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a b s t r a c t

Present work investigates the potential of chitosan nanoparticles, formulated by the ionic gelation with
tripolyphosphate (TPP), to open the cellular tight junctions and in doing so, improve the permeability
of model macromolecules. A comparison is made with chitosan solution at equivalent concentrations.
Initial work assessed cytotoxicity (through MTS and LDH assays) of chitosan nanoparticles and solu-
tions on Calu-3 cells. Subsequently, a concentration of chitosan nanoparticles and solution exhibiting
minimal toxicity was used to investigate the effect on TEER and macromolecular permeability across
filter-cultured Calu-3 monolayer. Chitosan nanoparticles and solution were also tested for their effect
on the distribution of the tight junction protein, zonnula occludens-1 (ZO-1). Chitosan nanoparticles
alu-3

ermeation enhancer
anoparticles
ight junction modulation
asal drug delivery

produced a sharp and reversible decrease in TEER and increased the permeability of two FITC-dextrans
(FDs), FD4 (MW 4 kDa) and FD10 (MW 10 kDa), with effects of a similar magnitude to chitosan solution.
Chitosan nanoparticles produced changes in ZO-1 distribution similar to chitosan solution, indicating a
tight junction effect. While there was no improvement in permeability with chitosan nanoparticles com-
pared to solution, nanoparticles provide the potential for drug incorporation, and hence the possibility

rug r
for providing controlled d

. Introduction

The development of therapeutics based on biotechnology prod-
cts is a rapidly expanding area within the pharmaceutical

ndustry. A recent report by the Pharmaceutical Research and Man-
facturers of America (PhRMA) states that in 2008 there were 633
iotechnology medicines in development for more than 100 dis-
ases. However, this growth is not matched by development of
ovel delivery systems for this class of therapeutics. Currently,
ost biomolecules are predominantly administered parenterally.

his is due to their large size, hydrophilicity and their inability to
ithstand the environment in the gastrointestinal tract, resulting

n an inadequate absorption, and hence bioavailability, follow-

ng oral administration. However, disadvantages associated with
he parenteral route such as patients’ non-compliance, necessitate
esearch into alternative ways of administering these drugs.

∗ Corresponding author. Tel.: +44 1158 466074; fax: +44 1159 515102.
E-mail address: snjezana.stolnik@nottingham.ac.uk (S. Stolnik).

1 These authors contributed equally to the paper.

378-5173/$ – see front matter © 2010 Published by Elsevier B.V.
oi:10.1016/j.ijpharm.2010.08.020
elease and protection from enzymatic degradation.
© 2010 Published by Elsevier B.V.

The delivery of biomolecular therapeutics, such proteins, anti-
bodies and nucleic acids via the nasal cavity is attractive due to the
relatively large surface area available for absorption (∼150 cm2),
the highly vascularised submucosa, and the avoidance of both gas-
tric and first pass metabolism (Illum, 2000). However, there are
several biological barriers to the transport of biomolecules across
the nasal mucosa, including a functional mucociliary clearance
mechanism, which results in removal of foreign material from the
nasal mucosa within 15–20 min, the presence of proteases that may
degrade the administered protein drug and the existence of tight
junctions between adjacent epithelial cells, severely limiting the
permeability of macromolecules larger than 1000 Da (Illum, 2000;
Stolnik and Shakesheff, 2009).

It has been shown that chitosan is able to considerably enhance
the nasal absorption of macromolecules, including peptides and
proteins, which are otherwise poorly absorbed. Chitosan is a
cationic polymer (polysaccharide) produced by partial deacety-

lation of chitin and has been reported to be biocompatible,
biodegradable and exhibiting a low toxicity (Hirano et al., 1990;
Dornish et al., 1996; Grenha et al., 2007). Its absorption-promoting
effect is thought to result from a combination of mucoadhesion and
the ability to open the intercellular tight junctions (Artursson et al.,

dx.doi.org/10.1016/j.ijpharm.2010.08.020
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:snjezana.stolnik@nottingham.ac.uk
dx.doi.org/10.1016/j.ijpharm.2010.08.020
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994; Illum, 1998; Dyer et al., 2002). The mucoadhesive properties
f chitosan have been attributed mainly to an interaction between
ts positively charged amino groups with negatively charged sialic
cid groups on the mucus membrane (Fiebrig et al., 1994). Applica-
ion of therapeutic agents in combination with chitosan has been
eported to prolong the contact time between the agent and the
bsorptive surface for up to 84 min in man for a chitosan pow-
er formulation (Soane et al., 1999). The capacity of chitosan to
ransiently open the tight junctions has been associated with an
nteraction of chitosan with the Protein Kinase C pathway (Smith
t al., 2005).

Different chitosan formulations, such as solutions, freeze dried
r spray dried powders and nanoparticles have been investigated
or the potential improvement of nasal absorption of various

acromolecular drugs (Dyer et al., 2002; Illum, 2007). While
hitosan solution and powder formulations improve mucosal
bsorption through mucoadhesion and tight junction-modulation,
hitosan nanoparticle formulations have been developed in an
ttempt, to deliver macromolecules across mucosal surfaces by
xploiting endocytic/transcytotic pathways (Fernandez-Urrusuno
t al., 1999; Behrens et al., 2002; Vila et al., 2002). Potential advan-
ages associated with the use of chitosan nanoparticles encompass
ntrapment of the drug within the particle matrix, consequently
nsuring protection against enzymatic degradation that may occur
t the mucosal surface and the possibility of controlled drug release.
owever, despite these potential advantages, so far only one pub-

ished study has shown superior mucosal drug absorption using
hitosan nanoparticles compared to chitosan solution (Fernandez-
rrusuno et al., 1999).

Dyer et al. (2002) showed that in the rat and sheep models,
he pharmacological responses to an insulin-chitosan solution or
nsulin-chitosan powder formulation applied nasally were signif-
cantly higher compared to those resulting from an equivalent
hitosan nanoparticle formulation. Similarly, Ma and Lim (2003)
howed that chitosan nanoparticles did not mediate translocation
f insulin across intestinal Caco-2 cell layers. Recently Sadeghi et al.
2008) found that chitosan (and its derivatives) in a nanoparticu-
ate form were less efficient in opening the tight junctions than their
oluble form equivalents. The authors suggested that drug move-
ent across the cell layers would be more likely to occur through

he transcellular pathway rather than as a result of tight junction
pening.

