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ABSTRACT: Carbon nanotubes have excellent penetrability
and encapsulation efficiency in the fields of drug and gene
delivery. Because of their excellent physicochemical properties,
biocompatible rodlike cellulose nanocrystals (CNCs) were
reportedly expected to replace carbon nanotubes. In this work,
CNCs from natural cotton wool were functionalized with
disulfide bond-linked poly(2-(dimethylamino)ethyl methacry-
late) (PDMAEMA) brushes for effective biomedical applica-
tions. A range of CNC-graf t-PDMAEMA vectors (termed as
CNC-SS-PDs) with various molecular weights of PDMAEMA
were synthesized. Under reducible conditions, PDMAEMA
chains can be easily cleaved from CNCs. The gene
condensation ability, reduction sensitivity, cytotoxicity, gene transfection, and in vivo antitumor activities of CNC-SS-PDs
were investigated in detail. The CNC-SS-PDs exhibited good transfection efficiencies and low cytotoxicities. The needlelike
shape of CNCs had an important effect on enhancing transfection efficiency. The antitumor effect of CNC-SS-PDs was evaluated
by a suicide gene/prodrug system (cytosine deaminase/5-fluorocytosine, CD/5-FC) in vitro and in vivo. This research
demonstrates that the functionalization of CNCs with redox-responsive polycations is an effective method for developing novel
gene delivery systems.
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1. INTRODUCTION

Traditional treatments of cancer, including excision, chemo-
therapy, and radiotherapy, are limited by unsatisfactory effects
and safety concerns. Gene therapy is an encouraging
therapeutic method for severe diseases, such as cancer, AIDS,
and cardiovascular diseases.1−3 The major challenge in gene
therapy is the lack of ideal gene vectors that possess high
transfection efficiency but low cytotoxicity.4,5 Traditional viral
vectors show high transfection efficiency but also significant
toxicity and immunogenicity.6 Nonviral vectors have increas-
ingly attracted much attention. Cationic vectors, such as
polyethylenimine (PEI) derivatives,7,8 chitosan,9 poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA),10,11 and
poly(L-lysine),12 have been widely investigated due to their
electropositivity and low immunogenicity. However, the
balance of transfection and toxicity requires further refinement.

Numerous nanoparticle (NP)-based drug carriers exhibit
great potential and applied values due to their stability, specific
morphology, good biocompatibility, and ease of surface
modification.13 Compared to spherical nanoparticles, rodlike
particles are internalized faster.14 Our recent work illustrates
that rodlike NPs have a significant impact on gene trans-
fection.4 It is well-known that carbon nanotubes have excellent
penetrability and encapsulation efficiency in the fields of drug
and gene delivery.15 Recently, it was reported that, due to their
excellent physicochemical properties, rodlike cellulose nano-
crystals (CNCs) were expected to replace carbon nanotubes.16

CNCs with typical sizes of <300 nm in length and 10 nm in
diameter could be readily obtained via hydrolysis of
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celluloses.17,18 Relative to carbon nanotubes, cellulose is a
natural polysaccharide with outstanding properties, such as
renewability, easy preparation, biodegradability, and no
cytotoxicity.19−21 In addition, CNCs have large surface
areas,22 and the numerous hydroxyls on the surface of CNCs
can be used for surface modification.18 On the basis of these
properties, CNCs are potential candidates for drug and gene
delivery. It was reported that PDMAEMA can effectively
condense DNA into nanoparticles to facilitate cellular internal-
ization for gene delivery.10,23 Thus, it could be possible to
design new CNC-based gene carriers if CNCs are wrapped with
dense PDMAEMA brushes.
Disulfide bonds can be reduced by reducing reagents, such as

glutathione (GSH), in tumor tissues.24−26 Redox-responsive
cationic vectors containing disulfide bonds show better
performance of gene delivery.27−29 Herein, a flexible method
was proposed to functionalize CNCs with disulfide bond-linked
PDMAEMA side chains for effective biomedical applications.
Atom transfer radical polymerization (ATRP) is a controlled
polymerization for fine synthesis.30 In this work, ATRP
initiation sites with disulfide bonds were first immobilized
onto CNC surfaces (Figure 1). Then, a series of redox-
responsive nanocomposites (CNC-SS-PDs) composed of
CNCs and biocleavable PDMAEMA brushes were prepared
by ATRP. The gene condensation ability, reduction sensitivity,
cytotoxicity, gene transfection, and cellular uptake of CNC-SS-
PDs were investigated in detail. The in vitro and in vivo
antitumor effects of the gene vectors were evaluated by the
suicide gene/prodrug system (cytosine deaminase/5-fluorocy-
tosine (CD/5-FC)31).

