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Purpose. To assess and compare the effectiveness of two types of polysaccharide-based micelles as
delivery vehicles for poorly water soluble drugs by monitoring their permeability across Caco-2 cell
monolayers.

Methods. Dextran (DEX) and hydroxypropylcellulose (HPC) were hydrophobically modified (HM) by
grafting polyoxyethylene cetyl ether (POE-C,¢, 15 mol% and 5.4 mol%, respectively). The onset of
micellization and mean diameter of polymeric micelles formed by HM-DEX and HM-HPC were de-
termined by fluorescence spectroscopy and dynamic light scattering, respectively. Cyclosporin A (CsA)-
loaded polymeric micelles were prepared by a dialysis procedure, and the amount of incorporated CsA
was assayed by high performance liquid chromatography (HPLC). The stability of micelles in simulated
gastric and intestinal fluids was studied as a function of contact time, and their cytotoxicity toward
Caco-2 cells was evaluated using the MTT colorimetric assay. The bidirectional transport across Caco-2
cell monolayers of CsA entrapped in HM-DEX and HM-HPC micelles and of the polymers themselves
was evaluated in the presence and absence of P-glycoprotein inhibitor.

Results. The amount of CsA incorporated in HM-HPC and HM-DEX micelles reached 5.5 and 8.5%
w/w, respectively (entrapment efficiency of 22% or more). The polymeric micelles exhibited high sta-
bility in gastric and intestinal fluids and no significant cytotoxicity toward Caco-2 cells. The apical to
basal permeability of CsA across Caco-2 cells increased significantly when loaded in polymeric micelles
compared to free CsA.

Conclusions. Polysaccharide-based polymeric micelles are promising carriers for the oral delivery of
poorly water soluble drugs. In vitro tests indicate that, overall, HM-HPC micelles are more effective
compared to HM-DEX micelles.
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INTRODUCTION

The cyclic undecapeptide cyclosporin A (CsA) is a po-
tent immunosuppressive agent used to prevent allograft re-
jection after organ transplantation (1,2). It is also effective in
the treatment of patients with selected autoimmune diseases,
such as rheumatoid arthritis (3). CsA is currently available for
oral administration in the form of a microemulsion contain-
ing, among other components, polyoxyethylated castor oil
(Cremophor EL) (4,5). Cremophor EL is a nonionic surfac-
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tant that is present in various oral lipophilic drug formula-
tions, due to its solubilizing properties and its ability to inhibit
intestinal P-glycoprotein (P-gp) efflux (6,7). Cremophor EL,
however, is known to induce undesirable side effects, such as
nephrotoxicity (8,9) and induction of anaphylactic reactions in
sensitized patients (10,11). Consequently, there has been
much effort devoted to the design and development of novel
dosage forms of CsA aimed at decreasing the side effects of
the current formulation while preserving the bioavailability
and therapeutic effects of the drug. Alternative approaches
investigated include incorporation of the drug within micro-
spheres, nanoparticles, and liposomes (12-16). Given the lim-
ited stability of liposomes in vivo, they have not been widely
applied in clinical use (17-19). Other particulate vehicles,
however, have been developed and show promising proper-
ties in terms of controlled drug release and distribution (20—
23).

It is often observed that the gastrointestinal (GI) uptake
of microparticles is affected significantly by particle size. For
example, Desai and co-workers (24) reported that the uptake
efficiency of particles ~100 nm in diameter by the GI tract is
15- to 250-fold higher than that of micrometer-sized particles.

0724-8741/05/0200-0209/0 © 2005 Springer Science+Business Media, Inc.
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Thus, a major thrust of current research toward more efficient
oral formulation lies in the design of nanoparticles able to
entrap hydrophobic drugs with high efficiency, to transport
them through the GI tract, and to enhance their absorption
through the intestinal epithelial cells. The main materials in-
vestigated during the past few years as nanoparticulate carri-
ers for CsA include hydrophobic biodegradable polymers,
such as poly(caprolactone) (25), poly(b,L-lactic acid) (26),
positively charged chitosan hydrochloride (27), and hydroxy-
propyl methylcellulose phthalate (HPMCP) (28).

We reported recently the synthesis and physicochemical
properties of amphiphilic polymers consisting of a polysac-
charide main chain decorated with lipidic side-chains made up
of n-hexadecyl or n-octadecyl chains (29,30). When placed in
an aqueous environment, these polymers spontaneously as-
semble in the form of micelles with a hydrophobic core sur-
rounded by a hydrophilic corona made up by highly hydrated
polysaccharide chains. Unlike surfactant micelles, which tend
to disintegrate upon dilution, triggering lysis of cell mem-
branes (31,32), polymeric micelles are remarkably stable to-
ward dilution and tend to exhibit minimal cytotoxicity (33—
35). Several considerations need to be taken into account in
designing amphiphilic polymer formulations, the most impor-
tant factor being the choice of the polymer backbone. In our
studies, we opted to construct the polymeric micelles from
nontoxic polysaccharides, either dextran (DEX-C,4) or hy-
droxypropylcellulose (HPC-C,) (Fig. 1). Dextran, consists of
B-D-glucose units, predominantly linked by 1-6 glycosidic
linkages (36). It possesses excellent biocompatibility and has
been used in medicine as plasma substitute, due to its known
innocuousness both locally and systemically (37). More re-
cently, dextran-based gels and prodrugs have been investi-
gated as carriers for a variety of bioactive agents (38-41).
Hydroxypropylcellulose is a common excipient in oral formu-
lations, due to its excellent processability and disintegrant and
bioadhesive properties. The latter feature is of interest in our
application as well, as it may promote the contact of HPC-
based micelles with the intestinal epithelial cells and their
transport through the cell membranes.

