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a  b  s  t  r  a  c  t

The  present  work  described  nanoparticles  (NPs)  made  of  oleoyl-carboxymethy-chitosan
(OCMCS)/hyaluronic  acid (HA)  using  coacervation  process  as  novel  potential  carriers  for  gene delivery.
An N/P  ratio  of 5  and  OCMCS/HA  weight  ratio  of 4  were  the  optimal  conditions  leading  to  the  smallest
(164.94  nm),  positive  charged  (+14.2  mV)  and  monodispersed  NPs.  OCMCS-HA/DNA  (OHD)  NPs  showed
higher in  vitro  DNA  release  rates  and  increased  cellular  uptake  by Caco-2  cells due  to  the HA  involved
in  NPs.  The  MTT  survival  assay  indicated  no  significant  cytotoxicity.  The  transfection  efficiency  of  OHD
eywords:
CMCS
A
NA
Ps

NPs  was  5-fold  higher  than  OCMCS/DNA  (OD)  NPs;  however,  it decreased  significantly  in the presence
of  excess  free  HA.  The  results  indicated  that  OHD  NPs  internalized  in  Caco-2  cells  were  mediated  by  the
hyaluronan  receptor  CD44.  The  data  obtained  in the present  research  gave  evidence  of  the potential  of
OHD  NPs  for the  targeting  and further  transfer  of  genes  to the  epithelial  cells.

© 2012 Elsevier Ltd. All rights reserved.

ene vector

. Introduction

Gene delivery is a promising strategy as the encoded protein
an be expressed in the host in its natural form (without dena-
uration or modification), and caused prolonged expression of the
rotein (Mao, Sun, & Kissel, 2010) The gastrointestinal (GI) system

s an excellent target for noninvasive localized drug delivery due
o its large surface area and its accessibility. For this reason, the GI
ract has been considered as an attractive target for gene therapy
nterventions (Nandedkar, 2009). The success in gene therapeutic
trategies depends on an efficient system for the delivery of nucleic
cid into the target cells (Vadolas, Williamson, & Ioannou, 2002). In
ecent years, non-viral vectors and especially those resulting from
he use of nanotechnologies have received increasing attention for
chieving the delivery of genetic material to the GI tract (Luten, van
ostrum, De Smedt, & Hennink, 2008).

Cationic polymers have been shown as promising carriers
mong the non-viral gene delivery systems. Many cationic poly-
ers, such as chitosan, polylysine, polyethyleneimine, dendrimers,
oly (a-(4-aminobutyl)-l-glycolic acid) as well as cationic lipo-
omes have been investigated for gene delivery (Mohammadi et al.,
011). Chitosan has been investigated as nonviral vector for gene
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hina, 5# Yushan Road, Qingdao 266003, China. Tel.: +86 0532 82032586;

ax:  +86 0532 82032586.
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144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.12.058
delivery because of its ability to condense gene into nanoparticles
that are appropriate to be endocytosed by cells, and subsequently
be released from endosomes and enter nucleus (Muzzarelli, 2010a).
Furthermore, chitosan is an ideal candidate for oral DNA delivery
due to its good biocompatibility and high positive charge density
conferring it mucoadhesive properties (Lai, Wang, & Hanes, 2009;
Muzzarelli, 2010b).

However, chitosan shows two  major disadvantages: one is
poor solubility because the amino groups on chitosan are only
partially protonized at physiological pH 7.4. The other is low
transfection efficiency (Gao et al., 2008). In our previous research,
oleoyl-carboxymethy-chitosan (OCMCS) has been synthesized and
proposed as one of water-soluble chitosan derivatives over a wide
pH range (Liu, Cheng, et al., 2012; Liu, Zang, et al., 2012). The
transfection efficiency of chitosan vectors can be improved by
combining chitosan with cationic or anionic biopolymers, such
as polyethyleneimine (Zhao et al., 2009) or arginine (Gao et al.,
2008), prior to the addition of DNA. The choice of biopolymer
greatly influences the specificity, stability, and size of the assem-
bled nanoparticles (Duceppe & Tabrizian, 2009). Hyaluronic acid
(HA) is another biocompatible anionic biopolymer naturally found
in humans and is used for a great number of clinical applica-
tions (Muzzarelli, Greco, Busilacchi, Sollazzo, & Gigante, 2012).
This biopolymer has some advantageous properties, including its