The present work set out to investigate the potential of chitosan
anoparticles, formulated by the ionic gelation method, to improve
he permeability of macromolecular compounds across biological

embranes through tight junction modulation, in comparison to
he soluble equivalent. Initial work assessed the effects of increas-
ng concentrations of chitosan nanoparticles and solutions on cell
oxicity. The concentrations exhibiting minimal and reversible tox-
city were then used to investigate tight junction modulation and

acromolecular permeability. The in vitro mucosal model in this
ork was based on a filter-cultured Calu-3 cell line. Although the
alu-3 cell line is of a human lung (bronchial carcinoma) origin its
se in this work as a model of the nasal epithelium was considered
s appropriate. Calu-3 cells, when cultured under the conditions
mployed in this work, form a polarized cell layer and establish a
ixed phenotype, including ciliated and secreting cells, with phys-

cal and electrical properties comparable to nasal mucosa (Witschi
nd Mrsny, 1999; Florea et al., 2002). Indeed, Calu-3 cell cultures
ave previously been used to study nasal drug absorption (Yang
t al., 2004; Li et al., 2006; Seki et al., 2007; Teijeiro-Osorio et al.,

009a,b). The artificial tracheo-bronchial tissue, EpiAirway®, has
lso been used to investigate nasal drug absorption in vitro (Agu
t al., 2004; Chemuturi et al., 2005). Furthermore, Calu-3 cells pro-
uce mucus when cultured using appropriate conditions (Florea et
l., 2002) which were employed in this work.
Pharmaceutics 400 (2010) 183–193

2. Materials and methods

2.1. Materials

Chitosan in the form of a hydrochloride salt of average molec-
ular weight 113 kDa and deacetylation degree 86% (commercially
known as Protasan® UP Cl 113), referred to as ‘chitosan’ in this
paper, was purchased from NovoMatrix, Norway. Calu-3 cells
and Eagle’s Minimal Essential Medium (EMEM) were obtained
from the American Type Culture Collection (ATCC)–LGC Pro-
mochem. Caco-2 cells were obtained from European Collection
of Cell Cultures (ECACC). Calu-3 and Caco-2 cells were used
between passages 19–48 and 44–58, respectively. Dulbeco’s
Modified Eagles Medium (DMEM), Hanks Balanced Salt Solu-
tion (HBSS, with sodium bicarbonate and without phenol red),
Pentasodium tripolyphosphate (TPP), non-essential amino acids
(100%), l-glutamine (200 mM), foetal bovine serum (FBS), antibi-
otic/antimycotic solution (10–12,000 U/ml penicillin, 10–12 mg/ml
streptomycin, 25–30 �g/ml amphotericin B), trypsin–EDTA solu-
tion (2.5 mg/ml trypsin, 0.2 mg/ml EDTA), Cibacron Brilliant Red
and fluorescein isothiocyanate-labelled dextrans (FITC-dextrans,
FDs) of molecular weights 4000 (FD4) and 10,000 (FD10) and
LDH assay kit (commercial name TOX7) were all supplied by
Sigma–Aldrich (Poole, UK). Fluorescin isothiocyanate (FITC, Type I)
was purchased from Molecular Probes (Paisley, UK). MTS reagent,
3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethonyphenol)-2-(4-
sulfophenyl)-2H-tetrazolium (commercially known as CellTiter
96® AQueous One Solution Cell Proliferation Assay) was purchased
from Promega (USA). Mouse anti-human Zonnula Occludens-1
(ZO-1; tight junction protein) antibody was purchased from
Zymed (part of Invitrogen). FITC-labelled goat anti-mouse IgG,
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid solution
(HEPES) and 2-(N-morpholino)ethanesulfonic acid (MES) were
obtained from Sigma. Tissue culture flasks (75 cm3 with ventilated
caps), black 96-well plates and Transwell inserts (12 mm diameter,
0.4 �m pore size, were purchased from Costar (High Wycombe,
UK). ProLong® Gold antifade reagent with 4′,6-diamidino-2-
phenylindole (DAPI) was obtained from Invitrogen. Phosphate
buffered saline (PBS) tablets were purchased from Oxoid (Bas-
ingstoke, UK). All other chemicals (reagent grade) were purchased
form Sigma–Aldrich.

2.2. Methods

2.2.1. Chitosan nanoparticles preparation
Chitosan nanoparticles were prepared by the ionic gelation of

tripolyphosphate pentasodium (TPP) and chitosan hydrochloride,
as described by Fernandez-Urrusuno et al. (1999) and Dyer et al.
(2002). Preliminary experiments were performed with the objec-
tive of identifying the optimal concentrations (ratios) of chitosan
and TPP for nanoparticle formation (appearance of an opalescent
suspension). Chitosan hydrochloride solutions (2, 1.5, 1, 0.75 and
0.5 mg/ml) and TPP solution (0.84 mg/ml) were prepared in ultra-
pure water. TPP solution was added dropwise to chitosan solution
while stirring. The resultant mixtures were broadly characterized
as either a clear solution, an opalescent mixture or phase-separated
aggregates. The formation of nanoparticles was confirmed by
particle size analysis (Dynamic Light Scattering, Viscotek, UK).
Excess chitosan was removed by centrifugation (at 13,000 rpm, for
30 min); the supernatant was tested for the presence of chitosan
using a colorimetric method, as described by Muzzarelli (1998)

and centrifugation was repeated until chitosan could no longer be
detected. The concentration of chitosan present in nanoparticles
was determined by quantifying chitosan in the supernatant follow-
ing the centrifugation steps and subtracting this from the starting
amount used for nanoparticle formulation.
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.2.2. Particle characterization
The mean diameter and size distribution of chitosan nanoparti-

les, suspended in HBSS (MES buffered at pH 6.0) were measured
y DLS. The result represents the mean of 10 measurements, per-
ormed at 25 ◦C. Zeta potential of the nanoparticles (suspended
n HBSS, pH 6.0) was measured using a Zetasizer, 2000 (Malvern
nstruments, UK). The reported value is the mean of four measure-

ents ±SD.

.2.3. Synthesis of FITC-chitosan
FITC-chitosan was synthesized according to a method described

y Colonna et al. (2008). Chitosan (100 mg) was dissolved in deion-
zed water (10 ml), followed by the addition of DMSO (20 ml) to
his solution. FITC (5 mg), previously dissolved in DMSO, was slowly
dded to the resulting chitosan solution under continuous stirring.
he reaction was carried out overnight at room temperature in the
ark. The resulting solution was poured in an excess of acetone and
hen centrifuged for 10 min at 3000 rpm. The pellet was washed
everal times with fresh acetone. Following each washing step,
cetone (washing solution) was tested for FITC fluorescence using
Hitachi F-4500 fluorescence spectrophotometer (Hitachi Scien-

ific Instruments, Finchamstead, UK). Washing was continued until
FITC fluorescence signal was no longer observed in the wash-

ng solution. The pellet was then dissolved in water and dialysed
gainst deionised water using a 1000 Da molecular weight cut off
MWCO) membrane for three days while protected from light. The
ITC-labelled chitosan was then freeze dried.

.2.4. Formulation of FITC-chitosan nanoparticles
FITC-chitosan nanoparticles were produced using the ionic

elation technique in a similar way to unlabelled chitosan nanopar-
icles. The optimal polymer:TPP ratio was found to be between 6:1
nd 4:1.

.2.5. Cell culture
Calu-3 cells were cultured to confluence in 75 cm3 flasks at 5%

O2, 37 ◦C. Once confluent, they were detached from the flasks
nd seeded on filter inserts (Transwells®) at a density of 100,000
ells/cm2. Cells were maintained at 5% CO2, 37 ◦C in EMEM sup-
lemented with FBS (10%) antibiotic/antimycotic and l-glutamine,
hich was changed regularly (every other day). Air–liquid interface

ALI) was created on day two of culture of cells of filters (i.e. follow-
ng this time point, cells were cultured with no medium present on
he apical surface). Cell growth and tight junction formation was
ssessed by TEER measurements. Cell layers were typically used
or TEER and permeability experiments between days 8 and 10 in
ulture.

