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Abstract

Solubilization of the poorly water-soluble drug, Cyclosporin A (CsA), in aqueous dispersions of dextran-grafted-polyethyleneglycolalkyl
ether (DEX-g-PEG-Cn) polymeric micelles was examined as a function of copolymer structure. In aqueous solution, DEX-g-PEG-Crn form
polymeric micelles of low critical association concentrations (CAC) and small micelle sizes as determined by fluorescence spectroscopy and
dynamic light scattering (DLS). Copolymers with longer polysaccharide chain showed larger CAC and mean diameter. The percentage of
CsA loading into micelles was determined by high performance liquid chromatography. It was significantly larger in polymeric micelles
compared to unmodified dextrans. It increased with increasing number of PEG-Cr units grafted per dextran chain and decreasing dextran
molecular weight. The cytotoxicity of DEX-g-PEG-C ¢ polymeric micelles towards Caco-2 cells, tested by MTT cytotoxicity assay, was
significantly lower than that of free PEG-C;¢ molecules. It can be concluded that the length of the hydrophilic part as well as the content and
chemical nature of the hydrophobic substituents have an important effect on the ability of polymeric micelles to solubilize poorly-water

soluble drugs.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Peroral drug administration represents by far the easiest,
most common and most convenient route of drug delivery,
especially when repeated or routine administration is
necessary [1]. For effective delivery via the oral route, a
therapeutic agent must first dissolve in the gastrointestinal
lumen [2]. This can pose major challenges in the case of
poorly-water soluble drugs [3]. A drug may be defined as
‘poorly soluble’ if its dissolution rate is slower than the
transit time to its absorptive sites [4]. The dissolution of a
poorly water-soluble drug in the gastrointestinal contents is
quite often the rate-limiting step that, ultimately, controls
the bioavailability of the drug at its site of action [5].

One approach to enhance the solubility and bio-
availability of a highly lipophilic drug is to dissolve it on
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the molecular level in the hydrophobic core of a delivery
system, itself soluble or dispersible in the aqueous
environment. In the late 1960s, surfactant micelles drew
much attention as drug delivery carriers, due to their good
pharmacological characteristics [6]. They are widely used as
adjuvants and drug carrier systems in many areas of
pharmaceutical technology and controlled drug delivery
[7]. Surfactant micelles form only above a critical
concentration, the critical micelle concentration (CMC)
and rapidly break apart upon dilution which could result in a
premature leakage of the drug and its precipitation in situ.

These limitations of surfactant micelles as drug delivery
carriers triggered the search for micelles of significantly
enhanced stability and solubilizing power. Like their low
molecular weight counterpart, amphiphilic polymers associ-
ate in water to form ‘polymeric micelles’ [8] consisting of a
hydrophobic core stabilized by a corona of hydrophilic
polymeric chains exposed to the aqueous environment [9].
The size of polymeric micelles ranges from ~ 10 nm to
~ 100 nm and usually the size distribution is narrow [9].
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This topology is similar to that of surfactant micelles, hence
polymeric micelles can be expected to solubilize hydro-
phobic drugs within their core. However, there are
significant differences between the two types of assemblies
from the physico chemical viewpoint. The polymer
concentration at which the association first takes place,
sometimes known as the critical association concentration
(CAQ), is lower by several orders of magnitudes than
typical surfactant CMC values. Thus, polymeric micelles
are more stable towards dilution. From the pharmaceutical
point of view, these amphiphilic carriers can solubilize more
poorly-water soluble drugs within their hydrophobic core
than most surfactant micelles. They can increase drug
bioavailability and retention, since the drug is well protected
from possible inactivation under the effect of their
biological surroundings [8].

