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Introduction: The oral administration of drugs belonging to Class IV of the
Biopharmaceutical Classification System (BCS) represents a major challenge.
These drugs display poor aqueous solubility and specific permeability charac-
teristics. Most of these compounds are substrates of the P-glycoprotein
and/or the cytochrome P450. Among other types of drug, various anti-cancer
drugs also suffer from these drawbacks (i.e., paclitaxel), which limits the
possibilities for developing oral treatments.

Areas covered: This review discusses the factors that influence the bioavail-
ability of drugs when administered by the oral route, as well as the capabili-
ties of cyclodextrins when associated with nanoparticles. In particular,
evidence is given regarding the synergistic effect between cyclodextrins and
bioadhesive nanoparticles, on the oral delivery of pharmaceuticals.

Expert opinion: This article aims to provide an overview of the multiple gains
in incorporating cyclodextrins in poly(anhydride) nanoparticles, including
improvement of their bioadhesive capability, the loading of lipophilic drugs
and the effect on efflux membrane proteins and cytochrome P450. The com-
bination between bioadhesive nanoparticles and P-gp inhibitors without
pharmacological activity (i.e., cyclodextrins) may be useful to promote the
oral bioavailability of drugs ascribed to Class IV of the BCS.
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1. Introduction

The oral route is the preferred route for drug administration given its acceptability
and convenience for patients. However, many drugs remain poorly available when
administered by this route, owing to the physicochemical properties of the drug
(e.g., pK,, solubility, stability, lipophilicity, polar-nonpolar surface area, presence
of hydrogen bonding functionalities and crystal form), physiological factors (e.g.,
gastrointestinal pH, gut blood flow, gastric emptying, intestinal transit time, colonic
transit time and absorption mechanisms) and factors related to the dosage form [11.

It has been demonstrated that two of these factors, namely the aqueous solubility
of a drug and its permeability across the cellular membranes, strongly determine the
oral bioavailability of the drug. This has been aptly summarized in the Biopharma-
ceutical Classification System (BCS). The BCS categorizes drugs into one of four
biopharmaceutical classes according to their water solubility and membrane perme-
ability characteristics and broadly allows the prediction of the rate-limiting step in
the intestinal absorption process following oral administration. From this system,
except for Class I drugs, all pharmaceuticals will be faced with bioavailability issues
owing to their poor dissolution rate (Class II), their poor permeability (Class III) or
both (Class IV) [1.2].
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Article highlights.

 Oral administration of drugs belonging to Class IV of the
Biopharmaceutical Classification System (those
characterized by both a low agueous solubility and low
permeability) still represents a major challenge.

The encapsulation of lipophilic drugs in polymeric
nanoparticles is usually hampered by its low agueous
solubility. One strategy to increase significantly the drug
loading is encapsulation of the given drug as a complex
with cyclodextrins.

The incorporation of cyclodextrins in poly(anhydride)
nanoparticles (made from the copolymer between
methyl ether and maleic anhydride) permits modification
of the distribution and, to a certain degree, the intensity
of the bioadhesive properties of these carriers.

The load of paclitaxel (Class IV of the BCS) as inclusion
complex with cyclodextrins in poly(anhydride)
nanoparticles improves its permeability through the
intestinal mucosa and, as a consequence, its oral
bioavailability (~ 80% in rat). Moreover, these
nanoparticles offer sustained and prolonged paclitaxel
plasma levels for 24 h.

The reported nanoparticles would transport the
drug-cyclodextrin complex to the surface of the mucosa
where they would be released. Once outside the
nanoparticle, the complex would dissociate and the free
oligosaccharide would interact with the surface of the
enterocyte, disturbing the activity of the P-gp and
cytochrome P450 and, thus, permitting absorption

of paclitaxel.

Combination between cyclodextrins and poly(anhydride)
nanoparticles can be an adequate strategy to facilitate
oral administration of drugs belonging to Class IV of
the BCS.

This box summarizes key points contained in the article.

Whenever a dosage form is administered orally, first the
drug should be released and dissolve in the surrounding gas-
trointestinal fluid to form a solution. This process is solubility
limited. A low solubility and very low solubility of the com-
pound result in low dissolution rate in the mucosal fluids
and elimination of a fraction of the drug before absorption.
Once the drug is in the solution form, it passes across the
membranes of the cells lining the gastrointestinal tract. This
process is permeability limited. The adsorption of orally
administered drugs is restricted to transport through the
enterocytes (transcellular transport) [3] or between the entero-
cytes (paracellular transport) (4] and transport through
M cells. Drugs absorbed by the transcellular pathway are gen-
erally low-molecular-mass hydrophobic entities that are
able to diffuse through the membrane, either on their own
or associated with a specific membrane transporter. In both
instances, the rate is determined by the concentration gradient
across the intestinal membrane, with the blood acting as a
sink. In some particular instances, drugs may be absorbed
by fluid-phase endocytosis (pinocytosis), an energy-dependent
saturable process in which the molecule travels inside

membrane vesicles. However, once inside the cell, a fraction
of these vesicles may fuse with enzyme-rich lysosomes, leading
to degradation of the drug. Alternatively, endocytosis of the
drug may be triggered by its binding to a receptor, given
sufficient structural analogy with the natural substrate. As
with pinocytosis, this pathway may lead to degradation of
the absorbed substances.

