaded micelles
reported earlier,”*? the size of drug-loaded micelles was
about 15 nm bigger than that of drug-free micelles, suggest-
ing that CyA molecules were trapped in the hydrophobic
inner cores and that these entrapped CyA molecules increased
the average size of CyA-loaded polymeric micelles.

(51) Kim, S. Y.; Shin, I. G.; Lee, Y. M.; Cho, C. S.; Sung, Y. K.
Methoxy poly(ethylene glycol) and epsilon-caprolactone am-
phiphilic block copolymeric micelle containing indomethacin. II.
J. Controlled Release 1998, 51 (1), 13-22.

(52) Yang, K. W.; Li, X. R.; Yang, Z. L.; Li, P. Z.; Wang, F.; Liu, Y.
Novel polyion complex micelles for liver-targeted delivery of
diammonium glycyrrhizinate: in vitro and in vivo characterization.
J. Biomed. Mater. Res., Part A 2009, 88 (1), 140-8.

(53) Zhang, Y.; Jin, T.; Zhuo, R. X. Methotrexate-loaded biodegradable
polymeric micelles: preparation, physicochemical properties and
in vitro drug release. Colloids Surf., B 2005, 44 (2—3), 104-9.

The encapsulation efficiency (EE) and loading content
(LC) of micelles were also presented in Table 1. It could be
found that the LC and EE of CyA-loaded mPEGS5-PLAS
polymeric micelles were significantly higher than those of
others (p < 0.05 for LC and p < 0.01 for EE, respectively).
Notably, the results were not the general trend that LC and
EE of polymeric micelles increased with increasing hydro-
phobic chain length. This finding may be assigned to the
factors contributing to LC and EE. In general, LC and EE
depend on the composition of the copolymers,”'->*>* initial
diblock copolymeric concentration or the feed weight ratio
of the drug to the copolymer, solvent used in formulation
process>>® and micelle preparation method,””>® and so on.
In the case of our experiment, nPEG5-PLA2.5 and mPEG5-
PLAS5 polymeric micelles were prepared by the rotary
evaporation method, whereas mPEGS5-PLA10 and mPEGS5-
PLA1S5 polymeric micelles were prepared by the dialysis
method, which were attributed to the fact that the preparation
method of micelles depended on the hydrophilic property
of micelle-forming copolymers. In general, in order to obtain
micelles with higher LC and EE, the rotary evaporation
method is usually used for the copolymers with better
hydrophilic property (or with shorter hydrophobic segment),
whereas the dialysis method is used for the copolymers with

(54) Hu, Y.; Jiang, X.; Ding, Y.; Zhang, L.; Yang, C.; Zhang, J.; Chen,
J.; Yang, Y. Preparation and drug release behaviors of nimodipine-
loaded poly(caprolactone)-poly(ethylene oxide)-polylactide am-
phiphilic copolymer nanoparticles. Biomaterials 2003, 24 (13),
2395-404.

(55) Pade, V.; Stavchansky, S. Estimation of the relative contribution
of the transcellular and paracellular pathway to the transport of
passively absorbed drugs in the Caco-2 cell culture model. Pharm.
Res. 1997, 14 (9), 1210-5.

(56) Dong, Y.; Feng, S. S. Poly(d,l-lactide-co-glycolide)/montmoril-
lonite nanoparticles for oral delivery of anticancer drugs. Bioma-
terials 2005, 26 (30), 6068-76.

(57) Sant, V. P.; Smith, D.; Leroux, J. C. Novel pH-sensitive
supramolecular assemblies for oral delivery of poorly water
soluble drugs: preparation and characterization. J. Controlled
Release 2004, 97 (2), 301-12.

(58) Gaucher, G.; Dufresne, M. H.; Sant, V. P.; Kang, N.; Maysinger,
D.; Leroux, J. C. Block copolymer micelles: preparation, char-
acterization and application in drug delivery. J. Controlled Release
2005, 7109 (1-3), 169-88.
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Figure 1. Release profiles of CyA from mPEG5-PLA5S
polymeric micelles in SGF and SIF at 37 °C,
respectively (n = 3).

poor hydrophilic property (or with longer hydrophobic
segment). In addition, the LC and EE of polymeric micelles
prepared by the rotary evaporation method are higher than
those of polymeric micelles prepared by the dialysis
method.’® " The results in current study were in agreement
with this trend. Moreover, for mPEG5-PLA2.5 and mPEGS5-
PLAS polymeric micelles, the results of LC and EE of
polymeric micelles followed the general trend, i.e., increased
with increasing hydrophobic chain length, however, the
results were opposite for mPEG5-PLA10 and mPEGS5-
PLA15 polymeric micelles, as reported that LC and EE
decreased with increasing hydrophobic chain length when
polymeric micelles were prepared by the dialysis method
due to enhanced water insolubility of copolymers.®' Based
on the result of CyA-loading experiment, mPEGS5-PLAS
polymeric micelles were therefore selected for the subsequent
studies.

