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a b s t r a c t

Branched polyethylenimine (PEI, 25 kDa) was ionically interacted with varying amount of alginic acid to
block different proportion (2.6–5.7%) of amines in PEI to form a series of nanocomposites, PEI-Al. These
nanocomposites, upon interaction with DNA, protected it against DNase I. Among various complexes
evaluated, PEI-Al(4.8%)/DNA displayed the highest transfection efficiency in HEK293, COS-1 and HeLa
cells that was ∼2–8-folds higher than SuperfectTM, FugeneTM, PEI (750 kDa)-Al(6.26%) and PEI alone.
eywords:
ranched PEI (25 kDa)
lginic acid
FP
ransfection

The projected nanocomposites were nearly non-toxic to cells in vitro.Furthermore, the concentration of
PEI-Al(4.8%) needed to deliver GFP-specific siRNA in COS-1 cells was 20 times lower than PEI (750 kDa)-
Al(6.26%). Intracellular trafficking of PEI-Al(4.8%) with or without complexed DNA in HeLa cells shows
that both appear in the nucleus after 1 h.

© 2009 Elsevier B.V. All rights reserved.

ytotoxicity
iRNA

. Introduction

Increasing identification of genetic disorders has raised the pos-
ibility of cure by way of gene therapy involving target-specific
elivery of therapeutic genes. So far, viral vectors, used to deliver
enes, are efficient, but are plagued with safety issues (Servos,
987; Yang et al., 1994; Miller and Vile, 1995). In contrast, non-viral
ectors are preferable to viral vectors due to their reduced toxicity
nd lower immunogenicity and are easier to design and synthe-
ize. The classes of polycationic polymers constitute such attractive
andidates owing to their ability to condense DNA into nano-size
olyplexes (Felgner et al., 1997). Although efficient as gene delivery
ectors, cationic polymers are often highly toxic and not permis-
ible for use in humans. Systemically injected cationic polyplexes
nteract with serum proteins resulting in their rapid clearance from
he bloodstream (Nishikawa et al., 1998; Dash et al., 1999). There-
ore, it is necessary to modify these polyplexes to eliminate their
oxicity as well as interaction with serum proteins, before being

sed for systemic gene delivery.

One way to diminish toxicity and avoid the undesirable inter-
ctions of cationic polyplexes with serum proteins is to reduce
ositive charge by ionic or covalent binding to hydrophilic poly-
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esearch, M.G. Road, Lucknow 226 001, India.
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mers such as polyethylene glycol (PEG) and polysaccharides (Choi
et al., 1998; Baszkin and Norde, 2000). However, due to their
functional groups, polysaccharides offer better option than PEG,
which does not possess reactive groups required for ligand cou-
pling (Erbacher et al., 1999; Passirani et al., 1998). These functional
groups present in the polysaccharides can be utilized to graft lig-
ands to achieve target-specific delivery (Lemarchand et al., 2004).

Alginic acid, a polysaccharide, popularly used in food and phar-
maceutical industries (Dumitriu, 1996; Jiang et al., 2007) is used for
cell immobilization and encapsulation due to its biocompatibility
and gelation with divalent cations (Goosen, 1992). The nanocom-
posites of PEI (750 kDa) and alginic acid were explored earlier in
our laboratory (Patnaik et al., 2006). The presence of alginic acid in
nanocomposites not only decreased the toxicity but also efficiently
transfected mammalian cells. Encouraged by these promising
results, we thought of replacing PEI (750 kDa) in nanocomposites
with PEI (b 25 kDa) as it is considered to be a gold standard (Zwiorek
et al., 2004), which may further augment the transfection efficiency
of the nanocomposites. Therefore, in continuation with our earlier
studies, we prepared a series of PEI (b 25 kDa)-Al nanocompos-
ites, evaluated them for transfection efficiency and cytotoxicity in
various cell lines and compared with those of commercial transfec-
tion reagents. The transfection efficiency evaluated in various cell
lines was found to be much superior to PEI (750 kDa)-Al(6.26%),
PEI alone, SuperfectTM and FugeneTM. Cell cytotoxicity of the pro-

jected nanocomposites was almost negligible. We then studied the
uptake and intracellular trafficking of labeled PEI (25 kDa)-Al(4.8%)
nanocomposite in HeLa cells at different time points. We further
showed that PEI (25 kDa)-Al(4.8%) nanocomposite effectively pro-
tected complexed DNA for 2 h in vitro.