2. EXPERIMENTAL SECTION
2.1. Materials. Branched polyethylenimine (PEI,Mw ∼ 25000 Da),

cystamine dihydrochloride (>98%), 1,1′-carbonyldiimidazole (CDI,
97%), α-bromoisobutyric acid (BIBA, 98%), N-hydroxysuccinimide
(NHS, 98%), 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide hy-
drochloride (EDAC, 98%), 2,2′-byridine (Bpy, 99%), copper(I)
bromide (CuBr, 99%), 2-(dimethylamino)ethyl methacrylate (DMAE-
MA, >98%), fluorescein diacetate (FDA, >98%), propidium iodinate
(PI, >98%), D-mannitol (>99%), 3-(4,5-dimethylthiazol-2yl)-2,5-
diphenyltetrazolium bromide (MTT), and 5-fluorocytosine were
obtained from Sigma-Aldrich Chemical (St. Louis, MO, USA).
Inhibitors in DMAEMA were removed by an inhibitor-removal
column (Sigma-Aldrich). COS7 and HepG2 cells were obtained from
the American Type Culture Collection (ATCC, Rockville, MD, USA).
Female Balb/c-nu mice were obtained from the Institute of Laboratory
Animal Sciences (ILAS). The plasmid DNAs (pDNA) used, including
pRL-CMV encoding Renilla luciferase, pEGFP-N1 encoding enhanced
green fluorescent protein (EGFP), and pAdTrack-CMV-CD (pCMV-
CD) encoding Escherichia coli cytosine deaminase (ECD), were
amplified and purified as described earlier.10

2.2. Preparation of Cellulose Nanocrystals (CNCs). CNCs
were hydrolyzed by sulfuric acid as described by Morandi et al.20

Briefly, cotton wool was dispersed in sulfuric acid (64 wt %) and
incubated at 45 °C for 35 min. The resulting precipitation was washed
three times by centrifugation at 10000 rpm and 10 °C for 20 min.
Dialysis was performed for 1 week. The suspension was then filtered
via membranes with pore sizes of 0.2 μm to remove residual aggregates
prior to lyophilization.

2.3. Preparation of Disulfide Bond-Containing ATRP
Initiation Sites. The ATRP initiation sites were introduced onto
CNC surfaces through two steps (Figure 1). The −OH groups on
CNCs were activated to react with cystamine and produce the
disulfide bond-containing CNCs (CNC-SS-NH2) as described
previously.32 Briefly, CDI (0.5 g in 3 mL of DMSO) was added to a

Figure 1. Schematic diagram illustrating the preparation of CNC-graf t-PDMAEMA (CNC-SS-PD) via ATRP and the resultant gene delivery
process.
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CNC suspension (2.5 g in 25 mL of DMSO), and the resultant
mixture was stirred for 24 h. Then, cystamine dihydrochloride (5 g in
10 mL of DMSO) and triethylamine (TEA, 3 mL) were added to the
CDI-activated CNC suspension. The mixture was reacted in nitrogen
atmosphere at 25 °C for another 24 h. The final reaction mixture was
centrifuged three times with a water/MeOH mixture (50:50, v/v),
before CNC-SS-NH2 was redispersed by sonication and dialyzed
(MWCO 3500). The final CNC-SS-NH2 was freeze-dried. For the
control group (CNC-NH2) without disulfide bonds, cystamine
dihydrochloride was replaced with ethylenediamine. Other steps are
the same as described above.
CNC-SS-NH2 was then reacted with BIBA to prepare the

bromoisobutylryl-terminated CNCs (CNC-SS-Br).32 Briefly, BIBA
(1.00 g), EDAC (1.37 g), NHS (0.83 g), and TEA (1.5 mL) were
added to 10 mL of DMSO, and the solution was stirred at 37 °C for 4
h. Then, CNC-SS-NH2 (1.0 g) in 10 mL of DMSO and TEA (1 mL)
was added to the solution. The reaction mixture was reacted in a
nitrogen atmosphere at 37 °C for 2 days. The final reaction mixture
was centrifuged three times with water-MeOH mixture (50/50, v/v)
and dialyzed (MWCO 3500). The end-product was freeze-dried to
obtain CNC-SS-Br. The corresponding control CNC-Br was prepared
by replacing CNC-SS-NH2 with CNC-NH2 under similar reaction
conditions as described above.
2.4. Synthesis of Biocleavable Carriers via ATRP. CNC-SS-Br