Two main factors contribute to the bioavailability of
orally absorbed drugs: 1) their resistance to the in vivo meta-
bolic environment, 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.
There are two routes of transepithelial drug transport by pas-
sive diffusion (42): 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. In order
to assess whether polymeric micelles may promote drug bio-
availability, it is necessary to quantify the transport of the
micelles through the intestinal barrier by an in vitro assay
(43). The Caco-2 cell line, which is derived from human colon
adenocarcinoma, undergoes spontaneous differentiation in
culture, forming monolayers of polarized enterocytes that
possess morphologic and functional similarities to the small
intestine (44-47). In particular, Caco-2 cells express on the
apical (AP) surface the P-gp efflux pump (48), an absorption
barrier limiting the oral bioavailability of hydrophobic drugs
from the gastrointestinal tract (49). The permeability assay
through Caco-2 monolayers has emerged as a leading method
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Fig. 1. Chemical structures of unlabeled and fluorescein-labeled (A)
DEX-C4 (15 mol%) and (B) HPC-C 4 (5.4 mol%) copolymers.
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for determining the apparent permeability coefficient of
drugs and to investigate their absorption mechanisms (46,50—
53), as a strong correlation was observed between in vitro
permeability across Caco-2 cells and in vivo human absorp-
tion for a variety of compounds (54-56).

The aim of this work is to investigate, using the Caco-2
cell model, the transepithelial transport of CsA incorporated
within dextran- and HPC-derived polymeric micelles. We
monitor 1) the permeability of CsA through Caco-2 cell mem-
branes in the absence and presence of Pluronic P85 used as a
P-gp inhibitor and 2) the transport of the polymer micelle
itself. We use a radiolabeled CsA to track the drug as it
crosses the epithelial barrier, and to assess the fate of the
polymers we use a fluorescent marker covalently linked to the
polymers. We assess as well the stability of HPC-C,, and
DEX-C,, micelles exposed to simulated biological fluids. This
study will add to our knowledge of the fate of nanoparticles as
they traverse the intestinal membrane and will allow us to
compare the properties of HPC- and DEX-based polymeric
micelles.



CsA-Loaded Polysaccharide-Based Micelles
MATERIALS AND METHODS

Materials

Cyclosporin A (CsA), polyoxyethylene (10) cetyl ether
[POE-C,4; C,cH;35(OCH,CH,),,0OH; Brij 56], hydroxypro-
pylcellulose [HPC; MW 80,000 Da, molar substitution level
(MS): 3.7, where MS is defined as the average number of
alkylene oxide per anhydroglucose unit (57,58)], monobasic
potassium phosphate (KH,PO4), sodium chloride (NaCl),
5-([4,6-dichlorotriazin-2-yl]Jamino)-fluorescein (DTAF),
N-(2-hydroxyethyl)-piperazine-N'-(2-ethanesulfonic acid)
(HEPES), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tet-
razolium bromide (MTT) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Optical grade pyrene (99%),
dichloromethane (DCM), deuterated dimethyl sulfoxide
(DMSO-dy), triethylamine (Et;N), and trimethylamine hy-
drochloride (Me;N.HCI1) were purchased from Aldrich
Chemical Co. (Milwaukee, WI, USA). Dextran T10 (DEX;
MW 10,000 Da) was supplied by Amersham Biosciences
(Uppsala, Sweden). High performance liquid chromatogra-
phy (HPLC)-grade acetonitrile (ACN) and water were ob-
tained from Anachemia Science (Montreal, PQ, Canada).
Ethanol (95%) was obtained from Commercial Alcohols Inc.
(Brampton, ON, Canada). The Caco-2 cell line was purchased
from American Type Culture Collection (ATCC, Rockville,
MD, USA) at passage 18. Dulbecco’s modified Eagle medium
(DMEM), penicillin-streptomycin (10,000 U/ml penicillin G
and 10,000 pg/ml streptomycin), fetal bovine serum (FBS),
0.25% (w/v) trypsin-1 mM EDTA . 4Na (1X), and nonessen-
tial amino acids (NEAA) were supplied from Invitrogen Life
Technologies (Burlington, ON, Canada). Poly(ethylene ox-
ide),,-b-poly(propylene oxide);o-b-poly(ethylene oxide),,
also known as Pluronic P85 or P85, was provided by BASF
Corp. (Parsippany, NJ, USA). [°H] cyclosporin A (8.00 Ci/
mmol) was purchased from Amersham Pharmacia Biotech
(Piscataway, NJ, USA). Ultrapure water, used for all aqueous
solutions, was from a Milli-Q Filtration system (Millipore,
Bedford, MA, USA).

