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Abstract: The oral delivery of drugs is regarded as the optimal means for achieving therapeutic effects owing to increased patient compliance. Unfortunately, the oral delivery route
is beset with problems such as gastrointestinal (GI) destruction of labile molecules, low levels of macromolecular absorption, etc. To reduce the impact of digestive enzymes and to ensure the absorption of bioactive agents in an unaltered form, molecules may be incorporated
into microparticulate carriers. Many approaches to achieve the oral absorption of a wide variety of drugs are currently under investigation. Among the different polymer-based drug delivery systems, polymeric micelles represent a promising delivery vehicle especially intended
for poorly water-soluble pharmaceutical active ingredients in order to improve their oral
bioavailability. Recent findings of a dextran-based polymeric micelle study for solubilization
of a highly lipophilic drug, cyclosporin A (CsA), will be discussed.
INTRODUCTION
Oral administration of therapeutic agents represents by far the easiest and most convenient route of drug
delivery, especially in the case of chronic therapies [1]. While convenient from the patient’s perspective, oral drug formulation presents a challenge to the chemist, who has to design delivery systems optimizing drug stability in the gastrointestinal (GI) tract, such that a desirable pharmacokinetic profile
may be attained for a given drug [2]. Indeed, the GI tract presents a variety of hurdles for a drug, from
morphological barriers (mucus layer, microvilli, etc.) to stringent physiological factors (a wide range of
pH, enzymatic activities, specific transport mechanisms, etc.), which all conspire to limit intestinal absorption of drug. In the case of poorly water-soluble drugs, the dissolution time in the GI contents may
be longer than the transit time to the intended absorptive sites [3]. Therefore, dissolution of drugs is
quite often the rate-limiting step which, ultimately, controls the bioavailability of the drug [4]. This
poses a major challenge for effective delivery of poorly water-soluble therapeutics via the oral route [5].
One approach to enhance the absorption efficiency and bioavailability of highly lipophilic drugs
taken orally consists in using a particulate delivery system soluble or dispersible in an aqueous environment. This strategy is based on the following premises: particulate systems (a) provide the drug with
some level of protection against degradation within the GI tract; (b) prolong the drug transit time and
facilitate translocation of the drug across epithelial barriers, thus improving drug absorption; and (c)
may be targeted to specific sites and carry functionalities that assist specific absorption pathways.
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PHYSICOCHEMICAL CHARACTERISTICS OF ORAL DELIVERY SYSTEMS
The transport of a drug across the intestinal membrane is a complex transfer process involving several
mechanisms. Based on the physiology of the intestinal epithelium, three potential routes for drug transport across intestinal barriers have been considered (Fig. 1): (1) the paracellular route, a passive, diffusional transport pathway taken by small, hydrophilic molecules (e.g., mannitol) which can pass through
the tight junction channels between adjacent epithelial cells; (2) transcellular passive diffusion of
lipophilic molecules through the lipid bilayer and the membrane-bound protein regions of the cell membrane; and (3) transcellular receptor-mediated transcytosis of surface-bound ligands such as intrinsic
factor-cobalamin complexes. The extent of particle uptake through the absorbing membrane varies considerably depending on its size, chemical composition, hydrophobicity, and charge.

Fig. 1 Schematic representation of intestinal epithelial cells showing potential transepithelial pathways: (A)
paracellular route; (B) transcellular passive diffusion; and (C) transcellular receptor-mediated transcytosis.

