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The main goal of the present study was to investigate the potential of a new generation of hybrid poly-
saccharide nanocarriers, composed of chitosan (CS) and anionic cyclodextrins (CDs), for gene delivery to
the airway epithelium. More specifically, these nanocarriers were investigated with regard to their ability
to enter epithelial cells and promote gene expression in the Calu-3 cell culture model.

In the search for the most suitable nanocarrier composition for gene delivery, the effect of CS molecular

ge{wgrds.il weight (Mw) on the nanocarriers characteristics and their ability to transfect cells was investigated. Thus,
Craliltlc_)sa;e s hybrid CS/CD nanoparticles were prepared with two different CS Mw, medium (110 kDa) and low

(10 kDa), and loaded with pSEAP (plasmid DNA model that encodes the expression of secreted alkaline
phosphatase). The resulting nanoparticles presented an adequate size range (100-200 nm, depending
on CS Mw), a positive surface charge (+22 to +35 mV) and very high DNA association efficiency values
(>90%). Cellular uptake studies showed that the nanoparticles were effectively internalized by the cells,
providing a good indication of their potential as gene carriers. The transfection efficiency of the different
formulations, measured by the concentration of secreted gene product (SEAP), indicated that all the
nanoparticles were able to elicit a significantly higher response than the naked DNA (control), the trans-
fection efficiency being more important for low MwCS nanoparticles than for those composed of medium
MwCS. Overall, this report is the first evidence of the potential of a new generation of safe polysaccharide
nanocarriers for gene delivery to the airway epithelium.
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© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Over the last few years, there has been an increasing interest in
the delivery of genes to the airway epithelium, either for therapeu-
tic (e.g. cystic fibrosis, a1-antitripsin deficiency) or for vaccination
purposes [1-3]. In spite of the advances made in facilitating the
delivery of drugs to the nasal/bronchial epithelium, there are still
important barriers to overcome before achieving a successful gene
transfer in these respiratory regions. Probably, the most critical
barriers are represented by the mucus-gel layer involved in the
mucociliary clearance mechanisms and the low rate of endocytosis
taking place on the apical side of airway epithelial cells [4,5].

Currently, the transport of exogenous DNA to cells can be
accomplished by using viral and non-viral vectors. Although both
gene delivery systems are under investigation, virus-based gene
therapy is limited by concerns about endogenous virus recombina-
tions, oncogenic effects and immunological reactions [6].
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Alternatively, the non-viral gene delivery agents offer several
advantages, including easiness in production and low cost, safety,
and lack of immunogenicity. However, their use has been limited
by their relatively low transfection efficiency in vivo [7,8].

Most commonly, the non-viral systems consist of ionic com-
plexes formed by the condensation of DNA through electrostatic
interactions with cationic polymers (polyplexes) or lipids (lipo-
plexes). Among cationic polymers, chitosan (CS), which is a natural
linear polysaccharide obtained by the partial deacetylation of chi-
tin, exhibits several favorable biological properties, such as biode-
gradability, low toxicity, biocompatibility and mucoadhesiveness
[9]. Although CS polyplexes are promising for mucosal gene deliv-
ery, they still suffer from several limitations, such as undefined
physical shapes, dissociation of the complexes in the presence of
anions and a limited capacity to co-associate other functional mol-
ecules that could help to achieve efficient gene transfer and
expression. As an alternative, our research group and others have
recently reported the preparation of CS nanoparticles formed by io-
nic gelation with tripolyphosphate (TPP) as delivery systems for
DNA [10,11] and siRNA [12]. These nanoparticles consisting of CS
were able to associate high amounts of genetic material and pro-
vided high gene expression levels both in vitro and in vivo.
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Recently, we reported a new generation of polysaccharide nano-
carriers consisting of the polysaccharide CS and cyclic oligosaccha-
rides named cyclodextrins (CDs) [13-15]. The rational behind the
design of these new nanocarriers was to combine the promising
behaviour of CS nanoparticles with the excellent biopharmaceuti-
cal properties of CD. Indeed, CDs are very well known in the phar-
maceutical field because of their ability to protect drugs from
physical, chemical and enzymatic degradation, and to enhance
membrane permeability [16,17]. Currently, there are several kinds
of neutral, amphiphilic and cationic CD, which can be used for the
design of novel gene delivery systems. For example, CDs have also
been conjugated with polycationic polymers, such as polyamidine
and polyethylenimine, and dendrimers, to form polyplexes, which
were found to elicit an increased transfection efficiency and stabil-
ity against enzymatic degradation with low in vitro and in vivo
toxicity [17-20].

