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Over recent years, a major challenge in drug delivery has been the design of
appropriate vehicles for the oral administration of macromolecular drugs
(peptides and proteins). Indeed, despite the increasing market value of these
complex molecules, their clinical use has been highly limited by their reduced
oral bioavailability. Among the different delivery approaches explored so far,
those based on the use of the polysaccharide chitosan have opened promis-
ing alternatives towards this ambitious goal. This is due to the interesting
physicochemical and biopharmaceutical properties of this polymer. This arti-
cle describes the advances that have been made in the design of chitosan-
based systems specially adapted for the oral administration of peptides.
These systems include solutions, microspheres, nanoparticles, nanocapsules
and liposomes. More specifically, this article discusses the efficacy of the dif-
ferent delivery approaches for improving the absorption of peptides, and
analyses the various mechanisms that have been proposed for the
understanding of their efficacy.
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1. Introduction

Chitosan is a natural polymer synthesised by alkaline deacetylation of chitin, which
is the second most abundant polysaccharide in nature after cellulose. This polymer
can be found in the exoskeleton of crustacean, insects and some fungi. The main
difference in the chemical structure between chitin and chitosan (o [1—4] 2-amino
2-deoxy B-p glucan) is related to the number of acetyl groups (Figure 1). This small
difference makes chitin insoluble in water or in the most common organic solvents,
whereas chitosan is soluble in acidic solutions.

Chitosan was discovered in 1859 by Rouget [1]; however, most of the reports on
its biological and pharmaceutical applications have been published in the last couple
of decades. Biomedical and biological applications of chitosan include its use as a
dietary supplement for weight loss and as a hypocholesterolaemic 2],
antimicrobial (31 and wound healing [4] agent. On the other hand, properties such as
good biocompatibility, low toxicity [5.6] and biodegradation by lysozymes [5,77 make
chitosan a new promising biomaterial.

From a pharmaceutical perspective, chitosan has also attracted significant attention
for a variety of applications and modalities of administration. One area in which
interest is growing is related to the use of chitosan as a material for transmucosal drug
delivery. This is justified by some interesting characteristics of chitosan, such as bio-
adhesiveness and absorption-promoting characteristics. These two properties have
been exploited for achieving either local or systemic drug delivery; for example,
chitosan has become particularly well known because of its ability to increase the sys-
temic absorption of drugs and vaccines administered intranasally [s-13]. A clear proof
of its efficacy and acceptability is that there are several formulations in different stages
of clinical trials; for example, at this moment, a chitosan-based liquid formulation is
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Figure 1. Chemical structures of A. chitin and B. chitosan.
R: N-acetyl group (acetylation percentage usually < 50%).

in clinical evaluation for nasal administration of several drugs
and vaccines [14,15]. Chitosan has also shown interesting poten-
tial as an ocular drug delivery agent [16]. For this specific mode
of administration, the interest relies on the ability of chitosan-
based systems to enhance the intensity and time of retention of
topically applied drugs [17-191. A wide range of applications
were also identified for the use of chitosan in oral drug deliv-
ery. A simple one would be its use as a hydrophilic excipient to
increase the solubility of poorly soluble drugs [207. Chitosan
can also be presented in the form of microspheres (crosslinked
or reacetylated), which have the ability to control the release of
therapeutic agents along the intestinal tract [21,22] or to deliver
drugs (i.e., antibiotics) locally to the gastric wall [23]. Finally, a
number of chitosan derivatives and chitosan-based carriers
have been proposed to increase the systemic absorption of pep-
tides by providing the polymer with a better solubility at the
absorption intestinal pH or improving mucoadhesive and
permeation-enhancing properties [24-26].

There are already several general reviews on the overall
potential of chitosan in the field of drug delivery [26-2s], as well
as specific reviews covering the application of chitosan for
nasal [29] and ocular drug delivery [16]; therefore, this article
reviews a specific application of chitosan with great market
potential: enhancement of the oral absorption of peptides.
This is without a doubt one of the greatest challenges con-
fronted by pharmaceutical scientists in the last decade: a chal-
lenge that is clearly justified by the increasing number of
macromolecular drugs approved and which have to be admin-
istered parenterally. Keeping this goal in mind, this article
describes first the physicochemical and biopharmaceutical

properties of chitosan that are critical for its oral application.
Then, the features and efficacy of the different chitosan deliv-
ery systems evaluated so far for oral peptide delivery are pre-
sented, making the distinction between solutions,
microspheres and nanostructures. Finally, the mechanisms
suggested to explain the way that these systems are able to
enhance the bioavailability of orally administered peptides
are analysed.

2. Chitosan properties

Bearing in mind that this review is focused on the use of chi-
tosan as a material for oral peptide delivery, this section dis-
cusses the physicochemical and biological properties that may
affect this specific application of chitosan. In this sense, it is
important to keep in mind that chitosan comprises a series of
polymers, which vary in the percentage of N-acetyl groups,
degree of deacetylation and molecular weight. Both character-
istics are critical, not only from a physicochemical point of
view but also from a biological perspective.