ability to bind various cellular receptors such as CD44 (Aruffo,
Stamenkovic, Melnick, Underhill, & Seed, 1990), which is expressed
in normal human epithelium cells, chondrocytes and cancerous
cells (Marhaba & Zoller, 2004). The targeting of the gene carriers

dx.doi.org/10.1016/j.carbpol.2012.12.058
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:xgchen@ouc.edu.cn
mailto:qqsn160@163.com
dx.doi.org/10.1016/j.carbpol.2012.12.058
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s of particular interest for oral therapy (Merdan, Kopecek, & Kissel,
002), as this would increase the efficiency (Li & Huang, 2006) and
educe side effects compared to non-targeted treatments such as
eath of healthy tissues.

Our goal in the present work was to evaluate the potential of
 noval gene nanocarrier, consisting of OCMCS and HA, specially
esigned for the specific targeting and intracellular delivery of
enes into the intestinal epithelial cells.

. Materials and methods

.1. Materials

Chitosan (Mw  = 50 kDa, degree of deacetylation = 93.15%) was
ade from crab shell and obtained from Laizhou Haili Biological

roduct Co., Ltd. (Shandong China). Hyaluronic acid, with a molec-
lar weight of 5 kDa, was purchased from C.P. Freda Pharmaceutical
o. Ltd. (Shangdong, China).

Caco-2 cells were obtained from the American Type Culture Col-
ection (Rockville, MD,  USA) and cultured in Dulbecco’s Modified
agle Medium (DMEM) (Gibco, Grand Island, NY, USA) containing
0% fetal calf serum. 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyl-
etrazolium bromide (MTT) was obtained from Amresco (Solon,
H).

LipofectamineTM 2000 was obtained from Invitrogen (USA).
lasmids (pEGFP-N2, 4.7 kb) containing a CMV  promoter and an
nhanced green fluorescence protein reporter were obtained from
D Biosciences Clontech (Palo Alto, CA, USA). pEGFP-N2 was  ampli-
ed and isolated using a Plasmid Mega Kit (QIAGEN, Valencia,
A, USA). The recovered plasmids were stored at 4 ◦C in sterile
eionized (DI) water. The purity of plasmids was analyzed by gel
lectrophoresis (0.8% agarose), while their concentration was  mea-
ured by UV absorption at 260 nm (V-530, Jasco, Tokyo, Japan).

.2. Preparation of OCMCS/DNA (OD) NPs and OCMCS-HA/DNA
OHD) NPs

Oleoyl-carboxymethy-chitosan (OCMCS) was synthesized by
eaction of chitosan with chloroacetic acid and oleoyl chloride
s described in our previous study (Li et al., 2006). Solutions of
CMCS at different concentrations were prepared in phosphate
uffer saline (PBS, pH 6.5) in order to achieve N/P ratios of 0.5, 1, 2, 5,
0, 15, and 20 (an amino group to a phosphate group ratio hereafter
as defined as charge or N/P ratio). A DNA solution of 50 �g/ml in

5 mM of sodium sulfate was prepared. An equal volume of chi-
osan solution (from each concentration) and DNA solution were
dded (by dropping slowly) together while stirred at various speed
100–2000 rpm). The final volume of the mixture in each prepara-
ion was limited to below 500 �l in order to yield uniform NPs.

OHD NPs were prepared according to the method described by
uceppe and Tabrizian (2009).  In brief, 10 mg  HA was dissolved in

 ml  of distilled water under magnetic stirring. The OCMCS solu-
ion was stirred at a rate of 3000 rpm for 30 min, mixed into the HA
olution and stirred for 10 min. Seven different mixtures were pre-
ared with CS:HA weight ratios at 1:1, 2:1, 3:1,4:1, 5:1, 6:1, and 7:1.
he required volume of 50 �g/ml plasmid DNA was  gently added
o OCMCS/HA solution to form complexes of a selected N/P ratio.
he mixture was vortexed rapidly for 3–5 s and left for 1 h at room
emperature for the complexes to completely form.