(50 mg) was grafted with PDMAEMA via ATRP at a molar feed ratio
of 50:2.5:1 ([DMAEMA, 1 mL]/[Bpy]/[CuBr]) to produce CNC-
graf t-PDMAEMA vectors (termed as CNC-SS-PD) (Figure 1). The
reaction was performed under typical ATRP conditions as described
previously.10,33 CNC-SS-Br, Bpy, and DMAEMA were added to 5 mL
of a methanol/water mixture (2:3, v/v). Then, CuBr was added in a
nitrogen atmosphere. The polymerization was performed from 2 to 30
min at room temperature. The resultant reaction mixture was dialyzed
(MWCO 3500) prior to lyophilization. For the control CNC-PD
without disulfide bonds (Table 1), the experimental conditions were

controlled similar to those of CNC-SS-PD to ensure comparable
physiochemical characteristics (except reducibility) were obtained.
The ATRP time of CNC-PD was 10 min, and all other steps were the
same as described above.
2.5. Characterization of Materials. The CNC-SS-PDs were

characterized by gel permeation chromatography (GPC, YL9100),
atomic force microscopy (AFM, Veeco, Santa Barbara, CA, USA), X-
ray photoelectron spectroscopy (XPS, Kratos AXIS HSi spectrom-
eter), and Fourier transform infrared (FTIR, ThermoScientific)
spectroscopy. The detailed procedures have been described in our
earlier work.4,10

2.6. Characterization of CNC-SS-PD/pDNA Complexes. CNC-
SS-PD-to-DNA (or CNC-PD-to-DNA) ratios were expressed as the
molar ratios of nitrogen (N) in PDMAEMA to phosphate (P) in
pDNA (or as N/P ratios) as described previously.10 The ability of
CNC-SS-PD (or CNC-PD) to bind pDNA, the reduction-triggered
degradation of CNC-SS-PD/pDNA complexes, and the heparin-
induced release of pDNA were assayed by agarose gel electrophoresis
as described previously.10,34,35 Particle size and ζ-potential of CNC-SS-

PD/pDNA complexes were tested by dynamic light scattering (Nano-
ZS90).10,33 The morphologies of CNC-SS-PD/pDNA complexes were
observed intuitively by AFM.

2.7. In Vitro Cytotoxicity Assay. The cytotoxicity of cationic
complexes was analyzed by MTT assays in COS7 and HepG2 cells.
Briefly, cells were seeded in 96-well plates for 24 h. The culture
medium was replaced with fresh medium containing polycation/
pDNA complexes at various N/P ratios. After 24 h, MTT reagent was
added to each well. Detailed procedures have been described
previously.10,32

2.8. Cellular Uptake. HepG2 cells were used, and pRL-CMV was
labeled with YOYO-1 (green molecular probe) as described
previously.10,36 Cells were seeded onto 6-well plates for 24 h, and
then the complexes at N/P = 15 were added to each well in
succession. The plate was incubated for another 4 h, and then the
cultured HepG2 cells were detached and resuspended in 1.5 mL of
PBS. The fluorescence intensity of positive HepG2 cells was assessed
by a flow cytometer (BD LSR II, BD, Franklin Lakes, NJ, USA). For
the fluorescence imaging, the cultured cells were stained with 4′,6′-
diamidino-2-phenylindole (DAPI, 150 ng/mL in PBS) for 10 min and
washed with methanol. The fluorescent images were taken on a Leica
DMI3000B fluorescence microscope.

2.9. In Vitro Transfection Assay. Transfection was first
performed in COS7 and HepG2 cells using plasmid pRL-CMV.
Briefly, cells were seeded on 24-well plates and incubated for 24 h.
Complexes (20 μL/well containing 1.0 μg of pRL-CMV) at various
N/P ratios were added. After 4 h, the medium was replaced with fresh
medium. After an additional 20 h, the cultured cells were washed and
lysed for transfection assays. Moreover, the transfection efficiency of
complexes was also analyzed at their optimal N/P ratios with pEGFP
in HepG2 cells. The EGFP-positive cells were imaged by a Leica
DMI3000B fluorescence microscope and counted by a flow cytometer
(BD LSR II, BD, Franklin Lakes, NJ).37 Detailed procedures have been
described previously.10,32

2.10. In Vitro Antitumor Activity. HepG2 cells were seeded in
96-well plates (1 × 104 cells/well). After 24 h of incubation, the
medium was replaced with fresh medium containing CNC-SS-PD/
pCMV-CD complexes (suicide gene, 0.3 μg/well, N/P = 15). After 4
h, the culture medium was replaced with fresh medium containing 5-
flucytosine (5-FC) at various concentrations (0−160 mg/mL). After
72 h of incubation, MTT solution was added for MTT assays.

