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R
ecently, gene therapy has witnessed
much enthusiasm among research-
ers for correcting human genetic dis-

orders.1 The ability of the therapeutics to
mediate target-specific delivery to tumor
cells remains one of the most important un-
met goals in gene therapy. This aspect still
remains an area of concern along with clini-
cal applications of DNA-based therapeutics
to treat tumors in want of safe and compe-
tent delivery systems. The nonviral gene
carriers (e.g., liposomes, nanoparticles, den-
drimers, etc.) are drawing substantial atten-
tion due to their stability, ease of prepara-
tion, and safety and could represent an
attractive approach to developing gene
therapy for treatment of numerous ac-
quired or inherited human diseases.2�6

Other alternative delivery methods like vi-
ral carriers have some serious drawbacks,
though; viral carriers (e.g., retrovirus, aden-
ovirus, etc.) are far superior to nonviral gene
delivery systems in terms of transfection
efficiency.7,8 However, due to safety con-
cerns, pharmaceutical applications of a vi-
ral vector are not in much evident. Ideally,
a gene carrier should condense DNA into
the particles, crossing the permeability bar-
rier of the cell, and finally relocate the DNA
into the nucleus for protein expression.
Among nonviral vectors, polyethylenimine
(PEI), viz., branched (25 kDa) and linear (25
kDa), is a commercially available polymeric
gene transfer agent which has been suc-
cessfully used for gene delivery both in vitro
and in vivo.9,10 The PEI contains primary, sec-

ondary, and tertiary amines in a ratio of
1:2:1 that become protonated in an acidic
environment of endosome giving rise to
“proton sponge effect”.11 This may protect
the DNA from degradation in the endoso-
mal compartment during the maturation of
the endosome to lysosome, facilitating in-
tracellular trafficking of DNA. High charge
density of PEI also contributes to the forma-
tion of highly condensed particles by inter-
acting with DNA. This property may have
been associated with problems in in vivo
conditions, cytotoxicity, nonspecific interac-
tions with nontarget tissues, and blood
components. In order to overcome these
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ABSTRACT Tumor-specific gene delivery constitutes a primary challenge in nonviral mediated gene therapy.

In this investigation, branched polyethylenimine (bPEI, 25 kDa) was modified by forming nanoconstructs with a

natural polysaccharide, chondroitin sulfate (CS), to impart site-specific property. A library of CS�PEI (CP)

nanoconstructs was fabricated by altering the content of CS and evaluated in terms of size, surface charge,

morphology, pDNA loading efficiency, pDNA release assay, pDNA protection study, cytotoxicity, and transfection

efficiency. In vitro transfection efficiency of CP nanoconstructs was examined in HEK293, HEK293T, HepG2, and

HeLa cell lines, while their cytotoxicity was investigated in HepG2 and HeLa cells. DNase I protection assay showed

that the plasmid was protected from degradation over a period of time. The CP nanoconstructs possess

significantly lower toxicity and enhanced transfection efficiency compared to PEI (25 kDa) and commercial

transfection reagents (i.e., superfect, fugene, and GenePORTER 2). Further, the CP nanoconstructs were also

found to transfect cells in serum-containing medium. In vivo studies were carried out with pDNA loaded CP-3

nanoconstruct after intravenous (iv) injection in Ehrlich ascites tumor (EAT)-bearing mice. The outcome revealed

higher concentration of CP-3 nanoconstruct in tumor mass. These findings demonstrate that CP nanoconstructs

could be exploited as carriers for nanomedicine for efficient management of solid tumor.

KEYWORDS: PEI · chondroitin sulfate · transfection · cytotoxicity · biodistribution ·
solid tumor
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concerns, nonionic and hydrophilic polymer, viz., poly-

(ethylene glycol) (PEG), has been used to modify the

surface of polyplexes.12�16 Polysaccharide coating is

considered to be a good alternative to PEGylation. The

polysaccharide coat confers physicochemical stability

to nanoconstructs in harsh environments and also en-

dows them target-specificity.17�21

Chondroitin sulfate (CS) is a sulfated glycosamino-

glycan (GAG) composed of a chain of alternating sug-

ars (N-acetylgalactosamine and glucuronic acid). It is

usually found attached to proteins as a part of

proteoglycan.22,23 CS is also a vital component in swell-

ing and hydration of collagen fibril framework, intracel-

lular signaling, cell orientation, and recognition and

connection between extracellular matrix and cells.24

Moreover, a receptor for CS, CD44, is known to be

specifically overexpressed on various tumor cells,25 and

the affinity of CS to this receptor
makes it an ideal candidate for site-
specific drug delivery to solid tumors.

In the present investigation, we
have explored the potential of
CS�PEI (CP) nanoconstructs for
tumor-specific gene delivery. The
nanoconstructs were engineered by
varying the content of CS. Addition-
ally, nanoconstructs were character-
ized for physiochemical properties
such as particle size, �-potential, mor-
phology, and cytotoxicity to HepG2
and HeLa cells. The samples were al-
most nontoxic even at higher con-
centration. The CP nanoconstructs ef-
ficiently delivered pDNA in vitro in
various cell lines and target Ehrlich
ascites tumor (EAT) in mice.

RESULTS AND DISCUSSION
Synthesis of CP Nanoconstructs. Recent

progress in bioengineering and
nanotechnology that has given new
insights into the cellular internaliza-
tion pathways and DNA trafficking
and a variety of nonviral gene carri-

ers (i.e., PEI, PLL, PAMAM, lipids, etc.) have been sug-
gested for efficient transfer of pDNA. Among polyca-
tions, PEI, with its excellent proton sponge property, is
the best studied carrier, and several attempts have been
made to mitigate its charge-associated toxicity by
modifications with diverse chemical moieties (i.e., pro-
teins, pegylation, acylation, polysaccharides, etc.).17,26�28

We have embarked on the design, synthesis, and evalu-
ation of application of CP nanoconstructs for targeting
to solid tumor. The anionic polysaccharide CS inter-
acted electrostatically with branched PEI (25 kDa) in
aqueous solution under a controlled environment to
form distinct and stable nanoconstructs. It is known
that the polysaccharide coating on polycations in-
creases the internalization of DNA in the cells and pro-
tects against intracellular enzymatic degradation.29 The
method of synthesis

Scheme 1. Preparation of CP nanoconstructs.