Cyclosporin A (CsA) is a highly effective immuno-
suppressive agent that is used for prevention of graft
rejection following organ transplantation [10]. CsA is a
neutral cyclic undecapeptide with a molecular weight of
1202 g/mol [11], consisting of hydrophobic amino acids
linked via 11 amide bonds, seven of which are N-methyl-
ated. Four intramolecular hydrogen bonds [12] (Fig. 1)
contribute to the rigidity of its skeleton. This chemical
composition is responsible for the extremely low solubility
of CsA in water (23 pg/ml at 20 °C). The oral administration
of CsA is complicated by the presence of several
metabolizing enzymes: cytochrome P-450 3A4
(CYP3A4), the multi-drug transporter P-glycoprotein
(PGP) in the small intestine, and hepatic CYP3A4 [13].
These factors, together with the poor solubility of CsA in the
aqueous fluids of the gastrointestinal tract, severely limit the
absorption of CsA through the gastrointestinal mucosa.
They account for the low bioavailability of the drug and
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significantly increase the risks of both acute and chronic
rejection [14]. In view of the clinical importance of CsA,
much effort has been directed towards designing oral
formulations leading to acceptable bioavailability. A
number of innovative drug delivery approaches including
mixed micelles [15], charged nanoparticles [16], liposomes
[17], lipids [18], surfactants [19], microspheres [20], and
microemulsions [21] have been investigated in order to
improve the unfavorable absorption characteristics of CsA.

We set out to investigate the suitability of polymeric
micelles as carriers in the oral delivery of CsA. This drug
was selected, not only because of its clinical importance, but
also since it is representative of a number of new, highly
water-insoluble drugs in current development. The chemical
composition and architecture of the amphiphilic polymers
forming the polymeric micelle drug carriers was selected
with care, taking into account the following requirements.
The hydrophilic sections of the polymer should have high
water solubility and be non-toxic, and ideally should
enhance the bioavailability of the drug transported within
the micelle. We selected dextrans, which are branched
polysaccharides introduced in medicine in the early 1950s
as non-toxic plasma substitutes [22]. They are readily
available in a range of molecular weights [23] and their
chemical modification has been studied extensively
[24-26]. In order to impart dextran with an amphiphilic
character, we linked to its backbone a small number of
polyethylene glycol n-alkyl ether (PEG-Cn; CnEO;p)
chains (Fig. 2). Nonionic surfactants such as polyethyle-
neglycol alkyl ethers are known to enhance drug absorption.
In fact, the effect of PEG-Cn has been reported in several
studies to be superior to those of fatty acid esters and
sorbitan derivatives [27,28]. However, several PEG-Cn
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Fig. 1. Chemical structure of cyclosporin A showing 11 amino acids and four hydrogen bonds.
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Fig. 2. Chemical structure of DEX-g-PEG-Cn copolymer where n = 16 and n = 18 for DEX-g-PEG-C,¢ and DEX-g-PEG-Cg, respectively.

surfactants suffer from adverse effects on mucosal
integrity [29].

The objectives of the work presented here were (1) to
determine the physicochemical properties of the polymeric
micelles formed in aqueous solutions of hydrophobically-
modified dextrans (DEX-g-PEG-Cn); (2) to assess the
solubility of CsA in DEX-g-PEG-Cn micelles; and (3) to
evaluate the cytotoxicity of the polymeric micelles. The
latter study was of particular importance in view of the
known toxicity of the PEG-Cn surfactants when they are not
linked to polymers. The effects of the polymer molecular
weight, the level of hydrophobic substitution, and the
chemical nature of the hydrophobic substituents on the
properties of the polymeric micelles were examined using
fluorescence spectroscopy, dynamic light scattering, CsA
assay by high-performance liquid chromatography (HPLC)
and MTT cytotoxicity assay.

2. Materials and methods
2.1. Materials

Cyclosporin A (CsA), polyethyleneglycolcetyl ether
(PEG-Cy4; C16EOqp; Brij 56), polyethyleneglycolstearyl
ether (PEG-C,g; C13EO;(; Brij 76), sodium chloride (NaCl),
monobasic sodium phosphate (NaH,PO,), dibasic sodium
phosphate (Na,HPQO,), sodium dodecyl sulfate (SDS) and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) were purchased from Sigma-—Aldrich
(St. Louis, MO). Optical grade pyrene (99%), dichloro-
methane (DCM) and deuterated dimethyl sulfoxide
(DMSO-ds) were purchased from Aldrich Chemical Co.
(Milwaukee, WI). Dextran T10 (DEX10; M,, 10 000 Da)
and dextran T40 (DEX40; M,, 40 000 Da) were supplied by
Pharmacia Fine Chemicals (Uppsala, Sweden). HPLC-
grade acetonitrile (ACN) and water were obtained 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)
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 (1 X ) and
non-essential amino acids (NEAA) were supplied by
Invitrogen Inc. (Burlington, ON, Canada).