Typically, hydrophilic molecules cannot diffuse freely
through the intestinal membrane, owing to their low affinity
for the lipidic constituents. Therefore, in the absence of an
appropriate membrane transporter, the paracellular route or
transport through M cells are the only ones available for their
absorption. In the paracellular space, the presence of tight
junctions between adjacent cells restricts the passage of large
molecules (< 350 kDa) through the intercellular space. On
the other hand, M cells are phagocytic enterocytes found in
the follicle-associated epithelium of the Peyer’s patches [5].
They are specialized in the capture and transport of bacteria,
viruses, macromolecules and particles from the gut lumen to
immune cells across the epithelial barrier, and thus are impor-
tant in stimulating mucosal immunity. Unlike their neigh-
boring cells (enterocytes), they have the unique ability to
take up compounds from the lumen of the small intestine
by means of endocytosis or phagocytosis and then deliver
them via transcytosis to dendritic cells and lymphocytes
located in a unique pocket-like structure on their basolateral
side. In any case, the total contribution of the paracellular
pathway or transit through M cells to general drug transport
is, in general, very discrete. The surface of intercellular pores
and M cells represents only 0.01 - 0.1% and < 1% of the
intestinal epithelial cells, respectively [5].

Apart from the solubility and absorption pathways, an
extensive presystemic metabolism is also a handicap that lim-
its the oral bioavailability of many drugs. Compounds such as
proteins, peptides and nucleic acids are prone to rapid inacti-
vation in the acidic environment of the stomach and digestion
by secreted enzymes that produce their degradation before
absorption. Furthermore, during and after the adsorption
many drugs can be degraded by the cytochrome P450
(CYP) system. Enzymes of the CYP family are expressed at
high levels in the villus tip enterocytes of the small intestine
at concentrations equal to or higher than in the liver [6.7).

Finally, in addition to the first-pass metabolism, active
secretion of absorbed drug is now recognized as a significant
factor in oral drug bioavailability. Of particular interest is
the MDR1 gene product P-glycoprotein (P-gp), a multi-
drug efflux pump. As CYP3A, P-gp is located in the intestinal
villus enterocytes. This colocalization and the sharing of a
remarkable number of substrates and inhibitors suggest that
CYP3A and P-gp may form a concerted barrier to drug
absorption and that intestinal drug metabolism and counter-
transport processes are a major determinant of oral drug
bioavailability and variability (7).

Several strategies have been proposed to circumvent these
limitations, including reduction of drug particle size, salt
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formation, administration with P-gp (8] or CYP inhibitors, or
pro-drug synthesis [9]. Another interesting approach relies on
encapsulation of the drug inside nanosized carriers such as
polymeric nanoparticles, micelles, liposomes and other lipid
carriers [10]. They can protect the drug against gastrointestinal
degradation. Moreover, the polymers and their physico-
chemical properties such as size and surface can be modulated
to increase the strength of their interactions with either
mucosal surface or, after diffusion within the mucus, with
the intestinal cells.

This transitory immobilization results in a delay in the
transit time of the particles in the gastrointestinal tract
and, in this way, an increase in the drug concentration gra-
dient from the lumen to the epithelia (mucoadhesion) or
direct contact with intestinal cells (bioadhesion), which is
the first step before drug adsorption [11]. In a few cases,
nanoparticles themselves can cross the epithelial membrane
and transport the drug cargo from the lumen to the blood
or lymph. As described before, particles should be taken
up by M cells or translocate between epithelial cells,
both pathways with a minor contribution to the whole
drug adsorption.

After describing the structure and physicochemical and bio-
logical properties of cyclodextrins (CDs) [12-14], this work ana-
lyzes cyclodextrin-based colloidal drug carriers previously
reported in the literature [15-18]. Therein, the bioadhesive
properties of cyclodextrin-poly(anhydride) nanoparticles and
their performance for enhancing the oral bioavailability of
lipophilic drugs such as paclitaxel [19], ciclosporin A [20] or
atovaquone were investigated [21].

2. Cyclodextrins

Cyclodextrin is a common name for cyclic 0-1,4-glucans,
which are a family of cyclic oligosaccharides produced as a
result of the transformation of starch by the cyclodextrin glu-
canotransferase enzyme through an intramolecular trans-
glycosylation reaction [22]. Chemically, these molecules are
macrocycles composed by 6, 7 or 8 0-D-glucopyranose units
linked by a-(1,4) glycosidic bonds (0, B- and y-CDs, respec-
tively) (121. Cyclodextrins with fewer than 6 units cannot be
formed due to steric hindrances, whereas oligosaccharides
with 9 or more glucose units are difficult to purify, although
large-ring CDs (3-CD, &-CD and 1-CD) have been
isolated [13,14] and references to CDs with > 60 23] and several
hundred [24] glucose units have been made.