2.1 Solubility properties
A property that greatly affects the solubility of chitosan is its
deacetylation degree. Highly deacetylated (85%) chitosans are
readily soluble up to a pH value of 6.5; however, their solubil-
ity decreases significantly with the deacetylation degree [30].
Consequently, most studies regarding the pharmaceutical use
of chitosan were performed with highly deacetylated chitosan.
Highly deacetylated and purified chitosans are commercially
available in a broad range of molecular weights, in the form of
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a base and also as a salt. The chitosan base form is soluble in
acidic solutions such as hydrochloric, glutamic, acetic and lac-
tic acid solutions, in which the amino groups of chitosan
become protonated, leading to a positively charged polymer.
Obviously, chitosan salts do not require the use of acids and are
readily soluble in water; however, irrespective of the initial
form, the solubility of chitosan significantly decreases when
the pH is raised to neutral or basic values. In addition to the
pH, the ionic strength affects the solubility of chitosan. The
higher the ionic strength is, the lower the solubility; in fact, a
higher electrolyte concentration results in a salting-out effect
that leads to the precipitation of the polymer [31].

This solubility behaviour is important from the perspec-
tive of the use of chitosan for oral administration. Indeed,
chitosans administered orally in the form of an aqueous solu-
tion are expected to precipitate on reaching the intestinal
region due to the increase in the pH up to values in the
range of 6.5 — 7.5. On the other hand, chitosans adminis-
tered as powders are supposed to dissolve in the acidic pH of
the gastric cavity and, then, precipitate in the intestinal com-
partment. Consequently, the behaviour of classical solutions
and powders justifies the search for optimised presentations
of chitosan, either in the form of a chemical derivative that is
soluble at the intestinal pH or in the form of a device (nano-
particles/microspheres) that is stable in the physiological
conditions of the gastrointestinal tract.

2.2 Penetration enhancement properties

It is well known that chitosan can enhance the permeability of
different compounds through the intestinal monolayer. This
was very clearly shown using the Caco-2 cell line for a variety
of compounds, such as buserelin, inulin, mannitol and horse-
radish peroxidase [32-36]. The increase in the permeability has
been generally related to a decrease in the transepithelial
electric resistance (TEER), which was attributed to a partial
disruption of the tight junctions. Moreover, the results of
these studies show that the increase in the permeability of the
monolayer and, hence, on the transport of drugs is dependent
on a number of factors, such as the chitosan dose, molecular
weight and deacetylation degree [33-35]. More specifically,
Schipper et al. [34] observed, using mannitol as a model mole-
cule, that chitosans with a low acetylation degree (1 — 15%)
show a clear effect on the transport of the molecule, regardless
of the molecular weight. In contrast, for highly acetylated chi-
tosan (> 35%), a permeability enhancement of mannitol
across the monolayers was only achieved with high
molecular-weight chitosans.

Despite the evidence of the penetration-enhancement abil-
ity of chitosan, the mechanism of action remains unclear.
Studies performed in the early 1990s concluded that the
exposure of the cell surface to chitosan solutions induces clear
changes in the F-actin distribution [321. Some years later, it
was observed that chitosan induces not only a redistribution
of F-actin but also that of the tight junction proteins zona
occludens-1 (ZO-1) [33,35]. In addition, it was found that the
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content of ZO-1 and occludin in the cytoskeleton increase,
revealing the ability of chitosan to disrupt the epithelial cell
tight junctions involving the translocation of the proteins
Z0O-1 and occludin  from the membrane to the
cytoskeleton [35]. Recently, the same authors found that chi-
tosan acts, at least in part, via an activation of protein
kinase C (PKC) [371. Interestingly, the results of the previous
studies [33-35] also indicate that the effect of chitosan on the
Caco-2 cell monolayer is reversible and, hence, that the open-
ing of the cellular barrier is transient. This specific behaviour
makes a great difference in terms of toxicity between chitosan
and the classical penetration enhancers, which are known to
cause irreversible epithelial damage.

Within the context of this review article, the authors found
it important to analyse this mechanism of action of chitosan
with regard to its ability to enhance the absorption of
peptides; however, the relevance of this mechanism on the
efficacy of a specific chitosan-based oral drug delivery system
will be dependent on the characteristics of the device and
physical state of chitosan.