Caco-2 cells were cultured in flasks using DMEM as the growth
edium. Upon confluence, cells were seeded on filters at a den-

ity of 100,000 cells/cm2. Caco-2 cells were cultured on filters
sing submerged (or liquid covered culture, LCC) conditions, with
eplacement of the culture medium every other day. Cells were
ultured for 21–23 days prior to their use as cell layers in TEER
xperiment.

.2.6. MTS toxicity assay
The MTS colorimetric assay was performed to evaluate the effect

f chitosan nanoparticles on cell viability in comparison with chi-
osan solution. Furthermore, this test was undertaken in order to
dentify the highest concentration of nanoparticles (and solution)
hat exhibited insignificant toxicity towards Calu-3 cells. Calu-3

ells were seeded on 96-well plates at a density of 10,000 cells
er well and cultured in the EMEM medium for 24 h. Prior to the
est, cell medium was removed and replaced by sample solutions
omprising of chitosan nanoparticles or chitosan solution at con-
entrations of 0.025%, 0.0125%, 0.006125%, 0.003% and 0.0015%
Pharmaceutics 400 (2010) 183–193 185

(w/v) in HBSS (MES-buffered, pH 6.0). Triton X-100 (0.1%, v/v in
MES-buffered HBSS, pH 6.0) and HBSS (MES-buffered, pH 6.0) were
used as a positive and negative control, respectively. Cells were
incubated (at 37 ◦C, 5% CO2) with samples and controls for a period
of 2 h. Samples (and controls) were then removed and cells washed
with PBS. The MTS assay was subsequently conducted according to
the manufacturer’s instructions, with at least four repeats for each
sample.

In order to assess whether cells recover following the appli-
cation of chitosan, a further MTS assay was performed 15 h after
cells were exposed to the chitosan samples (incubated for 2 h, as in
the previous test). In the period between removal of the chitosan
samples (nanoparticles and solution) and the MTS assay, cells were
incubated with EMEM (at 37 ◦C, 5% CO2).

Finally, to test whether the medium in which chitosan nanopar-
ticles were suspended changed the toxicity profile of chitosan, the
MTS assay was performed with nanoparticles resuspended in cell
culture medium (EMEM, without FCS) and this was compared with
HBSS. Cells were incubated with these samples for 2 h, following
which the MTS assay was performed in the same way as above.

The relative cell viability (%) was calculated using the following
equation:

Viability = S − T

H − T
× 100

Viability = S − T

H − T
× 100

S = viability obtained with the tested samples; T = viability observed
with Triton X-100; H = viability with HBSS.

2.2.7. LDH release assay
Lactate dehydrogenase (LDH) release assay was conducted

to assess whether chitosan nanoparticles or chitosan solution
exhibited any membrane disruptive-effects. Cells were seeded on
96-well plates at a seeding density of 10,000 cells per well and
incubated in the cell medium (EMEM) for 24 h (at 37 ◦C, 5% CO2).
The tested samples (chitosan nanoparticles and solution) and con-
trols were then applied to cells in the same manner as for the MTS
assay (detailed above). The LDH leakage test was then conducted
according to the manufacturer’s protocol. The relative LDH release
was calculated as the percentage relative to the controls, using the
following equation,

Relative LDH toxicity = S − H

T − H
× 100

Relative LDH toxicity = S − H

T − H
× 100

where S = LDH release with tested samples; H = LDH release in HBSS;
T = LDH release with Triton X-100. The test was repeated four times
for each sample.

2.2.8. TEER experiments
Calu-3 and Caco-2 cell layers exhibiting TEER ≥500 �cm2 and

≥400 �cm2, respectively (referred to as ‘electrically resistant’ in
this paper) were used in these experiments. Prior to sample appli-
cation, cell medium was removed and replaced with HBSS (buffered
at pH 6.0 with MES and pH 7.4 with HEPES on the apical and baso-
lateral sides of the cell layers, respectively). Cells were equilibrated
in HBSS (incubated at 37 ◦C, 5% CO2) for ∼45 min, following which

TEER was measured; this was treated as the baseline TEER. Chi-
tosan nanoparticles and chitosan solution (visually transparent in
HBSS at pH 6.0) were then applied to the apical side of the cell lay-
ers at different concentrations and cells were incubated with the
samples for 2 h. TEER was measured at times 0.5, 1, 1.5 and 2 h (in
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he presence of the tested chitosan samples, in HBSS) following the
ample application. The samples were removed after 2 h and cells
ashed extensively with PBS. Cell medium was then added to both

ides of the cell layers. A further measurement of TEER was taken
with cells bathed in medium) at time 4 h following the exposure of
he cells with chitosan. Cells were then incubated with the culture

edium (EMEM and DMEM for Calu-3 and Caco-2 cells, respec-
ively), overnight (air–liquid interface culture conditions were used
or Calu-3 cells). TEER measurements were conducted the next day,
2 h after the application of chitosan to the cell layers in order to
etermine whether the changes in TEER (if any) were reversible.
EER was measured using an EVOM Voltohmmeter (World Preci-
ion Instruments, UK), equipped with a pair of chopstick electrodes.
ell layers incubated with HBSS (buffered at pH 6.0 and 7.4 on the
pical and basolateral side, respectively) for 2 h and with EMEM
overnight) were used as the reference and the changes in TEER
re reported as percentage relative to this reference. Background
EER due to the filter (∼100 to 110 �cm2) was deducted from the
easurements in all cases. All experiments were performed in trip-

icates.

.2.9. Association of FITC-chitosan nanoparticles with Calu-3 cell
ayers

FITC-chitosan nanoparticles were suspended in HBSS (MES-
uffered, pH 6.0) to a concentration of 0.003% (w/v) chitosan
nd then applied to the apical side of electrically resistant (TEER
500 �cm2) Calu-3 cell layers previously equilibrated in HBSS.
ells were incubated with FITC-chitosan nanoparticles at 37 ◦C
or 2 h. Nanoparticle suspensions were then removed and cells
ashed extensively with PBS. Cell layer-containing filters were

hen excised and mounted (using DAPI-containing ProLong® Gold
ntifade/mounting medium) on glass slides for confocal imaging.
ells were imaged using a Leica TCS SP2 system mounted on a Leica
MIRE2 inverted microscope.