TABLE 1. Particle Size and �-Potential Measurements of CP Nanoconstructsa

average particle size in nm (PDI) �-potential (mV)

S. No.
nanoconstructs

formulations

pDNA:nanoconstruct
weight

ratio

DNA loaded
nanoconstructs

(in cell culture media)

DNA loaded
nanoconstructs

(in H2O)

nanoconstructs
(in H2O)

DNA loaded
nanoconstructs

(in cell culture media)

DNA loaded
nanoconstructs

(in H2O)

nanoconstructs
(in H2O)

1 PEI 25 kDa 1:1 191 � 2.11 (0.65) 399 � 6.43 (0.40) � � �38.1 � 5.14 �44.2 � 5.67
2 CP-1 1:10 77 � 3.05 (0.48) 186 � 4.87 (0.34) 92 � 5.26 (0.17) �25.3 � 1.72 �23.2 � 3.89 �37.8 � 5.20
3 CP-2 1:10 93 � 2.38 (0.46) 212 � 5.27 (0.46) 124 � 5.61(0.22) �19.8 � 1.54 �19.8 � 3.12 �31.5 � 4.63
4 CP-3 1:10 114 � 3.65 (0.51) 276 � 5.74 (0.48) 158 � 6.57(0.11) �17.6 � 1.38 �16.4 � 3.35 �25.4 � 4.23
5 CP-4 1:10 131 � 482 (0.22) 308 � 5.58 (0.49) 174 � 7.14(0.22) �13.4 � 1.11 �12.9 � 2.22 �19.7 � 3.45
6 CP-5 1:10 147 � 4.26 (0.46) 352 � 6.08 (0.51) 207 � 7.36(0.46) �9.1 � 0.91 �9.3 � 2.27 �12.3 � 2.81

aThe w/w ratio was selected at which the best transfection efficiency was obtained.
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of CP nanoconstructs being straightforward, even a

nonchemist can effortlessly synthesize these nanocon-

structs. Chondroitin sulfate (CS), an anionic sulfated gly-

cosaminoglycan, possesses high affinity toward CD44

receptors30 and partially blocks the charge on PEI

through electrostatic interaction (Scheme 1). There-

fore, it was necessary to estimate the amount of sugar

present in the nanoconstructs, which was done colori-

metrically by the phenol-sulfuric acid method. The ab-

sorbance at 490 nm is proportional to the carbohydrate

concentration present in a given sample. The percent

of amino groups blocked in PEI by chondroitin sulfate

was found to be 0.72% (1%), 1.48% (2%), 2.3% (3%),

3.1% (4%), and 3.9% (5%) in CP nanoconstructs (values

in parentheses are the attempted percent of amino

groups blocked with CS). The chondroitin sulfate incor-

poration in the nanoconstructs was �70% of the at-

tempted value. These nanoconstructs were further

characterized by FTIR, and the bands at 3436 (amino

stretching), 2850 and 1635 (carbonyl stretching), and

800�820 cm�1 (C�O�S stretching) clearly demon-

strated the formation of CP nanoconstructs.

Particle Characteristics. The size and surface charge of

gene carriers modulate their cellular uptake. A posi-

tively charged complex could interact with the nega-

tively charged proteoglycans of the cell membrane. Dy-

namic light scattering experiments revealed that CP

nanoconstructs formed compact particles averaging

less than �210 nm with polydispersity index lower than

0.450. As the concentration of chondroitin sulfate in

the formulations increased, the �-potential decreased

and the size of nanoconstructs was found to be in-

creased (Table 1), which perhaps is due to electrostatic

interactions of the amino group of PEI with the anionic

sulfate moiety of CS. The particle size distribution pat-

tern indicated that all particles were of nanometer size

Figure 1. Atomic force microscopy images of CP-3 nanoconstruct. The 2�3 �L of each formulation was deposited on a freshly
split untreated mica strip, and images were recorded in acoustic mode. (A) CP-3 nanoconstructs; (B) DNA/CP-3 nanoconstructs.

Figure 2. Gel retardation assay of (A) pDNA/CP nanoplexes and (B) pDNA/PEI complexes. The pDNA (300 ng) was incubated
with increasing amount of nanoconstructs in 5% dextrose and incubated for 30 min. Samples were electrophoresed on a
0.8% agarose gel at 100 V for 60 min. The values mentioned correspond to the w/w ratio of pDNA/CP nanoplexes used in a
20 �L reaction. Sample size n � 3.
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and devoid of aggregates. On addition of DNA, size of

nanoconstructs increased. The observed effect might

be due to the wrapping up of pDNA around the sur-

face of the nanoconstructs, forming a new outer layer,

which led to an increase in the size of the CP

nanoconstruct�DNA complex. The particle size and

surface charge of nanoconstructs alone as well as DNA

loaded were also recorded in the presence of transfec-

tion medium. As expected, the size reduced and the

surface charge was negative in the presence of transfec-

tion medium (Table 1), which supports previous

reports.28,31 The average size of CP-3 nanoconstructs

was found to be �132 nm by AFM (Figure 1) and �158

nm by DLS, and the difference in these values may be

due to the hydrodynamic diameter recorded in the lat-

ter method. Under microscope, the nanoconstructs,

alone as well as those loaded with DNA, were spherical

in shape.

Retardation Assay. Gel retardation assay is widely uti-

lized to monitor electrostatic interactions between cat-

ionic nanoconstructs and the anionic phosphate group

of DNA backbone, and it also allows estimation of the

most favorable polycation:p-
DNA ratio required to generate
neutral complexes that cannot
migrate during agarose gel
electrophoresis.

CP nanoconstructs, prepared
at different weight ratios, were
incubated with a fixed amount
of pDNA (0.3 �g) to determine
the optimal concentration of
nanoconstructs required for
complete condensation of
pDNA. The complexes were
loaded into individual wells of
0.8% agarose/1� TAE gel in 0.5

�g/mL ethidium bromide and electrophoresed (100 V,

60 min). DNA and the nanoconstructs alone, diluted

with the same buffer, served as controls (Figure 2). In

case of PEI, retardation was observed at a weight ratio

of 0.5:1 (PEI to pDNA), whereas a higher amount of CP

nanoconstructs was needed to neutralize the same

amount of pDNA. CP-1 and CP-2 nanoconstructs com-

pletely neutralized the pDNA at a weight ratio of 2.5:1.

In the rest of the series, the amount of 1.0 �g of CP

nanoconstructs was required to completely neutralize

0.3 �g of pDNA (weight ratio 3.33:1), indicating that the

degree of chondroitin substitution slightly affects the

pDNA complexing property of CP nanoconstructs. Re-

sults obtained from agarose gel electrophoresis are in

full agreement with �-potential measurements. These

results also confirmed that CS will not get displaced by

competing anionic pDNA.

Protection Assay. DNase I is an endonuclease enzyme

that catalyzes the hydrolytic cleavage of phosphodi-

ester linkages in the DNA backbone. The vulnerability

of pDNA toward DNase I is one principal obstacle for the

delivery of pDNA in vitro or in vivo.31 In order to substan-

tiate that the synthesized CP nanoconstructs provide

protection to pDNA from nuclease, DNase I (as a model

Figure 3. DNase protection assay. The pDNA (0.3 �g) alone and complexed with CP-3 nanocon-
struct were exposed to PBS alone and DNase digestion. Samples were incubated at 37 °C and with-
drawn after 15, 30, 60, and 120 min. The experiment was repeated three times.

Figure 4. DNA release assay. The pDNA (0.3 �g) was mixed
with EtBr (1 �g/mL) and the fluorescence recorded. Subse-
quently, to displace the pDNA from pDNA/CP nanoplexes, an-
ionic polysaccharide, heparin, was added to each sample, al-
lowed to incubate for 60 min, and measured the fluorescence
intensity (arb unit). The values are expressed as the fluores-
cence signal intensity when ethidium bromide was bound to
DNA, decreasing the competition from CP nanoconstruct (er-
ror bars represent � standard deviation from the mean of
three experiments).

