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a  b  s  t  r  a  c  t

Mucoadhesive  polymeric  nanoparticles  intended  for  drug  transport  across  the  gastrointestinal  mucosa
were prepared  from  quaternary  ammonium–chitosan  conjugates  synthesised  from  reduced-MW  chi-
tosan (32  kDa).  Conjugates  contained  pendant  moieties  of  2–4 adjacent  diethyl-dimethylene-ammonium
groups  substituted  on repeating  units  (26–55%).  Conjugates  were  thiolated  via  amide  bonds  with  thio-
glycolic  acid  to yield  products  with  thiol  content  in  the 35–87  �mol/g  range.  Nanoparticles  with  mean
size  in  the  270–370  nm  range  and  positive  zeta-potential  (+3.7  to  +12.5  mV)  resulted  from  ionotropic
eywords:
hiolated quaternized chitosan
hitosan–hyaluronan nanoparticles

onotropically cross-linked nanoparticles
ucoadhesive nanoparticles
anoparticle cellular uptake

gelation  of  the thiolated  conjugates  with  de-polymerised  hyaluronic  acid  (470  kDa).  The  nanoparticles
were  fairly  stable  in size  and  thiol  content  and  showed  a significant  mucoadhesivity,  matching  and  even
exceeding  that  of  the  constituent  polymers.  Nanoparticles  were  internalised  by  endothelial  progenitor
cells  in  direct  relation  to their surface  charge  intensity.  Nanoparticle  uptake  significantly  improved  cell
viability  and  resistance  to oxidation.  The  lyophilised  nanoparticles  were  re-dispersible  and  could  make
a manageable  formulation  for oral  use.
. Introduction

Mucoadhesive nanoparticulate systems for drug delivery by the
ral route, that is the preferred route for systemic drug administra-
ion, have raised widespread interest for their recognised potential
or improving the bioavailability of drugs with low mucosal per-

eability and/or lack of chemical stability in the gastrointestinal
GI) environment (Dünnhaupt et al., 2011; Ponchel, Montisci,
embri, Durrer, & Duchêne, 1997; Sakuma et al., 2002; Sarmento
t al., 2007; Takeuchi, Yamamoto, & Kawashima, 2001). Adhe-
ion to mucus can slow down particle transit across the GI tract,
hus prolonging residence of the carried drug at the absorption
ite and realising steep drug concentration gradients across the
ucous membrane for a prolonged time (Dünnhaupt et al., 2011).
anoparticles can also increase oral drug bioavailability by pro-

ecting the entrapped drug from degradation (Dünnhaupt et al.,
011; Ponchel et al., 1997; Sakuma et al., 2002; Sarmento et al.,
007). The prime consideration, when aiming at preparing mucoad-
esive polymeric nanoparticles, is the basic material, which is
upposed to be a mucoadhesive, biocompatible and biodegrad-

ble polymer. Chitosan derivatives positively charged on their
epeating units are candidate materials in this respect. Our group
ave synthesised chitosan derivatives bearing short pendant chains

∗ Corresponding author. Tel.: +39 050 2219657; fax: +39 050 2219660.
E-mail address: zambito@farm.unipi.it (Y. Zambito).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.09.029
© 2012 Elsevier Ltd. All rights reserved.

containing a small number of adjacent quaternary ammonium
groups, partially substituted on the chitosan repeating units
(Zambito, Uccello-Barretta, Zaino, Balzano, & Di Colo, 2006). A
comparatively high fraction of free, unsubstituted primary amino
groups was left on the chitosan derivative backbone, available for
covalent attachment of thiol-bearing compounds, via formation of
3-mercaptopropionamide moieties. This has, in fact, led to water-
soluble thiolated quaternary ammonium–chitosan conjugates, the
epithelial permeability-enhancing potential of which was  tested
using the Caco-2 cell monolayer and the excised rat jejunum as sub-
strates (Zambito et al., 2009). On the basis of the obtained results the
quaternary ammonium groups of these derivatives were ascribed
the ability to reversibly open the epithelial tight junctions and also
perturb the plasma membrane of the epithelial cells. On their part
the thiol groups were believed to keep the polymer adherent to the
epithelium by reacting with the thiols of the epithelial mucus to
form disulphide bonds, thus favouring the permeability-enhancing
action of the positive ions. This synergistic action points to the
above chitosan derivatives as promising basic materials for prepar-
ing mucoadhesive bioactive nanoparticles. However, the polymers
obtained by Zambito et al. (2009) have resulted, as such, unsuitable
for this purpose, indeed, their ionotropic gelation with tripolyphos-
phate, used in the past to obtain nanoparticles from polycationic