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:kcgupta@igib.res.in
dx.doi.org/10.1016/j.ijpharm.2009.10.041
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. Materials and methods

.1. Materials

Polyethylenimine (PEI, av. MW 25 kDa), alginic acid, 3-[4,5-
imethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT),
garose, Tris, ethidium bromide, xylene cyanol, tetramethyl-
hodamine isothiocyanate (TRITC), 4′,6-diamidino-2-phenylindole
ilactate (DAPI) and bromophenol were procured from Sigma
USA). YOYO-1 for labeling plasmid DNA was purchased from Invit-
ogen (USA). Commercial transfection agents, viz., SuperfectTM and
ugeneTM were procured from Qiagen (France) and Roche Applied
cience (USA), respectively. Cell culture products were purchased
rom Gibco-BRL-Life Technologies (UK). Plasmid isolation kit was
urchased from Qiagen (France). The plasmid pEGFPN3 was pro-
ured from Clontech (USA). FTIR spectra of nanocomposites were
ecorded on a single beam Perkin Elmer (Spectrum BX Series), USA.
he particle size and zeta potential of nanocomposites and their
NA complexes were determined on Zetasizer Nano-ZS (Malvern

nstruments, UK). The size of nanocomposites and DNA complexes
as also determined by Atomic Force Microscopy (PicoSPM Sys-

em, Molecular Imaging, USA). TEM images of nanocomposites
ere recorded on a Fei-Phillips, Morgagni 268D microscope (USA).
FP reporter gene expression was detected under Nikon Eclipse
E 2000-S inverted microscope (Japan). Green fluorescent protein
GFP) was analyzed on NanoDrop® ND-3300 Fluorospectrome-
er (USA) at an excitation wavelength of 488 nm and emission at
09 nm. Labeled nanocomposites and nanocomposite/DNA com-
lexes were monitored on LSM 510 Meta fitted to an inverted
icroscope (Axio observer, Zeiss, Germany).

.2. Synthesis of siRNA

For in vitro synthesis of GFP-specific siRNA, the oligonucleotide
equences, viz., d (TAA TAC GAC TCA CTA TAG) (T7 primer), d (ATG
AC TTC AGG GTC AGC TTG CTA TAG TGA GTC GTA TTA) (GFP sense)
nd d (CGG CAA GCT GAC CCT GAA GTT CTA TAG TGA GTC GTA TTA)
GFP antisense), were procured from TCGA (Delhi, India).

Using T7 primer sequence annealed separately to GFP sense and
ntisense oligonucleotides, GFP sense and antisense siRNA strands
ere synthesized by T7 RNA polymerase (Patnaik et al., 2006). The

ense and antisense RNA strands were annealed and the double
tranded siRNA was used for transfection.

.3. Preparation of PEI-Al nanocomposites

The positive charge of branched PEI (25 kDa) was partially neu-
ralized by interaction with alginic acid. The nanocomposites were
repared as reported earlier (Patnaik et al., 2006). Briefly, alginic
cid (1.13 mg) was suspended in 113 ml water and stirred at 90 ◦C
o solubilize it and added drop wise to a pre-heated aqueous solu-
ion of PEI (5 mg/500 ml) under constant stirring (90 ◦C, 4 h). The
olution was filtered through a 0.22 �m membrane. The filtrate
ontaining nanocomposite was lyophilized. Likewise, a series of
anocomposites were prepared by varying the alginate content.