Bearing all this information in mind, we hypothesized that the
incorporation of CDs to the already effective CS-based gene deliv-
ery nanocarriers could positively contribute to: (a) promote cellu-
lar uptake, and (b) decrease the cytotoxicity of the systems.

The aim of the present work was to investigate the potential of
CS/CD nanoparticles as gene delivery systems to the airway epithe-
lium. For this purpose, different nanoparticulate compositions of
CS and CD (different CS Mw and different anionic CD derivatives)
were prepared and characterized. The nanoparticle cytotoxicity
and ability to enter and transfect cells in vitro was evaluated in
the human mucus-producing cell line Calu-3, a model for the nasal
and bronchotracheal airway epithelium, recently proposed as an
adequate model for gene delivery [21].

2. Materials and methods
2.1. Materials

Ultrapure chitosan (CS) hydrochloride salt (Protasan UP CL 113,
having a molecular weight of around 110 kDa and deacetylation
degree = 86%) was purchased from FMC Biopolymers (Norway).
Cyclodextrin (CD) anionic derivatives, sulfobutylether-p-CD (SBE-
B-CD, substitution degree ~7) and carboximethyl-B-CD (CM-B-
CD, substitution degree =3.0-3.5) were purchased from Cydex
Inc. (USA) and Fluka Biochem (France), respectively. Plasmid DNA
(pDNA) encoding secreted alkaline phosphatase (pSEAP) based on
the gWiz™ high-expression vector system was purchased from
Aldevron (USA). Eagle’s Minimum Essential Medium (MEM) was
purchased from ATCC (BMG Laboratory, Spain). Foetal Bovine
Serum (FBS), penicillin/streptomycin (100 pg/mL), MTT ((3-4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), fluores-
cein sodium salt, and pentasodium tripolyphosphate (TPP) were
all obtained from Sigma-Aldrich (Spain). Phosphate-buffered sal-
ine (PBS), Hanks’ balanced salt solution (HBSS) 1x and 10x were
purchased from Gibco™ (UK). One KBp DNA ladder was obtained
from Life Technologies (Spain). Triton® X-100 and DMSO was ac-
quired from Fluka Biochem. (Spain). 12-well tissue culture plates
with cell culture inserts (0.9 cm?, 0.4 um pore size) and flat-bot-
tomed 96-well plates were obtained from Falcon™ (Becton-Dickin-
son Labware, USA). Ultrapure water (MilliQ Plus, Millipore Iberica,
Spain) was used throughout. All other solvents and chemicals were
of the highest grade commercially available.

2.2. Preparation of fluorescein-labelled chitosan (FI-CS)

CS was labelled with fluorescein, following a slightly modified
method described by De Campos et al. [22]. The covalent attach-
ment of fluorescein to CS was achieved by the formation of amide
bonds between primary amino groups of the polymer and the car-

boxylic acid groups of fluorescein. Briefly, 250 mg of CS was dis-
solved in 25 mL of water, and an amount of 10 mg of fluorescein
was dissolved in 1 mL of ethanol. Thereafter, both solutions were
mixed together and to catalyse the formation of amide bonds,
EDAC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride) was added in a final concentration of 0.05 M. The reaction
mixture was incubated under permanent magnetic stirring for 12 h
in the dark at room temperature. The resulting conjugate (FI-CS)
was isolated by exhaustive dialysis (cellulose dialysis tubing, pore
size 12,400 Da; Sigma-Aldrich, Spain) against demineralised water
and then freeze-dried.