2.2. Synthesis of DEX-g-PEG-C,, copolymers

Hydrophobically-modified DEX-g-PEG-Cn graft co-
polymers were synthesized following a procedure reported
by our group [30]. Briefly, the terminal hydroxyl group of
PEG-Cn was tosylated in good yield using the joint action of
the amines Et;N and Me;N HCI. Subsequently, the tosylated
PEG-Cn was coupled to dextran of various molecular
weights (10 000 and 40 000 Da) by a Williamson ether
synthesis. The resulting DEX-g-PEG-Cn copolymers were
purified by a dichloromethane soxhlet extraction to remove
all free PEG-Cn. They were characterized by '"H NMR
spectroscopy of their solution in DMSO-dg using a Bruker
ARX-400 400 MHz spectrometer (Milton, ON, Canada).

2.3. Critical association concentration (CAC)
of DEX-g-PEG-C,, polymeric micelles

The CAC of the DEX-g-PEG-Cn copolymers were
estimated by fluorescence spectroscopy using pyrene, a
hydrophobic fluorescence probe that preferentially par-
titions into the hydrophobic core of the micelle. It undergoes
changes in its photophysical properties as a result of the
change in the micropolarity it experiences upon diffusion
from bulk water (hydrophilic environment) into the micelle
core (hydrophobic environment) [31,32]. Two methods
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Fig. 3. Excitation spectra of pyrene (2 X 1077 M aqueous solution) monitored at A, 390 nm in absence (@) or presence (A) of PEG-Cy¢ at a concentration of

5% 10° mg/l.

exist for determining the CAC of polymeric micelles with
pyrene fluorescence [33]. The original method, proposed by
Kalyanasundaram et al. [34], takes advantage of the changes
in the vibronic fine structure of the pyrene emission and
monitors the changes in the ratio of the intensities /; and /I3
of the [0,0] and [0,2] bands, respectively. More recently, it
has been suggested that a more accurate determination of
the CAC can be obtained by monitoring the changes in the
ratio of the pyrene excitation spectra intensities [35] at A =
333 nm for pyrene in water and A = 336 nm for pyrene in an
hydrophobic medium. The latter method was used here and
is exemplified in Fig. 3 where we present excitation spectra
of pyrene in water and in the presence of the non ionic
surfactant PEG-C¢ at a concentration higher than its CMC.

Samples for spectroscopic analysis were prepared as
follows. Two-milliliter aqueous solutions of increasing
polymer concentration (0.04—5 X 10° mg/l) were equili-
brated overnight with pyrene saturated water ([Py] ~
6—7 X 10”7 M). Excitation spectra were monitored at A, =
390 nm (excitation and emission bandpass: 2 nm).
Fluorescence spectra were recorded at 25 °C on a series 2
Aminco Bowman spectrofluorimeter (Spectronic Instru-
ments Inc., Rochester, NY).

2.4. Physical loading of CsA in DEX-g-PEG-C,,
polymeric micelles

A dialysis method was employed to prepare CsA-loaded
polymeric micelles. A DEX-g-PEG-Cn solution (5 mg/ml)
in deionized water (Milli-Q water purification system,
Millipore, Billerica, MA) and a CsA solution (5 mg/ml) in
ethanol were prepared separately. Each solution was stirred
1 h at room temperature. Subsequently, different mixtures of
polymer with varying CsA concentrations (2.5-40% w/w)
were prepared by mixing the two solutions to a final volume
of 4 ml.

The different mixtures were stirred for 2 h at room
temperature. To remove free CsA and form CsA-loaded
micelles, the mixtures were transferred into a pre-swollen
semi-permeable Spectra/Por 1 dialysis membrane (molecu-
lar weight cutoff 6000—-8000 g/mol, Spectrum Laboratories
Inc., Laguna Hills, CA) and were dialyzed against distilled
water for 48 h. During the first 2 h, the water was exchanged
two times (every hour) and then six times during the
following 46 h. After a total of 48 h of dialysis, each solution
was filtered through a 0.22-pwm pore-size nylon filter
(Whatman Inc., Clifton, NJ) and the filtrate was freeze-
dried in the absence of any lyoprotectant.