The sugar content in the PEI-Al nanocomposites was determined
y phenol-sulfuric acid method (Zhang et al., 2005). The amount of
lginate in the nanocomposites was estimated by interpolation to a
alibration curve for known amount of alginic acid standards. These
anocomposites were also characterized by FTIR.
.4. Preparation of PEI-Al/DNA complexes

To prepare PEI-Al/DNA complexes, 5 �l of 20% dextrose was
dded to 1 �l pDNA (0.3 �g/�l) followed by the amount of
anocomposites to obtain the weight ratios, 0.66, 1.33, 2.0, 2.33,
harmaceutics 385 (2010) 194–202 195

2.66, 3.33, 4.16 and 5.0, and the final volume was made to 20 �l
by adding water. The solutions were incubated for 25 min (room
temp) to obtain PEI-Al/DNA complexes and subjected to measure-
ment of size and �-potential, DNA retardation assay, transfection
and cell toxicity.

2.5. Size and �-potential measurements

The particle size of PEI-Al nanocomposites was measured by
dynamic light scattering (DLS) and atomic force microscope (AFM).
Lyophilized PEI-Al (1 mg/ml of water) and PEI-Al/DNA complexes
were subjected to particle size measurement on Zetasizer. Particle
size was also examined by AFM in acoustic mode, using SPIP soft-
ware and TEM. Zeta potential measurements were carried out in
triplicates on Zetasizer in automatic mode for an average of thirty
runs by Smoluchowski approximation.

2.6. DNA retardation assay

Plasmid DNA (0.3 �g) was complexed with P-Al nanocomposites
and PEI at different weight ratios (w/w) in 5% glucose, incubated
for 20 min (room temp) and electrophoresed on 0.8% agarose, as
described in literature (Zhang et al., 2005). The electrophoretic
mobility of DNA decreased with increasing concentration of
nanoparticles/PEI in the polyplexes.

2.7. In vitro cell transfection

We examined transfectability of PEI-Al nanocomposites in
HEK293, COS-1 and HeLa cells seeded in 96-well plates. After 16 h
incubation, cells were washed with serum-free Dulbecco’s modi-
fied Eagle’s medium (DMEM). pDNA encoding GFP was complexed
with PEI-Al at weight ratios 0.88, 1.33, 2.0, 2.66, 3.33, 4.18, 6.0, PEI
(750)-Al (6.26%) at weight ratio described in literature (Patnaik et
al., 2006) and PEI at weight ratios 0.83, 1.66 and 2.5, as described
before. DNA complexes were also prepared with the commercial
transfection reagents, viz., SuperfectTM and FugeneTM, at ratios
(v:w) 2:1 and 4:1, respectively, as suggested by the manufacturers.
DNA complexes were diluted with DMEM (with or without serum)
to 80 �l (final volume), added to cells and incubated (37 ◦C). After
3 h, cells were washed, fresh growth medium (DMEM with 10% FCS)
was added (200 �l/well) and incubated for 36 h.

In another experiment, 2 �l of 5 �M GFP-specific siRNA
was added along with 1 �l of 1.4 nM pDNA to obtain PEI-
Al(4.8%)/DNA/siRNA. Similarly, 200 �g/ml of PEI(750)-Al(6.26%)
was complexed with 1 �l of 1.4 nM pGFPDNA and 2 �l of 5 �M
GFP-specific siRNA to obtain PEI(750)-Al(6.26%)/DNA/siRNA and
co-transfected in COS-1 cells. Cells treated with PEI-Al(4.8%)/DNA
alone served as the control. The expression of GFP was visualised
in an inverted fluorescent microscope.

