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The  ideal  gene  polyplexes  should  have  a  subtle  balance  between  polyplex  stability  to protect  DNA  against
nucleases,  and  polyplex  instability  to  permit  DNA  dissociation  inside  cells.  In  this  research,  low  molec-
ular  weight  trimethylated  chitosan  was  chemically  modified  with  poly(�-caprolactone).  Owing  to  the
amphiphilic  character,  trimethylated  chitosan-graft-poly(�-caprolactone)  (TMC-g-PCL)  formed  nanopar-
ticles in  aqueous  media.  TMC-g-PCL  nanoparticles  could  effectively  condense  pDNA  into  polyplexes  about
200 nm in  size.  The  TMC-g-PCL/DNA  polyplexes  were  stable  in  physiological  salt  condition  and  showed
rimethylated chitosan
oly(�-caprolactone)
anoparticles
on-viral gene delivery

high  uptake  efficiency  probably  due  to  the  increasing  cell  membrane-carrier  interaction  as  a result  of
hydrophobic  modification.  However,  the  high  degree  of  quaternization  influenced  the  buffer  capacity  of
TMC-g-PCL  and  led  to a reduction  in the  release  from  the  lysosomes.  By  adding  chloroquine  to  exclude
the  limitation  of lysosome  escape,  the  transfection  efficiency  of TMC-g-PCL/DNA  polyplexes  was  similar
to  that  of  PEI/DNA  polyplexes.  This  study  demonstrated  the  potential  of  TMC-g-PCL/DNA  nanoparticles

gene  
as  an  efficient  carrier  for 

. Introduction

Gene therapy is considered as a promising approach for the
reatment of congenital and acquired diseases by producing bioac-
ive agents or preventing abnormal functions of the cells such as
enetic disorder or uncontrollable proliferation of cells (Kim &
ossi, 2007; O’Connor & Crystal, 2006). Non-viral vectors, including
ationic lipids and polycations that can associate with negatively
harged DNA, have recently emerged as viable alternative due to
he lower cost of synthesis, lack of an immune response and large
ucleic acid loading capacity (Itaka & Kataoka, 2009; Maji et al.,
012; Peng, Chen, Zhong, & Zhuo, 2010; Ren, Ji, & Shen, 2005; Wang,
hu, Hu, & Shen, 2008; Yu et al., 2007).

Chitosan (CS) is well known as a biocompatible, biodegrad-
ble and low toxicity material with high cationic potential and
as been widely applied in gene delivery (Lee, Kwon, Kim, Jo, &

eong, 1998; Liu et al., 2005; Lu et al., 2009; Pires et al., 2011).
igh molecular weight chitosan (100–400 kDa) can form extremely

table polyplexes with DNA (Koping-Hoggard et al., 2004). How-

ver, some problems, such as poor solubility at physiological pH
alue, high viscosity at concentrations used for in vivo deliv-
ry and a slow dissociation and release of plasmid DNA inside

∗ Corresponding authors. Tel.: +86 571 87953729; fax: +86 571 87953729.
E-mail addresses: yx wang@zju.edu.cn (Y. Wang), hljiang@zju.edu.cn (H. Jiang).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.09.053
delivery.
© 2013 Elsevier Ltd. All rights reserved.

the cells, limited the successful applications of chitosan-mediated
gene delivery (Germershaus, Mao, Sitterberg, Bakowsky, & Kissel,
2008; Varum, Ottoy, & Smidsrod, 1994). Chitosan oligomers with
molecular weight lower than 5000 Da are water soluble at physi-
ological pHs. However, due to the weak interaction with DNA, the
polyplexes were physically unstable and thus transfected cells at
low efficiency (Köping-Höggård, Mel’nikova, Vårum, Lindman, &
Artursson, 2003). To overcome these drawbacks, many chitosan
derivatives have been developed in the last few years. A cation-
ized chitosan derivative N,N,N-trimethyl chitosan chloride (TMC),
which shows higher solubility at physiological pHs, has been syn-
thesized as gene vector. The degree of quaternization and the
molecular weight of TMC  play important roles in its gene transfec-
tion efficiency and cytotoxicity (Mao  et al., 2005). TMC  with high
molecular weight and high degree of quaternization shows strong
cytotoxicity in vitro cell culture experiment (Kean, Roth, & Thanou,
2005). The strong electrostatic interaction between TMC  and DNA
impeded gene dissociation inside cells, thus lead to low transfec-
tion. Therefore, further improvement of the gene delivery efficiency
and biocompatibility of TMC  is also urgently required.