2.5. Micelle size measurement

The hydrodynamic diameter of CsA-free as well as CsA-
loaded DEX-g-PEG-Cn polymeric micelles in aqueous
solution was evaluated by dynamic laser light scattering
(DLS) using a Malvern system (Autosizer 4700, Malvern
Instruments Ltd, Malvern, UK) during 180 s at 25 °C, with a
scattering angle of 90°. Samples were passed through 0.22-
wm pore-size filter before size measurement to remove dust
particles. It was verified that the filtration step did not
significantly influence the mean micelle size. The correlation
decay functions were analysed by the cumulant method to
determine the Z-average size. The constrained regularized
CONTIN method was used to obtain the particle size distri-
butions. The values in Table 2 represent the average particle
diameter together with the polydispersity index obtained for
the same sample. All measurements were performed in
triplicate; the data presented are the mean * SD.

2.6. HPLC analysis

The micelle-incorporated CsA was extracted from
freeze-dried micelles using ACN. The resulting suspensions
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were sonicated for 10 min then agitated for 8 h. They were
then filtered through 0.45-pm pore-size Gelman GHP
Acrodisc filters (Waters, Milford, MA) and assayed
byHPLC [36] using an Agilent Technnologies HP 1100
chromatography system with a quaternary pump, a UV-
visible detector, a column thermostat and a HP Vectra
computer (Agilent Technologies, Waldbronn, Germany)
equipped with HP-Chemstation software. A symmetry
octadecyl-silane C;g (5 pm, 250X 4.6 mm i.d.) column
and the corresponding guard column of similar character-
istics (20 X 3.9 mm i.d.) (Waters) were used. 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. In all
cases, the injection volume was 50 w1 and the run time was
10 min. The CsA peak, monitored at 210 nm, appeared at a
retention time of 6.5 min. A CsA calibration curve was
prepared using standard solutions of concentrations ranging
from 3.125 to 400 mg/l, with a first-order correlation
coefficient (r 2) greater than 0.99. Finally, the extent of drug
loading (DL) was calculated using Eq. (1):

DL(%) = 100(Wc/Wy;) (D

where W is the weight of CsA loaded in micelles calculated
using the calibration curve, and Wy is the weight of CsA-
loaded micelles before extraction with ACN.

2.7. Cell culture

The human colon adenocarcinoma cells, Caco-2, were
grown as described previously [37]. Briefly, Caco-2 cells
were routinely maintained in DMEM with 4.5 g/l b-glucose,
supplemented with 10% (v/v) heat-inactivated FBS, 1%
(v/v) NEAA and 1% (v/v) penicillin—streptomycin anti-
biotics solution (100 U/ml penicillin G and 100 pwg/ml
streptomycin). Cells were allowed to grow in a monolayer
culture in 75-cm* T-flasks in an incubator at 37 °C with
controlled atmosphere containing 5% CO, and 90% relative
humidity. Culture medium was changed every 48 h and cells
were passaged at 80—90% confluency at a split ratio of 1:3
using 0.25% trypsin—1 mM EDTA.

2.8. Colorimetric MTT cytotoxicity assay

The cell viability in presence of dextran T10, PEG-C ¢ or
DEX10-g-PEG-C;¢ (7 mol%) was evaluated using the MTT
colorimetric assay. Caco-2 cells were seeded in triplicate in
96-well culture plates at a density of approximately 5 X 10
cells in 100 pl of cell culture medium per well. The cells
were cultured at 37 °C in a humidified atmosphere of 5%
CO;, in air for 48 h. Subsequently, increasing concentrations
of dextran T10, PEG-C,;4 or DEX10-g-PEG-C;¢ (0—10 g/l
in culture medium) were added to the cells. Caco-2 cells
were further incubated at 37 °C for 4 h. Thereafter, cell
viability was determined by a MTT test according to the
procedure described by Mosmann [38]. The test is based on
mitochondrial dehydrogenase cell activity as an indicator of

cell viability. Ten microliters of 5 mg/ml MTT solution in
phosphate-buffered saline (PBS; 75 mM NaCl, 53 mM
Na,HPO,, 13 mM NaH,PO,, pH 7.2) were added to each
well. After 4 h of additional incubation at 37 °C, 100 wl of
10% SDS in 0.01 N HCI solution were added to each well to
stop the reaction and to ensure solubilization of formazan
crystals. The plates were incubated overnight at 37 °C, after
which the optical density values were measured at 570 nm
using a multiwell-scanning spectrophotometer (Power-
Wave; Biotek Instruments, Winooski, VT).