For direct observation of cell viability, HepG2 cells treated with 5-
FC after transfection were stained by the FDA-PI method. HepG2
cells were seeded on 24-well plates (5 × 104 cells/well) and incubated
for 24 h. Then, the culture medium was replaced with fresh medium
containing the complexes (suicide gene, 1.0 μg/well, N/P = 15). After
4 h, the culture medium was replaced with fresh medium containing
40 μg/mL 5-FC. After 3 days, the treated cells were stained with 8 μL
of PI (2 mg/mL in D-mannitol) and 10 μL of FDA (5 mg/mL in D-
mannitol) in the dark and photographed with a fluorescence
microscope (Leica DMI3000B).

2.11. In Vivo Antitumor Activity. Female balb/c-nu mice
weighing 18−20 g (6−8 weeks old) were used in the antitumor
activity test. HepG2 cells (2 × 106 in 100 μL of PBS) were injected
subcutaneously into the middle of the right flank of the nude mice.
When tumors grew to an average diameter of 5 mm, the nude mice
were randomly divided into four groups. Different injections were
carried out via intratumoral injection every 3 days for a total of 6 times.
Details are listed as follows: Group 1, blank control (no treatment);
Group 2, 25 μg of pure pCMV-CD (50 μL); Group 3, CNC-SS-PD3/
pCMV-CD complexes containing 25 μg of pCMV-CD (50 μL, N/P
ratio = 15); and Group 4, CNC-PD/pCMV-CD complexes containing
25 μg of pCMV-CD (50 μL, N/P ratio = 15). After 2 days, 5-FC was
administered intraperitoneally at 250 mg/kg/day for 16 consecutive
days with a the 5-FC concentration of 100 μg/mL.31 Eighteen days
after the first injection, all of the mice were sacrificed. The tumors
obtained were dissected, photographed, and weighed.

Immunohistochemical analysis was processed as described earlier.38

Cytosine deaminase protein expression was analyzed by rabbit
polyclonal anti-cytosine deaminase antibody (RS-2950R, Shanghai

Table 1. Characterization of Functionalized CNCs

sample reaction time (min) Mn (g/mol)
c PDIc

CNC-SS-PD1a 2 5.1 × 103 1.23
CNC-SS-PD2a 5 5.9 × 103 1.22
CNC-SS-PD3a 10 6.6 × 103 1.26
CNC-SS-PD4a 20 7.4 × 103 1.23
CNC-SS-PD5a 30 8.0 × 103 1.31
CNC-PDb 10 6.2 × 103 1.25

aIncubated with DTT for 24 h to cleave PDMAEMA side chains. The
supernatant for GPC measurements was collected by centrifugation.
bHydrolyzed with H2SO4 for 3 h at 45 °C to cleave PDMAEMA side
chains. cDetermined from GPC. Polydispersity index (PDI) = weight,
or Mw/Mn
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Ruiqi Biological Technology, China). A cytosine deaminase-positive
response was shown by a reddish-brown precipitate in the cytoplasm.
2.12. Statistical Analysis. Each experiment was performed at least

three times, and data are shown as means ± standard deviation.
Statistical significance (p < 0.05) was assessed by Student’s t test.4

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of CNCs with
Biocleavable PDMAEMA Side Chains (CNC-SS-PDs).
CNCs were prepared from the hydrolysis of cotton wool.18

Cotton wool is composed of amorphous and crystalline
sections. The numerous hydroxyl groups on CNC surfaces
could be easily reacted with cystamine, giving rise to disulfide
bond-containing CNCs (CNC-SS-NH2). Then, the −NH2
groups of CNC-SS-NH2 were reacted with BIBA to give rise
to bromoisobutylryl-terminated CNCs (CNC-SS-Br) for
subsequent ATRP. Well-defined CNC-SS-PDs with different
lengths of PDMAEMA side chains were synthesized via ATRP
by controlling the reaction time. With the use of 50 mg of
CNC-SS-Br, the yields (or the PDMAEMA percentages) of the
resulting CNC-SS-PD products from ATRP times of 2, 5, 10,
20, and 30 min were approximately 88.1 (43.2%), 137.4
(63.6%), 203.6 (75.4%), 249.7 (79.9%), and 270.3 mg (81.5%),
respectively. The yield (or PDMAEMA percentage) of the
control CNC-PD without disulfide bonds was approximately
212.1 mg (or 76.4) from 10 min of ATRP.
The disulfide bonds between PDMAEMA chains and CNCs

can make CNC-SS-PDs ruptur under reducing conditions.
Thus, CNC-SS-PDs were treated with DL-dithiothreitol (DTT,
10 mM) for 24 h to detach the PDMAEMA side chains. The
control CNC-PD was treated with 64 wt % of sulfuric acid for 3
h at 45 °C to cleave PDMAEMA. After centrifugation, the
supernatant containing PDMAEMA was used for GPC assay.
Table 1 summarizes the GPC results of CNC-SS-PD1 (2 min