When developing oral colloidal delivery systems for highly
hydrophobic drugs such as CyA, it is important to adequately
control the release rate in order to avoid precipitation upon
dilution in the stomach and maximize the absorption in the
intestine. The in wvitro release of CyA from polymeric
micelles at different release medium was therefore investi-
gated. Prior to conducting these release assays, it was verified
that CyA could freely diffuse through the dialysis membrane
when the molecular weight cutoff of the membrane was 50
kDa, which is much larger than the molecular weight of CyA
(Figure 1), which was assigned to the fact that CyA is a
neutral cyclic undecapeptide, consisting of hydrophobic
amino acids linked via 11 amide bonds, seven of which are

(59) Kohori, F.; Yokoyama, M.; Sakai, K.; Okano, T. Process design
for efficient and controlled drug incorporation into polymeric
micelle carrier systems. J. Controlled Release 2002, 78 (1—3),
155-63.

(60) Lavasanifar, A.; Samuel, J.; Kwon, G. S. Micelles self-assembled
from poly(ethylene oxide)-block-poly(N-hexyl stearate L-aspar-
tamide) by a solvent evaporation method: effect on the solubili-
zation and haemolytic activity of amphotericin B. J. Controlled
Release 2001, 77 (1—2), 155-60.

(61) Ge, H.; Hu, Y.; Jiang, X.; Cheng, D.; Yuan, Y.; Bi, H.; Yang, C.
Preparation, characterization, and drug release behaviors of drug
nimodipine-loaded poly(epsilon-caprolactone)-poly(ethylene oxide)-
poly(epsilon-caprolactone) amphiphilic triblock copolymer mi-
celles. J. Pharm. Sci. 2002, 91 (6), 1463-73.
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Figure 2. Release profiles of CyA from polymeric
micelles and Sandimmun Neoral in SIF at 37 °C,
respectively (n = 3).

N-methylated and four intramolecular hydrogen bonds
contribute to the rigidity of its skeleton. Moreover, the sink
condition was respected by addition of 30% (v/v) ethanol in
the release medium. More importantly, no significant change
in micelle size upon incubation of the micelle sample with
release medium at 37 °C with time from O to 24 h was
observed (data not shown), indicating that the CyA-loaded
polymeric micelles were stable in release medium for a long
enough time. As shown in Figure 1, the release profile of
CyA from polymeric micelles (i.e., mPEG5-PLAS) in SGF
did not differ from that in SIF, indicating that the release
medium had no effect on the release of CyA. Consequently,
the SIF was chosen as the release medium for the subsequent
release studies.

As shown in Figure 2, no burst effect could be seen in
the release profile, indicating that the drug was efficiently
entrapped within the core of micelles. The comparison of
the profiles of CyA release from the micelles and the aqueous
solution showed that the entrapment of CyA in the nano-
particles could significantly retard its in vitro release.’*%*
In addition, the cumulative release percentage, about 85%,
of CyA from polymeric micelles within 24 h was comparable
to that from commercial formulation. Nevertheless, the
release rate of polymeric micelles was slower than that of
commercial formulation before the first 6 h, the release rate
of the two formulations was comparable during 6—12 h and
the former was faster thereafter. In addition, it was observed
that the release profile of CyA from polymeric micelles was
biphasic, with an abrupt decrease of release rate occurring
after 4 h from the beginning. During the first phase (0—4 h)
42% of the drug was released. Moreover, the cumulative
release of mPEG5-PLAS polymeric micelles was signifi-
cantly lower than that of the commercial formulation at
almost all the time points, which might be accounted for
the stronger interaction between CyA and PLA (the differ-
ence of partial solubility parameter between them was 4.03
(Jrcm™*)!?) compared with that between CyA and corn oil-
monoditriglycerides (the difference of partial solubility

(62) Yang, Z. L.; Li, X. R.; Yang, K. W.; Liu, Y. Amphotericin
B-loaded poly(ethylene glycol)-poly(lactide) micelles: preparation,
freeze-drying, and in vitro release. J. Biomed. Mater. Res., Part
A 2008, 85 (2), 539-46.
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Figure 3. Blood concentration vs time curve of CyA after

oral administration of Sandimmun Neoral and
CyA-loaded mPEG5-PLA5 micelles to fasted SD rats
(a) within 72 h and (b) within 12 h at a dose of 10 mg/
kg (n = 6).