3. Results and discussion
3.1. Characterization of the modified dextrans

Various modified dextrans were prepared. They differed
in three molecular aspects: (i) the molecular weight of
dextran (10 000 and 40 000 Da or ca. 62 and 247 glucose
units per chain, respectively); (ii) the level of grafting, i.e.
the number of hydrophobic substituents linked to the chain;
and (iii) the size of the hydrophobic group (hexadecyl or
octadecyl). The association properties, summarized in
Table 1, were gathered from fluorescence probe exper-
iments that yield the critical association concentration, and
from DLS measurements that give the average size of the
polymeric micelles (Table 2). The '"H-NMR spectroscopy
data, summarized in Table 1, showed that DEX-g-PEG-Cn
copolymers with different molar content in PEG-Cn (2-7
mol%) were synthesized. The degree of substitution was
calculated as I, X 100/1,, where Iy, is the average integral
of the signal due to the terminal methyl protons of the PEG-
Cn groups (~0.85 ppm) and I, is the integral of the signal
due to the anomeric protons of dextran (~4.7 ppm).

3.1.1. Critical association concentration (CAC)
of DEX-g-PEG-C,, micelles

A fluorescence assay described in detail in Section 2 was
used to determine the polymer concentration at which
micellization first takes place. The hydrophobic pyrene
probe was added to polymer solutions of increasing
concentration and pyrene excitation spectra were measured
for all solutions. The excitation spectrum undergoes a small
shift to longer wavelengths as the probe passes from a
hydrophilic to a hydrophobic environment (Fig. 3). This
shift is quantified in terms of the ratio, I33¢/l333, of the
fluorescence intensities at 336 and 333 nm.

Plots of the I33¢/I535 ratios versus the logarithm of the
concentration of the aqueous solutions of DEX-g-PEG-Cn of
varying compositions are shown in Fig. 4, together with those
of solutions of the surfactants PEG-C;¢ and PEG-Cs.
Sigmoidal curves were obtained for all the DEX-g-PEG-Cn
copolymers. The CAC value was determined for each
polymer solution from the intersection of two straight lines
(the horizontal line with an almost constant value of the
ratio I33¢/I333 and the vertical line with a steady increase in
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Table 1

Characteristics of DEX-g-PEG-Cn copolymers with various compositions
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Polymer Grafted PEG-Cn® Average number Maximum CsA CAC
(mol %) of PEG-Cn units loadingb (W/w%)
per dextran chain Polymer concentration® PEG-Cn concentration
(mg/1) (nmol/l)

PEG-C ¢ 100 - 175 05 2.5 3600
PEG-C5 100 - 13.1 £ 09 3.0 4200
Dextran T10 0 0 0.6 £0.1 - -
DEX10-g-PEG-C,¢ 3.0 2 4.0=*0.1 7.5 23
DEX10-g-PEG-C ¢ 7.0 4 4804 6.5 49
DEX10-g-PEG-C,g 39 2 3.0x0.2 12.5 50
Dextran T40 0 0 1.0 £ 0.02 - -
DEX40-g-PEG-C,¢ 2.3 6 1.2 +0.1 110.0 65
DEX40-g-PEG-Cy¢ 35 9 1.5*0.1 18.0 16

 Determined by "H NMR measurement in DMSO-dj [30].
® Determined by HPLC analysis with UV detection at 210 nm.

¢ Determined by change in I336 nm/I333 nm ratio of pyrene fluorescence with log polymer concentration at 25 °C.

the ratio value). The estimated CAC values are presented in
Table 1. The CAC values decrease with increasing molar
content of PEG-Cn residues linked to the polymer backbone,
for each hydrophobic group and each dextran molecular
weight. The CAC values of DEX40-g-PEG-Cn are larger
than those of the corresponding DEX10-g-PEG-Cn samples,
when determined in terms of weight of polymer. It is more
insightful to compare the CAC in terms of the alkyl group
concentration (Fig. 4B and Table 1). These results are
consistent with recent evidence suggesting that the increase
in the length of a hydrophobic residue at a given length of a
hydrophilic polymer chain causes noticeable decrease in
CAC value and increase in micelle stability [39].