2.3. Depolymerization of chitosan

Low molecular weight CS (LMwCS) was obtained from Protasan
UP CL 113 by sodium nitrite degradation as previously described
[23]. Briefly, 200 pL of 0.1 M NaNO, was added to 4 mL of the CS
solution (10 mg/mL) at room temperature under magnetic stirring.
The reaction mixture was left overnight to assure the completion
of the degradation, and fragments with an approximate Mw of
10 kDa were recovered by freeze-drying. The molecular size of
the LMwCS was verified by size exclusion chromatography (SEC).

2.4. Nanoparticle preparation

Nanoparticles were spontaneously obtained by ionotropic geli-
fication [24]. Two aqueous phases containing: (1) the CS solution
(CS, FI-CS or LMwCS), and (2) the CD solution (SBE-B-CD or CM-
B-CD) with the cross-linker TPP, were mixed under magnetic stir-
ring and maintained under agitation for 10 min to allow the com-
plete formation of the system. The CS, FI-CS or LMwCS solutions
were prepared at a concentration of 2 mg/mL, and the volume em-
ployed was fixed at 3 mL. On the other hand, in order to modulate
the mass ratio of the components that constituted the nanoparti-
cles (CS/CD/TPP), the corresponding volumes of the CD aqueous
solution (SBE-B-CD or CM-B-CD, 6-12 mg/mL) and TPP solution
(1.5 mg/mL) were mixed at a final volume of 1 mL.

For nanoparticles encapsulating a pDNA model, the required
amount of the plasmid encoding secreted alkalin phosphatase
(gWiz™pSEAP) was incorporated directly in the CD/TPP phase.
The theoretical loadings were fixed at 5% (w/w).

As a control, nanoparticles composed solely by CS and TPP were
prepared by the same method and loaded by including the corre-
sponding amount of pDNA model in the TPP solution.

2.5. Nanoparticle characterization

The mean particle size and the size distribution of the nanopar-
ticles were determined by Photon Correlation Spectroscopy (PCS).
The zeta potential values of the nanoparticles were obtained by La-
ser Doppler Anemometry (LDA), measuring the mean electropho-
retic mobility. Samples of the nanoparticle suspensions were
diluted at the appropriate concentration with filtered water for
PCS and with 1mM KCl for LDA. PCS and LDA analyses were per-
formed with a Zetasizer® 3000 HS (Malvern Instruments, UK).

Eventually, nanoparticles were concentrated by centrifugation
(Beckman Avanti TM 30, Beckman, Spain) on a glycerol bed. In or-
der to resuspend the nanoparticles at the required concentration,
the amount of nanoparticles in the sediment was calculated by
weight upon their freeze-drying.

The association of pDNA to the nanoparticles was studied by a
conventional agarose gel electrophoresis assay. Samples of the
nanoparticles were placed in 1% agarose gel containing ethidium
bromide, and ran for 90 min at 60V in TAE buffer (Sub-Cell GT
96/192, Bio-Rad Laboratories Ltd., England).
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2.6. Cell culture

Calu-3 cells were purchased from American Type Culture
Collection ATCC (Rockville, USA) and grown in MEM (supple-
mented with 10% FBS and 100 pg/mL penicillin/streptomycin)
at 37°C in a 5% CO, humidified atmosphere. Cells were de-
tached from culturing flasks by trypsin-EDTA and subcultivated
for studies with proliferating cells or with a well-differentiated
epithelium. For cytotoxicity studies with proliferating cells, the
cells were seeded in flat-bottomed 96-well culture plates in a
density of 6 x 10* cells/well and cultured for 72 h. To obtain
a differentiated epithelium, cells were cultured on inserts with
a density of 2 x 10° cells/cm? (0.9 cm?/insert). Post seeding onto
the filter, the Calu-3 cells attached to the filter overnight and
the medium was then removed from the apical compartment
to allow the cells to form a monolayer at an air-liquid interface.
The differentiation stage during cultivation was followed by
measuring the transepithelial electric resistance (TEER) (Milli-
cell®-ERS, Millipore Corp., USA). After 15-18 days the differenti-
ated cells, with mean TEER values around 1100-1200 Q cm?,
were used in cellular uptake studies and transfection experi-
ments with pSEAP. Pass numbers 28-40 were used for the fol-
lowing experiments.