Table 2. Pharmacokinetic Parameters of CyA after Oral
Administration of Sandimmun Neoral and CyA-Loaded
mPEG5-PLA5S Micelles to Rats at a Dose of 10 mg/kg
(n=6)

parameter Sandimmun Neoral polymeric micelles?®
Crnax (ug/mL) 0.43 £ 0.09 0.40 £0.12
Tmax (h) 3.50 £ 0.50 3.30 £ 0.90
AUCo-72n (ug+h/mL) 4.06 + 1.81 5.57 £ 0.94

2 p > 0.05 vs Sandimmun Neoral.

parameter between them was 6.72 to 7.86 (J-cm™3)"?)
presented in microemulsion.®®

Bioavailability and Pharmacokinetics Study. The oral
bioavailability of CyA incorporated in mPEGS5-PLAS mi-
celles was evaluated and compared with Sandimmun Neoral.
The results are shown in Figure 3, and the relevant
pharmacokinetic parameters are listed in Table 2. As shown
in Figure 3, the high variability of the blood concentration
indicated the high intersubject absorption variability of CyA,
which was in agreement with previous reports.”* CyA from
polymeric micelles was absorbed a little fast and exhibited
slightly short time (p > 0.05) to reach maximum blood drug
concentration (Cy,y). CyA incorporated in polymeric micelles
gave lower Cyx (0.40 £ 0.12 pg/mL) and higher AUC;_7,

(63) Lin, Y.; Shen, Q.; Katsumi, H.; Okada, N.; Fujita, T.; Jiang, X.;
Yamamoto, A. Effects of Labrasol and other pharmaceutical
excipients on the intestinal transport and absorption of rhodamine 123,
a P-glycoprotein substrate, in rats. Biol. Pharm. Bull. 2007, 30
(7), 1301-7.
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Figure 4. Cytotoxicity of mPEG5-PLA5 and Cremophor

RH 40 to Caco-2 cells (n = 6).

(5.57 £ 0.94 ug-h/mL) compared to Sandimmun Neoral (p
> 0.05). The relative bioavailability of CyA from self-
assemblies increased to 137% in comparison to Sandimmun
Neoral, indicating that the CyA-loaded polymeric micelles
displayed higher bioavailability compared to Sandimmun
Neoral although the difference was not statistically significant
(p > 0.05). Apart from this, the advantage of polymeric
micelles is the simplicity of the system and the absence of
formulation additives, such as low molecular weight surfac-
tants. Indeed, the commercial formulation Sandimmun Neoral
contains Cremophor RH 40 as an emulsifier.

In addition, the percentage of the cumulative release of
CyA from micelles was less than 30% in the first 3 h. Based
on the results of pharmacokinetics and in vitro release, it
was inferred that CyA might be absorbed in intact polymeric
micelles, which would be validated by the subsequent
transport studies.

Cytotoxicity of Interests. The successful pharmaceutical
exploitation of self-assembling polymeric micelles will
depend on several factors including their safety, loading
efficiency and ability to delivery poorly water-soluble drugs
after administration. In order to gauge toxicity, a number of
in vitro assessments were completed using SRB assay. The
cytotoxicity of the drug-free polymeric micelles was evalu-
ated using a microtiter well protocol in which Caco-2 cells
were exposed to various concentrations (0.0001—10 mg/mL)
of the copolymer over a 24 h time course. The dose-
dependent viability of Caco-2 cells treated with the various
materials is presented in Figure 4. At these concentrations a
relative cell viability of at least 90% was observed for
mPEGS5-PLAS copolymer, whereas the cells incubated with
1% Triton X-100 exhibited a relative cell viability of less
than 15%. No significant change was detected in cell viability
with the increasing copolymer concentration (p > 0.05). By
comparison, the cytotoxicity of Cremophor RH 40 used in
Sandimmun Neoral was also determined for 24 h (Figure
4). It could be seen that the cell viability was in the range of
100% to 89% at concentrations below 100 #g/mL while the
cell viability dramatically decreased thereafter. As antici-
pated, free Cremophor RH 40 inhibited cell growth even at
concentrations below 200 ug/mL. Also, mPEGS5-PLAS
copolymer exhibited no significant toxicity toward Caco-2
cells, up to a concentration of 10 mg/mL. When the cell
viability was 80%, the concentration (i.e., ICy) of mPEGS5-
PLAS copolymer was at least 50-fold higher than that of
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Figure 6. Apparent permeability coefficients (Pap) of
polymeric micelles, Sandimmun Neoral and free CyA
(n=3). *p < 0.05 vs free CyA.