Figure 5. Protein adsorption onto surface of CP-3 nanocon-
struct compared to adsorption onto native PEI. Lane 1 shows
only BSA. Native PEI and CP-3 nanoconstruct incubated
with BSA for 3 h are shown in lanes 2 and 3, respectively. Un-
bound BSA was removed by washing and centrifugation.
Bound BSA was removed from the particles and run on a
SDS�PAGE. Lane 4 represents the ladder. Native PEI and
CP-3 nanoconstructs were also run without incubation with
BSA in lanes 5 and 6, respectively.
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enzyme) protection assay was carried
out and analyzed by 0.8% agarose gel
electrophoresis. The findings from the
DNase I stability experiment are illus-
trated in Figure 3. Naked pDNA (0.3 �g)
was degraded in 15 min after incuba-
tion with DNase I, while pDNA showed
no significant degradation when com-
plexed with CP-3 nanoconstruct (�17%
after 2 h). This reveals that, under the
physiological condition where the pres-
ence of nucleases significantly affects
the integrity of pDNA, such formula-
tions provide protection to pDNA. This
demonstrates that the CP-3 nanocon-
struct protects the pDNA effectively and
is suitable for in vivo conditions.

pDNA Release and pDNA Loading Assay.
The complexation of CP nanoconstructs
with pDNA was examined by ethidium
bromide intercalation assay. Ethidium
bromide intercalates between the base
pairs of DNA double helix, emitting an
intense fluorescence signal at 610 nm
when excited at 506 nm. When CP
nanoconstructs were added to a solu-
tion containing ethidium bromide and
pDNA, nanoparticles formed complexes
with pDNA and displaced EtBr, which
resulted in a decrease in fluorescence
intensity. Further, addition of a com-
petitor anionic molecule, heparin,
caused DNA release from the com-
plexes (Figure 4). On increasing the con-
centration of heparin, increased
amount of DNA released and finally reached to a point
at saturation level (Figure 4). The amount of heparin
needed to release DNA from the nanoplexes was ob-
served to be small when compared to DNA release from
native PEI. The results indicate that the CP/DNA nano-
plexes were neither too tightly nor too loosely bound.
This result has a very important implication in release of
the complexed pDNA in the cells. Nanoconstructs pre-
pared were found to incorporate �92% of pDNA.

Protein Adsorption. Under in vivo conditions, adsorp-
tion of serum proteins is known to reduce transfection
efficiency of the complexed pDNA.31 In order to investi-
gate the protein adsorption onto the exterior of CP-3
nanoconstruct, the system was incubated with BSA for
3 h. Free BSA was washed off, and the nanoconstruct
was recovered by centrifugation. BSA bound to the ex-
terior of the nanoconstructs was removed using SDS
and separated from the system using SDS�PAGE. The
amount of BSA adsorbed onto CP-3 nanoconstruct was
compared with the amount of BSA adsorbed onto PEI
(25 kDa). As depicted in Figure 5, the band of BSA re-
moved from PEI after BSA incubation is much more in-

tense than the band of BSA from the CP-3 nanocon-
struct. The results indicate that CP-3 nanoconstruct
adsorbed less protein than PEI and further bolster the
fact that the polysaccharide coating could reduce the
nonspecific binding of proteins, which was confirmed
by the protein adsorption experiment.

Cell Metabolic Activity. The surfeit of positive charge on
the polycationic polymers has been the key factor in
their cellular toxicity. As revealed by a comparative
study between cationic, neutral, and anionic polymers,
the cationic polymers were found to destabilize and ul-
timately rupture the cell membrane due to strong elec-
trostatic interaction. It was considered necessary to ex-
emplify that the synthesized CP nanoconstructs were
safe and did not harm the cells during the internaliza-
tion process and efficiently express the gene intracellu-
larly. In this study, the cell viability of CP nanocon-
structs, PEI, superfect, fugene, and GenePORTER 2 was
examined at various concentrations in HeLa and HepG2
cells (Figure 6). This demonstrates that cell toxicity is
strongly dependent on substitution of CS on PEI. The re-
sults indicate that cell viability increased with increase

Figure 6. Cytotoxicity of pDNA/CP nanoplexes (1:10) and pDNA/PEI (1:1) complexes in HeLa
and HepG2 cells. Cells were treated with pDNA/PEI complexes and pDNA/CP nanoplexes un-
der conditions described in the Methods, and cytotoxicity was determined by MTT cell cul-
ture assay. Percent viability of cells is expressed relative to control cells. Each point repre-
sents the mean of three independent experiments performed in duplicate. (A) pDNA/CP
nanoplexes (1:10), pDNA/PEI (1:1), superfect, fugene, and GenePORTER 2 complexes (follow-
ing manufacturers’ protocols) mediated cytotoxicity at various concentrations in HeLa and
HepG2 cells. (B) Dose dependence curve for cytotoxicity mediated by pDNA/PEI and pDNA/
CP-3 nanoplexes; 300 ng of pDNA was used (error bars represent � standard deviation
from the mean of the three experiments).

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 6 ▪ 1493–1505 ▪ 2009 1497



in substitution of CS in the nanoconstructs, and the av-
erage cell viability for CP-3 formulation (the best work-
ing system) was found to be �130%, whereas only
�45% cells was found to be viable in the case of PEI
(25 kDa) in both the cell lines. This may be explained
in terms of relatively higher hydrophilicity of the sur-
face of CP nanoconstructs, which may prevent polymer
aggregation and nonspecific adhesion to the cell sur-
face, resulting in lower cytotoxicity.33 The prominent
feature of CP nanoconstructs is that, even beyond the
best transfection efficiency achieved at a weight ratio of
1:10, the toxicity was not observed in the samples. It
was also evident from Figure 6B (dose dependence
curve) that cell viability of CP-3 nanoconstruct initially
increased from the concentration of 3 �g/mL and ac-
quired highest cell viability at 6 �g/mL. Beyond this
concentration, the cell viability started decreasing. Our
findings were in tune with the earlier reports17,27,34 al-
ready published from the author’s laboratory. The cell
cytotoxicity results show considerable promise for the
prospects of CP nanoconstructs in clinical applications.

Confocal Microscopy. The intracellular route of CP-3
nanoconstruct was determined by confocal imaging of
a fluorescent-labeled nanoconstruct. For this purpose,
nanoconstructs were added to HeLa cells, and the path
of the labeled nanoconstructs was monitored at vari-
ous time points (Figure 7). After 30 min of treatment of
cells with labeled nanoconstruct, there was a faint fluo-
rescence distributed homogeneously throughout the
cell membrane. The fluorescence was distributed uni-

formly in the cytoplasm 1 h post-treatment with la-
beled CP-3 nanoconstruct. After 2 h, discrete patches
of fluorescence were observed in the nucleus of the
treated cells, which were retained inside the nucleus
even after 3 h of treatment, which is an essential param-
eter for efficient transfection. The finding of nuclear lo-
calization of CP-3 nanoconstruct is consistent with the
work that shows labeled PEI being transported into cell
nuclei.35