2.7. Cytotoxicity studies

The effect of different nanoparticle compositions and concen-
trations on cellular viability of proliferating Calu-3 cells was
determined by MTT colorimetric assay, which was conveniently
optimized. MTT is a yellow tetrazolium salt that is reduced only
in living, metabolically active cell mitochondria. Cells grown in
96-well culture plates were washed twice with 100 puL of HBSS,
and the test nanoparticle suspensions (100 pL, in HBSS, pH 6.4)
were added in concentrations ranging from 0.0125 to 2.5 mg/
mL to the wells. At the end of the incubation time (2 h, 37°C)
and according to extensive pretests, samples were discarded
and replaced by 25 pL of MTT solution (5 mg/mL) and 100 pL
of HBSS, pH 7.4. The plates were further incubated for 4h at
37° C (protected from light), and the MTT solution was removed.
The blue crystals formed in each well were dissolved with
100 pL of DMSO. Positive (Triton® X solution, 2% w/v) and neg-
ative (HBSS) control wells were treated similarly as above.
Absorbance values were measured at 570 nm using a microplate
reader. Cell viability, as a percent of the negative control, was
calculated from the absorbance values. The ICsq was defined as
the sample concentration inhibiting 50% cell viability. Analysis
of four replicates was conducted in two different passages of
cells (n=8).

2.8. Uptake studies

Nanoparticles were prepared with a fluorescein-labelled CS
(FI-CS) according to the procedure described before, suspended
in trehalose (5% w/v) and then added to the Calu-3 differentiated
cells. After 1h incubation at 37° C, samples were removed and
cells were rinsed three times with HBSS. Samples were fixed
with 4% paraformaldehyde, permeabilised with 0.1% Triton® X
and the cell nuclei were stained with propidium iodide accord-
ing to manufacturers’ instructions, including the ribonuclease A
pre-treatment. Thereafter, the filters were cut and examined un-
der Confocal Laser Scanning Microscopy (CLSM) (Leica TCS SP2,
Leica GmbH, Germany), which allowed the simultaneous
visualization of the two different fluorescent markers. Excitation
wavelengths were 488 nm for fluorescein and 633 nm for propi-
dium iodide.

2.9. Transfection studies

Transfection studies were performed with nanoparticles loaded
with 5% (w/w) gWiz™pSEAP and naked pDNA (control) (2 pg/in-
sert), placed on the apical compartment and incubated for 4 h.
The yield of gene expression was non-invasively evaluated by
monitoring concentrations of secreted alkaline phosphatase (SEAP)
in the basolateral compartment at different time points. The first
samples were taken immediately after the incubation of cells with
the formulations, transferred to 1.5 mL eppendorf tubes and stored
at —20° C. Remaining medium from the basolateral compartment
and solutions from the apical compartment were removed. Both
sides were washed with PBS, and fresh culture medium was ap-
plied on the basolateral side. Thereafter, samples were taken in
the same manner for 6 days (t=1, 2, 4 and 6 days). Finally, the
samples were analyzed for SEAP quantification with a fluorescence
assay using the Great EscAPe™ SEAP Reporter System Kit protocol
(BD Biosciences Clontech, USA) and Fluorimeter (LS 50B Lumines-
cence Spectrometer, Perkin-Elmer, USA).

2.10. Statistical analysis

Statistical differences were investigated using one-way ANOVA,
followed by the Student-Newman-Keuls method for multiple
comparisons. All analyses were run using the SigmaStat statistical
program (version 3.1), and differences between the groups were
judged significant at P < 0.05.