Cremophor RH 40. The oral dose of copolymer used in
micelles and Cremophor RH 40 in Sandimmun Neoral was
about 50 mg/kg and 15 mg/kg, respectively. Thus the higher
safety of the micelle-forming copolymer was shown com-
pared with Cremophor RH 40.

The cytotoxicity of CyA-loaded polymeric micelles and
Sandimmun Neoral against Caco-2 cells was also determined
for 24 h, respectively. As shown in Figure 5, the cell viability
decreased gradually to 86% when the concentration of CyA
in Sandimmun Neoral was lower than 50 ug/mL while the
cell growth was inhibited at concentrations up to 200 ug/
mL. Overall, Sandimmun Neoral showed evident cell cyto-
toxicity when the concentration of CyA was higher than 50
ug/mL. By contrast, the cell viability was higher than 85%
when the concentration of CyA loaded in polymeric micelles
was up to 100 ug/mL. The IC,, of CyA-loaded mPEG-PLA
polymeric micelles was 4-fold higher than that of Sandimmun
Neoral, indicating that the cytotoxicity of CyA-loaded
mPEG-PLA polymeric micelles was significantly decreased
compared with Sandimmun Neoral.

Effect of Polymeric Micelles on Transport of Drug
through Caco-2 Cell Monolayers. To assess whether drug
transport through cell monolayers was affected by the applied
copolymeric micelles, apparent permeability (P,,) values of
CyA from AP to BL were also determined, and the results
are shown in Figure 6. At higher concentration of CyA (50
ug/mL), there was no significant difference in P,,, between
polymeric micelles and Sandimmun Neoral and between free
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Figure 7. P.y, of free CyA, free CyA along with blank
polymeric micelles and CyA-loaded polymeric micelles
from apical to basolateral compartment (AP to BL) in
the presence or absence of P85 (n = 3). **p < 0.01 vs
free CyA, *p < 0.05 vs free CyA without P85.

CyA and Sandimmun Neoral (p > 0.05), respectively,
whereas a significant difference (p < 0.05) in P,p,, was found
between polymeric micelles and Sandimmun Neoral at lower
concentration of 25 ug/mL. More importantly, the P, of
polymeric micelles and Sandimmun Neoral was significantly
higher than that of free CyA (p < 0.05), respectively, which
was in accordance with the earlier report.’* Based on the
results of permeation tests and bioavailability study, it was
deduced that incorporation of CyA in polymeric micelles
and microemulsion vehicle improved the oral absorption of
CyA mainly through solubilization of CyA other than
enhancement of the permeability of CyA across intestinal
cells. These results also demonstrated that, for low solubility —high
permeability (i.e., BCS Class II) drugs, such as CyA, whose
oral bioavailability is solubility or dissolution rate-limited,
any factor that improves solubility will improve bioavail-
ability.*

Moreover, as shown in Figure 7, the P, of free CyA along
with blank polymeric micelles was significantly enhanced
in the presence of P85 as an inhibitor of P-gp (p < 0.05).
However, the P, of CyA loaded in polymeric micelles was
not significantly different in the absence ((3.82 & 1.09) x
107® cm/s) and presence ((3.67 £ 0.90) x 107° cm/s) of
P85, which was about 3-fold higher than that of free CyA
((0.78 £ 0.06) x 107% cm/s without P85 and (0.90 + 0.03)
x 107% cm/s with P85). These results indicated that it might
be more important for CyA to be solubilized by polymeric
micelles to cross Caco-2 monolayers compared with inhibi-
tion of P-gp activity. A detailed discussion concerning
inhibition of the copolymer to P-gp activity is presented
below.