.3. Particle size, zeta potential and surface morphology
The Z-average hydrodynamic diameter and surface charge of
Ps were determined by dynamic light scattering (DLS) using Zeta-

izer Nano ZS (Malvern Instruments Ltd., UK) at room temperature.
he NPs were prepared and analyzed in 1 ml  distilled water at
mers 94 (2013) 309– 316

25 ◦C. All samples were measured in triplicate. The morphological
characterizations of the NPs were viewed using scanning electron
microscopy (SEM, JSM-330A, Japan) and atomic force microscopy
(AFM, Dualscope C26, DME, Denmark).

2.4. Gel retarding analysis

OHD NPs were evaluated by agarose gel electrophoresis. The
NPs and the naked plasmid were loaded onto a 1% agarose gel con-
taining ethidium bromide in Tris–borate EDTA buffer at pH 8.0. The
samples were run on the gel at 120 V for 30 min. The gel was  then
photographed using a GDS-8000 (UVP, USA).

OHD NPs (N/P ratio 5) prepared with OCMCS: HA weight ratios
of 4:1 and naked DNA solution (each containing 1 �g of DNA) were
added to 10 U of NotI and 15 U HindIII (Sigma–Aldrich, USA) and
kept in a water bath for 30 min  at 37 ◦C. In addition, different
concentrations (56–336 ng/�l) of chitosanase (from streptomyces
species, activity 18 units/mg, Sigma–Aldrich, USA) were added and
the NP–chitosanase solution was  maintained in a water bath for
4 h at 37 ◦C. Agarose gel (1%) electrophoresis was repeated, as
described above.

2.5. Stability of OHD NPs

OHD NPs suspension (1 mg/ml, 1 ml)  was  placed into a cellulose
membrane dialysis tube (molecular weight cutoff 8000–10,000).
The tube was introduced into the different kinds of simu-
lated fluid referred to Mohammad Reza (Saboktakin, Tabatabaie,
Maharramov, & Ramazanov, 2011) and kept in a water bath at
37 ◦C. At predetermined time intervals (between 0 h and 6 h), whole
medium was removed and replaced by fresh simulated fluid. The
protocol of using the simulated fluids at different pH was  as follows:

• 0–2 h: simulated gastric fluid, pH 1.2
• 2–4 h: simulated duodenum fluid, pH 6.0
• 4–6 h: simulated intercellular spaces of enterocytes fluid, pH 7.4

Simulated gastric fluid (SGF, pH 1.2) consisted of NaCl (0.2 g),
HCl (7 ml)  and pesin (3.2 g); pH was adjusted by NaOH to 1.2 ± 0.5.
Simulated intestinal fluid (SIF) consisted of KH2PO4 (6.8 g), 0.2 N
NaOH (190 ml), and pancreatin (10.0 g). SIF was adjusted by NaOH
to 7.4 ± 0.1 to obtain simulated intercellular spaces of enterocytes
fluid (SISEF). Simulated duodenum fluid (SDF) pH 6.0 was prepared
by mixing SGF pH 1.2 and SISEF pH 7.4 in a ratio of 30:70. At pre-
determined time intervals (0 h, 2 h, 4 h and 6 h), the particle size
was evaluated via a Zetasizer (Malvern Instruments, UK)  and the
morphology of the OHD NPs was observed by transmission electron
microscope (100 CX II, Japan).

2.6. Evaluation of DNA loading and release

The OD NPs and OHD NPs (N/P ratio 5 and OCMCS/HA weight
ratio 4) were formed according to the method described in Section
2.2. After complex was completely formed at ambient tempera-
ture for 30 min, the turbid solution was  centrifuged at 20,000 × g
at 4 ◦C for 30 min  and the supernatant was  collected to determine
the amount of free DNA. The loading efficiency (LE %) of DNA was
calculated by Eq. (1),  and the analyses were performed in triplicates.

LE% of DNA =
[

A − B

A

]
× 100% (1)

where A is the total concentration of DNA (mg/ml) and B is the

concentration of unloaded DNA (mg/ml).

Phosphate buffer saline (PBS, pH 7.4) was used as media for the
DNA release study. Dried OD NPs and OHD NPs (3.9 mg) and buffer
solution (1.2 ml)  were placed in a micro tube and incubated in a
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ater bath at 37 ± 0.5 ◦C, respectively. At the sampling time, the
ncubated dispersing solution was centrifuged, and 400 �l of super-
atant was collected for evaluation of the amount of released DNA
sing a spectrophotometer at 258 nm.  An equal volume of fresh
uffer was, then, replaced in the solution and the same procedure
as repeated for the next sampling time. The accumulative release
ercentage (Q %) was calculated by Eq. (2),  and the analyses were
erformed in triplicates.