3. Results and discussion

As indicated in the introduction, the overall goal of this work
was to assess the potential of a new nanocarrier based on biode-
gradable and non-toxic poly and oligosaccharides as a vehicle for
the delivery of genes to the airway epithelia. To reach this goal sev-
eral stages need to be taken into consideration:

(i) the ability to associate genes to the proposed nanocarrier
without altering the inherent properties of the gene and also
of the carrier;

(ii) the interaction of the nanocarrier with the selected target
cells (Calu-3 cells);

(iii) the capacity of the gene-loaded nanocarrier to achieve cell
transfection.

These three stages will be analyzed in detail in this specific
section.

3.1. Definition of nanocarriers formation conditions and their ability to
associate pDNA

CS and CS/CD nanoparticles were prepared by ionic gelation
in the presence of TPP, as described in the methodology section.
The mechanism of formation of the nanosystems combines the
electrostatic interaction between CS and CDs, which are oppo-
sitely charged, with the ability of CS to undergo a liquid-gel
transition due to its ionic interaction with TPP. As we postulated
that the incorporation of CD would benefit the system proper-
ties, preliminar experiments were aimed at finding the maxi-
mum CS/CD mass ratio in which nanoparticles formed can be
conveniently isolated, resuspended and characterized. This max-
imum ratio was found to be 4/3 (w/w) for CS/SBE-B-CD and 4/4
for CS/CM-B-CD. This great and different incorporation capacity
of CD could be determined by their degree of substitution
(DS), which is higher in SBE-B-CD (average DS =6.4) than in
CM-B-CD (DS =3.0-3.5).
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As shown in Table 1, all particles were in the nanometric range
(234-358 nm) and exhibited a positive zeta potential (+35 to
+17 mV); however, these properties were dependent on the com-
position. The smallest size was observed for CS/SBE-B-CD nanopar-
ticles. This could be due to the fact that SBE-B-CD can be more
substituted than CM-B-CD, and consequently led to the formation
of more compacted and, thus, smaller nanostructures. As expected,
a decrease in the surface charge was found in nanoparticles con-
taining CD compared to those made solely by CS. The lowest value
was observed for nanoparticles containing CM-B-CD, thus indicat-
ing the presence of an important amount of CD on the surface of
the nanoparticles.

Once we defined the appropriate conditions for the formation of
the nanoparticles, we studied the possibility to efficiently associate
PSEAP, a pDNA model that encodes the expression of secreted alka-
line phosphatase. With this idea in mind, we explored the influ-
ence of CS Mw on the characteristics of the nanoparticles and,
afterwards, on their ability to transfect cells. More specifically,
we chose CS, ~110 kDa (Protasan UP CL 113) and low molecular
weight CS (LMwCS, ~10 kDa), obtained by partial depolymeriza-
tion of the previous one. On the other hand, we fixed the theoret-
ical pDNA loading at 5% (w/w, based on the weight of all
nanoparticle components: CS or LMwCS, CD and TPP) and we used
nanoparticles made of solely CS as a control, given their reported
efficacy for gene delivery [10,11].

As shown in Table 2, all the formulations were in the desired
nanometric range, presenting low polydispersity and positive zeta
potential values. It can also be noted that nanoparticles made of
LMwCS presented a lower positive zeta potential and a smaller size
than those made of regular CS. This fact agrees with the previous
results on CS nanoparticles prepared by ionic gelation [23,12,10].
The effect of CS Mw on the nanoparticle size could be related to
the greater ability of lower MwCS molecules to organize forming
smaller structures. Moreover, the smaller size and higher solubility
of LMwCS could lead to a more efficient interaction with the pDNA,
thus resulting in the formation of smaller particles [12,10].

The ability of the polysaccharide nanoparticles to entrap pDNA
was studied using the agarose electrophoresis technique. From the
photograph of the obtained agarose gel, depicted in Fig. 1, it could
be stated that most of the DNA was associated to the nanoparticles,
since no migration of free DNA was observed. This fact is in agree-
ment with the previous results obtained for other CS-based nano-
metric systems, and it can be easily explained by the high affinity

Table 1
Physicochemical characteristics of nanoparticles composed solely by CS or CS and two
different CD derivatives (SBE-B-CD, CM-B-CD) (means * SD, n = 3).