•

•

•

Particle size: the uptake of particles within the intestine and the extent of drug absorption increase
with decreasing particle size and increasing specific surface area [6–8]. Jani et al. [9,10] assessed
the size-dependence of the uptake of nanoparticles by the rat intestine by monitoring their appearance in the systemic circulation and their distribution in different tissues. After administration of equivalent doses, 33 % of nanoparticles 50 nm in diameter and 26 % of the 100-nm
nanoparticles were detected in the intestinal mucosa and gut-associated lymphoid tissues,
whereas, in the case of 500-nm particles, only 10 % were found in the intestinal tissues. The uptake of particles larger than 1 µm in diameter was marginal. Moreover, these micron-sized particles were found only in the lymph nodes of the small intestine (Peyer’s patches). Desai et al. [11]
reported similar findings for the absorption characteristics of nanoparticles prepared from
poly(lactide-co-glycolic acid) (PLGA). The uptake of 100-nm nanoparticles in the rat intestine
was significantly increased compared to larger particles of 1 and 10 µm. Therefore, size is an important parameter controlling the internalization of nanoparticles into epithelia of the GI tract, and
as a rule, sizes smaller than 500 nm are required.
Chemical composition: A comparative study investigating a range of polymeric particles suggests
that the extent of drug absorption depends on the hydrophobicity of the polymer [12]. It would
appear that particles consisting of the hydrophobic polymer poly(styrene), are absorbed more
readily than PLGA, a somewhat more hydrophilic polymer.
Particle charge: Particle charge is also an important factor that determines the extent of uptake
from the GI tract [9,13]. Carboxylated poly(styrene) nanoparticles show a significantly decreased
affinity to intestinal epithelia, compared to positively charged and uncharged poly(styrene)
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nanoparticles [9]. However, Mathiowitz et al. [14] observed a highly increased adhesion of negatively charged poly(anhydride) copolymers to cell surfaces, resulting in an enhanced absorption
rate of the encapsulated drug, compared to drug encapsulated in neutral particles. In their investigation of the affinity of negatively charged poly(acrylic acid) nanoparticles toward intestinal epithelia, Kriwet et al. [15] reached the same conclusion. Thus, neutral and positively charged
nanoparticles have a higher affinity to intestinal epithelia than negatively charged nanoparticles,
but negatively charged nanoparticles exhibit bioadhesive properties, which may also favor the
transport process.
APPROACHES
Several particulate systems have been reported as effective carriers of therapeutic agents administered
orally. Among them are liposomes, which have been used, for example, to administer insulin by the oral
route [16]. Liposome formulations are particularly attractive, as they may carry lipid-soluble drugs in
the lipid bilayer and, at the same time, water-soluble drugs in the aqueous core [17]. They are prepared
routinely under mild conditions which minimize drug denaturation during encapsulation.
Unfortunately, most liposome formulations are readily disrupted by intestinal detergents, such as bile
salts, and are subject to degradation by intestinal phospholipases. Both mechanisms trigger the premature release of the liposome-entrapped drug in the GI fluid [18,19]. In addition to liposomes, other colloidal formulations, such as emulsions and microemulsions, are effective in the oral administration of
drugs with limited solubility in biological fluids [20,21]. Microemulsions (oil/water) are bicontinuous
systems composed of a continuous water phase containing nanometer-sized oil droplets separated by a
surfactant/cosurfactant-rich interfacial region. Compared to emulsions, they offer several advantages as
drug delivery systems, such as high solubilization capacity, thermodynamic stability, and ease of preparation [21]. In several cases, administration of microemulsions, especially formulations based on castor
oil, has triggered adverse events, most frequently renal dysfunction, hypertension, and hepatotoxicity