% = Cn · V + Vi

∑n−1
i=0 Ci

DNAt × LE%
× 100 (2)

here Cn is the DNA concentration at Tn, V is the total volume of
elease medium, Vi is the sampling volume at Ti, Ci is the DNA con-
entration at Ti (both V0 and C0 were equal to zero), DNAt is the
otal amount of DNA used for preparation of the original mixture,
E % is the loading efficiency of DNA loaded into the nanoparticulate
ystems.

.7. Cytotoxicity assays

The cell viability was determined using the MTT method. Caco-
 cells were seeded at a density of 5 × 104 cells per well in 100 �l
f culture medium in 96-well plates and grown overnight. Imme-
iately after culture medium was removed, either OD NPs or OHD
Ps (N/P ratio 5, OCMCS: HA weight ratios 4:1), at OCMCS concen-

rations ranging from 20 �g/ml to 200 �g/ml, suspended in fresh
erum free media, were applied to the cells. In another group of
ells, culture media was replaced by fresh serum free media con-
aining LipofectamineTM 2000/DNA (20 �g/ml). A group of cells
reated with only fresh culture medium were used as controls.

The percentage of viability was expressed as relative growth rate
RGR %) by Eq. (3):  Tests were performed in quadruplicate for each
ample.

GR%
Dt

Dnc
× 100% (3)

here Dt and Dnc were the absorbance of the tested sample and the
egative control.

.8. Cellular uptake study

In order to know the cellular uptake of the OD NPs and OHD NPs,
CMCS was fluorescently labeled with FITC. FITC-labeled OCMCS

FITC-OCMCS) was synthesized by the reaction between the iso-
hiocyanate group of FITC and the primary amino group of OCMCS
Wan, Hu, & Yuan, 2004). NPs were prepared at N/P ratio 5 for
CMCS: HA weight ratios 4:1. Caco-2 cells were seeded in a 24-
ell plate at a density of 1 × 105 cells per well in 500 �l growth
edium and allowed to attach for 24 h. Then the culture medium
as replaced by transport buffer (phosphate-buffered saline, PBS,
H 7.4) and preincubated at 37 ◦C for 30 min. After equilibration, the
ulture medium was changed with 100 �l of freshly prepared FITC
abeled NP suspension (100 �g/ml in PBS) and incubated at 37 ◦C
or 4 h. To investigate influence of the extra HA on cellular uptake
f NPs, free HA at concentrations 10 times greater than the HA con-
ent of the NPs was added to the cells and incubated for 20 min  at
7 ◦C. To measure the fluorescence intensity of the cells, cells after
reated with NPs were carefully washed three times with PBS, then
rypsinized and resuspended in the medium. Then cells were cen-

rifuged and washed three times with PBS. The cell resuspension
as finally subjected to FACSCalibur (Becton Dickinson, USA) and

nalyzed with CellQuest software through fluorescence channel 1
FL1).
mers 94 (2013) 309– 316 311

2.9. In vitro transfection experiment

Caco-2 cells were seeded into 24-well plates at a density of
1 × 105 cells per well in 500 �l of culture medium and incubated
for 24 h prior to transfection. Then, the media was replaced with
fresh growth medium without antibiotics containing naked DNA
or OD NPs (negative controls) with N/P ratio of 5 or OHD NPs
(with N/P ratio of 5 and OCMCS: HA weight ratio of 4:1) (test groups)
or LipofectamineTM 2000 (positive controls) with DNA concentra-
tion 2.5 �g/well. Media were replaced by fresh culture medium
after 8 h and cells were incubated for an additional 48 h. All trans-
fection experiments were performed in triplicate. EGFP-positive
transfected cells were detected using fluorescence microscope
(Nikon-TE2000-U, Japan). Finally, cells were collected and resus-
pended in PBS (pH 7.4). The transfection results were measured
using a FACSCalibur through fluorescence channel 1 (FL1).