3.1.2. Size of the DEX-g-PEG-C,, micelles

The hydrodynamic diameters of polymeric micelles,
determined by DLS, ranged from 10 to 30 nm (Table 2). In
all cases the size distributions were unimodal, indicative of
the absence of free polymer chains. We note that the
micelles formed by DEX40-g-PEG-Cn are larger than those
formed by DEX10-g-PEG-Cn, independently of the size of
the hydrophobic substituent and of the level of modification.
This observation can be taken as an indication of the steric
hindrances induced by carbohydrate chains, which are

Table 2

expected to take place over a larger volume for the polymer
of higher molecular weight [25,40]. It has been shown that
the uptake of particles within the intestine and the extent of
drug absorption increase with decreasing particle size and
increasing specific surface area [41]. Thus, the small size
exhibited by all the polymeric micelles studied here show a
favorable trend towards oral drug delivery.

3.2. Characterization of the CsA-loaded polymeric micelles

Cyclosporin A was incorporated into the polymeric
micelles by a dialysis method which involved treatment of
an aqueous polymer solution with a solution of CsA in
ethanol, followed by extensive dialysis of the mixed
solution against water. The amount of CsA released upon
dissolution of the CsA-loaded polymeric micelles was then
determined by an HPLC assay and plotted against the CsA
concentration added initially for each preparation. Both free
and micelle-entrapped CsA were measured with this assay.
The amount of free CsA is expected to be low since the
undissolved fraction of the drug was removed by filtration
after the dialysis procedure. We evaluated first the ability of
the surfactant micelles to solubilize CsA (Fig. 5). Both
PEG-C,¢ and PEG-C,g micelles were able to incorporate

Size measurements of CsA-free and CsA-loaded polymeric micelles with different compositions, determined by DLS measurements of 5 mg/ml aqueous

solution at 25 °C with a scattering angle of 90°

Polymer Grafted PEG-Cn CsA-free polymeric micelles CsA-loaded polymeric micelles
(mol %)
Mean diameter = SD Polydispersity = SD Mean diameter = SD Polydispersity = SD
(nm) (nm)
DEX10-g-PEG-C ¢ 3.0 18 =2 0.3 £0.08 20 = 1 0.4 +0.01
DEX10-g-PEG-C ¢ 7.0 9+0.3 0.2 £0.07 10 =03 0.3 +£0.02
DEX10-g-PEG-Cg 3.9 21 £ 1 0.4 +0.04 22+05 0.4 +0.03
DEX40-g-PEG-C ¢ 2.3 23+ 1 0.3 £0.02 25+ 1 0.5+ 0.04
DEX40-g-PEG-C ¢ 35 301 0.5 +0.03 35+0.5 0.4 +0.03
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Fig. 4. Change in the I336 nm/l333 nm ratio of pyrene fluorescence intensity
with the different concentrations (0.04—5 x 10°> mg/l) of (A) (®) PEG-C
and (O) PEG-Cg; and (B) (¢) DEX10-g-PEG-C;¢ (3 mol%); (A) DEX10-
g-PEG-Cj (7 mol%); (®) DEX40-g-PEG-C ¢ (2.3 mol%); (M) DEX40-g-
PEG-C/ (3.5 mol%); and (<) DEX10-g-PEG-C,g (3.9 mol%) copolymers.
Each value is the mean of two independent measurements.
relatively high levels of CsA, 17.5% (w/w) and 13% (w/w),
respectively.

Next, we assessed the incorporation of CsA within
polymeric micelles. In the case of polymers prepared with

20
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Final drug loading (%

0 5 10 15 20 25 30 35 40
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Fig. 5. CsA loading (w/w%) in micelles of PEG-C ¢ (®) and PEG-C;5 (O)
at 2.5-40 (w/w%) of initially added CsA. Mean * SD (n = 3).