For common oligosaccharides, and as a consequence of the
conformation of these glucopyranose units, the ring that con-
stitutes the CDs is a wreath-shaped truncated cone [25]. In this
structure, the central cavity is characterized by the presence of
skeletal carbon, hydrogen atoms and glycosidic oxygen
bridges, which confer it a lipophilic character [25]. On the con-
trary, the external part of the oligosaccharide is hydrophilic
owing to the presence of secondary hydroxyl groups of the
sugar residues at the wider edge of the ring and primary
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hydroxyl groups at the narrow edge of the cone [26]. Owing
to this architecture, cyclodextrins have an apolar internal cav-
ity, defined as a ‘micro heterogeneous environment’ [22], and a
hydrophilic outer surface. This special feature allows the
cyclodextrin to host on its internal cavity a wide variety of
hydrophobic guest molecules by no covalent bonds, forming
what is known as an inclusion complex. The formation of
these complexes consists basically of a replacement of the
water molecules included in the hydrophobic cavity of the
CD by the less polar guest. Then, van der Waals forces,
hydrophobic interactions and hydrogen bonds hold the CD
and its guest together [25]. This phenomenon may induce sig-
nificant modifications in the physicochemical properties of
the included molecules [27,28], such as solubility and bioavail-
ability enhancements, stabilization against the degradative
effects of oxidation, control of volatility and sublimation,
physical isolation of incompatible compounds and controlled
release of drugs, among others [29].

Each type of cyclodextrin has a different ability to form
inclusion complexes with specific guests. This capacity
depends on a proper fit of the guest molecule in the hydro-
phobic cavity. Thus, to improve the drug carrier properties
with respect to the natural CDs, many derivatives, different
from their parent cyclodextrin, have been synthesized [22].
These modifications can improve the solubility (of the CD
derivative and its complexes), the association between the
CD and its guest with concomitant stabilization against light
or oxygen, and help control the chemical activity, reactivity
and mobility of the guest molecule [22,28].

From a physicochemical point of view, these chemically
modified CDs can be classified into three categories: hydro-
phobic, ionizable and hydrophilic derivatives [30,31]. The first
group has the ability to decrease the solubility of guest mole-
cules, so this type of cyclodextrin is appropriate for use as a
sustained release drug carrier of water-soluble drugs (3132].
The ionizable CDs can be used to modify the release rate of
the drug, depending on the pH of the solution. Finally,
hydrophilic CDs (methylated, hydroxyalkylated or branched
oligosaccharides) are characterized by their high solubility in
water, making them suitable for use as solubilizers for poorly
water-soluble drugs 30].

In the last few years, several types of amphiphilic cyclodex-
trin have also been synthesized, including the so-called
‘lollipops’ (resulting from the grafting of only one aliphatic
chain on a 6-amino-f-cyclodextrin 33,341), medusa-like cyclo-
dextrins (obtained by grafting of hydrophobic chains on all
the primary hydroxyl groups of B-cyclodextrin 35.36]), skirt-
shaped cyclodextrins (esterified hydroxyl groups on C2 and
C3-cyclodextrins [57.38]) and bouquet-shaped oligosaccharides
(alkyl-cyclodextrins [39]). Among them the skirt-shaped cyclo-
dextrins are particularly interesting [40] because they are
susceptible to being biodegradable (o).

Another interesting property of cyclodextrins is their
ability to disturb and inhibit the activity of P-gp [41,42).

This transmembrane protein transports a broad range of
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chemically diverse hydrophobic compounds, including che-
motherapeutics, to confer multi-drug resistance on cells [41].
In the gut, the activity of P-gp results in an extrusion or
excretion of drugs and other compounds from the epithe-
lium, before reaching the general circulation, back to the
intestinal lumen. This effect also permits an increase of the
drug exposition to metabolizing enzymes within the entero-
cyte (i.e., CYP3A4) [4344]. As a consequence of the effect
of P-gp and/or CYP3A4, the absorption and bioavailability
of several drugs is poor. P-gp recognizes its substrates within
the lipid bilayer, and may be involved in the relocation of
cholesterol from the cytosolic to the exoplasmic leaflet of
the plasma membrane and in stabilization of the cholesterol-
rich microdomains (41]. Therefore, there is a strong depen-
dence of the ATPase activity of P-gp on the amount of
cholesterol incorporated into native membrane vesicles [45].
In this context, it was hypothesized that some hydrophilic
cyclodextrins would be capable of solubilizing the chole-
sterol and, therefore, inhibiting the efflux pump activity of
P-gp [46]. Arima and collaborators, working with Caco-2 cells,
concluded that dimethyl-B-cyclodextrin (DMBCD) would
inhibit the P-gp activity by allowing release of P-gp from
the apical membrane of cells to the supernatant buffer.
This finding was supported by the results of flow cytometric
analysis, which indicated that the P-gp level on the Caco-
2 cell surface was decreased by pretreatment with the oligo-
saccharide, although the P-gp expression on the cell surface
was recovered within 12 h. Therefore, the inhibitory effect
of DMBCD on the P-gp activity seemed to be non-cytotoxic
and transient [47].

Similarly, it has been described that some cyclodextrins
may influence the activity of cytochrome P450. CYP consist
of ~ 40 P450s, among which the isoenzyme CYP3A4 is of
special interest because it shows very broad substrate specific-
ity 48] and it is involved in the presystemic metabolism of
several drugs (49-51. Thus, hydroxypropyl-B-cyclodextrin
(HPBCD) and methyl-B-cyclodextrin (MBCD) would inhibit
the activities of CYP2C19 and CYP3A4 [s2).