of ATRP), CNC-SS-PD2 (5 min of ATRP), CNC-SS-PD3 (10
min of ATRP), CNC-SS-PD4 (20 min of ATRP), and CNC-
SS-PD5 (30 min of ATRP). The number-average molecular
weight (Mn) values of PDMAEMA side chains of CNC-SS-PDs
increased from 5.1 × 103 to 8.0 × 103 g/mol with increasing
reaction time from 2 to 30 min. The polydispersity index of
PDMEAMA was around 1.2−1.3. The Mn of PDMAEMA side
chains of CNC-PD (10 min of ATRP) was 6.2 × 103 g/mol,
which is similar to that of CNC-SS-PD3 (6.6 × 103 g/mol).
The results indicate that the functionalization of CNCs is well-
controlled by ATRP of PDMAEMA.
The chemical compositions of CNC-SS-PDs were charac-

terized by XPS (Supporting Information, Figure S1) and FTIR
(Supporting Informatino, Figure S2) spectra. The presence of
the characteristic peaks confirmed the successful preparation of
CNC-SS-PDs. The morphologies of CNCs, CNC-SS-Br, and
CNC-SS-PD5 revealed by AFM are shown in Figure 2(a). In
comparison with CNC-SS-Br, CNC-SS-PD5 still exhibited
needle-like shapes. The enlarged diameter indicated that inner
CNC species of CNC-SS-PD were coated by dense
PDMAEMA grafts. These results demonstrate that CNCs can
be easily modified by ATRP.

3.2. Characterization of CNC-SS-PD/pDNA Complexes.
The capability to bind and compact pDNA is necessary for
gene vectors. The condensation abilities of CNC-SS-PDs were
characterized by agarose gel electrophoresis, particle size, ζ-
potential, and AFM imaging. The CNC-SS-PD/pDNA
complexes were first assessed by their electrophoretic mobility
at different N/P ratios. Figure 2(b) illustrates the gel
retardation results of CNC-SS-PD/pDNA complexes. With
an N/P ratio of 2, all CNC-SS-PDs and CNC-PD can
completely compact pDNA. Gene condensation ability of
CNC-SS-PD is comparable to that of the control PDMAEMA

Figure 2. (a) AFM images of pristine CNC, CNC-SS-Br, CNC-SS-PD5, and CNC-SS-PD5/pDNA (N/P ratio = 5) and (b) electrophoretic mobility
of pDNA in the complexes of CNC-based vectors.
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homopolymer (H-PD, Mn ∼ 2.7 × 104 g/mol) reported
earlier.10

It is well-known that disulfide bonds can be cleaved with
reducing reagents in cells, such as glutathione (GSH).25,26

Thus, in intracellular reducible conditions, disulfide bonds
between PDMAEMA chains and CNCs can be broken,
promoting pDNA release from complexes. The pDNA release
from CNC-SS-PD/pDNA complexes was assessed in the
presence or absence of DTT, where a competitor anionic
sulfated sugar, anionic heparin, was used as the model counter
polyanion.27,28,35 As shown in Figure 2(b1′,b5′), after
incubation in the presence of DTT at 37 °C for 15 min,
pDNA was released from the complexes of CNC-SS-PD1 and
CNC-SS-PD5 up to an N/P ratio of 3. After incubation with
heparin in the absence of DTT for 15 min, the CNC-SS-PD1
and CNC-SS-PD5 formulations also promoted pDNA release

from their complexes (Figure 2(b1″,b5″)). Furthermore, CNC-
SS-PD1 and CNC-SS-PD5 were incubated in the presence of
DTT and heparin at 37 °C. After 15 min, within the test range
of N/P ratios, all plasmids were clearly released (Figure
2(b1‴,b5‴)). These results indicate that under the reducible
condition the detachment of PDMAEMA brushes from the
CNCs could cause instability of the complexes. Such unstable
complexes could be decomposed easily via interexchange with
counter polyanions to promote pDNA escape from complexes.
Various negatively charged cellular components exist in cells,
including sulfated sugars and mRNA.27,35 These components
could act as anionic competitors to promote pDNA release.
The biocleavable characteristics of CNC-SS-PDs may signifi-
cantly induce pDNA release in cells and benefit the resultant
gene expression.