2.8. Quantification of EGFP expression

To estimate GFP expression, after 36 h of transfection assay, the
cells were washed with PBS (4× 1 ml) and lysed in 50 �l lysis buffer
(10 mM Tris–HCl, 0.5% SDS and 1 mM EDTA, pH 7.4). The lysate
was shaken (15–20 min, 25 ◦C) and GFP intensity was measured
from 2 �l cell lysate on NanoDrop® ND-3300 spectrofluorimeter.
The background and autofluorescence in mock treated cells were
was estimated by Bradford’s test with bovine serum albumin, as a
standard. Total fluorescent GFP in lysate was normalized against the
amount of protein in the lysate and expressed in arbitrary units/mg
protein along with the mean ± standard deviation from triplicate
samples.
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Table 1
Percent of amines ionically linked to alginate in PEI-Al nanocomposites.

S. No. Attempted ionic
interaction (%)

Observed proportion
of ionic interaction (%)

1 5 2.6
2 7 3.4

T
S
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.9. Percentage of cells transfected via fluorescence-assisted cell
orting (FACS)

The percentage of cells transfected was estimated by FACS anal-
sis. COS-1 and HEK293 cells were incubated in a 24 well plate
nd transfection carried out, as described above. Post 36 h, the
edia was aspirated out and cells washed twice with phosphate

uffer saline (PBS). The cells were then trypsinized followed by
ddition of 500 �l DMEM supplemented with 10% FCS and col-
ected in a 1 ml eppendorf. Cells were centrifuged at 1200 rpm
5 min, 4 ◦C). Subsequently, cells were rinsed with PBS (2× 500 �l)
nd suspended in PBS (200 �l). The number of cells transfected
as estimated by FACS. All experiments were carried out in

riplicates.

.10. Cytotoxicity assay

Cytotoxicity of PEI-Al/DNA complexes and commercial trans-
ection reagents was assayed by colorimetric MTT assay (Pathak et
l., 2007) in HeLa, HEK293 and COS-1 cells, 36 h post-transfection
n an ELISA plate reader (MRX, Dynatech Laboratories) at 540 nm.
ells were transfected with PEI-Al/DNA, PEI/DNA, SuperfectTM/DNA
nd FugeneTM/DNA complexes and, after 36 h, media was replaced
ith 0.2 ml MTT reagent (0.5 mg dissolved in 1.0 ml of DMEM) and

ncubated (1 h). The supernatant was removed and formazan crys-
als were suspended in 100 �l isopropanol containing 0.06 M HCl
nd 0.5% SDS, and the absorbance read at 540 nm. Non-transfected
ells served as controls with 100% viability, while wells with MTT
eagent alone served as blank. The cell viability (%) was estimated
s [abs]transfected/[abs]control × 100. All experiments were repeated
t least thrice.

.11. Fluorescence confocal microscopy

The trafficking of TR-PEI-Al nanocomposite and TR-PEI-Al/DNA-
OYO was studied in HeLa cells. PEI-Al(4.8%) (10 mg/ml of water)
as treated with tetramethyl rhodamineisothiocyanate (TRITC)

1 mg/100 �l of DMF) overnight with stirring, followed by concen-
ration in a Speed Vac. Unreacted/hydrolyzed TRITC was extracted
ith ethyl acetate to obtain tetramethyl rhodamine-labeled PEI-
l (4.8%) (TR-PEI-AL). DNA was labeled with the intercalating dye
OYO-1 (DNA-YOYO) (Cheng, 2000). HeLa cells were seeded at
density of 1.5 × 105 cells/well on circular glass coverslips in
6-well plate and grown overnight to obtain ∼70% confluence.

ells were then incubated (37 ◦C) with labeled nanocomposites
22 �g/ml of culture medium) and labeled nanocomposite/DNA
omplexes (w:w 3.33) for 0.5, 1, 2 and 4 h, washed with PBS

3× 1 ml) and fixed in 4% paraformaldehyde (1 ml/well, 10 min,
.t.). Cells were washed with PBS (3× 1 ml), stained with DAPI
20 �l of 10 ng/ml) and mounted on clean glass slides with
uorescence-free glycerol-based UltraCruzTM Mounting Medium
Santa-Cruz Biotechnology, USA) and examined in a confocal

icroscope.

able 2
ize and zeta potential of PEI-Al nanocomposites.