Synthesis of Fluorescein-Labeled HM-Polysaccharides

The labeled polymers were prepared by modification of
HPC-C,4 and DEX-C,4 (Fig. 1), which were synthesized fol-
lowing the general procedure reported elsewhere (59). The
composition and molecular characteristics of these polymers
are listed in Table I. The solubility characteristics of the two
polymers are different, therefore the labeling procedure had
to be adapted to each sample as follows.

Table I. Characteristics of the Polymers Used in the Current Study

Number of DTAF
Grafted POE-C,q concentration”
Polymer POE-C,¢* units per (mol DTAF/g
composition (mol%) polymer chain polymer)
DEX-Cy¢ 150+ 05 9 —
HPC-Cyq 54x05 25 —
DTAF-DEX-C,, 15.0+0.5 9 5.45+0.05 x 107°
DTAF-HPC-C4 54+05 25 5.70 = 0.05 x 107°

“From 'H NMR spectra (59).
> From UV-Vis spectra (see “Materials and Methods” section).
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Preparation of DTAF-HPC-C 4

Hydroxypropylcellulose-grafted-polyoxyethylene (10)
cetyl ether (HPC-C,¢; 300.0 mg) was dissolved in a 1/1 v/v
water/acetone mixture (50 ml). The pH of the solution was
adjusted to 10 using aqueous NaOH (5 N). A solution of
5-DTAF (8.0 mg, 0.015 mmol) in aqueous NaOH (15 ml, pH
= 10) was added in five portions to the polymer solution at
time intervals of 30 min. At the end of the addition, the re-
action mixture was kept at room temperature for 17 h. Sub-
sequently, it was dialyzed extensively against distilled water
(membrane MW cutoff: 6000-8000 Da, Spectrum Laborato-
ries Inc., Rancho Dominguez, CA, USA) and isolated by
freeze-drying (yield: 107.2 mg). The degree of DTAF substi-
tution was determined by quantitative UV-Vis spectropho-
tometry (Hewlett-Packard 8452A photodiode array spec-
trometer; Hewlett-Packard, Palo Alto, CA, USA). The la-
beled polymer was dissolved in an aqueous solution of pH 9.
DTAF was used as reference (molar extinction coefficient
€400nm: 70,000 cm™'mol™ at A = 492 nm) (60).

Preparation of DTAF-DEX-C,4

Dextran-grafted-polyoxyethylene (10) cetyl ether (DEX-
C,¢; 300 mg) was dissolved in water (50 ml). The pH of the
solution was adjusted to 10 with aqueous NaOH (5 N). A
solution of 5-DTAF (29.6 mg, 5.6 x 10~ mol) in aqueous
NaOH (15.0 ml, pH = 10) was added portion-wise over 2 h to
the polymer solution. At the end of the addition, the reaction
mixture was stirred at room temperature for 17 h. It was
dialyzed extensively against water (membrane MW cutoff:
3500 d). The dialyzed polymer solution was further purified
by ultrafiltration through an Amicon YM3 ultrafiltration
membrane (Amicon, Beverly, MA, USA). The labeled poly-
mer was isolated by freeze-drying (yield: 132 mg), and its
degree of labeling was determined by UV-Vis spectropho-
tometry.

Characterization of HM DEX and HPC in Solution

The critical association concentrations (CAC) of DEX-
C,¢s and HPC-C,4 in aqueous solution were estimated by
steady-state fluorescence spectroscopy using polymer solu-
tions of increasing concentration in pyrene-saturated water
([Py] = 7 x 1077 M) and monitoring the changes in the ratio
of the pyrene excitation spectra intensities (61) at A = 333 nm
(I553) for pyrene in water and A = 336 nm (/554) for pyrene in
the hydrophobic medium within the micelle core. The hydro-
dynamic diameter of drug-free and drug-loaded polymeric
micelles in water was evaluated by dynamic laser light scat-
tering (DLS) at 25°C with a scattering angle of 90°.

Physical Loading of CsA in HM DEX and HPC
Polymeric Micelles

A dialysis method was used to prepare CsA-loaded poly-
meric micelles. Polymer solutions (5 mg/ml) in deionized wa-
ter and a CsA solution in ethanol (5 mg/ml) were prepared
separately. Subsequently, different mixtures of polymer with
varying CsA initial concentrations (2.5-40% w/w) were pre-
pared. Following 48 h of dialysis, each solution was filtered
through an 0.22-pm pore-size filter and the filtrate was freeze-
dried. CsA was extracted from freeze-dried micelles using
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acetonitrile (ACN). The resulting suspensions were sonicated
in an ultrasonic bath for 10 min then agitated for 8 h. They
were then filtered and assayed by HPLC using a symmetry®
octadecyl-silane C,g column. The mobile phase consisted of
ACN:water (80:20) with a flow rate of 1.2 ml/min. The column
was thermostated at 70°C. The CsA peak, monitored at 210
nm, appeared at a retention time of 6.5 min. A CsA calibra-
tion curve was prepared using standard solutions of concen-
trations ranging from 3.125 to 400 mg/L, with a first-order
correlation coefficient (r?) greater than 0.99. Drug loading
(DL) was calculated using Eq. 1:

DL (%) = 100(W./W,,) )

where W, is the weight of CsA loaded in micelles and W), is
the weight of micelles before extraction.