Figure 3. (a) Particle size and ζ-potential of CNC-SS-PD/pDNA, and CNC-PD/pDNA and H-PD/pDNA complexes compared to those of pristine
CNC-SS-PDs and CNC-PD. (b) Cell viability of complexes in COS7 and HepG2 cells (mean ± SD, n = 6, *p < 0.05). (c,d) Cellular internalization
of (c) CNC-SS-PD3/pDNA and (d) CNC-PD/pDNA complexes at an N/P ratio of 15 in HepG2 cells (c: flow cytometry analysis plots; d:
fluorescent images in which pDNA and the nucleus are shown in green and blue, respectively).
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The particle sizes and ζ-potentials of CNC-SS-PD/pDNA
complexes at different N/P ratios are illustrated in Figure 3(a).
After the formation of complexes, no significant changes were
observed in particle sizes in the range of 200−250 nm.
Complexes in this size range can readily undergo endocytosis.
The sizes of nanoparticles for ready cellular uptake can range
from nano- to micrometers by endocytosis.14,39 In this work,
particles with diameters <250 nm may be internalized rapidly.
Figure 2(a4) exhibits AFM images of CNC-SS-PD5/pDNA
complexes at an N/P ratio of 5. In comparison with CNC-SS-
PD5 (Figure 2(a3)), the complexes still displayed needle-like
shapes, and the diameter was largely decreased. PDMAEMA
brushes underwent shrinkage after complexation with pDNA,
leading to the decrease in diameter. These results indicate that
pDNA can be effectively compacted by CNC-SS-PD and that
the needle-like morphologies of CNCs remain unchanged.
The positively charged surface can allow electrostatic

interaction with a negatively charged cell membrane to facilitate
cellular uptake.40 Zeta-potential is an indicator of complex
surface charges. As shown in Figure 3(a2), the surface charges
of the complexes remained positive from N/P ratios of 2−20.
At N/P ratios above 10, CNC-SS-PD/pDNA complexes
contained excess cationic CNC-SS-PD vectors, which made
the ζ-potentials approach those of the pristine CNC-SS-PDs.
The positive surface charge would contribute good affinity to
the anionic cell membrane.
3.3. Cell Viability Assay. A good vector should possess

high transfection efficiency with reasonable cytotoxicity. CNCs
could penetrate cells with no indication of cytotoxicity.19 The
cell viability of CNC-SS-PD/pDNA complexes was evaluated in
COS7 and HepG2 cells at various N/P ratios by MTT assay
(Figure 3(b)). Here, the cytotoxicity of the control CNC-PD
and H-PD was examined for comparison. As the N/P ratio
increased, the cell viability of all CNC-SS-PD/pDNA
complexes decreased. The increased cell cytotoxicity was
ascribed to the fact that, at high N/P ratios, excess free

CNC-SS-PDs exist in addition to the compact complexes. At
the same N/P ratio, the cell viability of CNC-SS-PDs seemed
to be associated with the length of the PDMAEMA chains. The
longer chains exhibited higher toxicity. Because of the increased
length of PDMAEMA chains from CNC-SS-PD1 to CNC-SS-
PD5, their cytotoxicity exhibited an increasing trend. This is
consistent with the fact that high molecular weight polycations
exhibit higher cytotoxicity.41 These results show that the length
of the PDMAEMA chains can be adjusted to control the
cytotoxicity of CNC-SS-PDs.
As shown in Table 1, CNC-SS-PD3 and CNC-PD possess

similar lengths of PDMAEMA chains. However, at most N/P
ratios, CNC-SS-PD3 shows much higher cell viability than
CNC-PD. As illustrated in Table 1 and Figure 2(b), disulfide
bonds in CNC-SS-PD could be triggered by GSH.42 The
PDMAEMA side chains of CNC-SS-PDs could be rapidly
detached from CNC nanocrystals after cellular internalization.
Such detachment of low molecular weight PDMAEMA side
chains may contribute to the higher cellular activity of CNC-SS-
PD3. In addition, CNC-PD exhibits significantly lower
cytotoxicity than H-PD, probably because of the introduction
of nontoxic CNCs.

3.4. Cellular Internalization. Cellular uptake of CNC-
based complexes was investigated by flow cytometry in HepG2
cells, where pDNA was labeled with YOYO-1 fluorescence dye.
The efficiency of cellular uptake was determined by assaying
the intensity of fluorescence that was emitted by the positive
cells. As illustrated in Figure 3(c), internalization rates of CNC-
SS-PD3/pDNA complexes and CNC-PD/pDNA complexes
were 78.6% and 74.1%, respectively. The similar internalization
rates show that introduction of the disulfide bond has no effect
on the process of cellular uptake. Fluorescent images of cellular
uptake are shown in Figure 3(d). The polycation/pDNA
complexes are shown in green fluorescence, and nuclei stained
with DAPI are shown in blue fluorescence. There are no
significant differences in the green fluorescent signal between