[22,23]. Recently, a new class of delivery system has been under intense scrutiny. They are nanoparticles ranging in size from ~15 to 150 nm [24,25] such as nanospheres [26], nanocapsules [16,27],
hydrogels [28–30], and silica particles coated with proteins, labile drugs, and hormones. Matsuno et al.
[31] found that nearly spherical poly(vinylpyrrolidone)-coated silica gel particles with an average diameter of 30 nm were taken up effectively by mouse enterocytes. Polymers investigated in nanocarrier
formulations for oral drug delivery include poly(alkylcyanoacrylates) [27], and terpolymers of methyl
methacrylate, 2-hydroxyethylmethacrylate, and n-butylacrylate [32]. The methodologies reviewed
briefly in this section have met success in various therapies, and interested readers are referred to reviews on the subject [33–37]. The focus of this article is a yet different approach toward enhancing the
bioavailability of highly lipophilic drugs, based on the molecular dissolution of a drug within the hydrophobic core of polymeric micelles.
MICELLES: DEFINITION AND ADVANTAGES
In the late 1960s, micelles drew much attention as drug carriers owing to their easily controlled properties and good pharmacological characteristics [38,39]. Micelles are formed when amphiphiles are
placed in water. They consist of an inner core of assembled hydrophobic segments capable of solubilizing lipophilic substances and an outer hydrophilic corona serving as a stabilizing interface between
the hydrophobic core and the external aqueous environment [40]. Depending on the delivery purpose,
one can select the size, charge, and surface properties of these carriers simply by adding new ingredients to the mixture of amphiphilic substances before micelle preparation and/or by variation of the
preparation method.
Micelles as drug carriers provide a set of advantages—they physically entrap sparingly soluble
pharmaceuticals and deliver them to the desired site of action at concentrations that can exceed their in© 2004 IUPAC, Pure and Applied Chemistry 76, 1321–1335
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trinsic water solubility and thus increase their bioavailability. The stability of the drug is also increased
through micelle incorporation. Furthermore, undesirable side effects are lessened, as contact of the drug
with inactivating species, such as enzymes present in biological fluids, are minimized, in comparison
with free drug [41–43]. They can be prepared in large quantities easily and reproducibly [44,45]. By far
the most important feature of micellar delivery systems, which distinguish them from other particulate
drug carriers, lies in their small size (~10 to 30 nm) and the narrow size distribution [6].
Micelles made of nonionic surfactants are widely used as adjuvants and drug carrier systems in
many areas of pharmaceutical technology and controlled drug delivery [46–51]. Such a high level of activity has brought a great deal of diversity to this field, since most groups introduced their own micelle
system formed from unique hydrophilic–hydrophobic combinations. In almost all cases, the hydrophilic
outer shell consists of poly(ethylene oxide) (PEO) chains, owing to their high degree of hydration and
large excluded volume inducing repulsive forces, which contribute to the stabilization of the micelle
[44,52–54]. In addition, the PEO corona prevents recognition by the reticuloendothelial system and
therefore minimizes elimination of the micelle from the bloodstream. Thus, these so-called “stealth”
properties of the PEO corona result in increased blood circulation times and allow drugs to be administered over prolonged periods of time [55–57]. A wide range of hydrophobic blocks have been explored, resulting in different micellar systems with distinct physicochemical properties.
Surfactant micelles form only above a critical concentration, the critical micelle concentration
(CMC), and rapidly break apart upon dilution, which can result in 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.
The use of polymer-based micelles has gained much attention because of the high diversity of
polymers, their biocompatibility, biodegradibility, and the multiplicity of functional groups they display
for the conjugation of pilot molecules [30].
POLYMERIC MICELLES