.2.10. Effect of chitosan nanoparticles and solution on ZO-1
istribution

Chitosan in nanoparticulate or solution form of 0.003% (w/v)
oncentration (in HBSS, pH 6.0), was applied to the apical side of
lectrically resistant Calu-3 cell layers, following an equilibration
tep with HBSS. Cells were incubated with chitosan nanoparticles or
olution for a period of 2 h followed by cell washing with PBS. Cells
ere then fixed with 4% paraformaldehyde in PBS for 5–10 min,
ashed with PBS and permeabilized with Triton X-100 (0.1%, v/v

n PBS) for ∼10 min. Triton X-100 solution was thereafter removed
nd cells washed with PBS. 1% BSA in PBS was applied to the cell lay-
rs and an incubation period of 45 min-1 h was allowed. Thereafter,
his solution was aspirated and replaced with mouse anti-human
O-1 (primary) antibody, diluted in 1% BSA/PBS to a final concen-
ration of 10 mg/ml. Cell samples were incubated with the primary
ntibody for 1 h. The primary antibody solution was then removed
nd cells extensively washed with PBS. FITC-labelled goat anti-
ouse (secondary) antibody, diluted to 2 mg/ml in 1% BSA/PBS was

hen applied to the cells for 1 h. The secondary antibody solution
as aspirated and cells washed extensively. The filter membrane
as excised and mounted on a glass slide for confocal imaging, as
escribed previously.

.2.11. Permeability experiments
Fluorescein isothiocyanate (FITC)-labelled dextrans of molec-

lar weight 4400 (FD4) and 10,000 (FD10) were used as models

or hydrophilic drug macromolecules. Calu-3 cells were cultured
sing air–liquid interface conditions on filters as described above
nd only cell layers with TEER ≥500 �cm2 were used for the pur-
ose of this experiment. Prior to sample application, cell medium
EMEM) was removed and the cell layers washed with PBS. Cells
Pharmaceutics 400 (2010) 183–193

were then equilibrated in HBSS (buffered to pH 6.0 and 7.4 on the
apical and basolateral sides, respectively) for a period of ∼45 min.
Chitosan nanoparticles or chitosan solution, at a final concentra-
tion of 0.003% (w/v) in HBSS (pH 6.0), and FD4 or FD10 at a final
concentration of 500 �l/ml (in HBSS, pH 6.0), were then applied
(in combination) to the apical side of the cells. Basolateral solu-
tion was sampled (100 �l volumes) at the following time points:
30, 60, 90, 120, 150 and 180 min after chitosan/FD application, and
the sampled volume replaced with fresh HBSS. FITC-dextrans in
the sampled basolateral solution were quantified by fluorescence,
using an MFX microtiter plate fluorometer (Dynex Technologies,
USA). After the final sampling, chitosan nanoparticles or solution
and the FITC-dextrans were removed from the cells. The cell layers
were then washed with PBS and the normal cell medium applied.
Cell layers were then incubated overnight, following which the
TEER was measured in order to ensure that the cell layer integrity
was not compromised during the permeability experiments and
that cells recover. The permeability of FITC-dextrans is expressed
as the apparent permeability coefficient (Papp), calculated using the
following equation:

Papp =
(

�Q

�t

)
×

(
1

A × C0

)

Papp =
(

�Q

�t

)
×

(
1

A × C0

)

Papp, apparent permeability (cm/s); �Q/�t, permeability rate
(amount of FD traversing the cell layers over time); A, diffusion area
of the layer (cm2); C0, apically added FITC-dextran concentration.
The experiment was conducted in triplicates.

2.2.12. Statistical analysis
Statistical comparisons were performed by Student’s t-test. Val-

ues of p < 0.05 were considered statistically significant.

3. Results

3.1. Chitosan nanoparticles production and characterisation

Following the initial screening experiments, the optimised
preparation conditions (initial concentrations of chitosan and the
polyphosphate salt) were identified as a final chitosan hydrochlo-
ride concentration of 1.5 mg/ml and a final TPP concentration of
1.8 mg/ml. Under these conditions, the formed nanoparticles had a
mean hydrodynamic radius of 339 ± 66 nm (Fig. 1) as measured in
HBSS (pH 6.0). The particles size profile further reveals a presence of
another particle populations (mean hydrodynamic radius approx-
imately 34 nm and in the range of 10–0 �m). These particulates
comprised a small fraction of the overall nanoparticle suspension
and are thought to result from uncomplexed chitosan and aggre-
gated nanoparticles.

Nanopartricles had a surface potential of +11.3 ± 2.7 mV in HBSS
(pH 6.0). The final nanoparticles suspension, after the removal
of excess free chitosan, following the procedure described in the
methods section, contained 0.56 ± 0.06 mg/ml of chitosan (in the
form of nanoparticles), as determined by the colorimetric assay.

3.2. MTS (toxicity) assay

The effect of chitosan nanoparticles and chitosan solution on the

relative cell viability of Calu-3 cells is shown in Fig. 2. Nanoparticle
suspensions containing 0.0015% and 0.003% (w/v) chitosan show no
significant suppressive effect on Calu-3 viability, while nanoparti-
cle suspensions containing chitosan concentrations >0.006% (w/v)
all exhibit significant reductions (>50%) in relative cell viability in a
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Fig. 1. Dynamic Light Scattering (DLS) measurement of the size distribution of chitosa
measurements, performed at 25 ◦C.
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ruption. In essence, a concentration-dependent toxicity was found
ig. 2. Effect of chitosan nanoparticles and chitosan solution on the viability of Calu-
cells, measured by the MTS assay following a 2-h incubation of the cells with

hitosan samples. Results presented as % viability relative to controls (HBSS and
riton X-100) and expressed as the mean ± SD (n = 5).

oncentration-dependent manner. It should be noted that chitosan
olutions at two highest concentrations (0.0125% and 0.025%, w/v)
xhibit significantly higher suppressive effect than corresponding
anoparticle concentrations, while for the lower three concentra-
ions (0.006%, 0.003% and 0.0015%, w/v), although the reduction
n cell viability appears higher for chitosan solution, this differ-
nce is not statistically significant. According to this study, one can
ssign 0.003% (w/v) as the highest chitosan concentration, for both
olution and nanoparticles, exhibiting no statistically significant
uppression on cell viability, as determined by the MTS assay.
The recovery of cells following the application of chitosan
anoparticles and solution was also tested (Fig. 3) by conducting
he MTS assay 13 h following the exposure of the cells to chitosan.
lthough the data variability is higher than in Fig. 2, it can nev-

ig. 3. Long term effect of chitosan nanoparticles and chitosan solution on the viabil-
ty of Calu-3 cells, measured by the MTS assay 13 h following the incubation of cells

ith chitosan samples. Results presented as % viability relative to controls (HBSS
nd Triton X-100) and expressed as the mean ± SD (n = 5).
n nanoparticles suspended in HBSS (pH 6.0). The result represents a mean of 10

ertheless be noticed that in this cell recovery experiment, chitosan
nanoparticle suspensions were typically associated with higher cell
viability, relative to chitosan solutions of the corresponding con-
centration. Namely, for chitosan nanoparticles statistically higher
relative cell viability was observed for 0.003% and 0.0015% (w/v)
tested concentrations, compared to chitosan solution.