Much progress has been made by grafting hydrophilic
(Germershaus, Mao, Sitterberg, Bakowsky, & Kissel, 2008; Park

et al., 2000), hydrophobic (Chae, Son, Lee, Jang, & Nah, 2005; Liu
et al., 2003), or cell-specific side chains (Cook et al., 2005; Lee,
Lockey, & Mohapatra, 2006; Mansouri et al., 2006) to chitosan
or TMC  backbones. Among them, hydrophobic group-modified

dx.doi.org/10.1016/j.carbpol.2013.09.053
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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S. Tang et al. / Carbohydrat

hitosans have been widely investigated with respect to enhanced
ene transfection efficiency. Alkylated chitosans were prepared by
odifying chitosan with alkyl (butyl, octyl, dodecyl, or hexadecyl)

romide and showed increased transfection efficiency on C2C12
ouse myoblast cell lines (Liu, De Yao, & Liu, 2001; Liu et al., 2003).

he reason was that the hydrophobic chains promoted the cell
ptake and the unpacking of genes from the vectors. Deoxycholic
cid-conjugated chitosan oligosaccharide nanoparticles showed
uperior gene condensation and protection of the condensed gene
rom endonuclease attack compared with unmodified chitosan
ligosaccharides. Moreover, it showed high level of gene transfec-
ion efficiencies on HEK 293 cells, even in the presence of serum
Chae, Son, Lee, Jang, & Nah, 2005). Hydrophobic stearic acid (Hu
t al., 2006), 5�-cholanic acid (Sang Yoo, Eun Lee, Chung, Chan
won, & Young Jeong, 2005), cholesterol (Son et al., 2004) was
lso used to modify chitosan to construct efficient gene delivery
ystems.

Poly(�-caprolactone) (PCL) is an aliphatic polyester, often
sed in biomedical applications because of its biocompatibility,
low biodegradability, low-cost, non-toxicity and good mechani-
al properties (Drevelle, Daviau, Lauzon, & Faucheux, 2013; Wei
t al., 2009). In this research, trimethylated chitosan with molec-
lar weight about 15 kDa was chosen and then grafted by PCL
TMC-g-PCL) as gene vector. The introduction of hydrophobic PCL

oieties into TMC  could induce the amphiphilicity-driven self asso-
iation, which resulted in the formation of nanoparticles in an
queous media. The TMC  shell might offer efficient gene conden-
ation capacity with reduced cytotoxicity due to the low molecular
eight of TMC. The hydrophobic interaction between PCL chain

nd cell membrane might facilitate the TMC-g-PCL/DNA polyplexes
nter into the cells. And the hydrophobicity-induced weakening of
he electrostatic attraction between DNA and carriers might lead
o the easier unpacking of DNA inside the cells and increase the
ransfection (Liu et al., 2003). We  investigated the chemo-physical
roperties of TMC-g-PCL/DNA polyplexes, featuring their utility as
ene delivery systems under serum-containing conditions.

. Materials and methods

.1. Materials

Chitosan was purchased from Yuhuan Ocean Biomaterial Co.
Yuhuan, China). The degree of deacetylation (DD) was  found to
e 91.5% by 1H NMR  analysis and the viscosity-average molecu-

ar weight was determined to be 1.5 × 104. PCL (Mn 6200) was
ynthesized in our laboratory using benzyl alcohol as an initia-
or and Sn(OCt)2 as a catalyst. Formaldehyde, formic acid, and
odomethane were obtained from Shanghai Chemical Company
Shanghai, China). Sodium dodecyl sulfate (SDS) was obtained from
hantou Xilong Chemical Company (Shantou, China). Hexamethy-
ene diisocyanate (HDI) was supplied by Acros (Shanghai, China).
in (II) dibutyl dilaurate and tris(hydroxymethyl)aminomethane
Tris) were purchased from Sinopharm Chemical Reagent Co
Shanghai, China). Trifluoroethanol was from Weihai New Era
hemical Co (Weihai, China). 3-(4,5-Dimethylthiazol-2-yl)-2,5-
iphenyltetrazolium bromide (MTT), fluorescein isothiocyanate
FITC), polyethylenimine (branched, Mw 25 kDa), 4,6-diamidino-
-phenylindole (DAPI) and chloroquine were purchased from
igma–Aldrich. FITC-DNA was synthesized according to the litera-
ure (Sato, Kawakami, Shirakawa, & Okahata, 1995). Deoxyribonu-
leic acid (DNA, fish sperm, sodium salt) and N-[2-hydroxyethyl]