2.3 Mucoadhesive properties
A limitation of the oral route is the rapid transit, which
reduces the chances for the drug to interact with the absorp-
tive epithelium. One of the approaches to deal with this limi-
tation has been based on the use of materials that favour the
interaction of the drug with the mucus layer that covers the
intestinal epithelium. Chitosan belongs to the category of
these so-called mucoadhesive materials. Indeed, due to its
positive charge, chitosan is able to interact with the negatively
charged mucus components [38,39]. This property has attracted
significant attention to the use of chitosan for transmucosal
drug delivery and, in particular, for nasal drug delivery; for
example, in this case, the chitosan—-mucus interaction leads to
the formation of a viscous gel that reduces the mucociliary
clearance and increases the residence time of the drug in the
absorptive mucosa [29. However, although the advantage of
this property is clear for nasal application, its contribution to
the potential of chitosan for oral drug delivery is uncertain.
This is due to the fact that the mucus covering the intestinal
wall undergoes a rapid turnover and, consequently, the
mucoadhesion of chitosan does not necessarily imply a more
intense and prolonged contact of the coadministered drug
with the absorptive epithelium. Therefore, a critical point in
the design of a chitosan-based mucoadhesive delivery device
would be to achieve, first, a facilitated interaction with the
mucus and, second, an adequate diffusion through the mucus
layer towards the underlying epithelium. In addition, classical
chitosan solutions and powders are expected to precipitate on
reaching the intestinal tract, and this uncontrolled precipita-
tion may logically affect the inherent mucoadhesive properties
of chitosan.

Irrespective of the importance of the role of mucoadhesion
in the efficacy of chitosan-based delivery systems, there are
some characteristics of chitosan that were found to affect the
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intensity of the mucoadhesion phenomenon. Logically, as
expected from the mechanism of mucoadhesion, the muco-
adhesive character of chitosan is dependent on its acetylation
degree. Indeed, a higher deacetylation degree leads to a more
important number of positive charges and, hence, to greater
marked adhesiveness [39].

On the other hand, the molecular weight of chitosan was
also regarded as a parameter that affects the mucoadhesive
properties of chitosan; for example, Kawashima et al. [40]
observed, using a rat everted intestinal sac, that the muco-
adhesion of chitosan increased with the molecular weight.
The same conclusion was derived from a rheological study
aimed at predicting the mucoadhesive properties of chitosan.
The results of this study indicate that the mucoadhesion
forces could be modulated by adjusting the chitosan
molecular weight and concentration [41].

As in the case of the permeability-enhancing property, it is
worthwhile to mention that, despite the evidence of the chi-
tosan inherent properties on its mucoadhesive character, the
consequence that these properties may have on the behaviour
of chitosan-based delivery devices will be highly dependent on
the specific characteristics of the device.

2.4 Chitosan toxicity issues and regulatory status
The safety of chitosan has been investigated, showing its low
toxicity and biocompatibility [s5,6,421. It has been reported
that the oral dose in rodents to kill 50% (LDg) of the ani-
mals treated is > 16 g/kg [423, showing that chitosan is safe
following oral administration. On the other hand, results in
humans indicate that it is necessary to consume several
grams of chitosan a day in order to observe signs of consti-
pation or diarrhoea [43,44]. These amounts are far beyond
those needed in pharmaceutical formulations and, conse-
quently, it is accepted that the risk of side effects following
oral administration of chitosan formulations is negligible.
With regard to the regulatory aspects, there is a monograph
of chitosan hydrochloride in the European Pharmacopoeia
(EP1774). In addition, the American Society for Testing and
Materials (ASTM) has published guidelines (ASTM F 2103)
for the characterisation of chitosans for use in tissueengineered
medical products. Finally, according to the information pro-
vided by Novamatrix, a drug master file covering the chitosan
salts and bases was submitted to the FDA in July 2004.

3. Chitosan-based systems for oral peptide
delivery

Recently, a number of chitosan-based formulations (i.e., solu-
tions, microspheres and nanostructures) were developed to
improve the oral administration of peptides and proteins. In
this section, the performance of these vehicles in terms of
their ability to enhance the intestinal absorption as well as the
mechanistic details are described. The pharmacological
efficacy obtained for the two model peptides, insulin and
calcitonin, that have received the greatest attention as

candidates for these chitosan-based carriers are summarised
in Tables 1 and 2.

3.1 Chitosan solutions

Most of the studies intended to evaluate the ability of chitosan
solutions to improve the absorption of drugs across the intesti-
nal epithelium were performed invitro, either in cell
culture [45) or in the rat intestinal sac model [46]. The in vivo
evaluation of the effectiveness of chitosan solutions for oral
peptide delivery is limited. This is understandable if the fact
we take into account that, as indicated above, chitosan precipi-
tates at the pH of the intestinal tract (~ 6.5 - 7.5). In fact, only
one study has been found in the literature reporting the in vivo
absorption-enhancing effects of chitosan hydrochloride [47;
concretely, the results showed an increase in the bioavailability
of a nonapeptide following intraduodenal injection to rats.
This positive result was attributed to the inherent capacity of
chitosan to open the intercellular junctions.