In order to assess a potential effect that the incubation medium
in which chitosan nanoparticles were presented to the cells may
have had on the toxicity profile, the effect on cell viability was
compared for chitosan nanoparticle suspensions applied in either
HBSS (pH 6.0), a medium typically used for in vitro drug transport
studies, or serum-free cell medium (EMEM at pH 6.0), which is the
recommended medium for Calu-3 cells. Fig. 4 clearly depicts that
the nature of the incubation medium has a remarkable effect on the
level of cell toxicity exhibited. In the EMEM medium, only an appli-
cation of chitosan nanoparticles at concentrations of 0.1% and 0.05%
(w/v) caused a statistically significant reduction in relative cell via-
bility, whereby the effect appears to be concentration dependent.
Suspended in HBSS, all concentrations of chitosan nanoparticles
caused statistically significant and high reductions in relative cell
viability (Fig. 2).

3.3. LDH assay

Fig. 5 shows the effect of chitosan nanoparticles and chitosan
solution on relative LDH toxicity. The release of LDH from cells
is generally considered as an indication of plasma membrane dis-
for both chitosan nanoparticles and chitosan solution (apart from
the highest concentrations of chitosan solution). Application of
nanoparticle suspension equivalent to chitosan concentration of
0.003% (w/v), identified using the MTS assay as the highest con-

Fig. 4. Effect of nanoparticle (NP) suspension medium on cell viability measured by
the MTS assay following a 2-h incubation of cells with chitosan NPs suspended in
HBSS or serum-free EMEM (‘medium’). Results presented as % viability relative to
controls (HBSS and Triton X-100) and expressed as the mean ± SD (n = 5).
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Fig. 6. Effect of chitosan nanoparticles (NPs) (a) and solution (Sol) (b) on Calu-3 cell
layer TEER. Chitosan NPs and chitosan solutions were used at concentrations 0.003%

cle concentrations (to 64%, 53% and 29% of baseline value with
nanoparticle concentrations containing chitosan concentrations of
0.025%, 0.05% and 0.1%, w/v, respectively).
ig. 5. Effect of chitosan nanoparticles and solution on LDH leakage following a
-h incubation of cells with samples. Results expressed as LDH release relative to
hat obtained with Triton X-100 (0.1%, v/v in HBSS) and presented as the mean ± SD
n = 4).

entration that did not affect cell viability, caused a 10% increase
n LDH release, compared to controls, whereas chitosan solution
f the same concentration showed an increase of 11%. Both these
alues are significantly different to the HBSS control, indicating
igher membrane disruption, however there is no statistically sig-
ificant difference between chitosan nanoparticles and solution
p = 0.33). Applying higher concentrations, the membrane toxic-
ty gradually increased for both systems, reaching approximately
4% and 62% of LDH release of Triton X-100 (positive control)
ith nanoparticles (at 0.025%, w/v) and solution (at 0.0125%, w/v),

espectively. At the higher concentrations of nanoparticles and
olution, 0.006% and 0.0125% (w/v), there is a statistically signifi-
ant difference (p = 0.043 and p = 0.004 for 0.006%, w/v and 0.0125%,
/v, respectively), whereby at the same chitosan concentration

olutions showed higher membrane toxicity.

.4. TEER experiments

The effect of chitosan nanoparticles and chitosan solutions of
wo different concentrations (0.003% and 0.006%, w/v) on the TEER
f the Calu-3 layers is presented in Fig. 6 (Fig. 6a and b for chitosan
anoparticles and chitosan solution, respectively). Both profiles
xhibit a typical pattern of a steep decrease in TEER to <10% of
he baseline value for all the samples applied. TEER remained low
in the region <10% of the baseline figure) for the duration of cell
ncubation with the samples (2 h). The largest recorded decrease
n TEER is, however, significantly (statistic significance) larger for
hitosan solution than for the nanoparticles.

Reversibility of TEER following the removal of chitosan formula-
ions from the cell layers was found to be concentration dependent,
hereby the higher concentration of chitosan nanoparticles and

olution (0.006%, w/v) was associated with an irreversible lower-
ng of the TEER (Fig. 6a and b). Measured 20 h after subjecting the
ell layers to chitosan incubation, the TEER values were in the order
f 10% and 5% of the baseline figure, respectively. TEER values for
.003% (w/v) nanoparticle suspension showed a high level of recov-
ry (to 92% of the baseline value) in the same time period (Fig. 6a).
egarding chitosan solution, the concentration of 0.003% (w/v)
gain showed recovery, with TEER reaching 84% of the baseline
alue (Fig. 6b). An interesting point to note is that the lower concen-
ration (0.003%, w/v chitosan) produced an initial TEER reduction
imilar in magnitude to that of the higher concentration (0.006%,
/v) with which no recovery was observed.
In order to determine whether the TEER-reducing effect of chi-
osan nanoparticles was reproducible in a different cell line that
lso forms electrically tight cell layers, this effect was tested on
ntestinal Caco-2 cells. Fig. 7 shows that the application of chitosan
anoparticles to Caco-2 layers was again associated with a decrease
(w/v) and 0.006% (w/v). Time 0 h represents baseline TEER (i.e. TEER in HBSS, prior
to application of chitosan samples). Arrows indicate chitosan sample removal and
replacement with cell medium. Results presented as the mean ± SD (n = 3).

in TEER and that the extent of this reduction was similar to Calu-3
cells. TEER recovery was again dependent upon the nanoparticle
concentration. However, importantly, in Caco-2 cells a complete
TEER recovery (tested 22 h after a 2 h incubation of cells with chi-
tosan nanoparticles) was observed with a 0.0125%, w/v chitosan
concentration of nanoparticles. This is a four times higher concen-
tration of material than the chitosan nanoparticle concentration
exhibiting a reversible TEER reduction in Calu-3 cells. Furthermore,
a partial TEER recovery was also evident with higher nanoparti-
Fig. 7. Effect of chitosan NPs on Caco-2 cell layer TEER. Chitosan NPs were applied
to cells at concentrations 0.1%, 0.05%, 0.025% and 0.0125% (w/v). Time 0 h represents
baseline TEER (i.e. TEER in HBSS, prior to application of chitosan NPs). Arrow indi-
cates sample removal and replacement with cell medium. Results presented as the
mean ± SD (n = 3).
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ig. 8. Association of FITC-chitosan nanoparticles with Calu-3 cells. Green: FITC-
abelled nanoparticles and blue: DAPI-labelled cell nuclei. Apical side of the cells is

arked with A, whereas basolateral side is marked with B.