iperazine-N′-[2-ehtanesulfonic acid] (HEPEs) were purchased
rom AMRESCO. Lyso Tracker® Red DND-99 was  purchased from
awen Biotec. pEGFP (4733 bp) was purchased from Clonetech. The
sh sperm DNA was chosen as model DNA to measure the particle
ers 101 (2014) 104– 112 105

size, zeta potential and morphology of polyplexes. pEGFP was used
in gel retardation assay and cell culture. All other chemicals and
solvents were of analytical grade and used as received.

2.2. Synthesis and characterization of TMC-g-PCL

Trimethylated chitosan-g-poly(�-caprolactone) was  synthe-
sized according to the literature (Zhang, Cai, Tang, Wang, & Jiang,
2011). N,N-dimethylated chitosan (DMC) was first synthesized fol-
lowing the procedures described by Verheul et al. (2008). Then,
sodium dodecyl sulfate (SDS)-DMC complex (SDC) was  prepared
simply by mixing acidic solutions of DMC  and SDS (Cai, Jiang, Tu,
Wang, & Zhu, 2009). The mixture was  gently stirred for 2 h at
room temperature. The resulting SDC precipitates were collected
by centrifugation and washed three times with distilled water
and finally freeze-dried to yield yellowish powders. Hydroxyl-
terminated PCL was  activated by HDI to yield PCL-NCO (Folmer,
Sijbesma, Versteegen, van der Rijt, & Meijer, 2000). SDC was dis-
solved in anhydrous DMSO. Then, PCL-NCO dissolved in anhydrous
CHCl3 was  added to SDC solution to yield DMC-g-PCL by coupling
reaction (Zhang, Cai, Tang, Wang, & Jiang, 2011). DMC-g-PCL was
further reacted with iodomethane, isolated by centrifugation and
washed extensively with ethyl ether. After drying overnight, the
crude TMC-g-PCL was  dissolved in 5 mL  of DMSO. 30 mL  of 15%
NaCl solution was  added. The mixture was  stirred for at least 18 h
for ion-exchange, followed by dialysis against deionized water for
3 days with a cellulose membrane (Mw cut off 3500). The deionized
water was changed twice a day. The final product was  obtained by
freeze drying. TMC-g-PCL was  characterized by 1H NMR  (Bruker
DMX-500 NMR  spectrometer).

The critical aggregation concentration (CAC) was  determined
according to the literature (Lim Soo, Luo, Maysinger, & Eisenberg,
2002). Pyrene was used as a hydrophobic fluorescence probe
to analyze the self-assembly of TMC-g-PCL in pH 7.4 HEPEs
buffer solution. The concentration of TMC-g-PCL was  ranged
from 1.0 × 10−3 to 1.0 mg/ml. The pyrene concentration was
6.0 × 10−7 M.  Pyrene excitation spectra were recorded on a
HITACHIF-4500 fluorescence spectrophotometer (Hitachi High
Technologies Corporation, Tokyo, Japan). The slit widths for both
excitation and emission sides were maintained at 3 nm and an
emission wavelength of 373 nm was used.

2.3. Preparation of TMC-g-PCL nanoparticles

The nanoparticles were prepared by a dialysis procedure
described by Lim Soo, Luo, Maysinger, and Eisenberg (2002). Briefly,
TMC-g-PCL copolymer (0.025 g) was first dissolved in 6 ml  of triflu-
oroethanol/acetic acid (v/v, 5/1) admixture. Then the solution was
dialyzed against distilled water with a cellulose membrane (Mw

cut off 3500) at room temperature for 3 days to yield a transpar-
ent solution. The resulting solvent-free solution was then filtered
with 0.45 �m filter and diluted with HEPEs buffer solution to give
a copolymer concentration of 1.0 mg/ml.