chitosan or N-trimethylchitosan (Sandri et al., 2007), yielded parti-
cles beyond the nanosize limit (unpublished results), possibly due
to an exceedingly high molecular weight of the starting chitosan
(590 kDa, viscometric). In fact it has been stated that 500 nm is

dx.doi.org/10.1016/j.carbpol.2012.09.029
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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he upper size limit for nanoparticles being able to pass across the
ntestinal mucus layer by endocytosis (Jani, Halbert, Langridge, &
lorence, 1990).

Hence, the present work was aimed at (1) obtaining quaternary
mmonium–chitosan conjugates starting from de-polymerised
hitosan; (2) studying the effects of the reaction conditions,
specially temperature, on the structures of products and their
eproducibility; (3) introducing thiol groups on the above con-
ugates via formation of amide bonds with thioglycolic acid; (4)
sing the resulting thiolated derivatives to prepare stable nanopar-
icles of adequate size by ionotropic gelation with de-polymerised
yaluronic acid, which is a mucoadhesive polyanionic polysaccha-
ide containing glucuronic acid units, and chemical crosslinking
y formation of interchain disulphide bridges from thiol oxidation
Chang et al., 2012); (5) characterising nanoparticles for size and
ize stability, zeta potential, cytotoxicity, aptitude to be internalised
y endothelial progenitor cells, mucoadhesivity compared to the
omponent polymers; (6) planning a manageable formulation of
anoparticles for oral application.

. Materials and methods

.1. Materials

The following materials were used. Thioglycolic acid (TGA),
-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
EDAC), fluorescein isothiocyanate (FITC), cellulose membrane tub-
ng MW cut-off 12.5 kDa; (all from Sigma); 2-diethylaminoethyl
hloride (DEAE-Cl) hydrochloride (Fluka); hyaluronic acid (HA),
W 950 kDa (Contipro, Dolní Dobrouč, Czech Republic); chitosan
inimum 90% deacetylated from shrimp shell (Chitoclear FG90,

rimex, Drammen, Norway). The commercial chitosan had an aver-
ge viscometric molecular weight of 590 kDa and a deacetylation
egree, determined by IR or NMR, of 90% or 82% (Zambito et al.,
006). Its MW was reduced by oxidative depolimerisation (see, e.g.,
anes & Alonso, 2003; Mao  et al., 2004), to obtain rCh (viscomet-
ic MW,  32 kDa). The MW of HA was reduced by acid degradation,
ccording to Shu, Liu, Luo, Roberts, and Prestwich (2002),  to obtain
HA (viscometric MW,  470 kDa). The viscometric MWs  of rCh and
HA were determined by an Ostwald U-tube capillary viscometer
Cannon-Fenske series ASTM 75), following the procedure reported
y Khalid, Ho, Agnely, Grossiord, and Couarraze (1999),  for rCh

n 0.1 M acetic acid/0.2 M NaCl, and that reported by Tadmor,
hen, and Israelachvili (2002),  for rHA in 0.1 M NaCl. Quaternary
mmonium-rCh conjugates (QA-rCh) were synthesised by reacting
EAE-Cl with rCh, through a procedure similar to that described by
ambito et al. (2006) and Zambito, Zaino, Uccello-Barretta, Balzano,
nd Di Colo (2008),  keeping the pH at 8 and controlling the tem-
erature at 50 ◦C (product code, QA-rCh50) or 60 ◦C (product code,
A-rCh60). Before use, the cellulose membrane was soaked at least
4 h in water. All aqueous solutions/dispersions were prepared
ith freshly distilled water.

.2. Covalent attachment of thiol groups on QA-rCh conjugates

Thiolation of QA-rCh derivatives was achieved by the attach-
ent of TGA to unsubstituted primary amino groups still present

n the QA-rCh chains, via formation of amide bonds mediated by
DAC (Kast & Bernkop-Schnürch, 2001).