S. No. Samples Average particle size in nm (PDI)

Nanocomposites
(in H2O)

DNA loaded
complex (in H2O)

1 PEI-Al (2.6%) 125 (0.316) 137 (0.432)
2 PEI-Al (3.4%) 111 (0.208) 122 (0.208)
3 PEI-Al (4%) 81 (0.405) 110 (0.315)
4 PEI-Al (4.8%) 73 (0.192) 89 (0.247)
5 PEI-Al (5.7%) 53 (0.241) 76 (0.271)
3 9 4
4 11 4.8
5 13 5.7

2.12. DNase protection assay

DNase I protection assay was carried out on 0.6 �g pDNA alone
and PEI-Al (4.8%)/DNA complex (w:w, 3.33) in 25 �l (final vol-
ume) (Gebhart et al., 2002). Each sample was divided into 2×
10 �l aliquots. To the first was added 1 unit of DNase I (1 �l),
while 1 �l PBS was added to the second, as control. Samples were
incubated at 37 ◦C and withdrawn at regular intervals (15, 30,
60 and 120 min). The enzyme was inactivated by adding 0.6 �l
of 100 mM EDTA followed by heating to 75 ◦C for 10 min. Sub-
sequently, heparin (10 �l, 5 mg/ml) was added to the samples
and incubated (2 h, r.t.) to dissociate the complex and release
DNA. After adding xylene cyanol, samples were electrophoresed
(100 V, 1 h) in 0.8% agarose, stained as before and photographed
on an Alpha Imager (Alpha Innotech, San Leonardo, CA). The
amount of supercoiled, linear and nicked closed circular forms
of DNA in complexes, both before and after heparin treatment,
was estimated by densitometry of the image using AlphaEaseFC
software.

3. Results and discussion

A series of nanocomposites with varying amount of alginic acid
were prepared by mixing the pre-heated solution (90 ◦C) of PEI and
alginic acid. The proportion of amines interacting ionically with
alginic acid was determined colorimetrically from the content of
alginate in the nanocomposites. We found approximately 50% of
the attempted ionic interaction in nanocomposites (Table 1), which
is similar to our earlier data (Patnaik et al., 2006). FTIR analysis of
PEI-Al nanocomposites yielded peaks at 3436 (amino stretching),
2927 and 1628 cm−1 (carbonyl stretching). The peak at 1628 cm−1

is indicative of the presence of carbonyl group of alginic acid in the
PEI-Al nanocomposites.

The particle size and morphology of PEI-Al nanocomposites
were determined by DLS and AFM studies. The size of PEI-Al
nanocomposites was found to be in the range of 53–125 nm
(Table 2). It was also observed that on increasing alginate con-
tent, the nanocomposite size decreased, which we attributed to

an effective charge interaction between amines of PEI and alginate
content resulting in more compact structures. The AFM images of
PEI-Al(4.8%) nanocomposite showed spherical particles with a size
of ∼55 nm (Fig. 1). The average particle size obtained by AFM was
found to be smaller than that obtained with DLS, which might be

Zeta potential (+mV) Ratio of nanocomposites:
DNA (w/w)

Nanocomposites
(in H2O)

DNA loaded
complex (in H2O)

21.9 17.09 2.5
19.04 12.94 2.5
16.4 10.46 2.5
14.07 8.47 3.33
11.24 7.05 6.66
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ig. 1. AFM images of (A) PEI-Al(4.8%) alone, (B) PEI-Al(4.8%)/DNA. 2–3 �l of each
ecorded in acoustic mode. TEM images of (C) PEI-Al(4.8%) alone, and (D) PEI-Al(4.8
o be ∼70 nm.

ttributed to the contribution of hydrodynamic diameter in DLS
easurements.
The presence of alginate in PEI-Al nanocomposites was also

etermined by measuring the zeta potential of nanocomposites
n water. The zeta potential of PEI was +31 mV, while that of

EI-Al nanocomposites was in the range of +20–10 mV (Table 2).
he lower value of zeta potential in nanocomposites compared to
EI is suggestive of the presence of alginate in PEI-Al nanocom-
osites. The zeta potential of PEI-Al nanocomposites decreased

able 3
eta potential of PEI-Al/DNA complexes at various w/w ratios.