Like their low-molecular-weight counterparts, amphiphilic polymers associate in water to form “polymeric micelles” [58], consisting of a hydrophobic core stabilized by a corona of hydrophilic polymeric
chains exposed to the aqueous environment [59]. Polymeric micelles can be used as efficient carriers
for compounds, which alone exhibit poor solubility, undesired pharmacokinetics, and low stability in a
physiological environment. The hydrophilic shell contributes greatly to the pharmaceutical behavior of
polymeric formulations by maintaining the micelles in a dispersed state, as well as by decreasing undesirable drug interactions with cells and proteins through steric-stabilization effects. The size of polymeric micelles ranges from ~10 to ~100 nm, and usually the size distribution is narrow [59]. This topology is similar to that of surfactant micelles, hence polymeric micelles can be expected to solubilize
hydrophobic drugs within their core. However, there are significant differences between the two types
of assemblies from the physicochemical viewpoint. The polymer concentration at which the association
first takes place, sometimes known as the critical association concentration (CAC), is lower by several
orders of magnitudes than typical surfactant CMC values. Thus, polymeric micelles are more stable toward dilution in biological fluids. They can increase drug bioavailability and retention, since the drug
is well protected from possible inactivation under the effect of their biological surroundings [60].
Polymeric micelles have been studied extensively as delivery medium for injectable drug formulations of poorly water-soluble drugs such as paclitaxel, indomethacin, amphotericin B, adriamycin, and
dihydrotestosterone. Overall, they proved to be highly effective drug delivery vehicles [61–65]. To date,
most contributions in the area of polymeric micelles for oral formulations, have been made by the group
of Kabanov [66–71]. Their work focused mostly on micelles formed from commercially available
Pluronic® triblock copolymers [also termed Poloxamer; poly(ethylene oxide)x-b-poly(propylene
oxide)y-b-poly(ethylene oxide)x; PEOx-b-PPOy-b-PEOx], and more recently, on block ionomer complexes as carriers for DNA [72].
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Our approach to oral drug delivery through polymeric micelles was to design with care the chemical composition and architecture of the amphiphilic polymers forming the polymeric micelle vehicle.
To maximize our chances of success, we chose to base the new materials on polysaccharides, which are
nontoxic, naturally occurring polymers, and readily available in a range of molecular weights. We selected hydroxypropylcellulose (HPC), a nonionic water-soluble cellulose derivative, and dextran
(DEX), a glucose polymer with predominantly 1,6-α-glycosidic linkages [73]. Both polymers are nontoxic and nonirritant polysaccharides. They are used in medicine (e.g., DEX as plasma substitute both
locally and systemically [74] and HPC in oral tablet formulations, where it acts as a disintegrant [75]
and as a binder in granulation [76], due to its bioadhesive properties). In order to impart either DEX or
HPC with an amphiphilic character, we linked to their backbone a small number of hydrophobic cetyl
groups, as described below in the case of DEX. We chose to attach the hydrophobic groups to the polysaccharide hydrophilic backbone via a short PEO linker, yielding DEX grafted with PEO10-C16
(DEX-g-PEO10-C16 or HPC-g-PEO10-C16); the digit next to PEO refers to the number of ethylene
oxide groups in PEO, and the digit next to the carbon refers to the number of carbons in the alkyl chains
(Fig. 2); and to exploit the solubilizing potential of this copolymer toward poorly water-soluble drugs.
In aqueous solution, hydrophobically modified (HM) polysaccharides associate into polymeric micelles
above the CAC. Thus, a lipophilic drug can be entrapped in the hydrophobic core formed by the alkyl
residues, while the hydrophilic polysaccharide chains stabilize the system in the aqueous environment.
In this article, we present the design, chemical characterization, and in vitro evaluation of HM
DEX-based polymeric micelles as an example of the novel polymer-based nanocarriers for oral delivery of poorly water-soluble drugs developed recently in our group.