In Vitro Gene Transfection. Transfection experiments
were performed on HEK293, HEK293T, HepG2, and
HeLa cells using a plasmid containing reporter gene en-
coding green fluorescence protein (GFP). The weight ra-
tio, higher than the ratio at which complete DNA retar-
dation was observed, was used for transfection. The
cells were exposed with various formulations of pDNA/
nanoconstructs in 5% dextrose for 3 h. The cells were
examined under the fluorescent microscope after 36 h.
The transfected cells had a fairly high level of reporter
gene expression and appeared to be healthy on micro-
scopic examination (Figure 8A). The protein expression
was quantified spectrofluorometrically at an excitation
wavelength at 488 nm and emission wavelength of 509
nm. In the case of HEK293 cells, transfection efficiency
of nanoconstructs was found to be improved �1.5�5-
fold compared to PEI (25 kDa) and superfect, fugene,
and GenePORTER 2, which was found to increase in a
dose-dependent manner, and the highest transfection
was recorded with CP-3 formulation in all the cells. The
dose dependence curve for transfection efficiency is

Figure 7. Confocal microscopic images of HeLa cells treated with fluorescein-labeled CP-3 nanoconstruct at different time
points: (x) control (untreated cells) (a) 30 min, (b) 1 h, (c) 2 h, (d) 3 h. Each image is divided into four quadrants. Quandrant
I, cells observed under DAPI filter; Quadrant II, image captured under bright field; Quadrant III, cells visualized under fluores-
cein filter; Quadrant IV, overlaid images. Arrows represent the location of the labeled CP-3 nanoconstruct inside the cell.
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Figure 8. (A) GFP fluorescence images of HEK293 cells transfected with pDNA/CP, pDNA/PEI, superfect, fugene, and Gene-
PORTER 2 complexes. HEK293 cells were incubated with pDNA/CP nanoplexes, pDNA/PEI, superfect, fugene, and Gene-
PORTER 2 complexes for 3 h, and the expression of GFP was monitored after 36 h. The fluorescent intensity of GFP fluoro-
phore in the cell lysate was measured on spectrofluorometer, and the results are expressed in terms of arbitrary units/mg to-
tal cellular protein. The results represent the mean of two independent experiments performed in triplicate. (i) CP-1 (1:10),
(ii) CP-2 (1:10), (iii) CP-3 (1:10), (iv) CP-4 (1:10), (v) CP-5 (1:10), (vi) superfect, (vii) fugene, (viii) GenePORTER 2, (ix) PEI (1:1), (x)
untreated cells, images were recorded at 10� magnification. (B) Fluorescent intensity of GFP fluorophore in the cell lysate
was measured using spectrofluorometer, and the results are expressed in terms of arb unit/mg total cellular protein. The re-
sults represent the mean of two independent experiments performed in triplicate. Transfection efficiency with pDNA/PEI (in-
set) and DNA/CP-3 complexes prepared at various weight ratios. The abscissa represent the concentrations (�g/mL) of nano-
constructs used to condense 300 ng pDNA. The concentrations of unmodified PEI used were 0.2, 0.3, and 0.5 �g to condense
300 ng pDNA. (C) Transfection efficiency achieved by pDNA/CP nanoplexes in HeLa, HepG2m and HEK293 cell lines. (D) Maxi-
mum transfection achieved by pDNA/CP complexes in HEK293 cell lines (in presence and absence of serum) (error bars rep-
resent � standard deviation from the mean); n � 3.
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presented in Figure 8B,C. In HepG2 and HeLa cells also,

the CP-3 formulation gave the maximum expression,

which was found to be �9- and 4-fold, respectively, as

compared to PEI (Figure 8D). Weight ratios resulting in

optimal transfection were also higher in the case of CP

nanoconstructs compared to native PEI, which were

well tolerated by the cells. As revealed in Figure 8C,

maximum transfection efficiency was recorded in the

case of CP-3 nanoconstruct at a pDNA/nanoconstructs

ratio of 1:10, which was found to be �6.5�1-fold higher

than the PEI (25 kDa), superfect, fugene, and Gene-

PORTER 2 on various cell types. It was observed that,

on increasing the sugar content, the transfection effi-

ciency increased and maximum transfection was ob-

tained at CS substitution (2.3%), thereafter the gene ex-

pression started decreasing (Figure 8). CP

nanoconstructs were also found to be efficient in the

presence of serum (Figure 8D). The modified systems

were found to be far superior in terms of toxicity issues

and transfection efficiency on various cell types, as com-

pared to the native PEI and the standard transfection re-

agents (Figure 8D,E). The superiority of the projected

nanoconstructs in terms of toxicity and transfection ef-

ficiency to other vectors might be due to polysaccha-

ride conjugation, which is considered to be a better op-

tion as these molecules provide hydrophilic

environment to the conjugates, which prevent poly-

mer aggregation and nonspecific adhesion to cell sur-

face. Additionally, cells have been found to proliferate

in the presence of carbohydrate moieties. Therefore,

cell viability of CP nanoconstructs was found to be

much higher as compared to native PEI and other vec-

tors, which ultimately resulted in higher transfection

efficiency.

Hematological Studies. The hematological study was

undertaken to assess the toxic effect of CP-3 nanocon-

struct on various blood parameters. In order to examine

the safety of the nanoconstruct as a gene carrier, sub-

acute toxicity was evaluated in vivo after repeated injec-

tion through the ear vein of rabbits for 7 days. Serum

concentration of creatinine, blood urea nitrogen (BUN),

aspartate transferase (GOT), and alanine transferase

TABLE 2. Biodistribution Profile of pDNA/PEI and pDNA/CP-3 Nanoplex Formulations Labeled with 99mTc Following
Intravenous Injection in Mice

% dose recovered per gram of tissue after

organ/tissue 1 h 3 h 6 h 24 h

pDNA/PEI complex

blood 5.17 � 1.21 3.15 � 1.3 2.36 � 0.98 0.32 � 0.76
heart 0.55 � 0.13 0.45 � 0.11 0.34 � 0.07 0.11 � 0.03
lung 12.63 � 1.41 9.21 � 1.12 7.62 � 1.05 1.83 � 0.32
liver 35.47 � 2.92 32.58 � 2.76 28.64 � 2.51 13.84 � 1.48
spleen 32.54 � 2.13 29.05 � 2.03 27.84 � 2.02 4.85 � 0.78
kidney 12.59 � 0.85 12.12 � 0.81 8.95 � 0.68 1.57 � 0.11
stomach 0.65 � 0.07 0.45 � 0.06 0.42 � 0.07 0.29 � 0.05
intestine 0.35 � 0.05 0.42 � 0.07 0.46 � 0.08 0.56 � 0.07
muscle 0.21 � 0.04 0.36 � 0.05 0.38 � 0.06 0.11 � 0.02
tumor 0.23 � 0.05 0.34 � 0.04 0.41 � 0.07 0.15 � 0.03

tumor/muscle ratio 1.10 0.94 1.08 1.36

pDNA/CP-3 nanoplex

blood 2.47 � 0.51 1.99 � 0.28 1.81 � 0.21 0.84 � 0.11
heart 0.37 � 0.08 0.15 � 0.03 0.16 � 0.06 0.49 � 0.09
lung 14.51 � 1.39 10.2 � 1.25 8.84 � 0.94 23.9 � 1.01
liver 33.69 � 3.04 19.20 � 2.91 25.35 � 1.84 21.3 � 0.88
spleen 30.40 � 3.05 27.54 � 3.78 29.70 � 2.46 22.46 � 0.81
kidney 9.8 � 0.94 9.32 � 0.87 6.1 � 0.73 2.8 � 0.32
stomach 0.94 � 0.11 3.12 � 0.08 2.4 � 0.06 0.73 � 0.03
intestine 0.51 � 0.06 0.70 � 0.05 0.66 � 0.08 0.40 � 0.11
muscle 0.9 � 0.03 0.42 � 0.07 0.37 � 0.04 0.03 � 0.05
tumor 1.025 � 0.81 1.52 � 0.18 1.96 � 0.56 1.17 � 0.37
tumor/muscle ratio 1.12 3.62 5.29 13.01

Figure 9. Gamma scintigraphic images of pDNA/CP-3 nano-
plex treated tumor induced mice. Arrow represents accumu-
lation of labeled CP-3 nanoconstruct at the tumor site.
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(GPT) was found to be normal in all groups, indicating
that the liver and renal functions were normal. All he-
matological parameters were also found to be normal
in pDNA/CP-3 nanoplex treated animals. This means
that the nanoconstruct formulation does not cause un-
expected side effects and they are safe gene carriers
(data not shown).