Stability Study

The stability of CsA-loaded polymeric micelles in gastro-
intestinal fluid was monitored by measuring the release of
CsA entrapped within micelles as a function of time when in
contact with simulated gastric and intestinal fluids. Simulated
gastric fluid was prepared according to USP XXIV, using a
solution of NaCl (2.0 g/L, pH 1.2 by addition of HCI). Simu-
lated intestinal fluid was also prepared according to USP
XXIV. Monobasic potassium phosphate (6.8 g) was dissolved
in deionized water (250 ml) and added to 0.2 N NaOH (190
ml) in deionized water (400 ml). This solution was adjusted to
a pH of 6.8 with 0.2 N NaOH and diluted to 1000 ml. Dialysis
bags (MW cutoff: 6000-8000 Da) containing a solution of CsA-
loaded micelles (15 mg, CsA concentration 5% w/w) in simu-
lated gastric or intestinal fluid (3 ml) were placed into flasks
containing 180 ml of the corresponding simulated fluid. The
flasks were shaken at 100 rpm and the temperature was main-
tained at 37°C during 8 h. At specific time intervals, 10-ml
aliquots were taken from the release medium (dialysate) and
replaced by the corresponding fresh simulated fluid (10 ml) in
order to keep the system under sink conditions. At the end of
the experiment, the dialysis bags were cut open and their
content was allowed to leak into the release medium. An
aliquot of this solution was sampled to determine the concen-
tration corresponding to 100% release. The aliquots were
freeze-dried. The CsA content of the residue isolated was
assayed by the HPLC method described above. Release of
free CsA was also performed as a control. All stability tests
were performed in triplicate; data are presented as the mean
+ SD.

Cell Culture

The human colon adenocarcinoma cells, Caco-2, were
routinely maintained in Dulbecco’s modified Eagle medium
with 4.5 g/L p-glucose, supplemented with 10% (v/v) heat-
inactivated fetal bovine serum, 1% (v/v) nonessential amino
acids, and a 1% (v/v) penicillin-streptomycin antibiotics solu-
tion (100 U/ml penicillin G and 100 pg/ml streptomycin).
Cells were allowed to grow in a monolayer culture in an in-
cubator at 37°C with controlled atmosphere containing 5%
CO, and 90% relative humidity. Cells were passaged at 80—
90% confluency at a split ratio of 1:3 using 0.25% trypsin-1
mM EDTA.
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Cytotoxicity Assay

Caco-2 cells were seeded in triplicate in 96-well culture
plates at a density of approximately 5 x 10* cells in 100 .l of
cell culture medium per well. The cells were cultured for 48 h
at 37°C in a humidified atmosphere of 5% CO, in air. There-
after, Caco-2 cells were exposed to high concentration (10
g/L) of POE-C,,, DEX, HPC, DEX-C,,, or HPC-C,, fol-
lowed by incubation periods of 4 h and 24 h. Cell viability was
evaluated using the MTT colorimetric assay as previously de-
scribed (62,63). The assay is based on the reduction of MTT
by mitochondria in viable cells to water-insoluble formazan
crystals. The absorbance was measured with a multiwell-
scanning spectrophotometer (PowerWave; Biotek Instru-
ments, Winooski, VT, USA) at 570 nm.

Transport Studies of CsA-Loaded Micelles of HM
Polysaccharides Across Caco-2 Cell Monolayers

Transport of CsA-loaded polymeric micelles across
Caco-2 cells was evaluated as follows: cells were seeded onto
polycarbonate filter inserts in 6-well Transwell dishes (Corn-
ing Costar Co., Cambridge, MA, USA) at a density of ap-
proximately 8 x 10* cells/cm?. Cells were incubated for 21-25
days to allow confluency, full maturation, including P-gp ex-
pression (48) and increased transepithelial electrical resis-
tance (TEER) due to the formation of tight junctions in the
cell monolayer (64). The culture medium was replaced [1.5 ml
apical (AP) side and 2.6 ml basolateral (BL) side] every other
day for the first week and daily thereafter. The integrity of the
Caco-2 monolayers was evaluated both before and immedi-
ately after the study using a Millicel Electrical Resistance
System equipped with STX-2 electrodes (Millipore Corp.).
Typical TEER values exceeded 300 Q/cm?. Prior to experi-
ments, the culture medium of Transwell-grown Caco-2 cell
monolayers was replaced with prewarmed (37°C) transport
medium consisting of Hanks’ balanced salt solution (HBSS)
supplemented with 25 mM glucose and 10 mM HEPES (pH
7.4). The cell monolayer was equilibrated for 30 min at 37°C
before undertaking the transport studies. The AP and BL
chambers received 1.5 and 2.6 ml of transport medium, re-
spectively. After equilibration, TEER values of monolayers
were determined in triplicate. The amounts of CsA and poly-
mer transported across Caco-2 cell monolayers were deter-
mined as depicted in Fig. 2.