.5. Association of FITC-chitosan nanoparticles with Calu-3 cell
ayers

The association of FITC-chitosan nanoparticles with Calu-3 cells,
ollowing incubation and extensive cells washing, is shown in Fig. 8.
reen fluorescence, arising from FITC-labelled chitosan nanopar-

icles is distributed throughout the imaged area of the cell layer.
n some regions the fluorescence is concentrated, forming larger
ggregates, while in other regions, punctate fluorescence indicat-
ng nano-sized species (nanoparticles), could be observed. In some
egions (arrow) the fluorescence appears to follow the contour
f cells on the apical surface. With respect to nanoparticle flu-
rescence distribution across the vertical axis of the cell layer,
anoparticles were mainly observed on the apical side of the cells
marked A), with some nanoparticle fluorescence also observed
eeper, within the level of the cell nuclei and closer to the baso-

ateral surface of the cells (marked B).
.6. Effect of chitosan nanoparticles and solution on ZO-1
istribution

Structural changes at the level of the cellular tight junctions
esulting from the application of chitosan as nanoparticles and solu-

ig. 9. Effect of chitosan on distribution of ZO-1 tight junction protein in Calu-3 cell la
white line represents a scale bar of 10 �m), (b) ZO-1 staining in cells incubated with NPs
istribution in cell layers incubated with chitosan solution, 0.003% (w/v). ZO-1 immunost
Fig. 10. Effect of chitosan nanoparticles (NPs) and solution on the permeability of
FD4 and FD10 across Calu-3 layers. Control represents FD4 and FD10 permeability
without the presence of chitosan NPs or chitosan solution. Permeability expressed as
apparent permeability coefficient (Papp), Results expressed as the mean ± SD (n = 4).

tion are shown in Fig. 9. A continuous ring of fluorescence, arising
from ZO-1 staining, at cell-cell contacts is clearly visible in the con-
trol cell layer (Fig. 9a). Fluorescence at the point of contact between
the cells can also be seen in cell layers incubated with chitosan
nanoparticles (Fig. 9b) and solution (Fig. 9c). However, in com-
parison to the control cell layers, a considerable loss in continued
fluorescence is clearly apparent, with observation of discontinuous
pericellular rings of fluorescence for both, chitosan nanoparticles
and chitosan solution.

3.7. FD permeability across Calu-3 layers

The permeability study was conducted to compare suspension
of chitosan nanoparticles and a corresponding solution contain-
ing 0.003% (w/v) of chitosan. The selection was based on (i) the
low toxicity of this chitosan concentration, as determined by the
MTS assays, and (ii) the finding that this was the highest chi-
tosan concentration that showed reversibility in TEER versus time
profile, for both formulations. Two FITC-dextrans (FD4 and FD10)
were selected as macromolecular permeants (model drugs) and

the effect of chitosan nanoparticles and solution of the equiva-
lent concentration on their permeability was compared (Fig. 10).
The data clearly demonstrate that chitosan nanoparticles signif-
icantly enhance the permeability of both FD4 and FD10, relative
to the control. The extent of this effect is apparently dependent

yers. (a) ZO-1 staining in control cell layers not subjected to chitosan incubation
of 0.003% (w/v) chitosan (white line represents a scale bar of 10 �m), and (c) ZO-1
aining was performed in the same way (see Section 2.2) for all conditions.
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n the molecular weight of the FITC-dextran; the permeability of
D4 is enhanced 7.6-fold while there is a 6.5-fold increase in the
ermeability of FD10. Chitosan solution appears more efficient in

mproving the permeability of both FD4 and FD10, with a 10.1-
old improvement in permeability across the cells observed for
oth FITC-dextrans, relative to their respective controls. However
he difference between chitosan nanoparticles and solution for
he effect on FD4 transport was found to be statistically insignif-
cant (p = 0.074), though the data obtained are highly variable. In
ontrast, the improvement in FD10 permeability achieved with
hitosan solution is significantly (p = 0.018) higher than for the
anoparticles. The data therefore clearly show that in the pres-
nce of chitosan nanoparticles, the FITC-dextrans (coexisting in
he same solution and not incorporated within the nanoparti-
les) exhibit paracellular translocation across the Calu-3 layers
nd that this translocation is dependent upon the molecular
ize.

. Discussion

The mucoadhesive and tight junction opening functionalities of
hitosan have especially been exploited in formulation of nasal
acromolecular therapeutics, including peptides and proteins

Illum, 2003). In addition to the well-documented tight junction
pening and mucoadhesive properties of chitosan solutions (Smith
t al., 2005; Soane et al., 1999), it has been suggested that chitosan
anoparticles, and nanoparticles of other materials, may improve
ucosal absorption by traversing the epithelial barriers. The con-

ept of using nano-sized carriers to transport drugs across the
pithelial layers, however remains controversial (Illum, 2007). The
n vivo transport of 150–200 nm polylethylene glycol coated poly-
actide/glycolide nanoparticles in the absence of any permeability
nhancer was suggested by Vila et al. (2002), although no evidence
as shown of in vitro nanoparticle translocation, or indeed of a

ystemic effect of insulin in vivo, from insulin–chitosan complex
anoparticles following nasal administration (Mao et al., 2005). It
as also been suggested that a paracellular transport of nanopar-
icles larger than 20 nm is not feasible due to a maximal widening
f the intercellular spaces of about 15 nm (Jung et al., 2000). The
fficacy of mucosal absorption of macromolecules using chitosan
anoparticles as a carrier system has in general been shown to be

nferior compared to that obtained with chitosan solution or chi-
osan powder formulations (Dyer et al., 2002; Illum, 2007). While
ome studies have reported opening of tight junctions by chitosan
anoparticles, other investigations have shown no such effects, as
iscussed later.

The present work provides a comparison between the effect
f chitosan nanoparticles and solution on tight junction open-
ng, whereby the paracellular translocation of model therapeutic

acromolecules across the mucosal surfaces is investigated. In this
tudy the hydrophilic FITC-dextrans (FD4 and FD10), serving as
odels for therapeutic biomacromolecules, were not incorporated
ithin the interior of the chitosan nanoparticles, but applied to

ells in conjunction with the chitosan solution and the nanopar-
icle suspension. This work therefore mimics a possible situation
here the therapeutic macromolecule is released from, and resides

t the mucosal surface alongside the nanoparticles. FITC-dextrans
FD4 and FD10) are transported across a cell monolayer via the tight
unctions only but due to their large size the extent of this transport
s small. However their paracellular transport would be improved

f the chitosan formulations exhibited a tight junction-opening
ffect. The present experimental design eliminated the need to
onsider a contribution of possible transcellular transport of chi-
osan nanoparticles on the overall translocation of macromolecules
cross the epithelial cell layer. Even if transcellular transport of
Pharmaceutics 400 (2010) 183–193

chitosan nanoparticles did occur, this would not contribute to the
apical-to-basolateral translocation of the FITC-dextrans.

Chitosan nanoparticles were in this work prepared by the
ionic gelation method, under relatively mild preparation condi-
tions, which would enable incorporation of different therapeutic
molecules (including labile protein macromolecules) within the
interior of the nanoparticles. Previous studies have incorporated
several biomolecules, in addition to peptides and protein, includ-
ing tetanus toxoid (Sayin et al., 2008) and siRNA (Katas and Alpar,
2006) into similarly fabricated nanoparticles. The concentrations
of chitosan and TPP established as optimal for the production of
nanoparticles in this experiment are comparable to those reported
previously (Calvo et al., 1997), with the final chitosan and TPP
concentrations in the order of 1–3 mg/ml and 0.2–1.0 mg/ml,
respectively. The optimal chitosan:TPP ratio on a weight-to-weight
basis in this study was found to be 4.0, which is again comparable
to the above studies. The zeta potential of the chitosan nanopar-
ticles was, as expected, positive, under experimental conditions
used in the measurements, which is believed to be important for
maintaining the mucoadhesive and tight junction-opening prop-
erties of chitosan (Schipper et al., 1997). It should be noted that
the preparation of chitosan nanoparticles was based on the interac-
tion between positively charged chitosan groups and the negatively
charged TPP, where a balanced ratio of the two compounds is
needed to ensure both sufficient cross-linking and also nanoparticle
charge stabilization and surface presence of excess charge. It was
ensured by centrifuging and repeated washing of the nanoparticles
that no free chitosan was present in the nanoparticle formulations,
which could have biased the results. In previous studies by other
research groups it has often not been clear whether free chitosan
was present in the formulations and hence these studies are not
directly comparable with this work.