Radiolabeling, Biodistribution, and Scintigraphy Studies. The
sodium pertechnetate (99mTcO4

�) was employed for
radiolabeling of formulations. The amount of stan-
nous chloride (reducing agent) employed for label-
ing plays an important role in determining labeling
efficiency. A high amount of stannous chloride leads
to the formation of radiocolloids (reduced/hydro-
lyzed 99mTcO4

�), which is undesirable. On the other
hand, lesser amounts of stannous chloride resulted
in inferior labeling.36�38 It was observed that, in all
formulations, 80 �g of stannous chloride resulted in
maximum labeling efficiency with minimum amount
of free 99mTcO4

� (data not shown). The in vitro stabil-
ity of the labeled formulations was assessed in PBS
(pH 7.4). All formulations displayed high in vitro sta-
bility (data not shown). The formulations were �95%
stable even after 24 h.

In order to evaluate the potential significance of
the formulations, the biodistribution study was per-
formed using 99mTc-labeled pDNA/CP-3 nanoplex and
pDNA/PEI complexes. These experiments were per-
formed in EAT-bearing mice models. The percentage
dose per gram of tissue in different organs at different
time intervals for pDNA/PEI and pDNA/CP-3 nanoplex is
shown in Table 2. Further, it was found that pDNA/PEI
cleared rapidly from the circulation. This may be attrib-
uted to very short biological half-life.39 The sample was
excreted through kidney, leading to very high activity in
kidney (12.59 � 0.85% ID/g tissue after 1 h, 12.12 �

0.81% ID/g tissue after 3 h, 8.95 � 0.68% ID/g tissue af-
ter 6 h, and 1.57 � 0.11% ID/g tissue after 24 h). Rela-
tively low concentration of pDNA/PEI complex was
found in solid tumor, liver, and spleen after 24 h of ad-
ministration. After 1 h of pDNA/PEI of administration,
33.69 � 2.85 and 30.40 � 2.24% ID/g tissue of radioac-
tivity was found in liver and spleen, respectively, which
decreases after 24 h (13.84 � 1.48 and 4.85 � 0.78%
ID/g tissue in liver and spleen, respectively).

Again, CP-3 nanoconstruct appeared to rapidly clear
from blood circulation in order to reach the target site
(solid tumor), leading to significantly higher concentra-
tion of CP-3 formulation. The formulation was able to
retain in these sites even post 24 h of administration
(1.17 � 0.37, 21.3 � 0.88, and 22.46 � 0.81% ID/g tis-
sue was estimated in solid tumor, liver, and spleen, re-
spectively). It is evident from the in vivo experiments
that CS decorated PEI (CP-3 nanoconstruct) reaches the
tumor mass in a significantly higher concentration in
comparison to PEI, as shown by tumor to muscle ratio
and gamma scintigraphic images in Table 2 and Figure

9, respectively. Results were found to be more pro-

nounced even after 24 h of administration. Scinti-

graphic images of mice after administration of CP-3

nanoconstruct are shown in Figure 9. It was observed

that sugar modification of the PEI appreciably en-

hanced its uptake by tumor cells after 3 h. This result at-

tributed to the higher efficiency of nanoconstruct to ac-

cumulate within the tumor mass by virtue of the com-

petition with endogenous and exogenous chondroitin

sulfate in the tumor.40�42 It has also been reported in

the literature that malignant cells use CD44-related

chondroitin sulfate proteoglycan as a matrix receptor

to mediate migration and invasion. CD44 is a trans-

membrane glycoprotein with extracellular, membrane

and cytoplasmic domains.43 The extracellular domain of

CD44 is capable of binding a variety of ECM molecules44

and contains attachment sites for chondroitin

sulfate.44�48 The ascites cells exhibit an active produc-

tion of sulfated mucopolysaccharides (i.e., chondroitin

sulfate, hyaluronic acid) predominantly at the mito-

chondria and cell membrane level.42,49 Therefore, the re-

sults of iv administration of pDNA/CP-3 nanoplex ex-

hibit the significance of this system in transfecting

tumor mass. From the biodistribution studies, it was

concluded that the residence time of pDNA/CP-3 nano-

plex in the tumor mass was significantly higher as com-

pared to the PEI (25 kDa). The longer residence time of

the CP-3 nanoconstruct in the tumor mass suggests its

potential for uptake into the cells.

CONCLUSIONS
Literature records numerous gene delivery sys-

tems. However, only a few of them successfully

tested in clinical trials have shown promise. The rea-

sons for failure to translate preclinical findings into

clinical setting include inefficient gene delivery, tox-

icity, stability, and other factors related to scaling

and manufacturing of gene delivery vehicle. The pro-

jected CP nanoconstructs show promising opportu-

nities for the design of PEI-based gene delivery

agents by blending with a biocompatible muco-

polysaccharide (chondroitin sulfate) in appropriate

ratio, which can efficiently deliver a pDNA into the

mammalian cells. The blending of CS to PEI de-

creases its charge-associated cytotoxicity and

thereby improves the transfection efficiency. Since

our methodology for the preparation of nanocon-

structs is simple and straightforward, findings re-

ported here should facilitate both basic and clinical

research employing CP nanoconstruct mediated

gene delivery. The targeting ability of CS-modified

nanoconstruct to solid tumor is supported by in vivo

experiments. These findings cumulatively

strengthen the expectation that CS-modified PEI-

based nanoconstructs could symbolize a potential

alternative to gene therapy of tumor.
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METHODS
Cell Culture and Materials. The cells, HEK293 (human embry-

onic kidney), HEK293T (SV40 large T antigen contained in hu-
man embryonic kidney), HepG2 (human hepatocellular liver
carcinoma), and HeLa (human cervical adenocarcinoma),
were obtained from the cell repository facility of National
Centre for Cell Sciences, Pune, India. For in vitro transfec-
tion, HEK293, HEK293T, HepG2, and HeLa cell lines were
maintained 16 h before the experiments as monolayer cul-
tures in Dulbecco’s Modified Eagle’s culture medium (DMEM)
(GIBCO-BRL-Life Technologies, Web Scientific Ltd., UK)
supplemented with 10% heat-inactivated fetal calf serum
(FCS) (GIBCO-BRL Life Technologies) and 1% antibiotic (strep-
tomycin � penicillin). Cultures were maintained at 37 °C in
a humidified 5% CO2 atmosphere.