Transport of CsA

CsA-loaded fluorescently labeled polymeric micelles or
free CsA were placed in HBSS transport medium in amounts
such that the final concentration of CsA was 1 uM (0.6 pn.Ci
[’H] CsA together with unlabeled CsA). It should be noted
that the CsA (1 pM)-containing polymeric micelles were pre-
pared from solutions containing 25% (w/w) of CsA, a con-
centration for which the final CsA loading in polymeric mi-
celles (5% w/w) is the same, within experimental uncertainty,
for DEX-C,4 and HPC-C,, (Fig. 3). The solutions were
loaded in the AP or BL (donor) compartments. At predeter-
mined time points over a 4-h period, aliquots (400 pl) were
withdrawn from the opposite (receiver) chamber. After
sample withdrawal, an equivalent volume of the transport
medium was added to the receiving compartment to maintain
a constant receiver fluid volume. Studies of CsA transport in
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Fig. 2. Schematic representation of the procedure used to study the
transport of CsA-loaded polymeric micelles across Caco-2 cell mono-
layer.

presence of P-glycoprotein inhibitor (PGI) were conducted
using Pluronic P85 unimers (P85; 30 uM in transport me-
dium) (65-67). P85 solution was added to the AP side of
monolayers, and after sampling, equal volumes were replaced
using P85-containing solution. At the end of the experiment,
TEER values were measured in triplicate to assess the integ-
rity of the cell monolayers. The aliquots removed during the
testing periods were placed in scintillation vials (along with
the pipet tip used for sampling) and diluted with 10 ml of
scintillation liquid (Ultima Gold; Packard BioScience, Mer-
iden, CT, USA). The amount of transported CsA was deter-
mined by liquid scintillation counting using a Tri-Carb liquid
scintillation analyzer (Packard Instrument Co., Meriden, CT,
USA) after correction for changes of volume and concentra-
tion by the replacement media. At the end of the study, the
Caco-2 monolayers were solubilized using a 1% Triton X-100
solution. The total protein content was determined using the
bicinchoninic acid (BCA) protein assay (Pierce Chemical Co.,
Rockford, IL, USA). Transport results were normalized for
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Fig. 3. CsA loading (% w/w) in micelles of (ll) DEX-C, (15 mol%)
copolymer and (A) HPC-C4 (5.4 mol%) copolymer at 2.5-40 (w/
w%) CsA initial loading. Inset: CsA loading (% w/w) in presence of
(#) free POE-C, surfactant as well as unmodified (@) DEX and (o)
HPC polymers. Mean + SD (n = 3).
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total protein content of the cells in each well. All experiments
were performed in triplicate; the data presented are the mean
+ SD.

Calculation of Apparent CsA Permeability
Coefficients (P,,,,)

The apparent permeability coefficients (P,,, cm/s) of
CsA, expressed in cm/s, were calculated using Eq. 2:

P /s) = 1 40 2
app (Cm S) 7AC(). dt ()

where dQ/dt is the rate of appearance of CsA on the receiver
side (pmol/s), A is the surface area of the monolayer, and C,
is the CsA concentration (pM) on the donor side at t = 0.

Transport of HM Polysaccharides

The polymer permeability across Caco-2 cells was deter-
mined by a fluorescence assay using the intrinsic fluorescence
of the labeled HM-polysaccharides. Solutions of CsA-loaded
fluorescein-labeled polymeric micelles (CsA content of 1 uM)
in HBSS transport medium (24 x 10~ mg/ml) were placed
within the AP or BL (donor) compartments. For permeability
studies in presence of PGI, P85 solution (30 M) in the trans-
port medium was placed on the AP side of the cell monolay-
ers. The transport of CsA and polymer was allowed to pro-
ceed for 4 h under the same conditions as above. The fluo-
rescence intensity of the solutions recovered from the AP
and/or BL (receiver) compartments was determined using a
Cary Eclipse fluorescence spectrophotometer (Varian Scien-
tific Instruments Inc., Mulgrave, Victoria, Australia). Samples
were excited at ., = 493 nm, and the emission intensity was
monitored at \.,, = 519 nm. The amount of transported poly-
mer was calculated using a predetermined standard curve and
calibrated with the protein content of the cells in each well, as
described above.

Statistical Analysis

All experiments were performed in triplicate; the data
are presented as the mean + SD, standardized on individual
well protein concentrations. The differences between the
mean values were analyzed for significance using analysis of
variance (ANOVA) test. Results are considered statistically
significant from the control when p < 0.05.