3. Combination between cyclodextrins and
colloidal carriers

One of the major problems encountered with colloidal
carriers (i.e., liposomes and nanoparticles) appears during
their preparation, and results from low water solubility of
the drug leading to either a low yield in drug loading, or a
slow or incomplete release rate of the drug. To overcome
these drawbacks, several authors have proposed the use of
cyclodextrins. Thus, the association between cyclodextrins
and liposomes was first proposed by McCormack and
Gregoriadis [15,16]. Its main purpose was to combine some
advantages of cyclodextrins (such as increase in drug solu-
bility) with some advantages of liposomes (such as targeting
of drugs to their activity site) into a single dosage form
circumventing problems associated with each system.

This new concept was applied to dexamethasone (s3],
dehydroepiandrosterone, retinol and retinoic acid included
in HPBCD [15,1653]. The drug-cyclodextrin complex was
entrapped in liposomes, allowing improvement of the drug
loading and its retention without destabilization of the lipid
bilayers 38,54]. In addition, it was suggested that, owing to
the resulting increase in the drug/lipid ratio, it would be pos-
sible to reduce the size of the resulting liposomes [55]. Apart
from the effect of cyclodextrins on drug entrapment, it was
demonstrated that encapsulation of photolabile drug/o- or
v-cyclodextrin inclusions in liposomes containing light
absorbers increased their stability [56]. Moreover, complexa-
tion with cyclodextrins was able to increase drug solubility
and permeation across the skin, thus improving drug bioavail-
ability through the topical route [57]. The effectiveness of such
a combined approach has been demonstrated recently by
using both classic [58-60] and deformable (61,621 liposomes.

On the other hand, the incorporation of cyclodextrins into
polymer nanoparticles was also proposed in order to increase
drug solubility in the aqueous solutions in which poly(alkyl
cyanoacrylate) nanoparticles are prepared by a polymerization
reaction [17]. Thus, poly(isobutyl cyanoacrylate) nanoparticles
were prepared by anionic polymerization in 0.01 M HCI
containing 1% w/v poloxamer 188 and cyclodextrins. Their
size was found to be dependent on the cyclodextrin type,
the smallest particles being obtained with hydroxypropyl-B-
or hydroxypropyl-y-cyclodextrin, 103 and 87 nm, respec-
tively (17. In 2001, following this strategy, Boudad and
collaborators incorporated HPPBCD-saquinavir inclusion
complex into poly(alkyl cyanoacrylate) nanoparticles in order
to increase drug loading [63]. It was found that large amounts
of cyclodextrins remained associated with the particles, result-
ing in a 20-fold increase in saquinavir loading compared with
nanoparticles prepared in the absence of cyclodextrins. This
increased loading capacity has been reported to be a conse-
quence of two different mechanisms. The former would be
related to the increase of drug concentration in the polymeri-
zation medium in which the nanoparticles are formed, result-
ing from the addition of the drug:cyclodextrin complex.
The latter would be due to the presence of immobilized cyclo-
dextrins in the structure of the nanoparticles. This fact would
create numerous lipophilic sites that would be available for
the complexation of a lipophilic drug [54. More recently,
Cirpanli and co-workers proposed an association between
cyclodextrins and poly(lactide-co-glycolide) (PLGA) or poly-
€-caprolactone (PCL) nanoparticles to increase the stability
of camptothecin against hydrolysis [18].

Another possibility for combining cyclodextrins and
nanoparticles may be based on polymerization between the
oligosaccharide and the monomer in order to obtain a copol-
ymer, which would be used to prepare the nanoparticles. In
this context, Mooguee and collaborators synthesized
PLGA-BCD copolymer by reacting L-lactide, glycolide and
B-cyclodextrin in the presence of stannous octoate as a
catalyst. The resulting copolymer was used to load adriamicin
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(doxorubicin) within PLGA-BCD nanoparticles by a modi-
fied double emulsion method (64]. The resulting carriers dis-
played high entrapment efficiencies as well as adequate
in vitro release profiles for anticancer therapy.

In the same way, Wang and co-workers synthesized a new
biodegradable and amphiphilic copolymer based on HPBCD,
lactic acid monomers and 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine segments (HPBCD-PLA-DPPE) (ss].
In an aqueous medium, the copolymer forms micelles that
can be used for the encapsulation of poorly soluble drugs
(i.e., doxorubicin), yielding devices with superior cytotoxic
activity (65].

The combination between cyclodextrins and nanoparticles
can also be of interest for the delivery of proteins and pepti-
des. In fact, protein encapsulation in polymer nanoparticles
may be associated with aggregation phenomena mediated
by the interaction of hydrophobic residues with polymer sur-
faces. These interactions are often accompanied by a drastic
reduction of biological potency, creating serious problems
in formulating drug delivery systems [s6]. Cyclodextrin com-
plexation represents an effective strategy for improving
protein therapy by stabilizing them against aggregation, ther-
mal denaturation and degradation. Proteins are mostly
hydrophilic and too bulky to be wholly included in the cav-
ity of cyclodextrins. Nevertheless, the hydrophobic side
chains in the peptides may penetrate into the cavity of the
oligosaccharide, leading to the formation of non-covalent
inclusion complexes, which improves the stability of pro-
teins [67]. In an interesting work, Sajeesh and Sharma
described the preparation and evaluation of an oral insulin
delivery system based on hydroxypropyl-B-cyclodextrin-
insulin complex encapsulated in polymethacrylic acid-
chitosan-polyether (polyethylene glycol-polypropylene glycol
copolymer) nanoparticles [68]. The presence of the cyclodex-
trin decreased the inactivation of the entrapped protein.
In a similar study, insulin was complexed with cationic
B-cyclodextrin  polymers and then encapsulated into
alginate/chitosan nanoparticles. The presence of the oligosac-
charide allowed the insulin structure to be maintained and
preserved during the nanoparticles’ preparation and release
process. In addition, the cumulative release of insulin
was much higher when the cyclodextrin was presented
because the protein was retained mainly in the core of the
nanoparticles and was well protected against hydrolysis [69].