An additional transfection study was  performed to investigate
the potential utilization of CD44 in aiding transportation of pEGFP
into the cell by blocking the receptor with an excess of HA. Free
HA (at concentrations 10 times greater than the HA content of
the NPs) was  added to the cells and incubated for 20 min  at 37 ◦C.
After incubation, polysaccharide solutions were aspirated, and NPs
containing DNA in solution were introduced to the cells and incu-
bated for 8 h at 37 ◦C, as described above. The transfection efficiency
was determined by fluorescent microscopy and FACS, as mentioned
above.

2.10. Statistical analysis

The statistical significance was studied by one-way ANOVA and
the t-test. Differences were considered to be significant at a level
of p < 0.05.

3. Results and discussion

3.1. Physicochemical characterization of OHD NPs

The OHD NPs were formed as a result of complex coacervation.
The particle size and surface charge of gene delivery systems was
known to be the major factors influencing their transfection effi-
ciency (Romoren, Pedersen, Smistad, Evensen, & Thu, 2003). The
size of nanoparticles is important for cellular uptake and can be
affected by the N/P ratio and OCMCS: HA weight ratio during the
formation of coacervates as demonstrated in Fig. 1A.

The effect of charge ratio on the particle size and surface charge
was examined at N/P ratios of 0.5–20. As shown in Fig. 1A(a), OHD
NPs with N/P ratios of 5 had the smallest sizes. The zeta potential
of OHD NPs increased slightly with the N/P ratio (ranging from
−3.42 to +15.87 mV). At N/P ratio below 1, the concentration of
OCMCS was  lower than the concentration of plasmid and was
unable to condense DNA which resulted in negative zeta potential.
The increase of surface charge with N/P ratio over 1 could be
result from the exclusion of redundant positive charge provided
by OCMCS inside NPs.

The influence of the OCMCS/HA ratio (w/w) on the size of
nanoparticles was  shown in Fig. 1A(b). The size and zeta potential
of the nanoparticles were dependent on the composition, with an
increase in size and a decrease in the surface charge with increasing
HA content. The NPs showed the smallest particle size (164.94 nm)
with OCMCS/HA weight ratio of 4. At OCMCS/HA weight ratio below

4, significant decreases turned up in particle sizes with increasing
ratios, however, it only varied slightly with N/P ratio over 4. The zeta
potential becomes more positive as the amount of OCMCS within
the polyelectrolyte complex increases (from +7.51 to +16.46 mV).
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phosphate groups (PO4 ) on DNA, whose pKa value was 1.0–2.1.
At pH 1.2 in SGF and pH 6.0 in SDF, the –NH4

+ on OCMCS were
protonized, PO43− on DNA were ionized, and –COO− on HA were
partially or completely disassociated. Therefore, positively charged

Table 1
Size of OCMCS-HA/DNA NPs in different pH medium.

OCMCS-HA/DNA NPs Particle size (nm)

Untreated 157.41 ± 26.82
ig. 1. A, effect of N/P ratio (a) and OCMCS/HA ratio (w/w) (b) on particle size and
Ps  (N/P = 5, OCMCS/HA = 4) by SEM (a) and AFM (b) imaging.

The surface charge should be considered when the complex is
ntroduced into the body. Although positively charged nanoparti-
les can attach to the cell membrane, which is negatively charged,
nd enter the cell more easily (Mansouria et al., 2006), NPs with
igh positive charge should be avoided because it might cause toxic
ide effects for cells, nonspecific interactions between complex and
ells, and also exchange reactions of DNA with negatively charged
acromolecules existing in the body during delivery (Schatzlein,

001). These experimental conditions were maintained for further
nalyses, because the OHD NPs with N/P ratio 5 and OCMCS/HA
atio (w/w) 4 presented the desired features in terms of size and
eta potential.

The morphological characterizations of the OHD NPs (N/P = 5,
CMCS/HA = 4) were evaluated by SEM (Fig. 1B(a)) and TEM

Fig. 1B(b)). The nanoparticles had similar nanometric dimension
nd showed round shaped particles with a size around 150 nm,
hich was in agreement with the diameter obtained by DLS.

.2. Integrity and protection against nuclease degradation of the
ssociated DNA

Integrity of the associated plasmid DNA and protection against
uclease degradation by nanoparticles were determined by agarose
el electrophoresis. Gel electrophoresis indicated when the N/P
atio was above 1, the DNA was totally retained within the gel load-
ng well, which illustrated the complete coalesce of plasmid with
CMCS (Fig. 2A).