RESULTS AND DISCUSSION

Cytotoxicity Assay

The toxicity of DEX-C,,, HPC-C;,, DEX, HPC, and
POE-C,, a neutral surfactant analogous in structure to the
hydrophopic chains linked to DEX or HPC, toward Caco-2
cells was evaluated by the MTT cytotoxicity assay following
4-h and 24-h periods of incubation at 37°C/5% CO,. As an-
ticipated, DEX and HPC proved to be nontoxic toward
Caco-2 cells, even when added at a concentration as high as 10
g/L. The study also revealed that neither DEX-C, 4, nor HPC-
C,¢ exhibited any significant cytotoxicity toward Caco-2 cells
after incubation periods as long as 24 h and at concentrations
as high as 10 g/L (Fig. 4). The cell viability dramatically de-
creased in the presence of POE-C,, even at concentrations
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Fig. 4. Caco-2 cell viability determined by MTT colorimetric assay
following 4-h (solid columns) and 24-h (open columns) incubation
periods in presence of 10 g/L of free POE-C, 4 surfactant, unmodified
DEX and HPC polysaccharides as well as HM copolymers of DEX-
C,¢ and HPC-C,4. Mean = SD (n = 3).

below 1 g/L (data not shown), confirming prior reports
(29,30). Thus, linking POE-C,, to nontoxic polymers effec-
tively alleviates their inherent toxicity. They are confined
within the hydrophobic core of the micelles. For them to
escape from the micellar assembly, it is necessary to break an
ether bond, known to be stable against hydrolysis over a wide
range of pH values.

Characterization of CsA-Free Polymeric Micelles

In aqueous solution, DEX-C,, and HPC-C,4 form mi-
celles that can entrap up to 8.5% w/w of CsA, incorporated
within the hydrophobic core of the micelle by a dialysis pro-
cess. The size of the micelles, which can be determined readily
by dynamic laser light scattering, varies depending on the
polymer structure. Micelles with average hydrodynamic di-
ameters of ~12 nm and ~72 nm are formed in aqueous solu-
tions of DEX-C,4 and HPC-C,, respectively (Table II). In
both cases, the micelle size distributions were unimodal, in-
dicative of the absence of free polymer chains and of large
aggregates. The onset of micellization (CAC) takes place in
solutions of very low polymer concentration, as determined
by a fluorescence assay based on the changes in the fluores-
cence of pyrene, a hydrophobic probe added in minute
amounts (~7 x 1077 mol/L) in the polymer solutions. In terms

Francis et al.

of polymer weight concentrations, the CAC of DEX-C,, (4
mg/L) is significantly lower than that of HPC-C,, micelles (17
mg/L) (Table II). This may be accounted for by the fact that
the average number of glucose units per alkyl chain is signifi-
cantly smaller for DEX-C, 4 compared to HPC-C,; rendering
the former polymer more hydrophobic (Table I). We note
that CAC values for the two polymers, reported in units of
hexadecyl group concentration, are nearly identical, taking a
value significantly lower than the critical micelle concentra-
tion (CMC) of POE-C,4 (Table II).

Characterization of CsA-Loaded Polymeric Micelles

The extent of CsA incorporation via a solvent exchange
dialysis process in DEX-C, 4, HPC-C,4, and POE-C, ¢ micelles
as well as in DEX and HPC used as controls was assessed as
a function of the initial CsA/polymer weight ratio, keeping
the polymer concentration constant (2.5 mg/ml) and varying
the amount of CsA added at the onset of dialysis (2.5-40%
w/w). The loading of CsA within either DEX-C,, or HPC-C, 4
micelles depends strongly on its initial concentration (Fig. 3):
it remains low (~1% w/w) under conditions where it
represents less than 15% of the total weight content of the
dialysis mixture. The % CsA incorporation increases sharply
when its initial concentration exceeds 15% (w/w) and reaches
a saturation value of ~8.5% and ~5.5% in the case of
DEX-C,4 and HPC-C, respectively. CsA-loaded polymeric
micelles were isolated in the powder form by lyophili-
zation. The dry powder readily solubilized in water, without
alteration in the size of the micelles and without premature
release of CsA, as confirmed by light scattering measure-
ments.

We note (Fig. 3) that for an initial concentration of CsA
equal to 25% (w/w), the drug incorporation within DEX-C, 4
and HPC-C,¢ micelles is similar (~5.4% w/w or 22% entrap-
ment efficiency). These conditions were selected to prepare
all the CsA-loaded micelles used in the stability and transport
tests described below, ensuring that in all the comparative
studies the CsA/polymer weight ratio in the micelles is kept
constant. It should be mentioned that the solubilizing ability
of the modified polymers toward CsA is higher by a factor of
~9, compared to that of either DEX or HPC, for which the
maximum CsA loading level was of 0.6% and 1.3% w/w, re-
spectively (Fig. 3, inset).

Table II. Characteristics of CsA-Free and CsA-Loaded DEX-C,, and HPC-C,, Micelles

POE-C,4 concentration

) Mean diameter® (nm) + SD
Maximum

Sample CAC* (mg/L) at CAC (x10° mol/L) CsA loading” (%) CsA-free micelles CsA-loaded micelles
POE-C,¢ 43 +1¢ 6.3 +1.4¢ 17.5+0.5 — —
DEX — — 0.6 +0.1 — —
HPC — — 1.3+0.1
DEX-Cy¢ 3.8+0.2 24 +0.1 85+0.6 115 14
HPC-C,q 17+2 26+03 55+06 76 +2 55+1

“ Determined by change in l33¢,,,//333,m Tatio of pyrene fluorescence with log polymer concentration at 25°C.

b Determined by HPLC analysis with UV detection at 210 nm.