In another interesting work, chitosan/cyclodextrin nano-
particles were used as carriers for oral delivery of the peptide
glutathione (GSH) [70,71. The presence of sulfobutyl-ether-
B-cyclodextrin (SBEBCD) was found to be more useful
for promoting encapsulation of the peptide in the core,
minimizing its presence at the surface of nanoparticles [70].
In addition, the resulting chitosan/SBEBCD nanoparticles
provided absorption-enhancing properties of GSH in all
segments of the duodenum, whereas the effect of conventio-
nal nanoparticles was restricted to the first segment of
the duodenum.

4. Cyclodextrin-poly(anhydride) nanoparticles

Some years ago Gantrez® AN, or the copolymer between
methyl vinyl ether and maleic anhydride, was proposed as
material for the preparation of nanoparticles for mucosal
drug delivery (72]. The different copolymers (commercialized
as Gantrez  from ISP, USA) are widely used for pharmaceu-
tical applications as denture adhesives, thickening and sus-
pending agents and as adjuvants for the preparation of
transdermal patches. In addition the ester derivatives are also
used as film-coating agents. The oral toxicity of these poly-
mers is quite low (i.e., for Gantrez® AN the LDs, in
guinea-pigs is ~ 8 = 9 g/kg per o0s). In addition, the copolymer
is considered as GRAS (generally recognized as safe) and it can
be used for the preparation of non-parenteral medicines
licensed in the UK [73].

This copolymer permits the preparation of nanoparticles
under ‘soft’ conditions and the resulting carriers have demon-
strated a high ability to develop bioadhesive interactions
within the gastrointestinal tract [74]. This phenomenon may
be related with the formation of carboxylic groups during
the hydrolysis of the anhydride residues of the copolymer.
These carboxylic groups would develop hydrogen bonds
with components of the mucosa [74. More importantly,
the surface of these poly(anhydride) nanoparticles can be
easily modified by simple incubation with different excipients
or ligands in order to modify their physicochemical and
biological properties as well as their fate within the
gastrointestinal tract.

Cyclodextrin-poly(anhydride) nanoparticles can be pre-
pared by solvent displacement, in which the selected
cyclodextrin (or inclusion complex) is incubated with the
copolymer (Gantrez AN 119) in acetone for 1 h at room tem-
perature. The nanoparticles can be obtained after the addition
of water [75] or a hydroalcoholic mixture [72]. Then the sus-
pensions can be purified (if necessary) and dried by either
lyophilization (721 or spray-drying [75]. In a recent study,
Agiieros and collaborators studied the influence of the
type of cyclodextrin on the physicochemical characteristics
and bioadhesive properties of the resulting nanoparticles (7).
Different oligosaccharides were assayed including B-cyclodex-
trin (BCD), HPPCD and 6-monodeoxy-6-monoamino-3-
cyclodextrin (NHBCD).

When nanoparticles were obtained by mixing the selected
oligosaccharide with the copolymer in acetone, desolvated
with a mixture of ethanol and water (1:1 by vol.) and lyoph-
ilized, the resulting particles showed an average size
of ~ 150 nm. The amount of cyclodextrin associated with
the nanoparticles was found to be dependent on the type of
oligosaccharide used [76]. Surprisingly, B-cyclodextrin was
incorporated in a more effective way to the poly(anhydride)
nanoparticles than other oligosaccharides. This fact was
related with the relatively lower aqueous solubility of BCD
(1.85 mg/ml) compared with the hydroxypropyl and amino
derivatives (> 40 mg/ml).
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The bioadhesive properties of nanoparticles were evaluated
after quantification of the adhered fraction in the different
segments of the gastrointestinal tract of rats. For this purpose,
cyclodextrin-poly(anhydride) nanoparticles were labeled with
rhodamine B isothyocyanate [76]. Overall, all the cyclodex-
trin-poly(anhydride) nanoparticles displayed a higher ability
to develop bioadhesive interactions with the gut mucosa
than control ones. However, as control carriers, the associa-
tion of cyclodextrins to poly(anhydride) nanoparticles did
not confer specific targeting properties. In any case, these
nanoparticles showed an initial ability to concentrate in the
stomach mucosa and the upper regions of the small intestine
(duodenum and proximal jejunum). About 12 - 20% of
the given dose of cyclodextrin nanoparticles adhered to the
stomach and ~ 14 - 22% in the small intestine. These values
were up to two times higher than the values found for control
nanoparticles. Three hours after administration, the adhered
fraction of cyclodextrin nanoparticles in the gastrointestinal
mucosa decreased significantly in the stomach and appeared
to move to the distal part of the gastrointestinal tract. Thus,
the adhered dose in the small intestine was calculated to
be ~ 26% (for HPBCD NP (nanoparticles)) and 19% (for
BCD NP and NHBCD NP), whereas for control nanopar-
ticles only 12% of the given dose remained adhered within
the intestinal mucosa. These data were confirmed by calculat-
ing the area under the curve of bioadhesion (AUC,4},) (77.78],
which was found to be 1.8 times higher for HPBCD NP
and NHBCD NP than for nanoparticles (p < 0.01 and
p < 0.05, respectively). For BCD NP, these parameters were
only slightly higher than for conventional nanoparticles [76].