Transport Route of Drug-Loaded Polymeric Micelles
through Caco-2 Cell Monolayers. In order to investigate
the possible transepithelial transport route of polymeric
micelles, the permeation of CyA-loaded polymeric micelles
through enterocytes was compared in Caco-2 cell monolayers
treated with free CyA and free CyA along with blank
micelles while the concentration of CyA for all test samples
was 25 ug/mL. As shown in Figure 7, the P,,, of CyA was
not significantly influenced by the presence of blank micelles
(p > 0.05), however, the P,,, of CyA-loaded polymeric
micelles was about 3-fold higher than that of free CyA in
the absence or presence of blank polymeric micelles after
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Figure 8. Confocal images of the Caco-2 cells after incubation with 1 ug/mL of free coumarln-6 (A), free coumarin-6
along with blank polymeric micelles (B) and coumarin-6-loaded polymeric micelles (C) for 2 h at 37 °C. A1—C1: Blue
color indicates the nucleus of Caco-2 cells stained with Hoechst 33258. A2—C2: Green color shows coumarin-6 in
Caco-2 cells after applying free coumarin-6 (A2), free coumarin-6 along with blank polymeric micelles (B2), and
coumarin-6-loaded polymeric micelles (C2), respectively. A3—C3: Overlapping images exhibited drug in the nucleus of
Caco-2 cells after applying free coumarin-6 (A3), free coumarin-6 along with blank polymeric micelles (B3), and

coumarin-6-loaded polymeric micelles (C3), respectively.

incubation for 3 h. In addition, in all cases, TEER values
were monitored throughout the experiments: the addition of
micelles to Caco-2 monolayers for up to 3 h did not affect
TEER values significantly (only about 10% reduction),
confirming that the integrity of the cell monolayers was
preserved. Based on the permeation experiments, it was
suggested that the polymeric micelles were transported by
routes other than the paracellular route. Further, CyA was
transported across the Caco-2 cells in intact micelles other
than in free form.

In order to further demonstrate and intuitively observe the
effect of polymeric micelles in the transport of CyA,
coumarin-6 with a green fluorescence, for which it was
reported that it cannot be directly internalized by Caco-2 cell
monolayers in free form,”®* was used as a fluorescence
marker. Consequently, the fluorescence observed from the
uptake samples reflected the fluorescent nanoparticles taken

(64) Eley, J. G.; Pujari, V. D.; McLane, J. Poly(lactide-co-glycolide)
nanoparticles containing coumarin-6 for suppository delivery: in
vitro release profile and in vivo tissue distribution. Drug Delivery
2004, /1 (4), 255-61.

up by the cells but not the free fluorescence.®> Confocal
images of the Caco-2 cells after incubation with 1 ug/mL of
free coumarin-6 solution, free coumarin-6 along with blank
polymeric micelle solution and coumarin-6 loaded in poly-
meric micelles for 2 h at 37 °C, respectively, are shown in
Figure 8. For free coumarin-6 in 1% (v/v) DMSO, there was
no green fluorescence existing around the nucleus (Figure
8A), which showed that no coumarin-6 transported into
Caco-2 cells. The same results were obtained for free
coumarin-6 along with blank polymeric micelles (Figure 8B).
For coumarin-6 loaded in polymeric micelles, in the cell
cytoplasm, around the blue nucleus were aggregates of the
green coumarin-6 (Figure 8C), which suggested that cou-
marin-6-loaded intact polymeric micelles had been internal-
ized by the cells. In addition, cells exposed to micelles
showed no decrement in resistances. Based on these results,
it was similarly concluded that (1) polymeric micelles with
a concentration of 5 mg/mL of copolymer could not disrupt

(65) Win, K. Y.; Feng, S. S. Effects of particle size and surface coating
on cellular uptake of polymeric nanoparticles for oral delivery of
anticancer drugs. Biomaterials 2005, 26 (15), 2713-22.
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In addition, bidirectional permeability of CyA loaded in
polymeric micelles was investigated. As shown in Figure 9,
the P,p, of CyA was still significantly higher in the AP—BL
direction ((6.40 % 0.29) x 107® cm/s) compared to that in
the BL—AP direction ((5.12 + 0.05) x 107 cm/s) (p < 0.01),
which was consistent with the recent report.®® Based on the
results in the current study, this difference in the P, of CyA
indicated that the absorption of CyA loaded in polymeric
micelles might result from an active process such as
endocytosis.®®

Copolymer Effect on P-gp Efflux Pumps. In order to
evaluate a possible inhibitory effect of mPEG-PLA on efflux
pumps, which has been reported for other polymeric
surfactants,’>®”%® the influence of the polymer on CyA
efflux, a good P-gp substrate,’ was examined in the presence
and absence of P85. It was reported that the P85 free unimers
were responsible for inhibiting P-gp efflux pumps.’® In the
case of our experiments, P85 was added to the AP compart-
ment at a concentration of 30 uM, a value lower than the
P85 CAC (67 uM)™ to ensure that P85 copolymer was in

(66) Ould-Ouali, L.; Noppe, M.; Langlois, X.; Willems, B.; Te Riele,
P.; Timmerman, P.; Brewster, M. E.; Arien, A.; Preat, V. Self-
assembling PEG-p(CL-co-TMC) copolymers for oral delivery of
poorly water-soluble drugs: a case study with risperidone. J.
Controlled Release 2005, 102 (3), 657-68.