EDAC was added to 25 mL  of a clear 2% (w/w)  QA-rCh50, or
A-rCh60, aqueous solution, up to a concentration of 50 mM.  After

omplete dissolution of EDAC an excess of TGA (0.8 g) was added
nd the pH adjusted to 5 with 1 M NaOH. The reaction mixture
as incubated 3 h at ambient temperature under stirring, then it
as dialysed for 3 days. The external phase of dialysis was changed
 Polymers 92 (2013) 33– 39

daily: the first day it was 5 mM HCl; the second day, 5 mM HCl
containing 1% NaCl; the third day, 5 mM HCl. After dialysis the poly-
mer  solution in the tubing was  lyophilised to obtain the purified
thiolated derivatives, QA-rCh50-SH and QA-rCh60-SH, which were
stored at −20 ◦C in the dark. The procedure for thiolation of QA-
rCh50 and QA-rCh60 was repeated as described above, except that
EDAC was not added to the mixture.

2.3. Determination of thiol and disulphide content of QA-rCh-SH
derivatives

To determine the thiol groups the polymer (15 mg)  was  dis-
solved in 10 mL  of water, 1% starch aqueous solution (1 mL)  was
added, the pH was adjusted to 3 with 1 M HCl, and the solution was
titrated with 1 mM aqueous iodine until a permanent light blue dis-
colouration was  observed (Kast & Bernkop-Schnürch, 2001). The
determination of the thiol content was  repeated after about a year
of storage at −20 ◦C in the dark. To determine the disulphide groups,
these were reduced to thiols by adding 8 mL  of 10% aqueous sodium
borohydride to a solution of 15 mg  polymer in 2 mL  of water, and
stirring for 1 h. Then the excess sodium borohydride was destroyed
by making the solution to pH 3 with 1 M HCl and the thiol content
was determined by iodometric titration as described above. The
disulphide content was  derived from the difference between the
thiol contents of reduced and not reduced QA-rCh-SH derivatives.
The free thiol and disulphide contents were expressed either as
degree of substitution (%) on a polymer repeating unit basis or �mol
per g of polymer. The products obtained without using the catalyst
EDAC, when titrated with iodine showed an insignificant thiol con-
tent, thus proving the validity of the procedure for purification of
polymers from TGA, described in Section 2.2.

2.4. FITC-labelling of polymers

A previously described procedure was followed (Clausen &
Bernkop-Schnürch, 2000; Clausen & Bernkop-Schnürch, 2001; Di
Colo, Zambito, Zaino, & Sansò, 2009).

2.5. Preparation and characterisation of nanoparticles based on
QA-rCh-SH derivatives

Aliquots (50 �L) of 0.025 mg/mL  rHA solution in isotonic phos-
phate buffer pH 7.4, 0.13 M (PB) were consecutively added to 10 mL
of 2 mg/mL  of each FITC-labelled or unlabelled QA-rCh-SH deriva-
tive in PB under continuous stirring, analysing the system for
dispersed particles by light scattering (Nano Z690 Malvern) after
each addition. The addition was stopped when the formation of
nanoparticles in the 270–370 nm size range was observed. The zeta
potential of particles was  also measured. The total volume of rHA
solution was  0.7 mL,  with either FITC-labelled or unlabelled QA-
rCh60-SH, used for the preparation of nanoparticles of NP1 type, or
1.1 mL  with either FITC-labelled or unlabelled QA-rCh50-SH, used
to obtain nanoparticles of NP2 type. The nanoparticle dispersions
were analysed, hourly for 6 h and after 24 h from preparation, for
mean particle size. The thiol content of nanoparticle dispersions
prepared by the above procedure was  determined by iodomet-
ric titration, as described in Section 2.3,  and expressed either as
�mol  per g of rCh derivative used to prepare the nanoparticles,
or degree of substitution (%) on a rCh-derivative repeating unit
basis. Interference from the rHA immobilised within nanoparti-
cles could be ruled out by checking the reaction with iodine of
a corresponding concentration of rHA in solution. The thiol con-

tent of nanoparticles was  compared with that of corresponding
amounts of the respective constituent polymers. The thiol content
was checked after 24 h from preparation of nanoparticles. To obtain
stable and manageable formulations the nanoparticle dispersions
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ere lyophilised (Virtis, Advantage-53, Steroglass, Perugia, Italy.
reezing step: −35 ◦C in 180 min; drying cycle steps: (1) −30 ◦C,
60 min; (2) −10 ◦C, 360 min; (3) 10 ◦C, 240 min; (4) 25 ◦C, 180 min).
he dispersions were regenerated from the respective lyophilised
roducts by adding water, and gently mixing, immediately after

yophilisation or after about one month of storage either in a
esiccator at ambient temperature or in a freezer at −20 ◦C. The
egenerated dispersions were checked for particle size.