PEI (25 kDa, branched), chondroitin sulfate, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
agarose, Tris, HEPES, bromophenol blue (BPB), ethidium bro-
mide (EtBr), xylene cyanol (XC), and high retention dialysis tub-
ing (cut off 12 kDa) were obtained from Sigma-Aldrich Chemical
Co., St. Louis, MO. Bradford reagent was purchased from Bio-
Rad Inc. Standard transfection reagents superfect (PAMAM den-
drimer), fugene (nonliposomal multicomponent reagent), and
GenePORTER 2 (liposome) were purchased from Qiagen (Courta-
boeuf, France), Roche Applied Science (Indianapolis, IN), and Ge-
lantis (San Diego, CA), respectively. Sephadex G-20 columns
were procured from GE Healthcare, USA. Plasmid purification kit
was purchased from Qiagen (Courtaboeuf, France). Sodium
pertechnetate freshly eluted from 99mMo by solvent extraction
method was procured from Regional Centre for Radiopharma-
ceuticals (Northern Region), Board of Radiation and Isotope
Technology (BRIT), Department of Atomic Energy, India. Strain
A mice and female New Zealand rabbits were procured from the
animal house of the Institute of Nuclear Medicine and Allied Sci-
ences, Delhi, India. Stannous chloride (extrapure, BP grade) was
purchased from Merck KgaA, Germany. Acetone (chromatogra-
phy grade, Lichrosolv) and acetic acid (100% aldehyde free) were
obtained from Merck, India. All chemicals, reagents, and sol-
vents in the present experiment were of the highest grade avail-
able and used as directed. All the experiments were carried out
using Milli-Q (deionized) water filtered through 0.22 �m sterile
filters (Millipore).

Preparation of Plasmid DNA (pDNA). The plasmid encoding en-
hanced green fluorescent protein gene (EGFP) under the cy-
tomegalovirus (CMV) immediate early promoter was con-
structed. The plasmid was propagated into competent Escheri-
chia coli bacterial strain DH5a, and endotoxin-free preparation of
plasmid was purified following alkaline lysis maxiprep columns
(Qiagen S.A., Courtaboeuf, France) as per manufacturer’s instruc-
tions. The purity and identity of the plasmid was confirmed by
agarose gel electrophoresis and by the ratio of UV absorbance
260/280 in Milli-Q water.

Preparation and Characterization of CP Nanoconstructs. Chondroitin
sulfate sodium salt (2.9 mg) was dissolved in dd water (25 mL),
and dilute HCl (1 N, 5 mL) was added. After 30 min, the solution
was concentrated and reconstituted in Milli-Q water (25 mL).
Subsequently, it was added dropwise to a stirred solution of PEI
(50 mg dissolved in 100 mL of water) with continuous stirring
and left for stirring overnight. The reaction mixture was concen-
trated on a rotary evaporator and then lyophilized in a speed
vac to obtain CP (1%) nanoconstructs in �75% yield, as a white
powder. Likewise, other CP nanoconstructs (2, 3, 4, and 5% of CS)
were prepared by varying the amount of chondroitin sulfate.
The sugar concentration in the nanoconstructs was determined
by the phenol-sulfuric acid method.50 Briefly, 25 �L of CP nano-
constructs (1 �g/�L) was mixed thoroughly with 15 �L of freshly
prepared phenol solution (5% w/v) in dd water and 90 �L con-
centrated H2SO4 (95�97%). The mixture was incubated for 30
min at room temperature, diluted with dd water to 1.0 mL, and
the absorbance was measured spectrophotometrically on a
Perkin-Elmer Lambda Bio 20 UV�vis spectrophotometer at 490
nm. The sugar content in the nanoconstructs was calculated
from a standard calibration curve drawn by taking known con-
centrations of CS. These nanoconstructs were further character-
ized by Fourier transform infrared (FTIR) spectroscopy. Spectra of

the CP nanoconstructs were recorded on a single beam Perkin-
Elmer (Spectrum BX Series), with the scan parameters: scan
range, 4400�400 cm�1; number of scans, 16; resolution, 4.0
cm�1; interval, 1.0 cm�1; unit, %T.

Shape, Size, and �-Potential Measurements. The hydrodynamic di-
ameters and �-potential of nanoconstructs and nanoconstructs/
DNA complexes were measured using Zetasizer Nano-ZS, Malv-
ern Instruments (Worcestershire, UK) employing a nominal 5 mW
HeNe laser operating at 633 nm wavelength with the following
settings: 15 measurements per samples, viscosity for water is
0.89 cP, temperature 25 °C. DNA complexes were prepared by in-
cubating the various concentrations of nanoconstructs and
pDNA for 30 min at room temperature. The Smoluchowski ap-
proximation was used to calculate �-potential from the electro-
phoretic mobility. Further, the size and surface morphology of
the nanoconstructs and DNA complexes were determined by
atomic force microscopy, PicoSPM system (Molecular Imaging,
AZ) operating in acoustic mode, using SPIP software, an image
analyzing software for scanning probe microscopy. A 250 �m
long magnetically coated cantilever (AAC lever) with a spring
constant of 2.8 N/m and resonance frequency of �65 kHz was
used. Briefly, a solution (2�3 �L) of each nanoconstruct was de-
posited on a freshly split untreated mica strip and allowed to
dry for 5 min at room temperature. Consequently, the mica sur-
face was imaged. Particle size was obtained using SPIP software.

DNA Loading Efficiency. The quantity of pDNA bound to the
CP-3 nanoconstruct was examined by measuring the difference
between the total amount of pDNA electrostatically bound to
the nanoconstruct and the amount of nonbound residual pDNA
in the aqueous suspension after filtration through a Millipore
Centricon YM-100 (100 kDa cutoff) membrane filter. The recov-
ered complex was dissolved in water (2 mL) and subjected to lyo-
philization in a speed vac. Subsequently, a weighed amount of
the sample (CP-3 nanoconstructs, 2 mg) was dissolved in Tris
buffer (1 mL, 10 mM, pH 7.4) and filtered. The filtrate was ana-
lyzed for content of pDNA spectrophotometrically at 260 nm.

Gel Migration Assay of pDNA/CP Nanoplexes. The pDNA/CP nano-
plexes prepared at different weight ratios in 5% dextrose were
electrophoresed on 0.8% agarose gel for 60 min at 100 V. All the
samples were incubated for 30 min at room temperature prior
to loading on the agarose gel. The pDNA/CP nanoplexes were
mixed with a tracking dye (xylene cyanol), total volume made to
20 �L, and loaded into individual wells, electrophoresed, stained
with EtBr, and visualized on a UV transilluminator.

DNase Protection Assay of pDNA/CP Nanoplexes. In order to confirm
the ability of CP nanoconstructs to protect the condensed pDNA
from endonucleases, DNase I protection assay was executed as
reported earlier.51 The pDNA/CP nanoplexes and pDNA were in-
cubated at 37 °C with 1 �L of DNase I (1000 units/ml) or in 1�
PBS and withdrawn at different time intervals (15, 30, 60, and 120
min). The experiments were terminated by the addition of 5 �L
of 0.1 M EDTA solution for 10 min to inactivate DNase, followed
by incubation for 2 h with 10 �L of heparin (5 mg/mL) to com-
pletely dissociate polyplexes. A qualitative analysis of DNA deg-
radation was performed by gel electrophoresis, as described
above.