As revealed in Fig. 2B, NPs with OCMCS-HA protected DNA from
egradation by NotI and HindIII (lane 5) while naked DNA was com-

letely degraded (lanes 2 and 3). The integrity of the associated
NA was confirmed after degradation of the NPs with chitosanase

lane 4). The NPs with OCMCS-HA (lane 7) protected the DNA
gainst degradation when chitosanase was added following NotI
potential of OCMCS-HA/DNA NPs; B, physical characterization of OCMCS-HA/DNA

and HindIII. On the contrary, DNA was  completely degraded (lane
6) when chitosanase was added previously. The results indicated
that OCMCS-HA was capable to loaded DNA efficiently and preserve
its integrity.

3.3. Stability of OHD NPs

The physical stability of OHD NPs was evaluated by measuring
the sizes of the nanoparticles at pH 1.2, 6.0 and 7.4, simulating the
environments of stomach, intestine and the body fluid at the inter-
cellular spaces of enterocytes, respectively (Table 1). No significant
differences were detected in the sizes of OHD NPs at pH 1.2 in SGF
and pH 6.0 in SDF, while the size slightly increased after incubated
at pH 7.4 in SISEF.

The corresponding TEM images of OHD NPs at 0 h, 2 h, 4 h and 6 h
were used to visualize morphology of OHD NPs at different medium
(Fig. 3A). It was known that the pKa value of the amino groups
(–NH4

+) on OCMCS was about 6.5 (Hu et al., 2002) and OCMCS also
had carboxylate groups (–COO−) (pKa 2.0–4.0) on its backbone as
well as HA (Casu & Gennaro, 1975). Additionally there were many

3−
pH 1.2 148.41 ± 19.21
pH 6.0 151.41 ± 22.12
pH 7.4 187.41 ± 20.57

Each value represents the mean ± S.D. (n = 3).
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Fig. 2. Gel retarding analysis of OCMCS-HA/DNA nanoparticles (A); Lane 1, DNA ladder; Lane 2, OCMCS solution; Lane 3, naked DNA; Lanes 4–8, OCMCS-HA/DNA NPs prepared
at  N/P ratios of 10:1, 5:1, 1:1, 1:2 and 1:4, respectively. Electrophoresis of OCMCS-HA/DNA NPs to determine the integrity of plasmid (B); NPs were digested with chitosanase
and  DNase after synthesis. Lane 1, DNA ladder; Lane 2, naked DNA; Lane 3, naked DNA+ NotI and HindIII; Lane 4, OCMCS-HA/DNA NPs+ chitosanase; Lane 5, OCMCS-HA/DNA
NPs+  NotI and HindIII; Lane 6, OCMCS-HA/DNA NPs+ chitosanase+ NotI and HindIII; Lane 7, OCMCS-HA/DNA NPs+ NotI and HindIII+ chitosanase.

Fig. 3. A, TEM images of OCMCS-HA/NPs at 0 h (a), 2 h (b), 4 h (c) and 6 h (d) in different pH medium; 0–2 h: SGF, pH 1.2 2–4 h: SDF, pH 6.0, 4–6 h: SISEF, pH 7.4; B, in vitro
releasing profile of DNA at 37 ± 5 ◦C from OCMCS-HA/DNA NPs in PBS (pH 7.4); C, % cell viability at various concentrations of OCMCS/DNA NPs (1), OCMCS-HA/DNA NPs (2)
and  LipofectamineTM 2000/DNA (3).
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Table 2
Loading efficiency (LE) and in vitro release amount of DNA in OCMCS/DNA NPs and
OCMCS-HA/DNA NPs (N/P ratio 5 and OCMCS/HA weight ratio 4).