Fig. 2 Synthesis of HM-DEX and HM-hydroxypropylcellulose copolymers.
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SYNTHESIS AND CHARACTERIZATION OF HM DEX COPOLYMERS
HM DEX-g-PEO10-C16 graft copolymers were synthesized following the scheme shown in Fig. 2 [77].
A tosylated PEO (10) cetyl ether (PEO10-C16) was coupled to DEX T10 (DEX; MW 10 000 Da) by a
Williamson ether synthesis reaction. The resulting DEX-g-PEO10-C16 copolymers were purified by
soxhlet extraction with dichloromethane to remove all free PEO10-C16. The extent of grafting (Table 1)
was determined from 1H NMR spectroscopy data, using the signal due to the resonance of the terminal
cetyl methyl protons (δ ~ 0.85 ppm) and the signal due to the resonance of the anomeric protons of DEX
(δ ~ 4.7 ppm) (Fig. 3). Depending on the initial relative concentration of DEX and PEO10-C16, amphiphilic DEXs carrying from 2.3 to 15 mol % PEO10-C16 (relative to the number of glucose units)
were prepared in excellent yield and a high level of purity.

Fig. 3 Chemical structure of DEX-g-PEO10-C16 and its 1H NMR spectrum in DMSO-d6.
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Table 1 Physicochemical properties of DEX-g-PEO10-C16 polymeric micelles.
Polymer
composition
Dextran T10
PEO10-C16
DEX-g-PEO10-C16
DEX-g-PEO10-C16
DEX-g-PEO10-C16

Grafted PEO-C16
(mol %)a

CACb
(mg/l)

Mean diameterc
(nm ± SD)

Maximum
CsA loadingd
(%w/w)

0
–
2.3 ± 0.1
6.4 ± 0.1
15.2 ± 0.1

–
4.3 ± 1
7.6 ± 0.3
4.2 ± 0.4
3.7 ± 0.2

–
–
44 ± 4
12 ± 3
11 ± 5

0.6 ± 0.1
17.5 ± 0.5
1.1 ± 0.2
6.8 ± 0.2
8.5 ± 0.6

a

Determined by 1H NMR measurement.
Determined by change in I336/I333 ratio of pyrene fluorescence with log polymer concentration at
25 °C.
c
Determined by DLS measurements at 25 °C with a scattering angle of 90°.
d
Determined by HPLC analysis with UV detection at 210 nm.
b

PHYSICOCHEMICAL CHARACTERISTICS OF POLYMERIC MICELLES
As discussed in the introduction, the ability of polymeric micelles to act as effective drug delivery systems is controlled, to a large extent, by their size and their CAC, defined as the copolymer concentration below which only single chains exist. In solutions of the copolymer of concentration higher than
the CAC, micelles and single chains coexist. This definition is used commonly to describe polymeric
micelles, in analogy with the CMC of surfactant micelles, although the mechanism of micellization may
not be the same for amphiphilic polymers and surfactants [78,79]. A delivery system is subject to “sink
conditions” or severe dilution in the GI fluid upon oral administration. It is important to know the CAC
value in order to select dosage compositions such that the copolymer concentration remains above the
CAC immediately upon administration. The CAC of amphiphilic copolymers is determined by many
factors, such as the nature and length of the core-forming segments, and the length of the hydrophilic
chain. Amphiphilic copolymers that contain highly hydrophobic residues have lower CAC values in
water than those that include the less hydrophobic residues. For a series of copolymers, if the coronaforming chain is kept constant, an increase in the molecular weight of the core-forming segment will
decrease the CAC [80]. To a lesser extent, if the length of the core-forming segment is maintained at a
constant length, an increase in the length of the hydrophilic chain will cause an increase in the value of
the CAC [81,82].
The CAC of polymeric micelles can be estimated by fluorescence spectroscopy using pyrene, a
hydrophobic fluorescence probe that preferentially partitions into the hydrophobic core of the micelle.
Pyrene 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) [83,84]. Two methods exist for determining the CAC of polymeric micelles with
pyrene fluorescence [85]. The original method, proposed by Kalyanasundaram et al. [86], takes advantage of the changes in the vibronic fine structure of the pyrene emission and monitors the changes in
the ratio of the intensities I1 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 [87] at λ = 333 nm for pyrene in water and λ = 336
nm for pyrene in a hydrophobic medium (Fig. 4). By plotting the I336/I333 intensity ratios vs. the logarithm of the concentration of the aqueous solutions of copolymer, sigmoidal curves are obtained, where,
at the CAC, a sharp increase is observed in the fluorescence intensity ratio (I336/I333) as the polymer
concentration increases (Fig. 4).
We used the latter method to estimate the CAC of the DEX-g-PEO10-C16 copolymers. As shown
in Table 1, the CAC values decrease with increasing molar content of PEO10-C16 residues linked to the
© 2004 IUPAC, Pure and Applied Chemistry 76, 1321–1335
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Fig. 4 Plot of the intensity ratio I336/I333 (from pyrene excitation spectra) as a function of concentration
(0.04 – 5 × 103 mg/l) of DEX-g-PEO10-C16 copolymers containing () 2.3 mol%; () 6 mol% and () 15 mol%
of grafted PEO10-C16 residues. Each value is the mean of two independent measurements. Inset: Excitation spectra
of pyrene (2 × 10–7 M aqueous solution) monitored at λem 390 nm in absence () or presence () of HM DEX
copolymer.