The problem associated with the low solubility of chitosan
at neutral and high pH values could be overcome by chemical
modification of the chitosan molecule; for example, the deriva-
tive, N-trimethyl chitosan, was found to be readily soluble at
neutral and basic pH values [48]. Unfortunately, the studies
performed in Caco-2 cells showed that the mucoadhesive [49]
and permeation-enhancing [48] properties of trimethylated chi-
tosan were not as remarkable as those of the parent molecule.
According to the authors [48,49], this phenomenon could be
related to a change in the conformation of the trimethylated
chitosan that reduces the flexibility of the polymer molecules
and, therefore, the interpenetration into the mucus layer. This
reduced mucoadhesion could also be due to a decrease in the
density of the amino groups available for protonation sub-
sequent to the chemical modification. Nevertheless, despite
the reduced mucoadhesion of the chemically modified poly-
mers in the in vitro cell line, the in vivo studies that were per-
formed in rats or pigs revealed that trimethylated chitosan was
significantly more efficient than chitosan hydrochloride at
increasing the absorption of the peptide octreotide [50,51]. This
greater efficacy was attributed to the more important absorp-
tion-enhancing effect of trimethylated chitosan at neutral pH
values compared with chitosan hydrochloride [52).

A relatively successful approach has been the chemical mod-
ification of chitosan by the introduction of a thiol group [53].
Thiolated chitosans exhibit improved mucoadhesive properties
in vitro (541 as well as an enhancement in the epithelial drug
permeability [s51. Their in vitro behaviour correlates well with
their ability to increase the absorption of calcitonin or insulin
following oral administration to rats [5356]; however, it should
be clarified that chitosan was presented in the form of a solid
matrix (1.5-mm minitablets) in these studies.

3.2 Chitosan-based microspheres

A different strategy towards increasing the systemic absorption
of peptides administered orally has been designed specifically to
deliver drugs in the colonic region. The strategy was proposed
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Table 1. Pharmacological efficacy obtained after oral
administration of insulin encapsulated in chitosan-based
carriers to rats.
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Table 2. Pharmacological efficacy obtained after oral
administration to rats of calcitonin encapsulated in
chitosan-based carriers.

Chitosan-based Dose Rimax™  Tmax Duration Ref. Chitosan- Dose Rmax® tmaxt Duration Ref.
carrier (IU/kg) (%) (h) of effect based carrier (lU/kg) (%) (h) of effect
Chitosan 7,14 60 10 8-24h [68] Enteric-coated 5008 15 10 8h-12h [59]
nanoparticles$ and 21 chitosan-based
Chitosan 50and 50 19  13-24h  [69] microspheres
nanoparticles® 100 Chitosan 500 30 1 >24 h [76]
Chitosan/ 50 50 14  14-24h 73] nanocapsules
glucomannan Chitosan- 500 30 1 >24 h [82]
nanoparticles coated solid
Chitosan-coated 100 30 3 05-12h [83] nanoparticles
liposomes Chitosan- 125,250 25 8 36 h [40]
*Maximum pharmacological effect.*Time of the maximum pharmacological coated PL_GA and 500
effect. 8In vivo study performed in diabetic rats. nanoparticles
Chitosan- 500 22 2 8h [84]
coated
liposomes

to take advantage of two critical facts: the limited peptide enzy-
matic activity compared with that of the small intestine; and
the markedly slower rate of colonic transit. Chitosan-based
microspheres were chosen as candidate vehicles to achieve this
goal due to the specific degradation of chitosan in the colonic
microflora [57,58], and due to its mucoadhesive/absorption-
enhancing effects. Indeed, if conveniently designed, chitosan-
based microspheres can travel intact along the gastrointestinal
tract and reach the colonic region. Once in this region, the
polymer matrix degrades and releases the peptide that, at this
level, is free to cross the colonic mucosa.

The technological approach, adopted to prevent the altera-
tion of chitosan-based microspheres during their gastro-
intestinal transit, was their entrapment or coating with pH-
sensitive polymers (acrylic or cellulosic) [s9-611. Using fluores-
cent markers (i.e., carboxyfluorescein or the peptide insulin),
it was shown that the pH-sensitive microspheres containing
chitosan exhibit a pH-dependent release behaviour. More spe-
cifically, when exposed to a pH gradient, they provide a negli-
gible release until the colonic pH was reached (~ 6.5 — 7),
followed by a continuous and controlled drug release [59-61].