DNA Release Assay. The pDNA (20 �g/mL) was mixed with EtBr
(1 �g/mL), and the fluorescence of the resulting complex was
measured using Nanodrop ND 3300 spectrofluorometer (Thermo
Fisher Scientific) having excitation at 506 nm and emission at
610 nm.52 Background fluorescence was set to 0% using EtBr (1
�g/mL) solution alone. To allow complete displacement of the
DNA from pDNA/CP nanoplexes, anionic polysaccharide, hep-
arin, was added in small aliquots of 1 U (1 �L of 1 mg/195 �L so-
lution) to each sample and incubated for 60 min. Results were ex-
pressed in terms of fluorescence intensity (arb unit) when
ethidium bromide was bound to DNA in the absence of
competitor.

Protein Adsorption Assay. The protein adsorption on native PEI
(25 kDa) and CP-3 nanoconstructs was determined as reported
earlier.32 Briefly, PEI and CP-3 nanoconstructs were complexed
with pDNA at a charge ratio of 1:0.5 and 1:10, respectively.
Samples were incubated with standard bovine serum albumin
(BSA, Bangalore Genei) for 3 h at room temperature. Final con-
centration of pDNA and BSA used was 3 �g/mL and 1 mg/mL, re-
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spectively. The mixtures were centrifuged at 14 000g for 2 h at
4 °C. The supernatant was removed, and the pellet was washed
with Milli-Q water to remove unbound BSA. The pellet was resus-
pended in loading buffer (0.2 M Tris-HCl pH 6.8, 10% w/v so-
dium dodecyl sulfate (SDS), 20% v/v glycerol, 0.05% w/v bro-
mophenol blue, 10 mM dithiothreitol) (10 �L) and incubated at
100 °C for 5 min to extract bound BSA from the samples. Ex-
tracted solutions were loaded onto a 12% denaturing
SDS�polyacrylamide gel and electrophoresed for 2 h at 25 mA.
Thereafter, gel was stained with easy blue (Fermantas Interna-
tional Inc., Canada) stain to visualize BSA that had adsorbed onto
PEI and CP-3 nanoconstructs.

Cell Cytotoxicity Assay. Cytotoxicity of the formulations was
evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) colorimetric assay in HepG2
and HeLa cells. HepG2 cells (12 000 cells/well) were seeded in 96-
well cell culture plates and cultured in DMEM medium with
10% FCS overnight. Before the transfection experiment, me-
dium was replaced with fresh DMEM with or without 10% FCS.
PEI, CP nanoconstructs, superfect, fugene, and GenePORTER 2
were complexed with pDNA (total volume 20 �L) and added to
each well followed by 3 h incubation at 37 °C in CO2 incubator.
Thereafter, transfection mixture was replaced by 100 �L of fresh
DMEM containing 10% FCS, and cells were incubated for an ad-
ditional 36 h. Likewise, experiments were carried on HeLa cells.
After 36 h, medium was aspirated and 100 �L of MTT (0.5 mg in
1.0 mL of DMEM) was added to cells followed by incubation for
30 min at 37 °C. Thereafter, the supernatant was removed and
the cells were rinsed with PBS. The formazan crystals formed
were dissolved in 100 �L of isopropanol containing 0.006 M HCl
and 0.5% SDS and absorbance of the solution was measured at
540 nm on an ELISA plate reader (MRX, Dynatech Laboratories).
Untreated cells were taken as control with 100% viability, and
cells without addition of MTT were used as blank to calibrate the
spectrophotometer to zero absorbance. The relative cell viabil-
ity (%) compared to control cells was calculated by Asample/
Acontrol � 100.

Confocal Laser Scanning Microscopy Experiment. In order to eluci-
date the path of CP nanoconstructs inside the cells in vitro, HeLa
cells was exposed to fluorescein-labeled CP-3 nanoconstruct.34

Briefly, CP-3 nanoconstruct (10 mg/mL of water) was treated
with fluorescein isothiocyanate (FITC) (1 mg/100 �L of DMF)
overnight with stirring, followed by concentration in a speed
vac. Unreacted/hydrolyzed FITC was extracted with ethyl
acetate to obtain fluorescein-labeled CP-3 nanoconstruct. HeLa
cells were grown in supplemented DMEM overnight to �70% at
a density of 100 000 cells per well on glass coverslips in six-well
microplates. A suspension of fluorescein-labeled nanoconstruct
was prepared at a concentration of 0.024 mg/mL in the culture
medium. The nanoconstruct suspension was incubated with the
HeLa cells at 37 °C for 15 min, 30 min, 1.0 h, 2.0 h, and 3.0 h.
The medium was then aspirated out, and the plates were washed
three times with sterile 1� PBS. At predetermined time inter-
vals, the cells were fixed with 4% (v/v) paraformaldehyde in PBS
for 10 min at room temperature and washed four times with PBS.
Individual coverslips were stained with DAPI and then mounted
on clean glass slides with fluorescence-free glycerol-based
mounting medium (Fluoromount-G1; Southern Biotech Associ-
ates, Birmingham, AL). Differential interference contrast (DIC)
and fluorescence images were acquired with a Zeiss 510 Meta
confocal microscope (Axio Observer, Carl Zeiss MicroImaging
GmbH, Germany).

In Vitro Transfection Efficiency. HEK293 cells (12 000 cells/well)
were seeded in 96-well cell culture plates and cultured in DMEM
medium with 10% FCS overnight. Cells were treated similarly,
as described in the cytotoxicity experiment. Likewise, experi-
ments were carried on HEK293T, HepG2, and HeLa cells. Inverted
fluorescent microscope (Nikon Eclipse 2000E, Kanagwa, Japan)
fitted with C-F1 epifluorescence filter, Ex 450-490, dichroic mir-
ror DM 505, and barrier filter BA 520 was used to visualize the
cells expressing EGFP. Transfection experiments were repeated
five times to demonstrate reproducibility of results.

EGFP Expression Analysis. The fluorescence intensity was mea-
sured to quantify the GFP expression in the mammalian cells.
Cells in each well were washed with PBS (1 � 50 �L) and incu-

bated with 100 �L of cell lysis buffer (10 mM Tris-HCl, pH 7.4,
0.5% SDS, and 1 mM EDTA). The cell lysates were collected, cen-
trifuged to pellet the cellular debris, and 2 �L of cell lysate was
used to estimate the GFP spectrofluorometrically at an excitation
wavelength of 488 nm and emission at 509 nm. Background fluo-
rescence and autofluorescence were determined using mock
treated cells. The total recovered cellular protein content in cell
lysate from each well was estimated using Bradford reagent by
taking BSA as a standard. The amount of protein was estimated
from a standard curve. The fluorescence intensity of GFP was cal-
culated by subtracting the background values and normalized
against protein concentration in cell extracts. The data are pre-
sented as arbitrary units (arb unit)/mg of cell protein, and results
represent mean � standard deviation for triplicate samples.