DEX backbone. These results are consistent with recent evidence, suggesting that the increase in the
length of a hydrophobic residue for a given length of a hydrophilic polymer chain causes noticeable decrease in CAC value and increase in micelle stability [78].
The size of micelles is controlled by the length of the core-forming segment and the length of the
corona-forming chain [88,89], but it depends also on the method of micellization selected for the preparation of micelles. For micelles produced using the dialysis method, it varies depending on the organic
solvent employed [90,91]. The choice of organic solvent also affects the yield of micellization. For example, La et al. [90] reported that the use of dimethylsulfoxide (DMSO) as the organic solvent which
gave rise to PEO-b-poly(β-benzyl-L-aspartate) (PBLA) micelles which were only 17 nm in size, but the
micelle yield was low (6 %). Using dimethylacetamide (DMAc) as organic solvent resulted in a much
higher micelle yield, with an average particle size of 19 nm and a narrow size distribution [90]. In this
way, the dialysis method provides a means of tailoring the size and size distribution of the micelles.
Note that, above all, it is important to select conditions that minimize the formation of large polymer
aggregates (diameter > 300 nm), in addition to the desired polymeric micelles [92].
We determined the size of DEX-based polymeric micelles by dynamic laser light scattering
(DLS) at 25 °C, with a scattering angle of 90°, and found that the hydrodynamic diameter of
DEX-g-PEO10-C16 micelles ranged from 10 to 45 nm (Table 1). In all cases, the size distribution was
unimodal, indicative of the absence of free polymer chains and of large aggregates. Polymeric micelles
formed by amphiphilic DEXs of structure similar to that of DEX10-g-PEOy-Cn, but prepared from a
higher molecular weight DEX (Dextran T40; MW 40 000 Da; DEX40) are larger than those formed by
DEX10-g-PEOy-Cn, independently of the size of the hydrophobic substituent and of the level of modification [93]. This observation can be taken as an indication of the steric hindrance induced by the carbohydrate chains, which are expected to take place over a larger volume for the polymer of higher molecular weight [94,95]. 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 [6]. Thus,
the small size exhibited by all the polymeric micelles studied here shows a favorable trend toward oral
drug delivery.
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PHYSICAL LOADING OF A DRUG IN DEX-g-PEO10-C16 POLYMERIC MICELLES
The hydrophobic core of the polymeric micelles is expected to serve as the loading space for various
lipophilic drugs. By design, given the nanometric size of the micelles, this space is limited. In order to
exploit fully this loading space, one must manipulate the many factors that control loading capacity and
efficiency. In devising a drug incorporation strategy, one must try to match as closely as possible the
polarity of the hydrophobic micelle core to the solubility characteristics of the drug. Nagarajan et al.
[96] demonstrated that aromatic hydrocarbons are incorporated to a greater extent into poly(ethylene
oxide-b-propylene oxide) and poly(N-vinylpyrrolidone-b-styrene) polymeric micelles, in comparison to