Unfortunately, clear conclusions can not be drawn from the
limited number of in vivo studies that were intended to evi-
dence the efficacy of these pH-sensitive chitosan systems
regarding the efficacy of this approach; for example, in the
study performed by Lamprecht et al. [s9], aimed at evaluating
the performance of enteric-coated chitosan-based micro-
spheres containing calcitonin, it was observed that the
pharmacological response was not affected by the presence of
chitosan. Consequently, the authors concluded that the suc-
cess of the formulation was due to the enteric coating and also
that the role of chitosan was negligible in this type of formula-
tion. These results differ from those observed by Tozaki et al.
1621, who studied the efficacy of a large chitosan capsule orally
administered to rats. The chitosan capsule had an enteric pol-
ymer coating and contained insulin in association with an

*Maximum pharmacological effect. *Time of the maximum pharmacological
effect. SExpressed by the authors in mg/kg and converted to IU taking the
relation 1 mg = 5000 IU.

absorption enhancer and enzyme inhibitor. A hypoglycaemic
response was noted at 6 h postadministration, when the cap-
sule reached the colon, giving an insulin bioavailability of
5.73%. The authors justified the success of this formulation
by the specific disintegration of the capsules in the colonic
region and by the absorption-enhancing properties of chi-
tosan. In addition, they found that the positive effect of chi-
tosan could be reinforced by the coadministration of other
absorption enhancers.

Therefore, although this colonic delivery approach offers some
potential, it is possible that the performance of a pH-sensitive
chitosan delivery system will be dependent on the type of peptide
as well as the specific composition of the final formulation.

3.3 Chitosan nanostructures

Over the last decade, a number of nanostructures based on chi-
tosan and chitosan derivatives have been proposed for the oral
administration of peptides. These nanostructures can be classi-
fied into three categories; chitosan-based self-assembling struc-
tures, chitosan-based nanoparticles and chitosan-coated
nanosystems. Self-assembling nanostructures can be formed
using specific chemical derivatives of chitosan. Chitosan-based
nanoparticles can be composed of crosslinked chitosan or chi-
tosan in combination with other hydrophilic polymers. Chi-
tosan-coated nanosystems include chitosan-coated solid
hydrophobic nanoparticles, liposomes and oily nanodroplets,
also called nanocapsules.

3.3.1 Chitosan-based self-assembling nanostructures
Recently, a number of authors have reported the chemical
modification of chitosan with hydrophobic groups, such as
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palmitoyl, or linolenic or deoxycholic acid. The attachment of
the hydrophobic moiety enabled the polymer to self-assemble
forming a micelle-like nanostructure [63-65]; moreover, these
systems have shown a capacity to entrap peptide molecules
such as bovine serum albumin [s5].

A different type of nanostructure was described by Ohya
et al. [e6] who reported that the grafting of hydrophilic poly-
mers such as polyethyleneglycol (PEG) to the chitosan back-
bone provides the polymer with the ability to self-aggregate in
aqueous media due to the formation of intermolecular hydro-
gen bridges; moreover, these nanostructures could associate
insulin and release it in a controlled fashion depending on the
degree of PEGylation of chitosan.

Unfortunately, although these self-assembling nanostructures
have been proposed as promising carriers for the delivery of
labile molecules like peptides and proteins, so far, there is no
evidence of their performance following in vivo administration.

3.3.2 Chitosan-based nanoparticles

Chitosan has the ability to gel on contact with specific poly-
anions. Taking advantage of this specific property, a few years
ago, Calvo et al. [s71 developed nanoparticles solely made of
chitosan or chitosan in combination with other hydrophilic
polymers, such as PEG. These nanoparticles are formed
immediately on mixing the two aqueous phases (one contain-
ing chitosan and the other containing sodium tripoly-
phosphate) through inter- and intramolecular linkages created
between phosphate and chitosan amino groups. Besides the
advantage of being produced under extremely mild condi-
tions, these nanoparticles have shown a great capacity for the
association of peptides and proteins, such as bovine serum
albumin, tetanus toxoid and insulin [11,1267]. The physical
appearance of these nanoparticles as viewed by transmission
electronic microscopy is shown in Figure 2A and compared
with that of chitosan-coated systems, which will be described
later (Section 3.3.3).

Recently, these ionically crosslinked nanoparticles were
tested for their efficacy as carriers for oral peptide administra-
tion [es]. The results obtained following oral administration
of insulin-loaded chitosan nanoparticles to diabetic rats
revealed their efficacy at improving the hypoglyacemic
response of insulin. More specifically, they observed a reduc-
tion of the blood glucose levels at 8 h post-administration,
and this response was prolonged for < 24 h. In contrast, chi-
tosan solution, used as a control, was wholly inefficient at
increasing the intestinal absorption of insulin. This report
was coincident with that of Ma et al. [69], who evaluated the
efficacy of the same type of nanoparticles after oral adminis-
tration to normal and diabetic rats. They observed that,
although no significant hypoglycaemic response was regis-
tered in normal rats, a marked hypoglycaemic effect was
observed in similarly dosed diabetic rats. The onset of action
occurred at 10 h post-administration, and the effect was
maintained for a few hours.