Hematological Study. Healthy, albino New Zealand rabbits hav-
ing body weight between 2.5 and 3.5 kg with no prior drug treat-
ment were employed for all the hematological/pathological
studies. The rabbits were preserved on standard diet and water.
All animal studies were carried out under the guidelines com-
piled by CPCSEA (Committee for the Purpose of Control and Su-
pervision of Experiments on Animals, Ministry of Culture, Govt.
of India), and all the study protocols were approved by Institu-
tional Animal Ethics Committee. The animals were divided into
two groups having three rabbits in each group. Blood samples
were collected from all animals on day zero and analyzed for he-
moglobin (Hb) content, RBC count, total leukocyte counts, and
differential leukocyte counts in pathology lab. In addition, serum
concentrations of blood urea nitrogen, creatinine, SGPT, and
SGOT were also measured. First group of rabbits were adminis-
tered a single intravenous dose of pDNA/CP-3 nanoplex daily for
7 continuous days followed by 7 days rest period. Second group
was kept as control and given dose of normal saline instead of
nanoconstructs. Blood samples were collected from the animals
after 15 days and were analyzed for the same parameters as de-
scribed above.

Radiolabeling of pDNA/PEI and pDNA/CP-3 Nanoplex. The pDNA/PEI
and pDNA/CP-3 nanoplexes were labeled with 99mTc by direct la-
beling method using stannous chloride (SnCl2) as a reducing
agent. In brief, 100 �L of sodium pertechnetate (99mTcO4

�, ap-
proximately 2 mCi, obtained by solvent extraction method from
molybdenum) was mixed with 50 �L of stannous chloride solu-
tion (defined concentration to give 25�200 �g of stannous chlo-
ride in 50 �L) in 10% acetic acid solution to reduce the techne-
tium. The pH of the solution was adjusted to 6.5�7.0 using 0.5 M
sodium bicarbonate solution. To this mixture was added a solu-
tion of pDNA/CP-3 nanoplex (1 mg/mL, 1 mL) and incubated for
15 min at room temperature. This procedure could also lead to
the formation of radiocolloids (reduced and hydrolyzed 99mTc,
TcO2), which were separated and formulations were purified by
Sephadex G-20 column (GE Healthcare, USA) using normal saline
as an eluent. The fractions were collected, and radioactivity was
measured in each fraction using a dose calibrator (CRC 15R, Cap-
intec Inc., USA). Each fraction was further observed under an
atomic force microscope (after decay of radioactivity) to deter-
mine the elution profile of nanoconstructs and radiocolloids in
order to confirm the purity of labeled formulations. Likewise,
pDNA/PEI was prepared and purified. The labeled formulations
thus obtained were stored in sterile evacuated sealed vials for
subsequent studies.

Labeling Efficiency and In Vitro Stability. Labeling efficiency of the
purified radiolabeled formulations was determined by ascend-
ing instant thin layer chromatography (ITLC) using silica gel (SG)-
coated fiber sheets of approximately 10 cm in length (Gelman
Science Inc., Ann Arber, MI). The ITLC was performed using 100%
acetone as the mobile phase. A tiny drop (2�3 �L) of the radio-
labeled formulation was applied on the ITLC plate and allowed to
run in acetone, and the solvent front was allowed to reach ap-
proximately 8 cm from the origin. The strip was cut into two
equal halves, and the radioactivity in each segment was deter-
mined in a well-type 	-ray counter (	-ray scintillation counter,
type CRS 23C, Electronics Corporation of India Ltd., Mumbai, In-
dia). The free 99mTcO4

� moved with the solvent (Rf 
 0.9), while
the radiolabeled formulation remained at the point of applica-
tion. Percent labeling efficiency was calculated from the follow-
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ing formula: 100 � [T � 100]/[T � B], where T and B are the
counts at top and bottom, respectively.

For the determination of in vitro stability of the labeled for-
mulations, 100 �L of the labeled formulation was mixed with
2.0 mL of PBS (pH 7.4) and incubated at room temperature, and
change in labeling efficiency was monitored over a period of
24 h by ITLC as described above.

In Vivo Stability of the Labeled Complexes. The experiment was per-
formed in normal, healthy, female New Zealand rabbits weigh-
ing 2.5�3.5 kg. Animals were injected with about 500 �Ci of
99mTc-labeled formulations through the dorsal ear vein. The
blood was withdrawn through the vein of the other ear at differ-
ent periodic intervals and spotted on the ITLC strips, which were
developed as described previously to estimate the possible sepa-
ration of free 99mTc/degradation of the complex under in vivo
conditions.

Biodistribution and Scintigraphy Studies of 99mTc-Labeled PEI and CP-3
Nanoplex. The in vivo efficiency of CP-3 nanoconstruct to target
solid tumor was examined in the Ehrlich ascites tumor (EAT)
model. Strain A mice (aged 2�3 months) weighing between 25
and 30 g were selected for the experiments. The animals were
provided food and water ad libitum and housed in an environ-
ment of controlled temperature and humidity. Prior to any ex-
perimentation, the animals were allowed to acclimatize in their
new habitat for at least 48 h. Approximately 2.5 � 107 EAT cells
were injected into the hind left flank region of the mice to inocu-
late tumors. Following tumor inoculation, the animals were
monitored daily until subcutaneous tumors were palpable and
�15 mm in diameter.

The tumor-bearing mice were divided into two groups of
six animals in each group. The first group of mice were injected
with 99mTc-labeled pDNA (15 �g)/PEI (1.5 �g) complex through
their tail vein; the second group of mice were injected with 99mTc-
labeled pDNA (15 �g)/CP-3 nanoplex (10 �g) complex. After 1,
3, 6, and 24 h of injection, the mice were humanely sacrificed,
and blood was collected by cardiac puncture, and organs (e.g.,
heart, lungs, liver, spleen, kidney, stomach, intestine, muscle, and
tumor) were excised and washed with Ringer solution to re-
move surface blood and adherent debris; radioactivity was mea-
sured using well-type 	-scintillation counter. The blood and or-
gans were collected in preweighed tubes.

Scintigraphy (	 imaging) was performed in normal, healthy,
strain A mice weighing 25�30 g using a 	 camera (model
SYS000002, Elgems Millenium, USA) autotuned to detect the
140 keV radiation of 99mTc. Mice were injected with 99mTc-labeled
nanoconstructs through the tail vein and were anesthetized by
intramuscular injection of 0.4 mL of ketamine at the time of im-
aging (50 mg/mL ketamine, Themis Chemicals, Mumbai, India).
The mice were positioned under the 	 camera after 1 and 3 h of
administration of the formulations, and imaging was performed.

Acknowledgment. Financial grant from the CSIR Task Force
Project (NWP035) is gratefully acknowledged. Authors are thank-
ful to Dr. M. Ganguli, Dr. N. Singh, and Dr. G. W. Rembodkar for
their help in AFM and CLSM experiments, respectively.

REFERENCES AND NOTES
1. Verma, I. M.; Somia, N. Gene Therapy: Promises, Problems

and Prospects. Nature. 1997, 389, 239–242.
2. Piskin, E.; Dincer, S; Turk, M. Gene Delivery: Intelligent But

Just at the Beginning. J. Biomater. Sci., Polym. Ed. 2004, 15,
1181–1202.
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