aliphatic hydrocarbons. Kim et al. [91] showed that the amount of indomethacin that can be incorporated into micelles can reach 42.2 (wt%) in the case of PEO-b-poly(ε-caprolactone), while La et al. [90]
obtained an indomethacin content of only 22.1 (wt%) for micelles formed from PEO-b-PBLA. An increase in the length of the core-forming segment tends to enhance the loading capacity per micelle [97].
Note that a drug may reside preferably within the core of the micelle or within the core/corona interface, depending on its solubility characteristics [97].
We report here the loading capacity of DEX-g-PEO10-C16 polymeric micelles toward cyclosporin
A (CsA), a highly effective immunosuppressive agent that is used for the prevention of graft rejection
following organ transplantation [98]. Chemically, CsA is a neutral cyclic undecapeptide with a molecular weight of 1202 g/mol [99], consisting of hydrophobic amino acids linked via 11 amide bonds, 7 of
which are N-methylated. Four intramolecular hydrogen bonds [100] contribute to the rigidity of its
skeleton. This chemical composition is responsible for the extremely low solubility of CsA in water
(23 µg/ml at 20 °C). The oral administration of CsA is complicated by the presence of several metabolizing enzymes: cytochrome P-450 3A4 (CYP3A4), the multidrug transporter P-glycoprotein (PGP) in
the small intestine, and hepatic CYP3A4 [101]. These factors, together with the poor solubility of CsA
in the aqueous fluids of the GI tract, severely limit the absorption of CsA through the GI mucosa. They
account for the low bioavailability of the drug and significantly increase the risks of both acute and
chronic rejection [102]. Commercial CsA oral formulations are mostly microemulsion-based. While
more effective than the original emulsion-based formulations, this formulation presents a rather large
interindividual variation in terms of CsA bioavailability [103]. In view of the clinical importance of
CsA, much effort has been placed toward designing oral formulations leading to acceptable bioavailability. A number of innovative drug delivery approaches including mixed micelles [104], charged
nanoparticles [105], liposomes [106], lipids [107], surfactants [108], microspheres [109], and microemulsions [110] have been investigated in order to improve the unfavorable absorption characteristics
of CsA.
We chose to incorporate CsA into DEX-g-PEO10-C16 polymeric micelles by a dialysis method,
which involved treatment of an aqueous polymer solution with a solution of CsA in ethanol. Ethanol
was used as solvent to prevent any cytotoxic effect that could be caused by trace organic solvent in the
final formulation. The initial CsA loading varied from 2.5–40 % (w/w CsA/polymer). The mixed solutions were extensively dialyzed against distilled water. In this process, the organic solvent is slowly replaced by water so that micelles start to form and to incorporate the lipophilic drug inside their hydrophobic core (Fig. 5). After completion of the dialysis, the solutions were filtered to eliminate excess
CsA and the filtrate was freeze-dried, yielding a free-flowing powder which readily dispersed in water
to form polymeric micelles of size and size distribution nearly identical to those of micelles devoid of
CsA.
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Fig. 5 Schematic representation of drug loading in polymeric micelles using the dialysis method.