From fluorescence microscopy visualization studies, cyclo-
dextrin-poly(anhydride) nanoparticles were mainly found
broadly and homogeneously distributed along the ileum
mucosa, whereas conventional nanoparticles were found
mainly in the outer layer (mucus) of the ileum. On the other
hand, after radiolabeling of these nanoparticles with techne-
tium, it was observed that after oral administration the nano-
particles remained in the stomach during the first hour.
Then, they were slowly discharged in the small intestine and
continued to move along the gut during the time of the exper-
iment (Figure 1). In any case, from in vivo imaging studies,
cyclodextrin-poly(anhydride) nanoparticles remained in the
gut with no evidence of translocation of distribution to other
organs of the body of animals [79]. These cyclodextrin-poly
(anhydride) nanoparticles have been evaluated for the oral
delivery of lipophilic compounds, including paclitaxel [19],
cyclosporine A [20] and the antimalarial atovaquone [21,75].

The case of paclitaxel (PTX) is particularly challenging.
Paclitaxel is a potent anticancer agent approved for the treat-
ment of a large number of solid tumors. However, its oral
administration is severely hampered owing to the low aqueous
solubility, P-glycoprotein efflux and first-pass metabolism by
cytochrome P450 located in the gut and the liver (CYP2C8
and CYP3A4). As a result, the oral bioavailability of paclitaxel

with conventional formulations is very low. To solve these

drawbacks, the combination between bioadhesive nanopar-
ticles and cyclodextrins, as ‘soft” inhibitors of biological trans-
porters and cytochrome P450, can be an interesting strategy
to increase the oral bioavailability of this anticancer drug [19].

For the preparation of these nanoparticles, the first step was
the preparation of an inclusion complex between the cyclo-
dextrins and paclitaxel. This inclusion complex displayed a
globular morphology with an average size of ~ 30 nm
(Figure 2B). Then, the inclusion complex was mixed with
the polymer and nanoparticles were obtained by the desolva-
tion process described above. The resulting nanoparticles dis-
played a size of ~ 300 nm and the drug loading was dependent
on the type of cyclodextrin used to prepare the inclusion
complex. Thus, the highest drug loading was obtained when
HPBCD was used (~ 160 pg/mg). For PTX-NHBCD
NP and PTX-BCD NP the drug loadings were ~ 90 and
40 pg/mg, respectively. In all cases, the nanoparticles dis-
played a homogeneous size and an irregular and granular sur-
face, as observed by scanning electron microscopy (Figure 2C).
This special morphology would result from encapsulation
of some of the inclusion complex globules observed in
Figure 2B into a single carrier particle.

It is important to note that when nanoparticles were pre-
pared in the absence of cyclodextrin, the paclitaxel loading
was found to be very low. In fact, during the preparation of
nanoparticles large aggregates of drug occurred and only a
small fraction of the given dose appeared to be encapsulated
within the matrix of poly(anhydride) nanoparticles. However,
when these preparations were observed by transmission elec-
tron microscopy (see Figure 2A), small paclitaxel aggregates
were observed outside the nanoparticles.

The transport and permeability of paclitaxel included
in cyclodextrin poly(anhydride) nanoparticles through the
ileum mucosa were determined ‘ex vivo’ in Ussing cham-
bers with jejunum rat portions [80]. Figure 3 summarizes
the main absorption enhancement ratios of paclitaxel
when loaded as inclusion complex with HPBCD in
poly(anhydride) nanoparticles.

To find evidence for the possible secretion of paclitaxel in the
gastrointestinal tract, permeability coefficients were determined
in the two directions mucosal-to-serosal (absorptive direction)
and serosal-to-mucosal (secretory direction) [81,82]. In jejunum
tissue and in the mucosal-to-serosal direction, PTX formulated
as Taxol® (Bristol-Myers Squibb, USA) (the commercially par-
enteral formulation) showed a low absorptive apparent perme-
ability (P, ~ 1.4 X 10° cm/s). Similar low values of
permeability were found when paclitaxel was formulated as an
inclusion complex with the cyclodextrins. On the contrary,
when the paclitaxel complexes were loaded in poly(anhydride)
nanoparticles, the intestinal permeability of paclitaxel increased
up to 12-fold higher than the reference formulation (Taxol).
However, this permeability improvement was not observed
when the PTX-HPBCD complex was physically mixed with
empty poly(anhydride) nanoparticles (not shown). When the

P,pp of paclitaxel was studied from the serosal-to-mucosal
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Figure 1. Biodistribution study of cyclodextrin-poly(anhydride) nanoparticles by gammacamera images 1 and 6 h after oral

administration of 10 mg of ° ™Tc-labeled HPBCD NP.