(67) Batrakova, E. V.; Li, S.; Vinogradov, S. V.; Alakhov, V. Y.;
Miller, D. W.; Kabanov, A. V. Mechanism of pluronic effect on
P-glycoprotein efflux system in blood-brain barrier: contributions
of energy depletion and membrane fluidization. J. Pharmacol. Exp.
Ther. 2001, 299 (2), 483-93.

(68) Zastre, J.; Jackson, J. K.; Wong, W.; Burt, H. M. Methoxypoly-
ethylene glycol-block-polycaprolactone diblock copolymers reduce
P-glycoprotein efflux in the absence of a membrane fluidization
effect while stimulating P-glycoprotein ATPase activity. J. Pharm.
Sci. 2007, 96 (4), 864-75.

(69) Chiu, Y. Y.; Higaki, K.; Neudeck, B. L.; Barnett, J. L.; Welage,
L. S.; Amidon, G. L.; Human jejunal permeability of cyclosporin,
A. influence of surfactants on P-glycoprotein efflux in Caco-2
cells. Pharm. Res. 2003, 20 (5), 749-56.

(70) Nerurkar, M. M.; Burton, P. S.; Borchardt, R. T. The use of
surfactants to enhance the permeability of peptides through Caco-2
cells by inhibition of an apically polarized efflux system. Pharm.
Res. 1996, 13 (4), 528-34.

1180 MOLECULAR PHARMACEUTICS VOL. 7, NO. 4

Figure 10. P,,, of CyA across Caco-2 monolayers from
apical to basolateral compartment (AP to BL) in the
presence of P85 or mPEG5-PLA5S copolymer (n = 3).
*p < 0.05, **p < 0.01, 2p > 0.05.

the form of unimers in all measurements. In all cases, TEER
values were monitored throughout the experiments: the
addition of polymers and/or P85 to the AP side of Caco-2
monolayers for up to 2 h did not affect TEER values
significantly, confirming that the integrity of the cell mono-
layers was preserved.

As the CAC of mPEG5-PLAS was 1.95 ug/mL converted
from 1.99 x 1077 mol/L (Table 1), the concentration of the
copolymer was selected to be 0.1 and 1.0 yg/mL. As shown
in Figure 10, the P, of free CyA was significantly enhanced
in the AP to BL direction in the presence of the copolymer
at 0.1 or 1.0 ug/mL (p < 0.01), whereas the Py, of free CyA
was not significantly different in the presence or absence of
blank micelles (p > 0.05). These data indicated that P-gp
activity was inhibited by mPEG5-PLAS unimers other than
polymeric micelles, which was similar to the positive control
P85. Besides, the effect of the copolymer unimers on P-gp
activity exhibited concentration-dependence. These results
were consistent with the previous report.”’

Discussion

One approach to enhance the solubility and bioavailability
of a highly lipophilic drug is to dissolve it on the molecular
level in the hydrophobic core of a delivery system, itself
soluble or dispersible in the aqueous environment. In recent
years, polymeric micelles have drawn much attention as drug
delivery carriers due to their good pharmacological charac-
teristics. mMPEG-PLA micelles were therefore designed and
prepared to encapsulate CyA, a highly lipophilic drug. As
anticipated, the oral bioavailability of CyA was significantly
improved and was comparable to Sandimmun Neoral (Table

(71) Batrakova, E.; Lee, S.; Li, S.; Venne, A.; Alakhov, V.; Kabanov,
A. Fundamental relationships between the composition of pluronic
block copolymers and their hypersensitization effect in MDR
cancer cells. Pharm. Res. 1999, 16 (9), 1373-9.