The amount of CsA incorporated in the micelles was determined by a high-performance liquid
chromatography quantitative assay of the CsA extracted from freeze-dried micelles with acetonitrile, a
nonsolvent of the copolymer, but a good solvent of CsA. Drug loading (DL) was calculated using eq. 1:
DL (%) = 100 (Wc/WM)

(1)

where Wc is the weight of CsA loaded in micelles and WM is the weight of micelles before extraction.
The amount of CsA released upon dissolution was 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 should have been removed
by filtration after dialysis.
We evaluated first the ability of the PEO10-C16 micelles to solubilize CsA and found that a high
level of CsA (17.5 % w/w) was incorporated in the surfactant micelles, an indication of the favorable
solubilizing characteristics of PEO10-C16 toward CsA. Next, we assessed the incorporation of CsA
within polymeric micelles. The maximum amount of CsA loaded within the micelles was 1, 7, and 8 %
(w/w), for DEX-g-PEO10-C16 containing 2.3, 6, and 15 mol% PEO10-C16, respectively (Fig. 6). In all
cases, the amount of CsA incorporated was larger in the case of polymeric micelles than in the case of
unmodified DEX, which proved to have a very low affinity for CsA. By comparing the highest CsA
loading percentage in the various polymers, it is apparent that the CsA loading increases with increasing molar content of PEO10-C16 grafted on the DEX backbone. Other structural features of the copolymers also affect the micellar loading capacity toward CsA. For example, micelles formed by polymers
of higher molecular weights (e.g., DEX40) are not as effective CsA carriers as those based on DEX10
[93]. Also, for a constant number of PEO10-Cn units grafted per DEX chain, PEO10-C16-based micelles
seem more effective in solubilizing CsA than PEO10-C18-based micelles, indicating that the micropolarity of a hydrophobic core made up of hexadecyl-PEO chains might present a better solubilizing
microenvironment than that offered by the octadecyl-PEO moieties [93].
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Fig. 6 CsA final loading (w/w %) in micelles of DEX-g-PEO10-C16 containing () 2.3 mol%; () 6 mol%; and ()
15 mol% grafted PEO10-C16 residues, at 2.5–40 (% w/w) of initially added CsA. Inset: CsA loading (% w/w) in
presence of () free PEO10-C16 surfactant as well as (○) unmodified DEX polymer. Mean ± SD (n = 3).

CYTOTOXICITY STUDY
The human colon adenocarcinoma, Caco-2 cells, are generally selected to estimate in vivo drug absorption, as they retain many features of small intestinal epithelial cells [111,112]. Thus, we used
Caco-2 cells to study the cytotoxicity of DEX-g-PEO10-C16 polymeric micelles, using the colorimetric
MTT assay [113]. The cell viability in the presence of micelles was compared to that in the presence of
unmodified DEX, as well as of free PEO10-C16 surfactant residues (Fig. 7).
Cell growth was severely inhibited by PEO10-C16, even at surfactant concentrations below 1 g/l.
Such deleterious effect is consistent with the reported propensity of PEO alkyl ethers to affect membrane integrity [114]. In contrast, the polysaccharide DEX showed no toxicity up to a concentration of

Fig. 7 Effect of unmodified DEX (), free PEO10-C16 () and DEX-g-PEO10-C16 (15 mol%) () on Caco-2 cell
viability measured by the MTT assay. Equivalent concentrations of free PEO10-C16 and PEO10-C16 grafted to DEX
backbone are indicated in the figure by stars. Mean ± SD (n = 3).
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10 g/l, confirming the reported inertness of DEXs. Turning now to the effect of DEX-g-PEO10-C16
(15 mol%), we determined that it exhibited no significant toxicity toward Caco-2 cells, up to concentrations of 10 g/l or concentration of PEO10-C16 (0.05 g/l) equivalent to a PEO10-C16 concentration
showing a significant cytototoxic effect (60 % cell viability). This important result indicates (1) that the
polymer purification method efficiently removed any free PEO10-C16 from the polymer, and (2) by
grafting the PEO10-C10 residues onto DEX, we succeeded in minimizing their toxic effect on cells. The
nontoxic hydrophilic DEX chains forming the polymeric micelle outer shell may be in contact with the
cells and effectively insulate them from the surfactant residues assembled in the inner core.
CONCLUSION
The experimental evidence reviewed in this article led us to conclude that polymeric micelles present a
number of enabling properties for oral delivery of lipophilic drugs. For example, HM DEX forms nanosized assemblies characterized by a low onset of micellization and a high solubilization power toward
highly lipophilic drugs. Moreover, they present no significant cytotoxicity. Initial results indicate that
the transport of an HM DEX-entrapped lipophobic drug is enhanced, compared to a free drug [115].
Current research on particulate delivery systems is focused on gaining a better understanding of the
mechanisms, efficiency, and reproducibility of the permeability of both the carrier and/or the drugs
across the GI tract, and analysis of the effect of carrier composition on these parameters.
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