Samples Sample/DNA weight ratios (w/w)

1.66 2.5 3.33

PEI-Al (2.6%) 15.99 ± 0.86 17.49 ± 0.53 18.06 ± 0
PEI-Al (3.4%) 11.95 ± 0.98 12.71 ± 0.62 13.05 ± 0
PEI-Al (4%) 9.51 ± 0.49 10.93 ± 0.91 11.2 ± 1
PEI-Al (4.8%) 6.23 ± 0.65 6.91 ± 0.51 8.12 ± 0
PEI-Al (5.7%) 2.14 ± 0.62 2.99 ± 0.56 4.5 ± 0

ig. 2. Gel retardation assay of PEI-Al/DNA and PEI/DNA complexes. The values mentione
ex solution was deposited on a freshly split untreated mica strip and images were
A. The size of nanocomposites was observed to be ∼55 nm and that of polyplexes

with increase in alginate content, which showed a further decline
after complexation with plasmid DNA (pDNA). At different weight
ratios of nanocomposites/DNA complex, the zeta potential showed
an increase with increasing weight ratios (Table 3). This is due
to an increase in cationic charge at higher weight ratios. How-

ever, at same weight ratios, the nanocomposites/DNA complex
had different zeta potential values; the nanocomposites with
higher alginate content had a lower zeta potential. Neverthe-
less, nanocomposites/DNA carries sufficient positive surface charge

5 6.66 7.5

.61 18.71 ± 0.72 19.14 ± 1.4 20.04 ± 1.65

.88 13.9 ± 1.2 16.74 ± 0.70 17.41 ± 0.94

.03 12.5 ± 0.92 13.82 ± 0.42 14.5 ± 0.99

.43 10.07 ± 0.34 12.65 ± 0.82 12.98 ± 1.05

.52 5.42 ± 0.55 7.22 ± 0.64 9.87 ± 0.54

d at the top of gel represent w/w ratio of nanocomposites/DNA in a 20 �l reaction.
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eeded to interact with endosomal membrane causing its disrup-
ion after internalization (Walker et al., 2005).

We found complexing of pDNA (0.3 �g) with PEI and PEI-Al
anocomposites at different weight ratios led to decreased elec-
rophoretic mobility of DNA (Fig. 2). At w:w ratio 1.0, PEI completely
etarded pDNA, while a higher weight ratio was required by PEI-Al
anocomposites to retard the same amount of pDNA (Fig. 2). Thus,
ompared to PEI-Al nanocomposites, PEI retards pDNA (0.3 �g)
t a lower w:w ratio due to higher cationic charge. In any case,

he interaction between pDNA and PEI-nanocomposite leads to
eutralization of anionic phosphate backbone of DNA so that the
lectrophoretic mobility of the complex decreases.

To assess the transfection efficiency of the projected nanocom-
osites, we have compared the level of GFP expression in cells

ig. 3. GFP fluorescence intensity in COS-1, HEK293 and HeLa cells transfected with P
supplemented with or without FCS). (a) GFP fluorescence intensity at different weight w/
atio giving highest GFP intensity. The results represent the mean of three independent
eviation calculated for experiments carried out in triplicates.
harmaceutics 385 (2010) 194–202