CD type CS/CD/TPP mass ratio  Size (nm)  PI Zeta potential (mV)
SBE--CD  4/3/0.25 264+18  02-03 +27%06
CM-B-CD  4/4/0.25 358+13  0.4-05 +17£22
- 4/0/1 335+18 0.3-04 +35%09

2 PI, polydispersity index.

Table 2

Physicochemical characterization of 5% gWiz"™'pSEAP-loaded nanoparticles consisting
of two different CS Mw (110 kDa and 10 kDa) and two different CD derivatives (SBE-
B-CD, CM-B-CD) (means + SD, n = 3).

™,

CD type CS/CD/TPP mass ratio  Size (nm)  PI* Zeta potential (mV)
SBE-B-CD  4/3/0.25 1802 0.1-0.2 +35%6
CM-B-CD  4/4/0.25 234+15 0.1-02 +25%5
- 4/0/1 192 £25 0.2-03 +34t5
SBE-B-CD  4/1.5/0.25 1432 0.0-0.1 +24+4
CM-B-CD  4/3/0.25 140+ 8 0.0-0.1 +22%6

@ PI, polydispersity index.

-
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Fig. 1. Agarose gel electrophoresis of the different nanoparticles encapsulating
plasmid DNA: (a) CS/SBE-B-CD/TPP; (b) CS/CM- B -CD/TPP; (c) CS/TPP; (d) LMwCS/
SBE-B-CD/TPP; (e) LMwCS/CM- B -CD/TPP. 1kb DNA ladder and untreated
gWiz"pSEAP were used as control.

of CS for the DNA [11,25]. Indeed, it is known that the strong elec-
trostatic interaction exists between the phosphate groups of DNA
and the amino groups of CS, as well as hydrophobic and hydrogen
bonds [26].

Consequently, overall these data show the possibility of modu-
lating the composition of these novel nanocarriers going from a
low to a very high CD content; all with adequate physicochemical
properties in terms of size, polydispersity and zeta potential, and a
very high pDNA association capacity.

3.2. Study of the toxicity of the nanocarrier and its interaction with the
selected target cells (Calu-3 cells)

A critical step towards the design of a new pDNA carrier is the
information on its ability to enter the target cells. However, since
this ability is often connected with cytotoxicity, it is important first
to evaluate the toxicity of these new nanocarriers in the Calu-3 cell
line model (proliferating cells). We chose cells in the proliferating
stage due to their greater sensitivity against toxic materials than
the well differentiated cells [27].

The percentage of cell viability as a function of the administered
nanoparticle dose (pg/cm?) is depicted in Fig. 2. It can be noted
that CS/CD nanoparticles exhibit a significantly lower cytotoxicity
than those composed of solely CS. More specifically, the estimated
ICsg values, which are the nanoparticle doses causing a reduction of
50% cell viability, were 3-fold higher for CD-containing nanoparti-
cles than for the CS control nanoparticles. This very good viability
profile exhibited by this new generation of polysaccharide nano-
particles would be easily explained by the good safety record of
CD [17]. Moreover, when comparing both types of CD-containing

120 -

mCS/CMBCD/TPP (4/4/0.25)
DCS/SBERCD/TPP (4/3/0.25)
OCS/TPP (4/1

)
*k *
*k *
.
3.79 7.57 15.15 22.73 30.3 75.76  303.03 757.58
Nanoparticle Dose (ug/cm?)
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o
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D
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201
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Fig. 2. Sensitivity of Calu-3 proliferating cells toward various doses of different
nanoparticle formulations (CS/SBE-B-CD/TPP, CS/CM-B-CD/TPP, CS/TPP) determined
by the MTT assay (means + SD, n = 8). ‘Denotes significant differences (P < 0.05).
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nanoparticles, we observed a significantly lower toxicity for those
containing CM-B-CD than those containing SBE-B-CD.