HPBCD NP: Hydroxypropyl-B-cyclodextrin-loaded-poly(anhydride) nanoparticles; SI: Small intestine; Sto: Stomach.

200 nm

Figure 2. Morphology of nanoparticles. A. Transmission electron microscopy image of PTX NP. B, C. Scanning electron
microscopy images for (B) PTX-HPBCD inclusion complex and (C) PTX-HPBCD.
PTX-HPBCD NP: Paclitaxel-hydroxypropyl-B-cyclodextrin-loaded-poly(anhydride) nanoparticles; PTX NP: Paclitaxel-loaded-poly(anhydride) nanoparticles.

direction, that is, in the secretory direction (S-M), the drug per-
meability was much higher than observed in the absorptive
direction (M-S). Interestingly, in this case no statistical differ-

ences were found in the P,,, values of paclitaxel when the

drug was assayed as Taxol or 1[\)zsas formulated in HPBCD com-
plexes loaded in poly(anhydride) nanoparticles. This asymmet-
ric permeation found for free paclitaxel (Taxol) is strong
evidence of an active efflux mechanism. Obviously, for pacli-
taxel this efflux would be mediated by the P-gp localized at
the surface of enterocytes [83]. This phenomenon was corrobo-
rated by experiments of co-administration of paclitaxel and
verapamil, which is a well-known inhibitor of the P-gp efflux
pump [84]. In this case, the apparent permeability coefficient
of paclitaxel in the M-S direction was found to be ~ 20 times
higher than in the absence of verapamil. Similar values were
found when experiments were performed at 4°C. Under those
conditions, the activity of the ATP-dependent efflux pump is
disabled and paclitaxel is absorbed only by passive diffusion [ss).

Surprisingly, when contact between PTX-HPBCD NP

and the intestinal tissue was hampered by addition of a

semipermeable membrane, paclitaxel was not able to perme-
ate through the intestinal tissue. In fact, under these circum-
stances, in which the bioadhesive interactions between
nanoparticles and the mucosa were prevented, the apparent
coefficient of paclitaxel was found to be 25-fold lower than
for the control Taxol.

All of these results were confirmed by pharmacokinetic
studies. In this case, a single dose of 10 mg/kg was adminis-
tered by the oral route to laboratory animals. When paclitaxel
as inclusion complex with cyclodextrins was loaded in poly
(anhydride) nanoparticles and then orally administered to
rats, the anticancer plasma concentrations increased for the
first 4 - 6 h untl the C,,,,, was reached. Then, the paclitaxel
plasma levels were maintained until 24 h post-administration.
The C,.x value was similar for PTX-HPBCD NP and
PTX-BCD NP and five times higher than for NHBCD NP.
Similar plasmatic curves were observed when the nanoparticle
formulations were evaluated in mice (see Figure 4). In any
case, very low plasma levels of paclitaxel were found when
the drug was administered as complex with HPBCD alone
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Figure 3. Absorption enhancement ratio (R) of paclitaxel under the different conditions tested in jejunum tissue in Ussing
chamber experiments. Data expressed as the mean + s.d. (n = 3). R was calculated as the quotient between the apparent
permeability of jejunum to paclitaxel when included in the formulation tested and the apparent permeability to the drug
when formulated in the reference formulation (Taxol®, M-S, 37°C). PTX-HPCD NP were assayed under the following
experimental conditions. M-S: mucosal-to-serosal direction; S-M: serosal-to-mucosal direction; Verapamil: in the presence of
verapamil 0.2 mM as inhibitor of the P-gp; No bioadhesion: addition of a dialysis membrane (cutoff molecular mass
100,000 Da) to avoid interaction between nanoparticles and the mucosa; 4°C M-S: the activity of the ATP-dependent efflux
pump was disabled and the transport of paclitaxel was due only to passive diffusion.

PTX NP: Paclitaxel-loaded poly(anhydride) nanoparticles.
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Figure 4. Paclitaxel plasma levels after oral administration of a single dose of 10 mg/kg in mice. Data expressed as
mean = s.d. (n = 6).

PTX-BCD NP: Paclitaxel-BCD complexes loaded in nanoparticles; PTX-HPBCD NP: Paclitaxel-HPBCD complexes loaded in nanoparticles; PTX NP: Paclitaxel-

loaded nanoparticles.
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Figure 5. Representation of the mechanism by which the combination between cyclodextrins and poly(anhydride)
nanoparticles would improve the absorption of PTX. (1) Bioadhesive interactions between nanoparticles and components of
the mucosa; (2) cargo release; (3) dissociation of the PTX-cyclodextrin inclusion complex; (4) inhibition of P-glycoprotein and
cytochrome P450 by free cyclodextrin molecules; (5) PTX absorption.

CD: Cyclodextrin; PTX: Paclitaxel.

or physically mixed with empty nanoparticles. In all cases,
those levels were always above the therapeutic threshold
(85.3 ng/ml) (86]. Similar results were obtained when animals
were treated with either PTX NP or Taxol.

Concerning the relative oral bioavailability of paclitaxel in
rats, it was calculated to be ~ 80% for both PTX-BCD NP
and PTX-HPBCD NP. For PTX-NHBCD NP the oral bio-
availability was found to be 18%, which would be related to
a rapid release of an important fraction of the loaded drug
in the stomach [19,76]. In mice, the relative oral bioavailabilities
would be slightly lower than in rats (~ 60% for PTX-HPBCD
NP and PTX-BCD NP).