Properties of CyA-Loaded Polymeric Micelles

articles

2). The enhancement in bioavailability of CyA by polymeric
micelles could be attributed to the following facts: (1)
Theoretically it is known that undissolved drugs cannot pass
through intestine. The solubility of CyA was enhanced by
polymeric micelles and CyA existed in the molecular level.
(2) The size of micelles was less than 100 nm, which might
promote the micelles to overcome unstirred water layer in
the lumen of small intestine and adhere into the intestinal
wall and thus could ensure sufficient time and concentration
gradient for absorption of drugs.”? It is known that prolonged
residence time due to increased duration of contact with
mucosal surface in the GI system can improve drug bio-
availability. (3) The inhibition of P-gp activity by mPEG-
PLA unimers might be an important factor due to the fact
that CyA is also an inhibitor of P-gp. Overall, two main
factors contribute to the bioavailability of orally absorbed
drugs: (1) their resistance to the in vivo metabolic environ-
ment, in particular changes in pH and presence of enzymes;
and (2) their intestinal absorption, which is mainly controlled
by the solubility of the drug in the intestinal lumen and by
the drug permeability across the intestinal barrier. Except
for several surfactants of the Pluronics class, most of the
existing amphiphilic polymers forming micelles have been
tested after intravenous administration. The fact that mPEG-
PLA could be delivered in a capsule to form, upon dilution
in the gastrointestinal tract, the drug containing micelles with
a low CAC is of particular interest.”* These amphiphilic
polymers forming micelles could open new opportunities for
the oral delivery of poorly soluble drugs.

There are two routes of transepithelial drug transport by
passive diffusion:> the transcellular route through the cell
membrane and the paracellular route from the tight junction
to the lateral space. In the case of hydrophobic drugs, the
contribution of the transcellular route predominates. Earlier
investigation demonstrated that polymer unimers forming
polymeric micelles transported through Caco-2 cell mono-
layers neither by the paracellular route nor by M-cells,*?
whereas the mechanism by which polymeric micelles cross
the intestinal barrier has remained uncertain. The aim of the
current work was therefore to explore the transport mecha-
nism of polymeric micelles across enterocyte-like Caco-2
cell monolayers.

The gauge of cytotoxicity of the mPEG5-PLAS copolymer
used in preparation of polymeric micelles was first taken.
The results suggested that the polymer up to a concentration
of at least 10 mg/mL was not acutely toxic to Caco-2 cells.
The concentration of mPEG-PLA copolymer was at least
50-fold higher than that of Cremophor RH 40 at 80% of the
cell viability, suggesting the higher safety of the copolymer

(72) Andrysek, T. Impact of physical properties of formulations on
bioavailability of active substance: current and novel drugs with
cyclosporine. Mol. Immunol. 2003, 39 (17—18), 1061-5.

(73) Ould-Ouali, L.; Arien, A.; Rosenblatt, J.; Nathan, A.; Twaddle,
P.; Matalenas, T.; Borgia, M.; Arnold, S.; Leroy, D.; Dinguizli,
M.; Rouxhet, L.; Brewster, M.; Preat, V. Biodegradable self-
assembling PEG-copolymer as vehicle for poorly water-soluble
drugs. Pharm. Res. 2004, 21 (9), 1581-90.

compared with Cremophor RH 40. Further, the cytotoxicity
of CyA could be remarkably decreased by mPEG-PLA
polymeric micelles compared with Sandimmun Neoral. This
important result indicated that we succeeded in minimizing
the cytotoxicity of Cremophor RH 40-based formulation on
cells by using the mPEG-PLA polymeric micelle formulation.