¢ Determined by DLS measurements at 25°C with a scattering angle of 90°.
4 These values refer to the critical micelle concentration (CMC) of free POE-C, 4 surfactant.
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Stability of CsA-Loaded Micelles in Simulated Gastric and
Intestinal Fluids

The release rates of CsA from polymeric micelles in a
simulated gastric fluid (pH 1.2) and in a simulated intestinal
fluid (pH 6.8) were monitored by an in vitro release assay, in
which CsA-loaded micelles (5.4 w/w%) captured in dialysis
bags were placed in contact with simulated fluids during 8 h.
An identical amount of free CsA was placed in contact with
the fluids, serving as control. The amount of free CsA in the
dialysate was monitored as a function of contacting time. The
release data recorded for each type of fluid presented the
same features (Fig. 5): a small fraction of CsA, 4% and 12%
for HPC-C,4 and DEX-C,,, respectively, was released from
the micelles after 4 h; but this amount was much lower than
that recorded in control experiments (~85%). A possible ex-
planation for the high stability of micelles in simulated bio-
logical fluids of acid pH is that the POE-C,4 residues are
linked to the polysaccharide backbone through ether link-
ages, which, unlike commonly used ester linkages, are stable
toward pH changes and enzymatic degradations.

Transport Study

Experiments were designed that would allow detection
of the transport of 1) CsA across Caco-2 cell monolayers
(radioactivity measurements) and 2) the host polymeric mi-
celles (fluorescence measurements). Moreover, as CsA is a
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Fig. 5. Release profile of CsA at 37°C in (A) simulated gastric fluid
at pH 1.2 and (B) simulated intestinal fluid at pH 6.8, from (M) free
CsA solution (control); (@) CsA-loaded DEX-C, 4 polymeric micelles
and (A) CsA-loaded HPC-C,; polymeric micelles. Mean + SD
(n = 3).

215

good substrate for P-gp (68-70), AP to BL and BL to AP
transport measurements were carried out in the presence and
absence of P85. Nerurkar et al. reported that the P85 free
unimers were responsible for inhibiting P-gp efflux trans-
port (65). In this study, P85 was added to the AP compart-
ment at a concentration of 30 uM, a value lower than the P85
CMC (67 pM) (67,71) to ensure that P85 copolymer is in the
form of unimers in all measurements. In all cases, TEER
values were monitored throughout the experiments: the ad-
dition of micelles and/or P85 to either the AP or BL side of
Caco-2 monolayers for up to 4 h did not affect TEER values
significantly, confirming that the integrity of the cell mono-
layers was preserved.

Monitoring first the transport of CsA across Caco-2 cell
monolayers (Fig. 6), we note that after a 240-min incubation,
the AP-BL permeability of micelle-loaded CsA increased by
factors of 1.5 and 3 (compared to free CsA) when loaded in
DEX-C,, and HPC-C,, micelles, respectively. In all cases, the
transport was biphasic with respect to incubation time: slow
or insignificant transport was detected during the first 30-min
contact, followed by a nearly linear increase in transport upon
prolonged incubation. Moreover, in the presence of P85, CsA
transport was significantly enhanced in the AP-BL direction
but nearly precluded in the BL-AP direction (Figs. 6B and
6D), in agreement with recent reports on the major role of the
P-gp efflux mechanisms in determining CsA transport in
Caco-2 cells (7,68,72,73). The permeability coefficient (P,,,)
of CsA transported in the AP-BL direction was higher in the
case of CsA loaded in polymeric micelles compared to free
CsA, especially in the presence of P85 (Fig. 7).

Next, we investigated the bidirectional permeability
across the Caco-2 cell monolayers of the host polysaccharides,
using fluorescein-labeled copolymers, in order to assess
whether CsA is transported across the Caco-2 cells in free
form or entrapped within micelles. Indeed, the polymers are
transported across Caco-2 monolayers, as indicated by the
detection of fluorescence in the receiver compartment. Under
all circumstances (AP-BL, BL-AP, without P85, with PS85),
the amount of transported HPC-C,, was greater than that of
DEX-C,, (Fig. 8). The permeability of both polysaccharides
was higher in the BL-AP direction, compared to the AP-BL
permeability. These results are comparable to those reported
for the in vitro permeability of polyamidoamine (PAMAM)
water-soluble dendrimers (74-76).