.6. Ex vivo mucoadhesivity studies

The mucoadhesivity of nanoparticles was compared with that
f the constituent QA-rCh-SH and rHA, and that of non-thiolated
A-rCh polymers (all FITC-labelled and dispersed/dissolved in
B) by the following ex vivo procedure, modified from Pimienta,
houinard, Labib, and Lenaerts (1992).

The intestinal mucosa was excised from non fasting male Wistar
ats weighing 250–300 g. They were treated as prescribed in the
ublication ‘Guide for the care and use of laboratory animals’ (NIH
ublication No. 92-93, revised 1985). All experiments were carried
ut under veterinary supervision, and the protocols were approved
y the ethical scientific committee of the University of Pisa. After
acrificing the rats, the first 50 cm of small intestine was immedi-
tely removed. Four 10-cm segments were cut out of the excised
ntestine, opened by longitudinal cutting, and the mucosa gently
insed free of luminal contents with PB. Each segment was then
mmersed in 1 mL  of the polymer solution, or nanoparticle dis-
ersion, to be tested, so as to allow sample penetration into the

ntestinal lumen to come into contact with the mucosa. Incubation
t 37 ◦C, under bubbling of a mixture of 95% O2 and 5% CO2, lasted

 h with no damage to the mucosa (Zambito et al., 2009). Then,
0 �L were withdrawn, appropriately diluted with PB, and the con-
entration of the relevant FITC-labelled material was measured
uorimetrically with reference to the relative calibration curve.
ach sample to be tested for mucoadhesivity was also incubated, in
he above-described conditions, with a 10-cm intestinal segment
losed at both ends by tying with cotton thread, in order to allow
ample contact with only the muscle side of the intestinal segment,
hile preventing sample penetration into the intestinal lumen. The

dsorbed mass fraction was calculated as the percent difference
etween the concentrations of FITC-labelled material before and
fter incubation.

.7. Isolation and culture of endothelial progenitor cells (EPCs)

EPCs were isolated from total peripheral blood mononuclear
ells (PBMCs) after 3 days of culture in a selective medium, as
reviously described (Di Stefano et al., 2002). Briefly, PBMCs of a
ealthy human donor were isolated by density gradient centrifuga-
ion on Lymphoprep (Nycomed, Oslo, Norway; density 1.077 g/ml)
t 400 × g for 30 min  at room temperature, according to the man-
facturer’s protocol. After centrifugation, the interface cells were
arefully removed and transferred to a new conical tube. Cells
ere washed twice with PBS, centrifuged at 300 × g for 10 min,

nd then suspended in a mixture of 9 mL  water and 3 mL  KCl
.6 M,  made to a final volume of 50 mL  with PBS. Isolated PBMCs
106 cells/cm2) were plated on 96-well plates (Greiner Bio One,
rickenhausen, Germany) coated with fibronectin and maintained
n endothelial basal medium (EBM-2, Cambrex, Walkersville, MD)
upplemented with EGM-2-MV-Single Quots containing human

ndothelial growth factor, hydrocortisone, insulin-like growth fac-
or, fibroblast growth factor, vascular endothelial grow factor
VEGF), antibiotics, and 5% fetal bovine serum (FBS, Cambrex).
ells were cultured at 37 ◦C with 5% CO2 in a humidified atmo-
phere.
 Polymers 92 (2013) 33– 39 35

2.8. EPC treatment

After 4 days of culture, non-adherent cells were removed by
washing with PBS and adherent cells were incubated for 3 or 12 h
with a nanoparticle dispersion of the NP1, or NP2 type, prepared
as described in Section 2.5.  and diluted 25 times with a serum-free
medium. At the end of the treatment, cells were washed twice with
PBS and either immediately analysed for viability, or subjected to
1-h incubation with 1 mM H2O2 before viability testing.

2.9. EPC viability tests

Cell viability was  tested by the WST-1 assay. Viability was
expressed as percent of viable cells, calculated from the ratio of
formazan dye absorbance after cell treatment with nanoparticles,
to mean absorbance for the untreated control.