Samples LE of DNA (%) In vitro release amount of DNA (%)
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Fig. 4. The FCM pictures of control cells and cells treated with FITC labeled NPs of
collected Caco-2 cells. Untreated cells were used as negative control. 1: Control, 2:
free HA + OCMCS-HA/DNA NPs, 3: Free HA + OCMCS/DNA NPs, 4: OCMCS/DNA NPs,
5: OCMCS-HA/DNA NPs.
OCMCS/DNA NPs 94.21 ± 5.62 14.12 ± 1.83
OCMCS-HA/DNA NPs 91.37 ± 3.81 65.57 ± 2.86

CMCS and negative charged HA, DNA were able to form polyelec-
rolyte complexes via electrostatic interaction, resulting in particles
ith a spherical shape. At pH 7.4 in SISEF, partial –NH4

+ on OCMCS
ad partially become deprotonized and weakened the electrostatic

nteraction between OCMCS, HA and DNA; the structure of OHD NPs
ad gotten loosened. The results indicated OHD NPs had the ability
o deliver DNA to small intestine and were more likely to release the
oaded DNA only when they infiltrated into the intestinal mucosa
nd approach enterocytes.

.4. DNA loading and release in vitro

The LE of DNA into the complex was calculated based on the
otal amount of DNA added in the NPs preparation step. As shown
n Table 2, the LE of DNA in OD NPs and OHD NPs was  94.21 ± 5.62%
nd 91.37 ± 3.81%, respectively.

The releasing profiles of DNA from the OD NPs and OHD NPs
ere investigated in vitro at 37 ± 0.5 ◦C for 3 days in phosphate

uffer saline (PBS, pH 7.4). The amount of released DNA was mea-
ured by a spectrophotometer at 258 nm.  It should be pointed out
hat the OD NPs and OHD NPs incubated in all media gave quite dif-
erent releasing profiles (Fig. 3B). The DNA loaded in OD NPs was
eleased very slowly, with final release of approximately 14% within
2 h of incubation. The strong electrostatic interaction between
CMCS and DNA might result in the slow DNA release. Otherwise,

he DNA loaded in OHD NPs was released in a faster, continuous
anner, with a final release of approximately 65% in the same

eriod.
For OHD NPs, the release of DNA was markedly divided into two

tages based on the release rate. For the initial stage, the first 4 h,
n the release rate was very fast (burst effect) (Mao  et al., 2001).
he mechanism of DNA release in this stage might be explained
y the diffusion of DNA localized on the NPs surface. Because of
he existence of negative charged HA, the electrostatic interac-
ion between these oppositely charged macromolecules-OCMCS
nd DNA was weakened, which allowed better diffusion of DNA
rom the nanoparticles (Elfinger et al., 2009).

.5. Cytotoxicity assays

In order to develop OHD NPs as novel gene delivery carriers for
I system, an assessment of any potential toxic interaction with

ntestinal epithelia is very important. In this study, the cytotoxicity
f OD NPs and OHD NPs to Caco-2 cells was estimated using the
TT  assay. As the NPs dose increased to 200 �g/ml, both OD NPs

nd OHD NPs showed a slight increase in cellular toxicity (Fig. 3C).
owever, the average cell viability of OHD NPs was more than
0%, which was much higher than that of LipofectamineTM 2000,
nd showed less than 60% viability. These cytotoxicity results indi-
ate that OHD NPs should be a safer carrier than LipofectamineTM

000 and specify a safe range for the application of OHD NPs
20–200 �g/ml) to Caco-2 cells.

.6. Cellular uptake study
To estimate the amount of DNA internalized into cells and mea-
ure the fluorescent intensity, cells were subjected to FACSCalibur.
ompared with OD NPs, about 2-fold higher mean fluorescence
intensity (982.1 ± 43.7) was detected in Caco-2 cells treated with
OHD NPs at the same tested concentration (Fig. 4). The result
demonstrated that chitosan modified with HA could improve
its cellular uptake. HA was known for its implication in several
processes, such as the regeneration of corneal and conjunctival
epithelial cells, through an interaction with the CD44 receptor
(Schmitz et al., 2007). With the objective of elucidating whether
CD44 is responsible for the receptor-mediated uptake, we  blocked
the receptor by the addition of excess free HA. As expected, the
cellular uptake of the OHD NPs varied negligibly after the recep-
tor blockage. On the contrary, the excess free HA only cause a
slight decrease of mean fluorescence intensity when the cells were
treated with OD NPs. Consequently, we  concluded that OHD NPs
were internalized by fluid endocytosis and that this endocytic pro-
cess was  mediated by the hyaluronan receptor.
Fig. 5. The FCM pictures of Caco-2 cells transfected with OCMCS/DNA NPs and
OCMCS-HA/DNA NPs. Untreated cells were used as negative control and cells trans-
fected with LipofectamineTM 2000/DNA were used as positive control. 1: Untreated
cells, 2: naked DNA, 3: OCMCS/DNA NPs, 4: OCMCS-HA/DNA NPs, 5: LipofectamineTM