Systematic studies on cell toxicity (using two different cell tox-
icity assays, MTS and LDH assays, and in addition an assessment of
cell layer integrity through measurement of TEER) were conducted
in this work to compare the effects of chitosan nanoparticles with
corresponding concentrations of chitosan solutions. From these
studies the concentration of chitosan (in nanoparticulate and solu-
tion form) with minimal toxic effects and a reversible decrease in
cell layer TEER was chosen. Performing such a selection was consid-
ered necessary in order to ensure that the observed effects on TEER
and permeability were due to tight junction opening and a result-
ing increased access to the paracellular route, and not because of
cell toxicity and compromised cell layer integrity.

It is interesting to note that the effect of chitosan nanoparticles
on Calu-3 cell viability, as observed by the MTS assay, was slightly
lower compared to chitosan solution. While in some cases this dif-
ference did not reach a statistical significance, in other scenarios
this discrepancy was clearly apparent.

The data on the membrane-disruptive effects of chitosan
nanoparticles, as determined by the LDH assay, indicate that even at
chitosan concentration of as low as 0.003% (w/v), chitosan nanopar-
ticles exhibit some degree of membrane disruption. A similar effect
is observed with chitosan solution of an equivalent concentra-
tion. Although there are a large number of reported studies on
the permeability-promoting effect of chitosan, very few of these
studies incorporated the LDH membrane toxicity test. Silva et al.
(2006) found that application of chitosan solutions (MW 150 kDa
and degree of deacetylation near 85%) to Caco-2 cells was associ-
ated with dose-dependent and significant membrane toxicity. The
concentrations of chitosan used in these studies were 0.1%, 0.25%

and 0.5% (w/v). In another study, a 30 min exposure of Caco-2 cell
layers with chitosan hydrochloride, used at concentrations 0.005%,
0.01% and 0.5% (w/v), resulted in a slight increase in extracellular
LDH activity. However, when cells were allowed to recover for 8 h
or 24 h following the incubation with 0.005% or 0.01% (w/v) con-
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entrations of chitosan, the LDH activity at these time points was
imilar to control, suggesting cell membrane recovery. Schipper et
l. (1996) found a dose-dependent effect on intracellular dehydro-
enase release from Caco-2 cells when exposed to chitosans having
low degree of acetylation (<35%).

It should be noted that the concentrations of chitosan, either
n solution or nanoparticle form, used in this study (0.003% and
.006%, w/v) were significantly lower than those typically reported

n the literature. Reports on the toxicity of chitosan on Calu-3 cells
re sparse, despite chitosan being studied extensively as a mucoad-
esive and permeability-enhancing agent. It has been reported that
pplication of chitosan solution at a concentration of 1.5% (w/v)
educed the viability of Calu-3 cells to around 68% compared to
ontrol (Florea et al., 2006). Chitosan nanoparticles prepared by a
imilar ionic gelation method, as used in the present study, were
hown to induce a reduction in the viability of A549 cells (human
lveolar epithelial carcinoma) to approximately 70% at a concen-
ration of around 1 mg/ml (0.1%, w/v) (Huang et al., 2004). The
ame authors also reported that chitosan, delivered as micropar-
icles, induced pro-inflammatory responses in rat lungs (Huang
t al., 2005). However, other studies have reported a low toxic-
ty of chitosan solution and nanoparticles in respiratory cell lines
Grenha et al., 2007; Smith et al., 2005). In a recent publication, the
uthors noted that chitosan/cyclodextrin (‘hybrid’) nanoparticles
xhibited a significantly lower cytotoxicity than those based on chi-
osan only (Teijeiro-Osorio et al., 2009a,b), whereby the IC50 values
nanoparticle dose causing a 50% reduction in cell viability) were
-fold higher for chitosan/cyclodextrin-containing nanoparticles
ompared to the chitosan-only nanoparticles. However, it should
e emphasized that direct comparisons between these studies, and
lso with the present work, is problematic due to the variabili-
ies in the experimental parameters, including the use of different
ytotoxicity assays, cell lines, different conditions employed, dif-
erent chitosan forms, molecular weights and suppliers, and finally,
ifferences in chitosan formulations.

Regarding the cell line variabilities, our study clearly demon-
trates a significant difference in sensitivity towards chitosan in
aco-2 and Calu-3 cell lines, which are typically used in the research
rea. Reversibility in TEER (indicating cell layer recovery) was seen
n Caco-2 cells following nanoparticle application containing sig-
ificantly higher concentrations of chitosan compared to that used

n Calu-3 cells. This indicates a cell specific toxicity and emphasizes
he importance of using a relevant cell culture model.

The TEER data in this study demonstrates that chitosan in
anoparticulate form, as per production method described, main-
ains its intrinsic capacity to open the cellular tight junctions.
pplication of chitosan nanoparticles or chitosan solution to Calu-
cell layers are shown both to be associated with a dramatic

ecrease in TEER, whereby the effect of nanoparticle formulation
s comparable, although somewhat reduced, to chitosan solution
f a corresponding concentration. Our results are in discrepancy
ith a study by Ma and Lim (2003), where soluble chitosan was
ore effective at disrupting the intercellular tight junction than

hitosan nanoparticles. This was explained by the possibility of a
ess effective interaction of chitosan nanoparticles with the cel-
ular proteins because of their TPP-crosslinked chains (Ma and
im, 2003). Furthermore, in a recent publication investigating the
ffect of chitosan-TPP nanoparticles incorporated into mannitol
icrospheres on tight junction modulation of Calu-3 layers, the

uthors did not observe any effects (on TEER and permeability)
or the maximum nanoparticle concentration tested (1.3 mg/ml

f nanoparticles in the formulation, corresponding to chitosan
mount of 150 �g) (Grenha et al., 2007). Discrepancy in the capac-
ty to induce tight junction opening between chitosan solution and
anoparticles has also been explained by a restriction in the move-
ent of the chitosan chains in the nanoparticulate form, hindering
Pharmaceutics 400 (2010) 183–193 191

the contact of these chains with the plasma membranes and tight
junctions (Prego et al., 2005).

Another recent study on the effect of chitosan solution and
nanoparticle formulations on TEER of Caco-2 layers (Sadeghi et al.,
2008) showed that, in comparison to the free-soluble polymers,
nanoparticles based on chitosan and its quaternized derivatives
(prepared by the ionic gelation method as used in this study), had
a much lower effect on decreasing the TEER. The authors explained
the finding by the reduced available amount of positive charge
(charge density) at the surface of the nanoparticles, compared to
the soluble form of chitosan.