2.10. Intracellular uptake of nanoparticles

EPCs were incubated for 3 or 12 h in a serum-free medium with
either fluorescent NP1 or NP2. Intracellular uptake was observed
under a fluorescence microscope (Carl Zeiss, Germany) at 10×
magnification, after nuclear labelling of EPCs with Hoechst 33258
(1:1000) (Sigma–Aldrich).

2.11. Statistical analysis

All results are presented as mean ± SD of n independent exper-
iments. The results of the cell viability tests were compared using
analysis of variance (ANOVA) for repeated measurements. Post hoc
analysis was  performed by Bonferroni’s multiple comparison test.

3. Results and discussion

3.1. Synthesis of QA-rCh conjugates

The products obtained by reacting the reduced-MW
chitosan (rCh) with DEAE-Cl had the basic structure of
quaternary ammonium–chitosan conjugates, precisely, N,O-[N,N-
diethylaminomethyl(diethyldimethylene ammonium)n]methyl
chitosan, coded QA-rCh. They were similar in structure to the
derivatives that were obtained by Zambito et al. (2006, 2008)
starting from commercial chitosan, having a much higher MW,
as shown by the NMR  spectra being similar (not reported). The
conjugates would bear moieties made of a small number of adja-
cent quaternary ammonium groups, partially substituted on the
rCh repeating units. The degree of substitution (DS) and the mean
number of quaternary ammonium groups in each substituted
moiety (n) strongly depended on the pH of the reaction mixture,
which required being strictly controlled at 7 or 8 for the reaction
being reproducible (Zambito et al., 2008). In the present work the
reaction was carried out starting from rCh in view of obtaining
conjugates of comparatively small MW,  whereby to prepare
nanoparticles of appropriate size. The effect of lowering the reac-
tion temperature below 65 ◦C, that is the value used by Zambito
et al. (2008),  was  investigated, while the pH of the reaction mixture
was controlled at 8 for the sake of reproducibility. The reaction,
when conducted at 50 or 60 ◦C, reproducibly yielded conjugates of
the QA-rCh type, whereas at 40 ◦C the reaction either did not occur
or was not reproducible. The respective DS and n values for the two
derivatives, determined by NMR  and found in Table 1, are signifi-
cantly different, the higher DS corresponding to the lower n. Also

listed in the table are the DS and n values for N+-Ch-8, that is the
quaternary ammonium–chitosan conjugate obtained by Zambito
et al. (2008) from the commercial chitosan at pH 8 and 65 ◦C.
Such values, although statistically hardly distinguishable from the
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Table 1
Effect of reaction temperature (T) on degree of acetylation (DA), degree of substitu-
tion (DS), number of quaternary ammonium groups in substituted moieties (n), of
quaternary ammonium–chitosan conjugates. Means ± SD of 3 batches.

T (◦C) Polymer code DA (%) DS (%) n

40 nra nra nra nra

50 QA-rCh50 12.3 ± 3.6 26.4 ± 7.0 3.8 ± 0.3
60  QA-rCh60 10.5 ± 0.8 55.3 ± 3.2 2.1 ± 0.1
65b N+-Ch-8b 18b 59.2 ± 4.5b 1.7 ± 0.1b
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a Not reported as the reaction was not reproducible.
b Data from Zambito et al. (2008).

espective values for QA-rCh60, are in agreement with the trend of
S to increase and of n to decrease with increasing temperature.
his observation suggests that the growth of pendant quaternary
mmonium moieties required a lower energy of activation than
uaternary ammonium substitution on glucosamine units, irre-
pective of the length of the chitosan chain. Interestingly, it can
e calculated that whichever quaternary ammonium–chitosan
onjugate listed in Table 1, synthesised in different temperature
onditions, carried an average of one positive charge per repeating
nit, which is possibly the maximum affordable for this type of
olymers.