2.4. Preparation and characterization of TMC-g-PCL/DNA
polyplexes

DNA was  dissolved in HEPES (pH 7.4, 20 mM NaCl) to give a
concentration of 0.1 mg/ml. Different concentrations of the TMC-g-
PCL nanoparticles were added to a constant volume of DNA solution
to obtain various weight ratios (carrier/DNA) ranging from 4 to 30.

The mixture was vortexed for 15 s and incubated for 30 min  at room
temperature to ensure polyplex formation. For convenience, the
TMC-g-PCL/DNA polyplexes at weight ratios of 12 was marked as
TMC-g-PCL/DNA-12.
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ig. 1. (a) 1H NMR  spectra of TMC-g-PCL in CF3COOD/D2O (v/v, 1/2) and (b) plots of 

oncentration.

Particle size measurement was performed by dynamic light
cattering (DLS, 90plus/BI-MAS particle size analyzer, Holtsville,
SA), which detected at 90◦ angle and determined at 25 ◦C.
very measurement was repeated 4 times. The zeta potential
as measured using the Zetasizers 3000 (Malvern Instruments,

outhborough, MA). The morphology of TMC-g-PCL nanoparti-
les and gene polyplexes was conducted by transmission electron
icroscope (TEM, JEM-1200EX, NEC, Japan) operated at 50 kV. A

rop of the nanoparticles was deposited onto 200-mesh carbon-
oated copper grid for 10 min. The excess aqueous solution was
lotted with filter paper. In order to obtain enough particles on
he grid, the above processes were repeated three times. The
NA binding ability of polyplexes was examined by gel retar-
ation assay according to the literature (Li et al., 2011). The
olyplexes were electrophoresed through a 1% agarose gel at
00 V for 50 min, then the gel was stained with ethidium bro-
ide (0.5 �g/mL) for 30 min  and DNA was visualized on a UV

ransilluminator.

.5. Aggregation study of polyplexes

All polyplexes were prepared as mentioned above. Then the
aCl concentration was adjusted to 150 mM,  which was compa-
able to the physiological salt condition. The colloidal stability was
nvestigated by DLS according to the time-depended particle size.
he stability of TMC-g-PCL/DNA polyplexes in complete DMEM
edium containing 10% fetal bovine serum (FBS) was also eval-

ated by DLS.
9/I334 ratio of pyrene excitation spectra in pH 7.4 HEPES as a function of TMC-g-PCL

2.6. Cell culture

The human embryonic kidney cell line HEK293T was cultured
with complete medium (DMEM containing 10% FBS, supplemented
with 100 U/ml penicillin G and 100 �g/ml streptomysin). Then, the
cells were maintained at 37 ◦C in a humid atmosphere containing
5% CO2.

2.6.1. Cytotoxicity of TMC-g-PCL/DNA polyplexes
The MTT  assay is a non-radio-active colorimetric assay to mea-

sure cytotoxicity (Mosmann, 1983). HEK293T cells were seeded
at a density of 1 × 104 cells per well in 96-well tissue culture
polystyrenes (TCPS) plate and incubated for 24 h in the 5% CO2
incubator. Then TMC-g-PCL/DNA and PEI/DNA polyplexes at the
same weight ratio containing 1 �g DNA were added respectively.
After incubation for 24 h, 20 �L of MTT  solution (5 mg/mL in PBS)
was added to each well and incubated for additional 4 h. Then
the medium was removed and DMSO was added. The plates were
mildly shaken for 10 min  to ensure the dissolution of formazan.
The absorbance values were measured by using microplate reader
(Bio-RAD, model 550) at wavelength 570 nm,  blanked with DMSO
solution. PEI/DNA polyplexes were used as a control. All exper-
iments were performed in five replicates. Error bars represent
means ± standard deviation (SD) for n = 5.
2.6.2. Cell uptake
HEK293T cells were seeded in 24-well tissue culture plates at

a density of 1 × 105 cells per well and incubated for 24 h. The
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ig. 2. The particle sizes (a) and zeta potentials (b) of TMC-g-PCL/DNA polyplexes;
MC-g-PCL/DNA-20 ((c)-3) and TMC-g-PCL/DNA-30 ((c)-4) polyplexes.