Figure 4. (a) In vitro luciferase gene expression mediated by CNC-SS-PDs and CNC-PD in comparison with those mediated by H-PD and PEI in
COS7 and HepG2 cells (mean ± SD, n = 3, *p < 0.05), and (b) representative images of pEGFP expression mediated by CNC-SS-PD3, CNC-PD,
and H-PD at an N/P ratio of 15 in HepG2 cells (scale bar: 50 μm).
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the cells treated with CNC-SS-PD3/pDNA and CNC-PD/
pDNA.
3.5. In Vitro Gene Transfection Assay. The transfection

performance of CNC-SS-PD/pDNA complexes was first
evaluated with pRL-CMV in COS7 and HepG2 cells. PEI
(25 kDa, a common commercial transfection reagent) and H-
PD were used as controls. Figure 4(a) shows the transfection
efficiency of complexes at different N/P ratios compared to
those of PEI (at its optimal N/P ratio of 1043) and H-PD (N/P
ratio of 1532,43). The transfection efficiency increased at low N/
P ratios first and then remained constant or declined slightly
with a further increase in the N/P ratio. At low N/P ratios,
polycations cannot effectively condense pDNA into nano-
complexes. The resulting loose complexes cannot be easily
internalized by cells. At an N/P ratio of ∼15, optimal
transfection efficiencies were obtained for most complexes.
However, at higher N/P ratios, free polycations that did not
bind with pDNA existed in the transfection formulation,
leading to increasing cytotoxicity (Figure 3(b)). The increased
cytotoxicity then resulted in decreased transfection efficiency.
CNC-SS-PD5 exhibited a higher transfection efficiency than

that of CNC-SS-PD1 at most N/P ratios (particularly at low
N/P ratios). This phenomenon indicates that the transfection
efficiencies of CNC-SS-PDs depend on the length of the
PDMAEMA chains. It was well-known that polycations with
high molecular weight possess better transfection perform-
ance.32,43 Long PDMAEMA chains can enhance the binding
ability with negatively charged pDNA, and the resulting tight
and stable complex benefits with better transfection efficiency.
At most N/P ratios in COS7 and HepG2 cells, CNC-SS-PD3
demonstrated much higher transfection efficiencies than CNC-
PD even though they possess similar internalization rates
(Figure 3(c)). As mentioned earlier, the molecular weights of
PDMAEMA chains were very similar between CNC-SS-PD3
and CNC-PD. These results indicate that the transfection
efficiency can indeed be improved with the introduction of
disulfide bonds because they are responsive to reducing
reagents, such as GSH. Intracellular reducible conditions
could break the disulfide bridge linkages and make PDMAEMA
detach from CNCs. As shown in Figure 2(b), the reducible
conditions could promote pDNA escape from complexes,
which can benefit the resultant gene expression.28,29,32 In
addition, all CNC-SS-PDs exhibited substantially higher
transfection efficiencies than those mediated by PEI and H-
PD. This may be due to the good biocompatibility and
appropriate aspect ratio of the CNC substrate. Rodlike particles
are internalized faster than spherical particles.14 Our earlier
work indicated that the dimensions and shape of nanoparticles
have a large influence on gene transfection and that the rodlike
NPs exhibited better gene transfection performance.4

The outstanding transfection performance of biocleavable
vectors was observed intuitively with fluorescence microscopy
in HepG2 cells. Representative images of pEGFP gene
expression are shown in Figure 4(b). The percentages of the
EGFP-positive cells (determined by flow cytometry20) for
CNC-SS-PD3, CNC-PD, and H-PD were approximately 41%,
26%, and 20%, respectively. The cells that were treated with
CNC-SS-PD3/pEGFP complexes exhibited more intense green
fluorescence than those treated with the CNC-PD/pEGFP and
H-PD/pEGFP complexes. These results are in accordance with
that of luciferase expression (Figure 4(a)).
3.6. In Vitro Antitumor Effects with a CD/5-FC Suicide

Gene System. The antitumor effect of CNC-SS-PD3 and

CNC-PD was assessed at different 5-FC concentrations in
HepG2 cells. Hepatoma is a common cancer. HepG2 is a
perpetual cell line consisting of human liver carcinoma cells and
has been widely used for scientific research.4,10,23 CD/5-FC is
one widely investigated suicide gene/prodrug system in treating
tumors.31 5-FC could be transformed to highly cytotoxic 5-
fluorouracil (5-FU) under the action of CD. which can then
spread to surrounding cells and kill them.44,45 The effective
introduction of the CD gene in cancerous cells is an important
step. As shown in Figure 5(a), at an N/P ratio of 15, the

viability of the HepG2 cells declined with the increasing
concentration of 5-FC. When the concentration of 5-FC
reached 40 μg/mL or higher, the viability of HepG2 cells that
were treated with the CNC-SS-PD3/pCMV-CD complexes was
<42%, lower than those treated with the CNC-PD/pCMV-CD
complexes. Such a result was consistent with their correspond-
ing transfection efficiencies (Figure 4(a)). CNC-SS-PD3
demonstrated the higher transfection efficiency, allowing for
the CD gene to be expressed more efficiently. Thus, good
antitumor ability could be readily achieved with biocleavable
CNC-SS-PD vectors.
Cell viability was also observed directly by FDA-PI staining.