transfected with the nanocomposite/DNA complexes. The in vitro
expression of PEI-Al/pDNA was evaluated in HEK293, COS-1 and
HeLa cells and compared with the standard transfection reagents,
viz., SuperfectTM and FugeneTM loaded with pDNA. We found that
on increasing alginate content in PEI-Al nanocomposite/pDNA, the
GFP expression increased till 4.8% amines were blocked (Fig. 3) and
beyond this, it decreased. GFP intensity at various w/w ratios of
nanocomposites/DNA complex showed that PEI-Al(2.6–4%) formu-
lations gave a higher fluorescence intensity at w/w 2.5, whereas

for PEI-Al(4.8%) and PEI-Al(5.7%) it was 3.33 and 6.66, respec-
tively (Fig. 3a). The results might be attributed to the presence of
alginate moiety in the nanocomposites, similar to that shown ear-
lier for PEI(750)-Al/DNA (Patnaik et al., 2006). In HEK293 cells, in
serum-free conditions, GFP expression was 3.7- and 3-folds higher

EI-Al/DNA, PEI/DNA, SuperfectTM/DNA and FugeneTM/DNA complexes in DMEM
w ratios. (b) GFP fluorescence intensity of nanocomposites/DNA complexes at w/w
experiments performed in triplicates. The error bars is representative of standard
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Fig. 4. Percent cells transfected with PEI-Al/DNA, PEI/DNA, SuperfectTM/DNA and FugeneTM/DNA complexes in HEK293 and COS-1 cells. The error bars is representative of
standard deviation calculated for experiments carried out in triplicates.
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achieve the identical degree of GFP suppression as that with
PEI-Al(4.8%)/siRNA, 20 times greater amount (200 �g/ml) of PEI
(750)-Al(6.26%)/DNA/siRNA was required as compared to PEI
(25 kDa)-Al (4.8%)/DNA/siRNA (Fig. 5).

Fig. 6. Cytotoxicity of PEI-Al/DNA, PEI/DNA, SuperfectTM/DNA and FugeneTM/DNA
ig. 5. PEI-Al(4.8%) and PEI(750)-Al(6.26%) were checked for its ability to deliver G
xperiments performed in triplicates and the standard deviation is represented as e

n PEI-Al(4.8%) nanocomposites compared to PEI and SuperfectTM,
espectively (Fig. 3). Under similar conditions, HeLa cells expressed
FP 2- and 1.4-folds better than SuperfectTM and FugeneTM, respec-

ively (Fig. 3). Finally, GFP expression in all cell lines transfected
ith PEI-Al(4.8%)/DNA complex was 8-folds higher than PEI (750)-
l(6.26%)/DNA complex (Fig. 3).

In the presence of serum, GFP expression in all cell lines trans-
ected with nanocomposites was greater than PEI, SuperfectTM and
ugeneTM. In COS-1 cells, GFP expression with PEI-Al(4.8%)/DNA
omplex was 4-folds higher than PEI. In HEK293 cells, PEI-
l(4.8%)/DNA complex exhibited GFP expression 3–6-folds higher

han PEI, SuperfectTM and FugeneTM (Fig. 3), whereas in HeLa
ells, ∼2-folds higher expression was observed as compared to
uperfectTM and FugeneTM (Fig. 3).

In these studies, GFP expression being dependent on the
ransfection of cells with pGFP, the observed results indirectly
emonstrate and compare transfection efficiency with various
anocomposite carriers showing that PEI-Al(4.8%)/DNA performs
he best.

To know the percentage of cells transfected by PEI-Al/DNA
omplex, FACS was carried out in COS-1 and HEK293 cells. We
bserve that PEI-Al (4.8%) transfected a higher percent of cells com-
ared to other formulations (Fig. 4). The percent of cells expressing
FP increased as the alginate moiety increased in nanocompos-

tes/DNA complex which is in agreement with spectrofluorometric
ata (Figs. 3 and 4). Also, on comparing with commercial reagents,

EI-Al (4.8%) formulation gave a higher percent of cells express-
ng GFP. The FACS and GFP quantification spectroflurometrically
uggest that PEI-Al(4.8%) is an efficient transfection agent.