olyplexes containing 2 �g FITC-DNA were added and incubated for
 h. Then HEK293T cells were carefully washed three times with PBS

n order to detach surface-associated polyplexes, trypsinized and
esuspended in the medium. The efficiency of cell uptake was ana-
yzed by flow cytometry (FCM, BD Bioscience). PEI/DNA polyplexes
t an amino group to phosphate group ratio (N/P) of 8 were used as

 control. All experiments were performed in triplicate. Error bars
epresent means ± SD for n = 3.

.6.3. Intracellular distribution
For intracellular distribution, HEK293T cells were seeded into

onfocal imaging dishes at a density of 5 × 104 cells per dish. The
MC-g-PCL/DNA-30 polyplexes containing 4 �g FITC-DNA were
dded with chloroquine at the final concentration of 100 �M,  cocul-
ured with cells for 12 h. Then, the cells were washed five times
ith PBS, incubated with Lyso Tracker® Red DND-99 for 60 min.
fter that, the cells were washed five times with PBS, fixed with 4%

w/v) paraformaldehyde for 30 min  and rinsed three times with
BS. Following incubation with DAPI for 15 min, the cells were
ashed three times with PBS. The intracellular distribution of poly-
lexes was analyzed by confocal laser scanning microscope (CLSM,
eica TSSP5, Germany). The polyplexes without chloroquine addi-
ion were investigated as a control.

.6.4. In vitro transfection
The transfection efficiency assay used the green fluorescent

rotein (GFP) as the reporter protein. HEK293T cells were seeded
n 24-well tissue culture plates at a density of 1 × 105 cells per well
nd incubated for 24 h prior to the transfection experiments. TMC-
-PCL/DNA polyplexes containing 2 �g pEGFP at different weight
atios with or without chloroquine were added to each well. The
nal concentration of chloroquine in each well was  100 �M.  After
ncubation for 4 h, the media was replaced with fresh complete
edium and incubated for further 44 h. Fluorescence spectroscopy
as used to observe the expression of the green fluorescent
rotein (GFP). The transfection results were then measured by
icrographs of TMC-g-PCL blank nanoparticles ((c)-1), TMC-g-PCL/DNA-12 ((c)-2),

flow cytometry. PEI/DNA polyplexes at N/P ratio of 8 were used as a
control. All transfection experiments were performed in triplicate.

3. Results and discussion

3.1. Characterization of TMC-g-PCL

The structure of TMC-g-PCL was characterized by 1H NMR
(Fig. 1). The degree of quaternization in TMC-g-PCL was  78.7%, as
calculated from Eq. (1), where I7 and I8 were the peak areas of the
protons from trimethyl amino groups and dimethyl amino groups
respectively. PCL grafting level was calculated according to the Eq.
(2), where Ie and I1 were the integrated areas of the peaks at 2.21
and 5.25 ppm respectively. The grafting degree of PCL was 1.2%.

Trimethylation degree = I7/9
I7/9 + I8/6

× 91.5% × 100% (1)

PCL% = Ie
2 × 35 × I1

× 100% (2)

The introduction of hydrophobic PCL moieties into TMC  could
induce the amphiphilicity-driven self association, which resulted
in the formation of nanoparticles in an aqueous media. The crit-
ical aggregation concentration (CAC) of TMC-g-PCL was  studied
by fluorescence probe methods. Pyrene was  used as a fluorescent
probe because its vibrational fine structure was sensitive to polar-
ity and it produced distinct excimer fluorescence under conditions
of sufficiently high concentration and mobility (Zhou, Zhang, Chen,
Guo, & Zhou, 2011). With an increase in TMC-g-PCL concentrations,
the total fluorescent intensity I increased, and fluorescence spec-
trum shifted. A negligible change of intensity ratios was  observed
at a low concentration range. But the intensity ratios showed a
sharp increase above a certain concentration, which indicated the
incorporation of pyrene into the hydrophobic core region of the

nanoparticles. The ratio I339/I334 of the pyrene excitation spectra
was used to determine CAC of TMC-g-PCL in water. The plot of
the intensity ratio I339/I334 of the pyrene excitation spectra against
the logarithm of the different polymers concentrations was shown
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ig. 3. Gel retardation assay for the pDNA binding ability of TMC-g-PCL nanoparti-
les. Numbers indicate the carrier/DNA weight ratio.

n Fig. 1B. By examining the (0, 0) band in the pyrene excitation
pectrum and comparing the intensity ratio (I339/I334), CAC of TMC-
-PCL was about 0.02 mg/mL.