From these findings it may be hypothesized that nanopar-
ticles would transport the drug complexes to the surface of
the mucosa where these carriers would remain immobilized
in intimate contact with the absorptive membrane. Then,
nanoparticles would progressively release their contents to
the environment, yielding, after dissociation, the free drug
and the oligosaccharide molecules. The anticancer drug would
be rapidly absorbed, whereas the cyclodextrins would interact
with lipophilic components of the membrane, disturbing the
activity of the efflux pump and cytochrome P450 (Figure 5).
From the authors’ point of view, this is the key point because
efficient P-gp/CYP3A4 co-modulation is necessary to inhibit
paclitaxel absorption [s6].

5. Expert opinion

Oral delivery remains the preferred route for drug administra-
tion thanks to its patient convenience and compliance. How-
ever, in some cases the oral bioavailability is limited by factors
such as rapid degradation, low solubility, poor membrane
permeability or extensive presystemic metabolism.

It is well known that the drug, before absorption through
the epithelial cells, has to be sufficiently and rapidly dissolved
in the aqueous fluids of the gastrointestinal tract. Poor disso-
lution properties within the lumen, as observed for lipophilic
molecules, may, importantly, limit the fraction of drug
absorbed. On the other hand, the permeability of a molecule
may be negatively affected when the drug is characterized by
the presence of hydrophilic or ionizable groups in its chemical
structure. Similarly, this permeability is also low when the
drug is a substrate of the efflux transport systems that are
found on the surface of enterocytes. Another important factor
that can negatively affect the bioavailability of a molecule is its
sensitivity to the harsh conditions of the gastrointestinal tract
or its degradation by luminal enzymes or enzymatic complex
located in either the enterocytes (presystemic metabolism) or
the liver (first-pass metabolism). In any case, overcoming
these hurdles is a major challenge for the development of
oral therapies.

To solve these drawbacks several strategies have been devel-
oped. Thus, for oral delivery of lipophilic compounds, the syn-
thesis of more soluble structural analogues, micronization, solid
dispersions, or the development of self-microemulsifying drug
delivery system (SMEEDS) formulations have been proposed.
Similarly, several nanoparticle-based formulations developed
for oral delivery applications have succeeded in protecting the
encapsulated drugs (including peptides and proteins), promot-
ing their absorption through the gastrointestinal mucosa and
enhancing their oral bioavailability.

Oral administration of drugs belonging to Class IV of
the BCS, however, still represents a major challenge. In
general, these drugs display poor aqueous solubility and
specific permeability characteristics. In fact, most of these
compounds are substrates for the biological transporters
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(including P-glycoprotein) and for metabolism by means
of cytochrome P450 enzymes, resulting in a significant
presystemic metabolism.

This group of drugs, characterized by unfavorable physico-
chemical properties in tandem with an important sensitivity
to the physiological mechanisms of detoxification, includes
several antineoplastics. These facts limit the possibilides for
developing oral formulations and treatments. However, oral
chemotherapy is attractive because it improves patients’ com-
fort. It is also especially appropriate where prolonged drug
exposure is desirable. At present, many current anticancer
therapies are cytostatic in nature and thus are optimally
effective when given chronically for continuous tumor expo-
sure [87,88]. This mechanism of action virtually requires oral
daily and prolonged therapies [89). On the other hand, from
the economic standpoint, oral administration is more attrac-
tive because it reduces the cost of hospitalization and infusion
equipment supplies [90], which makes it a ‘dominant strategy’
in pharmacoeconomic terms [91].

In this context, one possible strategy may be a combination
between bioadhesive nanoparticles and ‘soft’ P-gp inhibitors,
without pharmacological activity. It has been reported that
some pharmaceutical excipients could inhibit the function of
intestinal P-gp [92]. These excipients offer several advantages,
including their well-known use in the formulation of paren-
teral and enteral medicines, safety, and regulatory acceptance.
Among others, surfactants (i.e., Pluronic derivatives) [9394],
co-solvents (i.e., polyethyleneglycols) (951 and solubilizing
agents (i.e., cyclodextrins) [47,52] have been proposed.

To confirm this strategy, paclitaxel as inclusion complex
with cyclodextrins was encapsulated in poly(anhydride)

nanoparticles characterized by their ability to develop adhesive
interactions with components of the gut mucosa. The idea
was that the bioadhesive nanoparticles would transport the
drug-cyclodextrin complexes to the surface of the mucosa
where they would be released. Then, the inhibitory effect of
the cyclodextrins on the activity of the P-gp and cytochrome
P450 would facilitate oral absorption of paclitaxel. The
resulting nanoparticles were orally administered in laboratory
animals. The paclitaxel plasma levels (in both rats and mice)
were characterized by a plateau close to the C,,,, spanning
from T, to 24 h post-administration. Interestingly,
these sustained profiles were found in parallel with high
bioavailability values. Thus, the relative oral bioavailability
of paclitaxel was calculated to be ~ 60% in mice and close
to 80% in rats.

Although further studies are necessary, it is clear that effec-
tive oral delivery of compounds with poor characteristics of

solubility and permeability is highly feasible.
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