In the second stage, once the cytotoxicity of the nanocarriers
was known, we studied the interaction of nanoparticles with the
Calu-3 cells. For this specific type of study differentiated rather
than proliferating cells were selected. The Calu-3 differentiated
cells are considered as an appropriate model for the nasal and
bronchotracheal airway epithelia because of its features in the nor-
mal human tissues, such as tight junctions, high TEER values and
mucous excretions [21]. Additionally, as previously mentioned in
the methodology section, Calu-3 differentiated cells were cultured
at an air-liquid interface (removal of apical culture medium 1 day
after seeding), in order to reproduce the physiological situation
better [28,29].

The study of the interaction of the nanocarriers with the cells
was performed by confocal fluorescence microscopy. Therefore,
for the purpose of this study we also developed fluorescent nano-
particles from a fluorescent CS derivative (FI-CS). The results
showed that the labelling procedure did not alter the physico-
chemical properties of the nanoparticles.

The Calu-3 monolayer was then exposed to the fluorescent
nanoparticles, and the cell nuclei were stained with propidium io-
dide in order to facilitate the localization of the particles in the
cells. As noted by the localization of the green signal corresponding
to the nanoparticles, the CLSM images depicted in Fig. 3a (x-y sec-
tions) indicate that irrespective of their composition, the nanopar-
ticles were effectively internalized by the cells. The localization of
the nanoparticles can be better visualized in the x-z cross-sections
of the cells, in which the green fluorescence derived from the nano-
particles can be localized around the cell nuclei (red emission)
(example shown in Fig. 3b). These results are in accordance with
the previous studies reported by our group for CS nanoparticles
[10] and CS/hyaluronic acid nanoparticles [25], and provide a good

20 um

indication of their potential as gene carriers. The mechanism of this
transcellular penetration is thought to occur predominantly by
adsorptive endocytosis indicated by nonspecific interactions be-
tween nanoparticles and cell membranes [30].

3.3. Study of the capacity of the gene-loaded nanocarrier to achieve
cell transfection

Following the observation of the capacity of the nanocarriers to
enter the cells, and with the final goal of exploring their potential
in gene therapy, we studied their ability to transfect the cell mono-
layer. It should be pointed out that the in vitro transfection studies
are commonly carried out in proliferating and fast-growing cells,
which are relatively easy to transfect. In contrast, the well-differ-
entiated cells, which represent a more adequate model of the
in vivo situation, are difficult to transfect since they are not pre-
pared to easily accept a foreign pDNA [21]. Therefore, we selected
these Calu-3 differentiated cells as a useful tool for predicting their
future real possibilities in gene therapy.

For this study, we used a non-invasive method previously re-
ported for epidermal (REK cells) and corneal (HCE cells) cell culture
models [31,32]. More specifically, the nanoparticles containing
PSEAP were added to the monolayer and the amount of alkaline
phosphatase produced by the cells and, then, secreted to the cul-
ture medium was determined for up to 6 days. The nanoparticle
dose selected for this study was of 45 pg/cm?, which resulted in
a cellular viability within 90-100% in differentiated Calu-3 cells
(data not shown).

As shown in Figs. 4 and 5, transfection with naked pDNA pro-
duced very low gene expression, whereas all the nanoparticle for-
mulations were able to elicit a significantly higher response. This
fact can also be clearly noted in Table 3, which depicts the pharma-
cokinetic parameters of SEAP secretion by the monolayer. The

Cc

Fig. 3. (a) Confocal laser scanning microphotographs of Calu-3 cells incubated with (1) CS/CM-B-CD/TPP and (2) CS/SBE-B-CD/TPP nanoparticles prepared with fluorescein-
labelled chitosan (FI-CS, green channel), x-y cross-sections: (A) epithelium surface, (B) 5 pm, and (C) 10 um. Cell nuclei are stained with propidium iodide (red channel). Scale
bar represents 20 pum. (b) Confocal laser scanning microphotographs of Calu-3 cells incubated with CS/CM-B-CD/TPP nanoparticles prepared with fluorescein-labelled
chitosan (FI-CS, green channel), x-z section. Cell nuclei are stained with propidium iodide (red channel).
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—e— CS/SBEBCD/TPP (4/3/0.25)
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Fig. 4. Secreted alkaline phosphatase (SEAP) concentration in the Calu-3 cell
culture model after transfection with naked pDNA and three different nanoparticle
formulations (CS/SBE-B-CD/TPP; CS/CM-B-CD/TPP; and CS/TPP) encapsulating
pDNA (means = SD, n =5).