With respect to the mechanism by which chitosan nano-
particles are able to increase the hypoglycaemic response of
orally administered insulin, the authors of this work [es,69]
speculated about several possible effects: the protection of the
peptide from degradation in the gastrointestinal tract; and the
potential mucoadhesive and absorption-enhancing properties
of chitosan. Furthermore, the authors argue that the long-
term response could be associated with the uptake of the
nanoparticles by the M cells overlaying the Peyer’s patches.
Despite the advances made in this sense, the mechanism of
action of these nanoparticles has not been fully elucidated; for
example, using the Caco-2 model cell line, it was observed
that some chitosan nanoparticles were able to enter into the
cells and that this interaction with the monolayer was more
important in the case of the mucus-secreting cells
(MTX-E12) [70). Consequently, from this work it was con-
cluded that the presence of mucus favoured the interaction of
the particles with the underlying epithelium. Unfortunately,
this interpretation cannot be translated to the in vivo situa-
tion; however, it could be reasonably accepedt that the nano-
particles may protect the peptide molecules from degradation
and facilitate their interaction with the absorptive mucosa.

Recently, Cufa et al. [71] produced a different type of nano-
particle made of chitosan in association with the poly-
saccharide glucomannan by using the same principle of ionic
crosslinking. The rationale for the design of this novel colloi-
dal carrier was that glucomannan would improve the stability
of nanoparticles in the gastrointestinal fluids and also facili-
tate the interaction of nanoparticles with mannose receptors
present in the epithelial cells [721. In order to validate this
hypothesis, insulin was chosen as a model peptide and tested
the efficacy of the carrier following oral administration to nor-
mal rats [73). Interestingly, chitosan—glucomannan nano-
particles were able to elicit a delayed hypoglycaemic response
at 14 h post-administration, and this response was maintained
for > 10h. The success of chitosan—glucomannan nano-
particles as compared with those made of chitosan could be
related to the observed stabilising effect of glucomannan [73].
In fact, recently, the same group observed a similar response
for chitosan nanoparticles stabilised with poloxamer (A Vila,
MJ Alonso, unpublished data). Although the stabilisation
effect of glucomannan has been verified, its ability to improve
the uptake of nanoparticles remains to be investigated.

Chitosan nanoparticles were also explored for their efficacy
to increase the systemic absorption of hydrophobic peptides
such as cyclosporin A [74]. In this study, chitosan nano-
particles were administered orally to beagle dogs, and the
currently available cyclosporin A microemulsion (Neoral®)
was used as a control. The results indicate that chitosan
nanoparticles provided an improved absorption and, hence, a
greater bioavailability of cyclosporin A compared with the
control microemulsion. The authors of this work understood
that this positive behaviour was due to a combination of the
mucoadhesion and the ability to open the tight junctions of
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Figure 2. Transmission electron micrographs of A. chitosan
nanoparticles; B. chitosan nanocapsules; and C. chitosan-
coated tripalmitin nanoparticles. Reprinted from GARCIA-
FUENTES M, TORRES D, ALONSO MJ: New surface-modified lipid
nanoparticles as delivery vehicles for salmon calcitonin. Int. J.
Pharm. (2005) 296(1-2):122-132 [79], Copyright 2005, with
permission from Elsevier.

epithelial cells, which are inherent properties of chitosan;
however, no mechanistic studies were undertaken in order to
verify this proposed mechanism.

3.3.3 Chitosan-coated nanosystems

Chitosan has also been used as a coating material in order to
change the surface properties of colloidal drug carriers. Differ-
ent types of nanosystems, oily nanodroplets, solid nanoparti-
cles and liposomes were selected as cores for the coating
process. The purpose of designing these systems was to

Prego, Torres & Alonso

improve the interaction of the cores with mucosal surfaces.
Obviously, the nature of the core is expected to affect the drug
encapsulation and release properties of the system.

3.3.3.1 Chitosan nanocapsules

A few years ago, Calvo et al. [75] developed chitosan-coated oily
nanodroplets. The formation of these nanosystems was possi-
ble using the solvent displacement technique with an impor-
tant modification; the incorporation of chitosan to the
aqueous phase. The physical appearance of the coated systems
is the one presented in Figure 2B. Recently, the efficacy of chi-
tosan nanocapsules as carriers for oral peptide delivery using
salmon calcitonin as a model peptide was investigated [76,77].
The reduction of the serum calcium levels after oral adminis-
tration of calcitonin-loaded chitosan nanocapsules were moni-
tored and an aqueous solution and a nanoemulsion containing
calcitonin were used as controls. Interestingly, as shown in
Figure 3, a marked hypocalcaemic response was noted when
the peptide was associated to the nanocapsules, whereas no sig-
nificant effect was observed after administration of the solu-
tion or the uncoated nanoemulsion. Therefore, a conclusion
from these data was that the chitosan coating was critical for
the performance of the formulation. Moreover, the percentage
of reduction of the serum calcium levels achieved following
administration of chitosan nanocapsules was maintained for
> 24 h [7e]. This pronounced and long-lasting hypocalcaemic
effect led us to speculate about the adhesion of the carrier and
a sustained release of the associated peptide from the
absorptive epithelium towards the bloodstream.