.2. Covalent attachment of thiol groups on QA-rCh derivatives

It appears from the DS and acetylation values listed in Table 1 for
he QA-rCh derivatives that significant fractions of unsubstituted
lucosamine units, namely, about 60%, with QA-rCh50, and about
5%, with QA-rCh60, were still present in the polymer chains. These
nits were potentially available for covalent attachment of thiol
roups via formation of amide bonds between the primary amino
roup of glucosamine and the carboxyl group of TGA. Our analy-
is in fact has shown the presence of covalently bound thiol and
isulphide groups, the fractions of which in the thiolated products
re found in Table 2. Sodium chloride was introduced in the receiv-
ng phase of the dialysis, used to purify the thiolated polymers,
n order to facilitate removal of non-reacted anionic TGA and its
eplacement with chloride ion. An acidic pH was maintained in the
ourse of dialysis because thiol oxidation to disulphide is favoured
y neutral/alkaline environments. Nevertheless most thiols actu-
lly underwent oxidation, as appears from a comparison between
isulphide and thiol content for each thiolated derivative. Despite

his, both polymers remained readily water-soluble. The mean thiol
nd disulphide values for QA-rCh50-SH appear in Table 2 to be
bout the double of the respective values for QA-rCh60-SH, practi-
ally reflecting the ratio between the glucosamine units available

able 2
esults of iodometric analysis of thiolated polymers and nanoparticles. Means ± SD of 6 b

Product analyzed Thiol DSa (%) Th
(�m

QA-rCh60-SH 1.4 ± 0.3 35
QA-rCh50-SH 2.8 ± 0.4 87
NP1  immediately after preparation 1.8 ± 0.3 45
NP1 24 h after preparation 1.9 ± 0.3 47
NP2 immediately after preparation 2.8 ± 0.6 85
NP2 24 h after preparation 2.6 ± 0.5 79

a Degree of substitution, on a polymer repeating unit basis.
b Not determined.

able 3
hysical characteristics of nanoparticles. Means ± SD of at least 6 replicates of each nanop

Nanoparticle type Mean size (nm) 

NP1 287 ± 32 

NP2  263 ± 21 
 Polymers 92 (2013) 33– 39

for thiolation, present in the respective parent QA-rCh polymers.
The thiol content of either thiolated polymer remained virtually
unchanged after a year of storage in the lyophilised state at −20 ◦C
in the dark.

3.3. FITC-labelling of polymers

The labelling reaction went to completion, in fact no non-
reacted FITC was ever detected. The fluorophore bound to the
polymer was  calculated at about 5% of the total mass (about
0.13 mmol/g).

3.4. Characteristics of nanoparticles from QA-rCh-SH derivatives
(NP1, NP2)

Nanoparticles resulted from the interaction between each
polycationic derivative and the polyanion rHA. The physical char-
acteristics of nanoparticles, measured immediately after their
preparation, are listed in Table 3. The mean size of nanoparticles
determined immediately after their preparation, 24 h thereafter,
and after re-dispersion immediately after lyophilisation, or after
one month of storage of the lyophilisate in a freezer at −20 ◦C
was always within the 270–370 nm range. The polydispersity
index, seen in Table 3 for both nanoparticle types, shows accept-
able values for discrete particles. On the other hand, when the
lyophilisate was stored in a desiccator at ambient temperature
for one month, the mean size of the regenerated nanoparticles
was beyond the above range (466 nm). The zeta potential of the
nanoparticles was  positive, as shown in Table 3. The DS and n val-
ues listed in Table 1 suggest an average of one positive charge per
repeating unit for the different quaternary ammonium–chitosan
conjugates, and likewise, for their thiolated derivatives. Hence the
zeta potential values listed in Table 3 indicate that the electro-
static interaction with the anionic crosslinker, rHA, was stronger
where the net positive charge was  lower, i.e., in the case of
NP2.

The thiol contents of nanoparticles, seen in Table 2, appear not
to significantly differ from those of the respective constituent poly-
mers, apparently because no further thiol oxidation, and hence,
stabilisation by disulphide crosslinks, accompanied the formation
of nanoparticles. These, nevertheless, were stable enough, as shown

by the stability of their mean size for 24 h. The number of free
thiols of nanoparticles is seen in Table 2 non to vary significantly
over time, at least up to 24 h from preparation, showing promise of
contributing to nanoparticle mucoadhesivity.

atches.

iol content
ol/g)

Disulphide
DSa (%)

Disulphide content
(�mol/g)

.0 ± 6.5 8.3 ± 1.6 205.2 ± 39.6

.5 ± 14.0 15.8 ± 2.8 490.8 ± 87.7

.2 ± 7.4 ndb ndb

.3 ± 7.6 ndb ndb

.8 ± 18.9 ndb ndb

.9 ± 14.3 ndb ndb

article preparation.