0.16

0.14
—— LMwCS/SBEBCD/TPP (4/1.5/0.25)

—@— LMwCS/CMBCD/TPP (4/3/0.25)
- =O- - Naked pSEAP

0.12 4

©
=
1

0.08

0.06

0.04

SEAP concentration (ug/mL)

o
o
I

Time (days)

Fig. 5. Secreted alkaline phosphatase (SEAP) concentration in the Calu-3 cell
culture model after transfection with naked pDNA and two different nanoparticle
formulations (LMwCS/SBE-B-CD/TPP; LMwCS/CM-B-CD/TPP) encapsulating pDNA
(means * SD, n=5).

Table 3

Pharmacokinetic parameters of the SEAP expression by the Calu-3 cell culture model
after transfection with naked DNA (gWiz™pSEAP) and several nanoparticle formula-
tions (means + SD, n =5).

Formulation Cmax (Lg/mL)  Cumulative AUC (pg h/mL)
SEAP secretion® (pg)
gWiz™pSEAP 0.024 = 0.01 0.045 +0.01 2.33£0.41
CS/SBE-B-CD/TPP 0.044 +0.01 0.101 £0.03 439+1.76
CS/CM-B-CD/TPP 0.084 +0.02 0.202 £ 0.02 10.16 £ 0.93
CS/TPP 0.102 +0.03 0.255+0.05 12.50+£2.33
LMwCS/SBE-B-CD/TPP 0.113 £0.03 0.276 £ 0.04 13.45+1.61
LMwCS/CM-B-CD/TPP 0.105 + 0.04 0.264 +0.04 12.72 £ 1.60

@ After 6 days.

maximum transfection levels were observed at 2 days post-incuba-
tion in all cases. The comparison of the efficiency of the nanocarrier
prototypes (Fig. 4) led us to the conclusion that the nanocarriers
composed by CS and CM-B-CD are the most promising, since they
elicit values which are close to those of positive control (CS nano-
particles). The lower efficacy of CS/SBE-B-CD nanoparticles could

be related to the strong electrostatic interaction between CS and
SBE-B-CD, which may prevent the intracellular DNA release. Inter-
estingly, this reduced efficacy was not observed for the nanoparti-
cles made of LMwCS (Fig. 5), in which both prototypes containing
either SBE-B-CD or CM-B-CD elicited a similar and high expression
level. Moreover, this response was significantly higher than the
one obtained with the original CS (Mw 110 kDa) (Fig. 4 and Table
3). These results agree with those reported by other authors, who
have also related the higher efficacy of nanoparticles and polyplex-
es composed of low MwCS with the easier intracellular release of
the pDNA [33,10]. A similar finding was described by De la Fuente
et al. for the nanoparticles composed of hyaluronic acid and differ-
ent CS Mw [32].

To summarize, this final step of the work represents clear evi-
dence of the ability of this new generation of polysaccharide nano-
carriers to transfect complex and structured cell monolayers such
as the Calu-3 monolayer.

4. Conclusions

In this work, we present a new generation of polysaccharide
nanocarriers consisting of CS and CD as a non-viral gene delivery
system. Besides their great pDNA association capacity, these nano-
particles exhibit a low cytotoxicity and the ability to enter the cells,
deliver the associated DNA and elicit high levels of protein expres-
sion. Consequently, these nanocarriers represent a promising ap-
proach for gene therapy at the level of mucosal surfaces and, in
particular the respiratory mucosa.
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