.2. The property of TMC-g-PCL/DNA polyplexes

As shown in Fig. 2a, the average particle size of TMC-g-PCL
lank nanoparticles was about 180 nm.  The zeta potential was
bout 22 mV  (Fig. 2b), which contributed to the positive charged
MC  chains on the surface of the nanoparticles. Due to the elec-
rostatic attraction, it could condense DNA and form polyplexes.
y changing the weight ratios of TMC-g-PCL to DNA, different
MC-g-PCL/DNA polyplexes were then prepared. TMC-g-PCL/DNA
olyplexes showed a narrow size distribution and a nearly con-
tant average size of 200 nm when the weight ratio increased from

 to 30. The zeta potential of TMC-g-PCL/DNA polyplexes was
bout 20 mV.  As for particle size and zeta potential, there were
egligible differences between TMC-g-PCL nanoparticles and TMC-
-PCL/DNA polyplexes probably owing to the utilization of excess
mount of cationic TMC  shell for the gene condensation. Trans-
ission electron microscopic examination of TMC-g-PCL/DNA

olyplexes revealed spherical morphology with diameters ranging
rom 100 to 200 nm (Fig. 2c), which was consistent with dynamic
ight scattering measurement.

DNA condensation ability was evaluated by gel retardation
ssay. As shown in Fig. 3, TMC-g-PCL nanoparticles achieved com-
lete retardation of DNA at weight ratio from 4 to 30. It suggested

 strong DNA binding ability of TMC-g-PCL. The effective gene
ondensation capacity may  result from the increment of cationic
harge densities due to the formation of nanoparticles in an aque-
us environment. Furthermore, hydrophobic interactions between
ydrophobic TMC  moieties and charge-neutralized DNA segments
ere also accountable for the enhanced gene condensation capacity

f TMC-g-PCL.

.3. Aggregation study of polyplexes

The extracellular stability of polyplexes is of critical concern
or gene delivery systems (Luo, Pan, Feng, Wen, & Zhang, 2010).
n this case the stability of polyplexes was investigated by DLS
y following the time-dependence of the particle size in phys-

ological salt condition (Fig. 4). PEI/DNA polyplexes at N/P of 8
ormed large aggregates quickly in physiological salt conditions.
his was due to interparticle cross-bridging of polycations due to
he reduced repulsive barriers. Compared with PEI/DNA polyplexes,
he stability of TMC-g-PCL/DNA polyplexes was improved greatly.

fter 50 min  incubation in physiological salt condition, the parti-
le size of TMC-g-PCL/DNA-8 polyplexes increased from 280 nm
o 380 nm.  We  speculate that by increasing the ionic strength of
he solution, the affinity between nanoparticles and DNA chains
Fig. 4. The stability of TMC-g-PCL/DNA polyplexes in physiological salt condition (a)
and  in complete DMEM medium containing 10% FBS (b) determined by DLS. Error
bars represent means ± SD for n = 4.

decreased and resulted in partial dissociation. However, the stabil-
ity of TMC-g-PCL/DNA polyplexes at a weight ratio of 12, 20 and 30
was significantly improved. This could be due to the intermolecu-
lar hydrogen bonds among TMC  segments. On the other hand, the
increment of cationic charge densities on the micellar TMC-g-PCL
nanoparticles could result in enhanced DNA binding ability. This
may  account for the excellent stability of polyplexes in physiolog-
ical conditions.

The stability of TMC-g-PCL/DNA polyplexes in complete DMEM
medium containing 10% fetal bovine serum was also evaluated by
DLS. As shown in Fig. 4b, PEI/DNA and TMC-g-PCL/DNA polyplexes
were stable. The size of gene polyplexes kept almost invariable dur-
ing the incubation time, which was  important in vivo application.