Polydispersity index Zeta potential (mV)

0.465 ± 0.026 +12.5 ± 0.9
0.418 ± 0.039 +3.7 ± 0.3
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Table 4
Mass fractions of different FITC-labelled polymers adsorbed on rat intestinal mucosa from solutions of different concentrations (C0). Means ± SD (n = 3).

C0 (mg/mL) Adsorbed mass fraction (%)

QA-rCh50 QA-rCh50-SH QA-rCh60 QA-rCh60-SH rHA

0.1 30.0 ± 2.6 41.0 ± 2.0 30.8 ± 1.4 38.0 ± 1.5 14.2 ± 2.4
2.0  48.5 ± 5.3 64.4 ± 2.7 52.7 ± 3.9 69.6 ± 2.0 50.0 ± 0.9
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shown by their zeta potential values reported in Table 3. In fact, a
comparison of relevant data in Tables 4 and 5 shows that, at the
higher concentration, the adsorbed fractions of nanoparticles are
Fig. 1. Images from a fluorescence microscope, showing uptake of FITC-labelled N

.5. Mucoadhesion studies

No significant adsorption of the products investigated for
ucoadhesivity occurred on the muscle side of the intestinal seg-
ent. Conversely, significant mass fractions of nanoparticles and

issolved polymers were adsorbed on the intestinal mucosa from
heir 0.1 or 2.0 mg/mL  dispersions/solutions, as appears from data
isted in Tables 4 and 5. The differences between the data about to
e discussed are statistically significant (Student’s t-test, P < 0.05)
xcept in some specified cases. The adsorption of polymers, shown
n Table 4, in all cases was significantly stronger with the higher
oncentration of contact solution. This may  be taken as an indi-
ation of a co-operative nature of the interaction between the
dsorbed macromolecules and the mucus glycoproteins. This was
ot the case with the nanoparticles, in fact, the adsorption of
hichever type on the intestinal mucosa appears from data in

able 5 not to significantly depend on concentration. A compar-
son of data in Table 4 for the thiolated with the corresponding
on-thiolated QA-rCh derivatives shows a significantly stronger
ucoadhesivity of the former at either concentration. The syn-
rgistic action of quaternary ammonium and thiol moieties to
romote the mucoadhesivity of chitosan derivatives has already
een pointed out in Section 1. On the other hand, the differences in
he DS and n parameters, listed in Table 1, and thiol content, found

able 5
ass fractions of different FITC-labelled nanoparticles adsorbed on rat intestinal
ucosa from dispersions of different concentrations (C0). Means ± SD (n = 3).

C0 (mg/mL) Adsorbed mass fraction (%)

NP1 NP2

0.1 64.7 ± 4.2 60.3 ± 0.6
2.0  62.0 ± 3.9 59.0 ± 1.3
P2 nanoparticle type by endothelial progenitor cells after 3 or 12 h of incubation.

in Table 2, were reflected in no significant differences in polymer
adsorption on intestinal mucosa. The present data supports the
assumption that nanoparticles formed from mucoadhesive poly-
mers are themselves mucoadhesive, provided their surface retains
the polymer characteristics responsible for mucoadhesion. This is
indeed the present case, as demonstrated by the thiol content of
nanoparticles, shown in Table 2, and their positive surface charge
Fig. 2. EPC viability after treatment with NP1 or NP2 nanoparticle type for 3 or 12 h.
Viability measured by WST-1 assay and expressed as percent viable cells (ratio of
viable number after treatment to that for untreated control). *P < 0.001 vs. control
(n  = 6).
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ig. 3. Nanoparticle effects on oxidative stress. EPCs pre-treated with NP1 or NP2
easured by WST-1 assay and expressed as percent viable cells (ratio of viable num

imilar to those of the respective constituent polymers, whereas at
he lower concentration the nanoparticles are still more mucoad-
esive than the constituent polymers.

.6. Intracellular uptake of nanoparticles

The uptake of nanoparticles by EPCs upon incubation with FITC-
abelled NP1 or NP2 for different terms (3 or 12 h) is shown by the
mages in Fig. 1. After 3 h both nanoparticle types were partially
nternalised by cells, NP1 being seemingly taken up to a higher
xtent than NP2. This difference can safely be correlated with the
tronger positive surface charge of the former, resulting from the
eta potential measurements reported in Table 3. The images rel-
tive to 12 h of incubation show a progress of the internalisation
rocess that still appears more advanced with the NP1 than the
P2 nanoparticle type.