FDA, a nonfluorescent molecule, can hydrolyze by nonspecific
esterases in viable cells to emit green fluorescence in the
cytoplasm. The nucleic acid binding dye, PI, can readily enter

Figure 5. (a) Cell viability of the HepG2 cells treated with various
concentrations of 5-FC after transfection mediated by pCMV-CD,
CNC-SS-PD3/pCMV-CD (N/P ratio = 15), and CNC-PD/pCMV-
CD (N/P ratio = 15) complexes (mean ± SD, n = 6, *p < 0.05), and
(b) FDA-PI staining mediated by CNC-SS-PD3/pCMV-CD and
CNC-PD/pCMV-CD at an N/P ratio of 15 (b1, b2: absence of 5-FC;
b1′, b2′: presence of 5-FC (40 μg/mL); live cells: green; dead cells:
red; scale bar: 50 μm).
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apoptotic/dead cells and emit red fluorescence. Thus, FDA-PI
staining can differentiate viable cells (in green) and dead cells
(in red).33 As shown in Figure 5(b), it was distinctly observed
that HepG2 cells were inhibited or killed when treated with the
CNC-SS-PD3/pCMV-CD and CNC-PD/pCMV-CD com-
plexes in the presence of 5-FC. The HepG2 cells that were
treated with CNC-SS-PD3/pCMV-CD complexes demonstra-
ted more red fluorescent cells, which was consistent with the in
vitro 5-FC sensitivity assay (Figure 5(a)).
3.7. In Vivo Antitumor Activity. On the basis of the in

vitro antitumor assay, CNC-SS-PD3 and CNC-PD were further
used to deliver pCMV-CD in vivo to investigate the
suppression and regression of tumor growth. The photos and
weights of tumors are shown in Figure 6(a,b). Compared to
mice treated with pure pCMV-CD in the presence of 5-FC, the
tumors of the mice treated with the CNC-SS-PD3/pCMV-CD
and CNC-PD/pCMV-CD complexes were much smaller.
Furthermore, the CNC-SS-PD3/pCMV-CD group presented
the lowest tumor weight, nearly half that of the tumors treated
with pCMV-CD (Figure 6(b)). The results were consistent
with the in vitro CD/5-FC cytotoxicity assay (Figure 5(a)),
indicating that the CNC-based carriers could suppress and
regress the tumor growth in vivo. The introduction of disulfide
bonds also improved the in vivo antitumor efficacy.

Immunohistochemical analysis of the dissected tumor tissues
was also performed to confirm the in vivo expression of the CD
gene of CNC-based carriers. In comparison with the control
(Figure 6(c1)) and pCMV-CD (Figure 6(c2)) groups, large
reddish-brown area segmentations were observed clearly in the
CNC-SS-PD3/pCMV-CD (Figure 6(c3)) and CNC-PD/
pCMV-CD (Figure 6(c4)) groups. This phenomena indicated
that cytosine deaminase was clearly expressed in tumor sections
of mice treated with CNC-SS-PD3/pCMV-CD/5-FC and
CNC-PD/pCMV-CD/5-FC complexes. These results clearly
demonstrate that CNC-based polycation carriers can efficiently
deliver pCMV-CD into tumor tissues and subsequently inhibit
tumor growth in mice.

4. CONCLUSION

Disulfide bond-linked PDMAEMA side chains were successfully
grafted from needle-like CNCs via surface-initiated ATRP for
effective gene therapy. The resultant CNC-SS-PDs were
characterized by XPS, FTIR, and AFM. Under reducing
conditions, PDMAEMA side chains could readily be cleaved
from CNCs, and CNC-SS-PD/pDNA complexes disintegrated,
promoting the release of pDNA. Compared to PEI (25 kDa),
H-PD, and CNC-PD, the bioreducible CNC-SS-PDs showed
higher transfection efficiencies and lower cytotoxicities. CNC-

Figure 6. Antitumoral therapeutic effects in female balb/c nude mice after intratumoral injection of pCMV-CD/5-FC, CNC-SS-PD3/pCMV-CD/5-
FC, and CNC-PD/pCMV-CD/5-FC: (a) images and (b) weights of tumors after the different treatments for 18 days (mean ± SD, n = 3, *p < 0.05),
and (c) immunohistochemical staining assay of tumor tissues performed using specific antibodies against cytosine deaminase.
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SS-PD also demonstrated good activity in suppressing the
growth of cancer cells and tumors. Therefore, properly grafting
redox-responsive polycation chains from CNCs is a useful
method to make novel smart gene/drug delivery systems.
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