3.4. Cell toxicity

The cytotoxicity was  measured by MTT  viability assay. The

results are shown in Fig. 5. For TMC-g-PCL/DNA and PEI/DNA poly-
plexes, cell cytotoxicity increased with the increment of weight
ratio. PEI/DNA polyplexes with strong positive surface charge could
disrupt the cell membrane and induce cell membrane toxicity.
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Fig. 6. Cell uptake efficiency after 4 h addition of TMC-g-PCL/DNA polyplexes in

F
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ig. 5. The cytotoxicity of TMC-g-PCL/DNA polyplexes measured by MTT. Error bars
epresent the standard deviation of five measurements.

t the same weight ratio, TMC-g-PCL/DNA polyplexes showed
ower cell cytotoxicity than PEI/DNA polyplexes. However, due to
he trimethylated nature of TMC  segments, TMC-g-PCL/DNA poly-
lexes showed less than 70% viability. This was a limitation of our
elivery system.

.5. Cell uptake and intracellular distribution

Endocytosis is one of the barriers that polyplexes must
vercome for transfection (Sahay, Alakhova, & Kabanov, 2010).
any factors, such as particle size, zeta poteitial, polyplex sta-

ility in physiological media, have a great effect on the cell
ptake. TMC-g-PCL/FITC-DNA polyplexes were added to HEK293T
ells. After incubation 4 h, the uptake efficiency was  determined

y flow cytometry. Fig. 6 indicated the uptake efficiency of
MC-g-PCL/FITC-DNA polyplexes was higher than PEI/FITC-DNA
olyplexes and reached about 80% at weight ratio of 30. It is well
nown that the positive charge density of polycation plays an

ig. 7. Intracellular distribution of polyplexes without chloroquine (a) and with chloroqui
lexes.  DNA was labeled with FITC (green), the nuclei were stained with DAPI (blue) and ly
f  the references to color in this figure legend, the reader is referred to the web  version o
HEK293T cells determined by flow cytometry. PEI/DNA polyplexes at N/P of 8 were
used as control. Error bars represent means ± SD for n = 3.

important role in cell uptake. The TMC-g-PCL/FITC-DNA polyplexes
with a positive-charged shell interacted easily with the negatively
charged cell membrane. Moreover, the hydrophobic PCL modifi-
cation might increase cell membrane–carrier interactions and/or
destabilization of the cell membranes, leading to increased uptake
efficiency.

Timely intracellular DNA unpacking and release is generally
regarded as one of the important rate-limiting steps for nonviral
condensing polycations. The most efficient gene polyplexes should
have a subtle balance between polyplex stability to protect DNA
against nucleases, and polyplex instability to permit DNA dissoci-
ation inside cells. CLSM was  used to investigate the intracellular
gene distribution. TMC-g-PCL/DNA-30 polyplexes were added and
cocultured with cells for 12 h. Then the cells were washed by PBS
and the lysosomes were stained to red fluorescence with Lyso

Tracker® Red DND-99. The nuclei stained with DAPI were blue and
DNA labeled with FITC was green. The confocal images in Fig. 7a
showed that overlapping of red and green fluorescence in HEK293T

ne (b) exposed to HEK293T cells approximately 12 h after incubation with the poly-
sosomes of HEK293T were stained with Lyso Tracker Red (red). (For interpretation

f the article.)
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ig. 8. The transfections of polyplexes to HEK293T cells measured by fluorescenc
hloroquine; (a)-3 TMC-g-PCL/DNA-20 with chloroquine; (a)-4 TMC-g-PCL/DNA-30 w
eans  ± SD for n = 3.

ells generated yellow stains in the merged images. It strongly
emonstrated that TMC-g-PCL/DNA-30 polyplexes were mainly
istributed in lysosome with little or no escape after incubation
f 12 h. It was known that membrane destabilization and buffering
apacity of the chitosan was originated by fairly low pKa value (pKa

.0–6.5). However, due to high trimethylation degree, the buffer-
ng capacity of TMC-g-PCL was significantly reduced. On the other
and, the endosomal escape and pDNA release of chitosan-based
olyplexes also depend on the degradation of chitosan molecular
hains in endosome or lysosome vesicles (Koping-Hoggard et al.,
004; Liang et al., 2006; Pattani, Patravale, Panicker, & Potdar,
009). Strong gene condensation and little or no lysosomal degra-
ation of the polyplex for escape and weaken the polyplex may  also
ccount for the poor lysosomal escape of the TMC-g-PCL/DNA-30
olyplex.