.7. In vitro cytotoxicity studies

Cytotoxicity of nanoparticles to EPCs was determined by WST-1
olorimetric assay. As shown in Fig. 2, incubation of EPCs with either
anoparticle type for 3 or 12 h did not compromise cell viability.

n fact, the results indicate that the EPC viability was  significantly
meliorated, compared to the untreated control, by incubation with
P1 for 12 h (P < 0.001). These results may  be interpreted as a con-
rmation of a more effective internalisation of NP1 compared with
P2 by EPCs, and of cell viability taking advantage of such an inter-
alisation. This effect may  be related to the antioxidant activity of
he thiols immobilised on the nanoparticles.

.8. Nanoparticle effects on oxidative stress

If internalised by EPCs, nanoparticles might protect cells from
xidative stresses by virtue of the antioxidant action of their

hiols. In order to verify this hypothesis, the influence of EPC pre-
reatment with nanoparticles on the effect of cell incubation with
2O2 was investigated. EPCs were pre-treated with either nanopar-

icle type for 3 or 12 h, and then incubated with 1 mM H2O2 for 1 h.
particle type for 3 or 12 h and then incubated with 1 mM H2O2 for 1 h. Viability
fter treatment to that for untreated control). *P < 0.001 vs. control (n = 6).

As shown in Fig. 3, the treatment with H2O2 actually reduced the
EPC viability compared to untreated control cells (P < 0.001). From
the figure also appears that the pre-treatment of EPCs with either
nanoparticle type resulted in a higher resistance to the oxidative
stress when the time of pre-treatment was longer, although only
the pre-treatment with NP1 prevented H2O2 from causing any sig-
nificant cell viability decrease with respect to the untreated control.
Considering that NP1 are the nanoparticle type with more aptitude
to be internalised, as seen in Fig. 1, the above findings can be taken
as a support of the initial hypothesis of this section. The protec-
tive effect could be amplified if some antioxidant substance were
possibly loaded into nanoparticles.

4. Conclusions

The derivatives obtained by reacting de-polymerised chi-
tosan with DEAE-Cl had the same N,O-[N,N-diethylaminomethyl
(diethyldimethylene ammonium)n]methyl chitosan structure as
those obtained starting from commercial chitosan, although the
former had a much lower MW.  The reaction temperature exerted a
significant influence on such structural properties of the derivatives
as the degree of substitution of the positively charged moieties on
the chitosan repeating units and the number of adjacent quater-
nary ammonium groups in each moiety. Yet, the average number
of positive charges per repeating unit of polymer was similar,
precisely, it was  very close to one for whichever derivative. The
attempt to immobilise thiol groups on the repeating units of
the quaternary ammonium–chitosan conjugates was successful.
Nanoparticles of a size adequate for internalisation into cells were
obtained by ionotropic gelation of the thiolated derivatives with de-
polymerised HA. The nanoparticles were fairly stable as concerns
size and thiol content, in fact, chemical crosslinking by forma-
tion of interchain disulphide bridges from air-oxidation of thiols
did not occur. The nanoparticles showed a significant mucoad-

hesivity, matching and even exceeding that of the constituent
thiolated quaternary ammonium–chitosan conjugates, because
the former retained the characteristics, namely, positive surface
charge and immobilised thiol groups, that were responsible for the
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ucoadhesivity of the latter. The nanoparticles showed an aptitude
o be internalised by endothelial progenitor cells, directly related
o the intensity of their surface charge. In virtue of the antiox-
dant function of their thiols, the nanoparticles more apt to be
nternalised significantly improved cell viability and resistance to
xidation by hydrogen peroxide. It is believed that this beneficial
ffect could even be strengthened if some biocompatible antioxi-
ant material were possibly loaded into nanoparticles to be carried
cross the intestinal mucosa into the systemic circulation. The
yophilised nanoparticle dispersion in isotonic phosphate buffer pH
.4 could be a manageable formulation for oral application, see-

ng that it might be filled into gastro-resistant capsules and could
egenerate the nanosystem in buffered conditions upon contact
ith the physiologic fluids of the GI tract.
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