Structure of the Polymeric Micelles and Its Effect on Their
Transport Through Caco-2 Cell Monolayers

The polysaccharides used in this study were prepared
based on design guidelines we had established through a sys-
tematic evaluation of key structural parameters controlling
the effectiveness of HM-DEX and HM-HPC as CsA carriers
(29,30). The molar content of (POE)-C, residues is the de-
termining factor, within a family of polymers, dextran or
HPC, which affects the physicochemical properties of the
polymeric micelles. Within a series of polymers, the following
trends emerge: 1) CAC values decrease with increasing
(POE)-C, chains; 2) the number of (POE)-C, chains must
remain below a limiting value of ~20 mol% and 8 mol %, for
DEX and HPC respectively, in order to preserve micellar
solubility in water; and 3) the CsA loading efficiency of poly-
meric micelles increases with increasing (POE)-C,.. The size
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Fig. 6. CsA (pmol/mg protein) transported across Caco-2 monolayers after 240-min incubation in the
AP-BL direction in absence (A) and presence (B) of P85, and in the BL-AP direction in absence (C) and
presence (D) of P85 for free CsA (A) and CsA loaded in DEX-C,, () and HPC-C,, (®) polymeric
micelles. Mean + SD (n = 3). *Statistically significant compared to free CsA; **statistically significant
compared to both free CsA and CsA-loaded in DEX-C,4 polymeric micelles.

of the polymer framework plays a role as well: micelles
formed by DEX-C, 4 constructed from a dextran ~40,000 Da in
size were less effective CsA carriers than those based on the
shorter dextran (10,000 Da) (29).

For particulate drug formulations, the carrier size is one
of the key parameters that determine the extent of drug ab-
sorption, and much has been debated on the optimal size of
micro- and nanoparticles in relation to their uptake by the
intestine. It is generally assumed that the uptake is inversely

- **

*%

s 7

A-B A-B + P85 B-A B-A + P85
Fig. 7. Permeability coefficient (P,,, cm/s) of free CsA (hatched
columns) and CsA-loaded in polymeric micelles of DEX-C,4 (open
columns) and HPC-C, (solid columns). Mean + SD (n = 3). *Sta-
tistically significant compared to free CsA; **statistically significant
compared to both free CsA and CsA-loaded in DEX-C,, polymeric
micelles.

proportional to particle size, and most published data support
this hypothesis (77-80). However, several studies on the up-
take of nanoparticles, such as dendrimers 2 to 5 nm in diam-
eter, point to the possible existence of an optimal colloidal
size for the efficient entrapment of particles in the mucous
and subsequent transport through intestinal epithelial cells.
(81). The HPC-C,4 and the DEX-C,, micelles investigated
differ by a factor of nearly 10 in terms of diameter, but both
types are substantially larger than dendrimers, and their size
is within the range considered to be ideal for mucosal uptake.
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Fig. 8. Permeability of fluorescein-labeled polysaccharides for CsA-
loaded micelles of DEX-C,4 (open columns) and HPC-C,q4 (solid
columns) across Caco-2 monolayers following 4-h incubation with
Caco-2 cells. Mean + SD (n = 3). *Statistically significant compared
to DEX-C,4 polymeric micelles.
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Table III. Comparison Between Hydrophobically/Modified (HM)-
DEX and HM-HPC Copolymers

DEX-C,, HPC-Cjq

Leakage of loaded CsA in simulated gastric 13.5 6.2
fluid (%)

Leakage of loaded drug in simulated 15.8 5.6
intestinal fluid (%)

AP to BL transport of CsA (pmol/mg 280 620
protein)

AP to BL transport of CsA in presence of 870 1070
P85 (pmol/mg protein)

BL to AP transport of CsA (pmol/mg 850 750
protein)

BL to AP transport of CsA in presence of 70 170
P85 (pmol/mg protein)

AP to BL transport of polymer (mg/ml 0.75 2

polymer per mg protein)
BL to AP transport of polymer (mg/ml 2 3
polymer per mg protein)

Our in vitro study indicates that both DEX-C,, and
HPC-C,, micelles are effective carriers for CsA. A compari-
son of the properties of the two carriers (Table III) points to
the enhanced performance of HPC-C,, micelles as judged by
the Caco-2 permeability assay used here. Unmodified dextran
dissolves rapidly in water and has a low affinity for the mu-
cous layer (82). By linking hydrophobic chains to dextran, one
succeeds in decreasing its solubility in water and in solubiliz-
ing sufficient amounts of CsA, but one does not affect the low
affinity for the mucous of the polymer itself. The superior
properties of HPC-C, 4 compared to DEX-C,¢ may be attrib-
uted to the bioadhesive properties of HPC (83,84). HPC-C,,
micelles readily adhere to the Caco-2 cell monolayers, allow-
ing the slow diffusion of the encapsulated drug to the basal
side, whereas DEX-C,, micelles tend to remain suspended in
the apical side.

CONCLUSIONS

The coupling of hydrophobic groups to water-soluble
polysaccharides significantly promotes the solubilizing power
of either dextran or hydroxypropylcellulose toward CsA.
Moreover, the bioadhesive characteristics of HPC enhance
the association of polymer micelles toward Caco-2 cell mono-
layers and facilitate the internalization of the polymer and the
transport of the drug. The polysaccharide-based polymeric
micelles offer unique opportunities for the oral delivery of
lipophilic drugs. They are nontoxic and stable in biological
fluids. Their size is optimal for effective drug delivery and
they possess a high encapsulation. They effectively carry their
cargo through model intestinal cell walls. Collectively, the
results of this research will aid in understanding the relation-
ship between structural features of polysaccharide-based car-
riers, their ability to solubilize lipophilic drugs, and their in-
testinal permeability, with the prospect of designing novel
polymeric carriers for oral drug delivery.
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