In order to obtain some evidence on the mechanism of
action of chitosan nanocapsules Prego et al. [76] have performed
some studies in the Caco-2 model cell line. Two main conclu-
sions were extracted from these experiments. First, chitosan
nanocapsules were able to reduce the TEER of the Caco-2 cell
monolayer in a dose-dependent manner; however, the impor-
tant concentration required to detect a significant change in
permeability led to the conclusion that this phenomenon can-
not be taken as an explanation for the success of the formula-
tion following invivo administration. Second, confocal
experiments performed with rhodamine-labelled chitosan
nanocapsules suggest that both, the nanocapsules and the cor-
responding control emulsions, were able to enter Caco-2 cells
monolayer; however, the level of internalisation was very low
and similar for both coated and uncoated carriers and, conse-
quently, these results do not justify the in vivo success of the
chitosan-coated systems. Recently, the same authors tested chi-
tosan nanocapsules using a co-culture of Caco-2 cells and
mucus-secreting cells (HT29-M6), and observed the fluores-
cence signals by confocal microscopy [7s]. The images indi-
cated that the level of interaction of chitosan nanocapsules is
greatly enhanced by the presence of the mucus-secreting cells.
In addition, no transport of the particles across the monolayer
was observed [78]. Therefore, overall, these results led to the
suggestion that the expected mucoadhesion of the chitosan-
coated system could be responsible for the facilitated access of
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Figure 3. Hypocalcaemic effect after oral administration in
rats of chitosan nanocapsules as well as the control
nanoemulsion and aqueous solution of salmon calcitonin
(mean = SE; n = 6). Reprinted from PREGO C, GARCIA M,
TORRES D, ALONSO MJ: Transmucosal macromolecular drug
delivery. J. Control. Release (2005) 101:151-162 [76], Copyright
2005, with permission from Elsevier.

*Statistically significant differences from salmon calcitonin solution (p < 0.05).
SE: Standard error.

the drug to the underlying epithelium, and, hence, for the pro-
nounced and long-lasting hypocalcaemic effect. An illustration
of this mechanism is presented in Figure 4.

3.3.3.2 Chitosan-coated solid nanoparticles

In order to investigate the importance of the nature of the
lipid core in the performance of chitosan-coated lipid systems,
chitosan-coated tripalmitin nanoparticles were produced [79].
First, calcitonin-loaded tripalmitin nanoparticles were pre-
pared by the double emulsion-solvent emulsification
method [80] and, then, coated with chitosan by simple incuba-
tion in a aqueous chitosan solution (Figure 2C). After oral
administration of calcitonin-loaded chitosan-coated tri-
palmitin nanoparticles to rats, the hypocalcaemic effect was
evaluated. A great and long-lasting reduction of the serum cal-
cium levels was obtained [81,82. This response was similar to
the one observed for calcitonin-containing chitosan nanocap-
sules [761; however, as in the case of uncoated nanoemulsion,
tripalmitin cores were inefficient at reducing the serum cal-
cium levels. An obvious conclusion from these observations
was that the chitosan coating was critical for the success of the
formulation. As in the case of the chitosan nanocapsules, the
interpretation was that the presence of chitosan could facili-
tate the interaction with the overlying mucus layer, leading to
a prolonged site-specific delivery of calcitonin and, thus, an
extended pharmacological response.

These results agree with those previously reported for
chitosan-coated polylactic acid/glycolic acid (PLGA) nano-
particles [4o]. In this study, elcatonin-loaded PLGA nanoparticles
were prepared by the emulsion solvent diffusion method. Then,
the nanoparticles were isolated and incubated with a chitosan
solution to form chitosan-coated PLGA nanoparticles. The
effectiveness of chitosan-coated PLGA nanoparticles was assayed
in rats, showing a reduction of the serum calcium levels com-
pared with the peptide solution and uncoated nanoparticles. As
in the case of the chitosan-coated lipid nanoparticles, this posi-
tive in vivo behaviour was attributed to the mucoadhesive char-
acter of the carrier and its intimate contact with the intestine.
This explanation was justified by the observed mucoadhesion of
the carrier using the everted intestinal sac model.