2000/DNA.
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Fig. 6. A, Images of Caco-2 cells transfected with OCMCS/DNA NPs and OCMCS-HA/DNA NPs (N/P ratio = 5, OCMCS/HA weight ratio = 4) observed under fluorescent microscope
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20×  magnification). Untreated cells were used as negative control and cells tran
a),  naked DNA (b), OCMCS/DNA NPs (c), OCMCS-HA/DNA NPs (d), Lipofectamin
CMCS-HA/DNA NPs (OCMCS/HA weight ratio = 4) in the absence (gray bars) or pre

.7. Cell transfection in vitro

In the present work, we evaluated the capacity of OD NPs and
HD NPs to transfect Caco-2 cells. For this purpose, we used a green
uorescent protein-encoding plasmid (pEGFP) as a reporter gene.
ig. 5 shows the levels of expressed enhanced green fluorescence
rotein (EGFP) obtained after incubation of the pEGFP-loaded NPs

n the Caco-2 cells. Naked pDNA was placed as a control, and no
xpression of the protein was detected. The expressed EGFP in
aco-2 cells transfected with OHD NPs was about 5-fold higher than
D NPs, but, it was still about two to three times lower than that of

he LipofectamineTM 2000 DNA complex group. The results showed
hat the ability of the NPs to transfect cells was strongly influenced
y their composition. EGFP-positive transfected cells were detected
y fluorescence microscopy at 48 h after transfection (Fig. 6A). The
uorescent images of Caco-2 cells transfected with complex NPs
lso confirmed the FACS analysis above.

This enhancement of the transfection efficiency of OHD NPs
ould be a result of the presence of HA in the NP composition. First,
A could be expected to improve the internalization of the NPs as

 result of specific and nonspecific interactions with the cells. Sec-
nd, it has been reported that on internalization, HA is included in
onlysosomal vesicular compartments and rapidly accumulated in
he perinuclear region and cell nuclei (Tammi et al., 2001). Hence,
rafficking could be speculated for the NPs containing HA that
ndertake intracellular pathways that favor the gene expression.
hird, HA has been described as a transcription activator, which
s able to enhance the transfection efficiency of HA-coated PEI
omplexes (Ruponen et al., 2001). Consequently, the same type of
echanism could apply to the OHD NPs.
In order to investigate the potential utilization of CD44 in aiding

ransportation of pDNA into the cell, excess of free HA was  utilized

o block the receptor (Issa et al., 2006). Inhibition experiments with
0 times of free HA showed a significantly 3-fold decrease of gene
xpression for OHD NPs, whereas OD NPs were barely influenced
Fig. 6B). These results showed that entrance of OHD NPs to the
d with LipofectamineTM 2000/DNA were used as positive control. Untreated cells
00/DNA (e). B, In vitro transfection efficiency of OCMCS/DNA NPs (N/P = 5) and

 (hatched bars) of excess of free HA.

Caco-2 cell was via ligand–receptor endocytosis by attachment of
HA to its receptors at the surface of the epithelial cells. OHD NPs
nanoparticles showed good transfection efficiency in Caco-2 cells.

4. Conclusions

In this study, OHD NPs were successfully prepared as novel, non-
viral vectors for gene delivery. The optimum N/P ratio was found
to be 5 with the ideal OCMCS/HA weight ratio of 4 which resulted
in the smallest nanoparticles. Involving HA in OHD NPs was  bene-
ficial for the DNA release as well as cellular uptake. OHD NPs were
capable to deliver DNA to small intestine and released the loaded
DNA only when they approached intestinal enterocytes. Compared
to LipofectamineTM 2000, both OD NPs and OHD NPs did not show
any significant cytotoxicity against Caco-2 cells. The transfection
efficiency of OHD NPs was 5-fold higher than that of OD  NPs under
the same conditions. This study suggested that OHD NPs can be a
safe and effective carrier for targeted gene delivery to CD44 of GI
system.
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