Next, the transport route of polymeric micelles across
Caco-2 monolayer was deeply investigated by permeation
tests and confocal microscope observation. Before perform-
ing transport studies, TEER values, which controlled the
quality of tight junctions, were measured in empty and cell
seeded polycarbonate Transwell inserts. The results were 502
Q and >400 Q, respectively, which indicated that the tight
junctions were formed in cells.*’ In the permeation test of
free CyA through Caco-2 cell monolayers, 10% of ethanol
was added to the transport medium due to the fact that the
solubility of CyA was too low in transport medium to be
determined in the received side. Significant increase in
transport of CyA loaded in polymeric micelles was found
whereas the blank polymeric micelles did not affect the
transport of CyA (Figure 7), implying that CyA loaded in
polymeric micelles was transported across the Caco-2 cells
in intact micelles other than in free form, which was further
confirmed by CLSM observation (Figure 8). Previous docu-
ment reported that up to 80% of TEER value reduction could
affect the tight junctions.*®®* In the case of our experiment,
only about 10% reduction in the TEER values of Caco-2
monolayers was observed (data not shown) throughout the
experiments, suggesting that polymeric micelles did not
significantly alter the integrity of the Caco-2 cellular tight
junctions, that is to say, polymeric micelles did not open
the tight junctions. In addition, the paracellular spaces
represent less than 1% of the mucosal surface area and the
pore diameter of the tight junctions does not exceed 10 A,
whereas mPEGS5-PLAS micelles exhibited a diameter of
about 72 nm and unimers have an average molecular weight
of 14200 Da. As the drug was entrapped in the micelles, it
could become unavailable for passive diffusion through the
monolayers. Further, paracellular transport is the passive
diffusion through intercellular spaces. Based on these results,
it was suggested that the polymeric micelles were transported
by routes other than the paracellular route. To further
elucidate the transport process of CyA in the presence of
the polymeric micelles through the Caco-2 cell monolayers,
bidirectional permeation experiments were performed. The
significant difference in P,,, in AP to BL and BL to AP
directions through the Caco-2 cell monolayers showed that
the transport of CyA loaded in polymeric micelles exhibited
transport directionality, suggesting that polymeric micelles
might undergo an active AP to BL transport that probably
involved endocytosis. This was in accordance with the recent
report in which the cell model used was FAE cells which
mimic M-cells and are specialized in the uptake of macro-
molecules and particles via transcytosis.** This was further
confirmed by intuitive observation of fluorescent imaging
of coumarin-6-loaded polymeric micelles with confocal
microscope which showed punctuated fluorescence in the
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Caco-2 cytoplasm (Figure 8). The possible endocytosis of
polymeric micelles was first investigated by evaluating the
Pypp of CyA loaded in mPEGS5-PLAS in an in vitro Caco-2
cell model which is considered to be a representative model
for assessing intestinal uptake of drugs. Further experiments
on permeation of CyA loaded in polymeric micelles at 4 °C
will be then conducted using Caco-2 cell model to explore
whether temperature-dependent transport exists.

It is well-known that CyA is a P-gp substrate and the oral
absorption is in part affected by P-gp efflux activity.®*’* A
lot of research had been done on investigation of the P-gp
inhibition effect of surfactants such as Cremophor RH 40.7%7>
Cremophor RH 40 could specifically bind to the hydrophobic
domain of the P-gp that may change its secondary and/or
tertiary structure and reduce its function, which may be the
reason that the P,,, of Sandimmun Neoral was higher than
that of free CyA (Figure 7). In addition, it has been
demonstrated that several amphiphilic polymers can inhibit
the P-gp efflux pumps.®”%*”> Conversely, mmePEGs-p(CL-
co-TMC) was reported not to inhibit P-gp activity.*? In the
case of our experiment, the effect of the copolymer on P-gp
efflux pump was therefore evaluated. Fortunately, the
mPEGS-PLAS also appeared to inhibit the intestinal P-gp
efflux pumps below its CAC and not above its CAC without
significantly affecting TEER values (Figure 10), which was
similar to the positive control P85 whose efflux pump
inhibitory mechanism is believed to be due to (a) polymer
mediated inhibition of P-gp ATPase activity and ATP

(74) Augustijns, P. F.; Bradshaw, T. P.; Gan, L. S.; Hendren, R. W_;
Thakker, D. R. Evidence for a polarized efflux system in CACO-2
cells capable of modulating cyclosporin A transport. Biochem.
Biophys. Res. Commun. 1993, 197 (2), 360-5.

(75) Batrakova, E. V.; Li, S.; Li, Y.; Alakhov, V. Y.; Kabanov, A. V.
Effect of pluronic P85 on ATPase activity of drug efflux
transporters. Pharm. Res. 2004, 21 (12), 2226-33.
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depletion®” and (b) effects of polymer unimers on membrane
fluidization, and it has been proved that the effect of polymers
on energy conservation is mediated by single chain units
(unimers) and the inhibitory effect decreases when reaching
the critical association concentration.”®

Conclusion

The mPEGS5-PLAS polymeric micelles were able to
significantly enhance the oral absorption of CyA with a
particle size below 100 nm and high encapsulation efficiency
(about 78%) and had a higher AUC compared to the
marketed CyA formulation Sandimmun Neoral. The data
collected in the current study demonstrated that polymeric
micelles could significantly increase the permeability of CyA
(BCS class II drug) across Caco-2 cell monolayers and might
undergo an active AP to BL transport that probably involved
endocytosis. Furthermore, the mPEG5-PLAS also appeared
to inhibit the intestinal P-gp efflux pumps below its CAC
and not above its CAC without significantly affecting TEER
values. Overall, these amphiphilic polymers forming micelles
could open new opportunities for the oral delivery of poorly
soluble drugs.
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