DEX10, the maximum amount of CsA loaded within the
micelles was 4 and 4.8% (w/w), for DEX10-g-PEG-C,4 (3
mol%) and DEX10-g-PEG-C;¢ (7 mol%), respectively,
while DEX10-g-PEG-Cg (3.9 mol%) resulted in a maxi-
mum CsA loading of 3% (Fig. 6A). The micelles formed by
the polymers of higher molecular weights were not as
effective CsA carriers (Fig. 6B). Nonetheless, in all cases
the amount of incorporated CsA was larger in the case of
polymeric micelles than in the case of unmodified dextrans,
which have a very low affinity for CsA (Fig. 6). The
entrapment efficiency of polymeric micelles remained low
(<35%) and further work will be aimed at improving the
drug loading procedure.

Several trends are apparent if one compares the highest
CsA loading percentages determined for the various
polymers (Table 1). The percentage of CsA loading
increases with increasing number of PEG-Cn units grafted
per dextran chain. For a constant number of PEG-Cn units
(~2 units/dextran chain), the CsA loading achieved with
DEX10-g-PEG-C;5 (3.9 mol%) is lower than that deter-
mined for DEX10-g-PEG-C,¢ (3 mol%). These results are
consistent with the fact that PEG-C;¢ micelles are more
effective in solubilizing CsA than PEG-C;g micelles, 17.5
and 13%, respectively (Fig. 5). They may be taken as an
indication that the micropolarity of the hexadecyl-PEG
chains core might present a better solubilizing core than that
offered by the octadecyl-PEG moieties.

DLS measurements carried out on CsA-loaded micelles
confirmed that the integrity of the micelles was preserved
during the loading process and that the size of the micelles
was not altered substantially, although a slight increase in
micelle diameter was noted in all cases (Table 2).

3.3. In vitro cytotoxicity study

The cytotoxicity of DEX10-g-PEG-C,¢ (7 mol%),
DEX10, and PEG-C,4 was examined using a MTT assay
performed with Caco-2 cells. The dose-dependent viability
of Caco-2 cells treated with the various materials for 4 h is
presented in Fig. 7. As anticipated, free PEG-C,¢ surfactant
inhibited cell growth even at concentrations below 1 g/l.
Such deleterious effect is consistent with the propensity of
polyethyleneglycol alkyl ether surfactants to affect mem-
brane integrity [29]. Also, the polysaccharide DEX10
showed no toxicity up to a concentration of 10 g/l,
confirming the reported inertness of dextran. Turning now
to the effect of DEX10-g-PEG-C,¢ (7 mol%), we deter-
mined that it exhibited no significant toxicity towards Caco-
2 cells, up to concentrations of 10 g/l or concentration with
PEG-C;¢ content (0.05 g/l) equivalent to that showing
cytotoxic effect (80% cell viability) when present free in
direct contact with the cell. This important result indicates
that by grafting the PEG-Cn residues on dextran, we
succeeded in minimizing their toxic effect on cells. The non-
toxic hydrophilic dextran chains forming the polymeric
micelle outer shell may be in contact with the cells and
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Fig. 6. CsA loading (w/w%) in micelles of (A) (A) DEX10-g-PEG-C;4 (3 mol%); (®) DEX10-g-PEG-C ¢ (7 mol%) and (l) DEX10-g-PEG-C;g (3.9 mol%)
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Fig. 7. Effect of unmodified dextran T10 (A), PEG-C;¢ (l) and DEX10-g-PEG-C;¢4 (7 mol%) (®) concentration (0—10 g/1) on Caco-2 cell viability measured
by MTT assay following 4 h incubation at 37 °C/5% CO,. Equivalent concentrations of free PEG-C;4 and PEG-C ¢ grafted to dextran T10 backbone are

indicated in the figure by stars. Mean * SD (n = 3).
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effectively insulate them from the surfactant residues
assembled in the inner core.

4. Conclusion

In the present study, the solubilization potential of
different DEX-g-PEG-Cn copolymers to poorly-water
soluble drugs has been studied. We showed that the ability
of hydrophilic, non-toxic dextran polymers to encapsulate
lipophilic drugs, such as cyclosporin A, can be increased by
grafting hydrophobic PEG-Cr domains on the dextran main
chain. In aqueous solution, polymeric micelles are formed
with low CAC values and relatively small micelle mean
diameter. On the cellular level, they presented no significant
cytotoxicity. Therefore, this new macromolecular system
exhibits promising characteristics for the development of a
novel polymeric drug carrier for the oral delivery of poorly
water-soluble drugs.
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