3.3.3.3 Chitosan-coated liposomes

Liposomes have been considered as candidate vehicles for
oral peptide delivery due to their capacity to encapsulate
peptides and to protect them from enzymatic degradation.
One of the approaches to improve their interaction with the
intestinal mucosa and, hence, to increase the absorption of
the associated peptide was their coating with mucoadhesive
polymers such as chitosan; for example, Takeuchi
et al. [83,84] prepared multillamelar liposomes coated with
chitosan by hydrating the lipid film with an aqueous solu-
tion of the polymer. As expected, these chitosan-coated
liposomes exhibited a mucoadhesive character whose degree
was dependent on the amount of chitosan attached to their
surface [g3]. The efficacy of the coated liposomes as carriers
for oral peptide delivery was tested in vivo for two model
peptides, insulin and salmon calcitonin [s3-s5]. The results of
these studies indicated that the chitosan-coated liposomes
are more effective than the uncoated ones in terms of
improving the pharmacological effect of the peptides
administered orally to rats. This improved response was
related to the mucoadhesive properties of the chitosan-
coated liposomes. Moreover, the same authors tested the
performance of the chitosan solutions for improving the
absorption of calcitonin and observed that the simple pres-
ence of chitosan in solution did not help the absorption of
this peptide. As a consequence, they concluded that the
protection of the peptide in the liposomal core as well as
their coating with the mucoadhesive polymer were critical
for the success of the formulation.

Overall, the results obtained from chitosan-coated nano-
structures underline the efficacy of this type of colloidal carrier.
In general, the chitosan coating around the carriers showed a
positive effect at improving the pharmacological response of
the peptide, which is mainly attributed to the mucoadhesive
properties of the polymer. However, the differences in the core
material could also influence the level of protection of the asso-
ciated peptide and its release from the carrier. As a conse-
quence, these differences could have an impact on the intensity
and duration of the pharmacological response.
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Figure 4. Schematic illustration of the interaction of
chitosan-based nanostructures with the intestinal mucosa
and the transport of the associated peptide.

4. Conclusion

Different chitosan-based drug delivery systems were revealed
as promising peptide carriers. Among them, those based on
chemically modified chitosan and also nanoparticulate
carriers (nanoparticles and -capsules) have been particularly
successful. Moreover, there is clear evidence of the greater per-
formance of nanoparticulate chitosan carriers, compared with
the solutions of unmodified chitosan in terms of enhancing
the absorption of peptides such as insulin and salmon calci-
tonin. The explanation to this phenomenon is that the partic-
ulate carriers are able not only to increase the peptide
absorption due to the mucoadhesive properties of chitosan
but also to offer protection from enzymatic degradation. Fur-
thermore, although more work is needed to fully understand
the mechanism of action and efficacy of these carriers, it can
be concluded that chitosan-based systems have a promising
future in oral drug delivery.

5. Expert opinion

At present, only the hydrophobic peptide cyclosporin A can
be administered orally in the form of a microemulsion; how-
ever, the progress made over recent years towards making fea-
sible the oral administration of peptides offers an optimistic
perspective. Indeed, the Eligen® technology (based on using a
low molecular-weight delivery agent) has reached Phase 11
clinical trials for insulin and salmon calcitonin [s6,87].

Prego, Torres & Alonso

Similarly, hexyl-insulin monoconjugate 2, a modified insulin
conjugated to an amphiphilic polymer [ss], as well as oral for-
mulations of calcitonin and parathyroid hormone consisting
of a combination of enzyme inhibitors, absorption enhancers
and enteric coating, have been evaluated in humans [ss). On
the other hand, a number of particulate polymer and bio-
adhesive systems have provided evidence of their effectiveness
in large-scale animals [90,91]. Therefore, these delivery-based
strategies are opening the way for future great developments,
preferably based on nanosystems and polymers. This article
presents the value of a more immature but promising strategy
based on the use of the bioadhesive polysaccharide chitosan.
Chitosan as such (in solution or powder) cannot be used
because it is soluble in the gastric fluids but precipitates at the
intestinal pH; however, a number of delivery approaches
based on chitosan have shown a degree of success in small-
scale animals: the use of chemically modified chitosan, which
is soluble at the intestinal pH; the use of nanosystems that
protect the peptide and facilitate its interaction with the
absorptive epithelium; and the design of devices that specifi-
cally deliver the peptide together with chitosan in the colonic
region. Despite the difficulties in comparing the results of
these approaches, the specific characteristics of the nano-
systems and documented information about their efficacy
lead to the consideration of their special potential for oral
peptide administration. More detailed studies about their
mechanism of action will help to design the way to proceed
for their further optimisation.

At present, there is the proof-of-concept that chitosan-based
nanocarriers can enhance the absorption of model peptides such
as insulin and salmon calcitonin in small-scale animal models. It
could be anticipated that these initial results will stimulate the
optimisation of oral peptide formulations based on chitosan
delivery nanosystems. Furthermore, this accumulated informa-
tion is expected to lead to the evaluation of the efficacy of these
nanosystems in large-scale animals in fed and fasting conditions.
These results, together with those of the efficacy of these nanosys-
tems during storage and also in a solid dosage, will soon give an
indication of the potential of these nanosystems for clinical use.
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