Chloroquine has been proven to be an effective reagent
o improve the transfection efficiency in several polycationic
ene delivery systems (Choi, Liu, Park, & Kim, 1998; Mislick,

aldeschwieler, Kayyem, & Meade, 1995; Truong-Le et al., 1999),
hich was due to (i) pH buffering in endocytic vesicles, (ii) dis-
lacement of polycations from the nucleic acids in polyplexes, and
iii) alteration of the biophysical properties of the released nucleic
oscopy (a) and flow cytometry (b). (a)-1 PEI/DNA; (a)-2 TMC-g-PCL/DNA-12 with
hloroquine. PEI/DNA polyplexes at N/P of 8 were used as control. Error bars represent

acid. Fig. 7b indicated that with chloroquine, DNA was  mainly dis-
tributed in cytoplasmic and some DNA even entered into nuclei.
Such result demonstrated that chloroquine could effectively facili-
tate the lysosomal escape of polyplexes.

3.6. In vitro transfection

Fluorescence spectroscopy was used to observe the expression
of the green fluorescent protein (GFP) in HEK293T cells after
transfection 48 h (Fig. 8a). PEI polyplexes at N/P of 8 showed
high transfection efficiency. The abundant primary and secondary
amine groups provide PEI polyplexes with good proton buffering
capacity, which facilitates the endosomal escape of PEI polyplexes
and showed high transfection efficiency (Boussif et al., 1995). How-
ever, the transfection efficiency of TMC-g-PCL/DNA polyplexes
alone was very low (Fig. 8b). Combining with the result of cell
uptake and intracellular distribution, the TMC-g-PCL/DNA poly-
plexes might be endocytosed and transported into cells through

an endo-lysosomal pathway. Lysosomal escape was one of the key
rate-limiting steps for the transfection process. The low transfec-
tion of TMC-g-PCL/DNA polyplexes was mainly ascribed to the
poor lysosomal escape. By adding chloroquine to exclude the above
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imitation, the transfection efficiency was significantly improved.
uch results confirmed that TMC-g-PCL/DNA polyplexes should
ffectively escape from lysosome and deliver DNA into the nuclei,
hich served as a prerequisite for efficient gene transcription. The
egree of quaternization played an important role.

. Conclusions

Trimethylated chitosan-g-poly(�-caprolactone) was synthe-
ized as gene vector. The degree of quaternization in TMC-g-PCL
as 78.7% and grafting level of PCL was 1.2%. Owing to

he amphiphilic character, TMC-g-PCL formed nanoparticles in
queous media and the critical aggregation concentration was
.02 mg/mL. Gel retardation assay indicated TMC-g-PCL nanopar-
icles could effectively condense DNA. TMC-g-PCL/DNA polyplexes
howed a narrow size distribution and a nearly constant average
ize of 200 nm when weight ratio increased from 4 to 30. The zeta
otential was about 22 mV.  The polyplexes were stable in physio-

ogical salt conditions and in complete DMEM medium containing
0% fetal bovine serum. TMC-g-PCL/DNA polyplexes showed high
ptake efficiency than PEI/DNA polyplexes. However, the trans-
ection was quite low. The intracellular trafficking confirmed that
igh degree of quaternization influenced the buffer capacity of
MC-g-PCL and led to a reduction in the release from the lyso-
omes. By adding chloroquine to exclude the limitation of lysosome
scape, the transfection efficiency of TMC-g-PCL/DNA polyplexes
as similar to that of PEI/DNA polyplexes. The most efficient gene
olyplexes should have a subtle balance between polyplex stability
o protect DNA against nucleases, and polyplex instability to permit
NA dissociation inside cells. The degree of quaternization played
n important role in TMC-based gene delivery system. Thereby,
MC-g-PCL with some modification to realize intracellular dissoci-
tion of DNA timely in relationship to lysosomal escape and reduce
ytotoxicity, might have a promising application in non-viral gene
herapy.
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