In the present study an equivalent amount of chitosan in the
nanoparticulate form (devoid of free chitosan) to that in the solu-
tion form was applied and therefore the argument that there would
be a reduced exposure of positive charge in the nanoparticles in
comparison to the solution would stand. The tight junction modu-
lating effects of chitosan were shown to be mediated by its cationic
charges in a study by Schipper et al. (1997), where the authors
demonstrate an inhibition of permeation enhancement of chitosan
by addition of the highly negatively charged heparin. The same
group also showed (Schipper et al., 1996) that chitosans with a
lower degree of deacetylation, and therefore with less free posi-
tively charged amino groups, had a lower absorption promoting
effect.

Furthermore, the potential inferior capacity of chitosan in a
nanoparticulate form to open the tight junctions, compared to
the soluble form, has been attributed to the difference in calcium
biding capacity between nanoparticles and solution. Poly(isobutyl
cyanoacrylate) core-shell nanoparticles coated with chitosan were
shown to possess a higher capacity to bind calcium than the
solution, which the authors explained by an improvement in
the accessibility of binding sites of chitosan on the nanoparticle
surface (Bravo-Osuna et al., 2007). This results in a higher calcium-
depleting capacity of nanoparticles compared to solution. However,
despite the widely acknowledged role of calcium in maintaining
the tight junction integrity and therefore the barrier property of
the epithelium (Rabito et al., 1978; Ma et al., 2000), previous work
by our group has shown that a reduction of apical calcium levels in
Caco-2 and Calu-3 cell layers leads to a limited effect on tight junc-
tion opening with a reversible TEER decrease and a very limited
increase in FD4 permeability (Vllasaliu et al., 2008).

The present study uses mucus producing, air–liquid inter-
face cultured Calu-3 cell layers. The presence of mucus would
be expected to promote association of chitosan nanoparticles, as
well as chitosan from solution, with the mucus. Behrens et al.
(2002) demonstrated a strong association of chitosan nanoparticles
(prepared by the same method as in the present study) with mucus-
secreting MTX-E12 cells (58%), an effect that was less apparent
with non-mucus producing Caco-2 cells (7.8%). Their study fur-
ther showed that the largest fraction of nanoparticles was bound
to mucus and that removal of the mucus layer prior to incubation
of cells with nanoparticles led to a 14% decrease of nanoparticle
association with the cells.

The strong mucoadhesive properties of chitosan coated-
poly(isobutylcyanoacrylate) nanoparticles have also been sug-
gested by Bravo-Osuna et al. (2008). However, in this study, the
authors argue that the mucoadhesive properties of chitosan-coated
nanoparticles lead to their immobilization in the mucus layer,
and in doing so, hamper their diffusion within the layer, reach-
ing the vicinity of the tight junction proteins, which the authors
consider to be a prerequisite for a tight junction-modulating effect.

This theory was provided as an explanation for their finding that
chitosan-coated nanoparticles were ineffective in opening of the
tight junctions and improving the paracellular permeability.

In our study, confocal imaging of the cell layers incubated
with nanoparticles formulated with FITC-labelled chitosan showed
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anoparticle distribution throughout the viewed area of the cell
ayer. The widespread observation of chitosan nanoparticles on the
pical side of the cell layer, even after extensive washing of the
ells, indicates a strong association of the nanoparticles with the
ell layer possibly arising due to mucoadhesion and/or bioadhe-
ion, which is in agreement with the above study. However, in our
tudy, chitosan nanoparticles appear to reach the apical cell mem-
rane level, with some evidence of nanoparticle uptake, as judged
rom observations of vertical (Z-sections) distribution of fluores-
ence in Fig. 8. This suggests a close proximity of the nanoparticles
o the apical cell membrane and cellular tight junctions, enabling
n interaction of chitosan with the tight junction proteins and the
esulting tight junction opening effect clearly demonstrated in this
ork.

Determination of structural changes in cellular tight junctions
ollowing the incubation of the cells with chitosan formulations
nanoparticles and solution) revealed that chitosan nanoparticles
roduced a change in the distribution of ZO-1 protein that was
imilar to that observed with chitosan solution, if not greater.
mportantly, this experiment showed that the TEER-reducing and
ermeability-enhancing effects of chitosan nanoparticles do indeed
esult from an effect on tight junctions and, to our knowledge,
o previous studies in the literature had reported such structural
hanges in tight junctions with chitosan nanoparticles.

Owing to the bioadhesive nature of chitosan nanoparticles,
hich is demonstrated in this work, any tight junction-opening

ffect that the nanoparticles may have is therefore likely to be
elatively sustainable. Provided that the therapeutic molecule
s present in the vicinity (i.e. released from the nanoparticle),
he mucoadhesive and tight junction opening effect of chitosan
anoparticles would be expected to result in an improvement of

ts permeability across the mucosal surface.
Our experiments evaluating the apical-to-basolateral translo-

ation of two hydrophilic macromolecules across the Calu-3 cell
ayers show that chitosan nanoparticles, devoid of free chitosan,
ignificantly enhanced the permeability. In the case of the smaller
ermeant macromolecule, FD4, the increase in permeability seen
ith chitosan nanoparticles was similar to that observed with chi-

osan solution of corresponding concentration. For the transport of
D10, a significantly higher apparent permeability is seen with chi-
osan solution compared to nanoparticles. It is not clear whether
his may be due to the somewhat lower effect of chitosan nanopar-
icles on TEER reduction, compared to chitosan solution, although
he images in Fig. 9 do not indicate substantial difference in the
ffect of solution and nanoparticles effect on ZO-1 protein.

The present work therefore clearly demonstrates that chi-
osan nanoparticles, devoid of free chitosan, reversibly open the
ight junctions and enhance macromolecular permeability across

bronchial epithelial cell line (Calu-3), without inducing irre-
ersible toxicity to the cells at the optimized concentration used.
urthermore, the data shows that chitosan nanoparticles have a
ermeability-increasing effect similar to chitosan solution for a
kDa macromolecular permeant and somewhat inferior effect for
10 kDa macromolecule. Although the work shows there is no

mprovement in permeability-enhancement of chitosan nanopar-
icles compared to chitosan solution, it may be still advantageous
o deliver biomacromolecular drugs via the mucosal surfaces by
ncorporating them within the nanoparticles with the aim to pro-
ide protection from enzymatic degradation, prolong the presence
ime with the mucosa and achieve a controlled drug release.
. Conclusions

The work presented here shows the ability of chitosan nanopar-
icles to open the cellular tight junctions and consequently improve
Pharmaceutics 400 (2010) 183–193

the permeability of model macromolecules. Comparing with chi-
tosan solution at equivalent concentrations, the data demonstrate
that chitosan nanoparticles produced a sharp and reversible
decrease in TEER and increased the permeability of two model per-
meants, FITC-dextrans of 4 and 10 kDa, to a similar magnitude to
chitosan solution. Chitosan nanoparticles produced changes in ZO-
1 (tight junction protein) distribution similar to chitosan solution,
indicating a tight junction effect. While chitosan nanoparticles did
not demonstrate an improvement in permeability, compared to
the solution, nanoparticles afford the potential for drug incorpo-
ration and therefore controlled drug release and protection from
enzymatic degradation at mucosal surface.
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