Cationic polymer-aided delivery of siRNAs not only allows
esting the efficiency of expression of a foreign gene, but also
ecific siRNA into COS-1 cells. The results represent the mean of three independent
ars.

offers a novel approach in genomedicine. Therefore, the abil-
ity of PEI-Al(4.8%) to co-transfect and deliver DNA and siRNA
was investigated in COS-1 cells and compared with PEI (750)-
Al(6.26%). As shown in Fig. 5, PEI-Al(4.8%)/siRNA suppressed GFP
expression 80–82%. Finally, it is important to mention that to
complexes in HeLa, HEK293 and COS-1 cells. Cells were treated with DNA complexes
under conditions described in transfection, and cytotoxicity was determined by MTT
assay. Percent viability of cells is expressed relative to control cells. Each point rep-
resents the mean of three independent experiments performed in triplicates. The
error bars in the figure represents standard deviation calculated for experiments
carried out in triplicates.
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Fig. 7. Intracellular trafficking of labeled PEI-Al(4.8%) alone and its complex with YOYO-1-DNA in HeLa cells by confocal microscopy. A–D show HeLa cells treated with
labeled PEI-Al(4.8%) alone at different time points: (A) control, scale bar: 10 �m (B) 1 h, scale bar 25 �m (C) 2 h, scale bar 25 �m (D) 4 h, scale bar 25 �m. E–H show images of
HeLa cells treated with labeled PEI-Al(4.8%)/YOYO-1-DNA at different time points: (E) 1 h, scale bar 20 �m (F) 2 h, scale bar 20 �m (G) 4 h, scale bar 25 �m. In images A–D, the
first quadrant (I) shows the cells observed under rhodamine filter (laser Helium–Neon 1 mW), the second quadrant (II) shows images captured under DAPI filter (laser diode
25 mW) and the third quadrant (III) represents the overlaid images. In E–G, the first quadrant (I) shows the cells observed under rhodamine filter, the second quadrant (II)
shows images captured under fluorescein filter (laser argon 30 mW), the third quadrant (III) shows images captured under DAPI filter and the fourth quadrant (IV) represents
the overlaid images.
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ig. 8. PEI-Al(4.8%)/DNA complex was treated with DNase I at a w/w 10:3 for differe
he release of DNA was monitored in 0.8% agarose. The amount of DNA protected (%
uantified and normalized by that of pDNA values (not treated with DNase I) using

Although branched PEI (25 kDa) is an efficient transfection
gent, its charge associated cytotoxicity limits the application in
ivo (Kircheis et al., 2001). By partially masking the charge on
EI with alginic acid, mammalian cell viability profiles improved
Fig. 6). The PEI-Al/DNA complexes showed more than 90% cell
iability similar to those exhibited by PEI (750 kDa)-Al/DNA com-
lexes as compared to 65% in PEI (Goosen, 1992). Furthermore, the
ytotoxicity of SuperfectTM and FugeneTM was found to be more
r less comparable to PEI (Fig. 6). The higher cell viability might
e attributed to the masking of free amino groups in PEI by algi-
ate leading to a reduction in net positive charge on polymer and
he resulting nanocomposites performed far better as compared to
uperfectTM and FugeneTM.

To follow the intracellular passage of nanocomposites, HeLa
ells were treated with TR-PEI-Al nanocomposites and TR-PEI-
l/DNA-YOYO complex. After 1 h, fluorescent nanocomposite
articles appeared inside the cytoplasm with a faint fluorescence in
he nucleus. Likewise, the dual labeled PEI-Al(4.8%)/pDNA complex
lso enters the nucleus after 1 h (Fig. 7). Godbey et al. (1999) have
arlier reported that PEI has the property of nuclear localization.
he intracellular trafficking of PEI-Al nanocomposites observed
nder confocal microscope showed the presence of nanocompos-

tes alone as well as DNA complex inside the nucleus. This implies
hat presence of alginate has not hampered the nuclear localization
roperty of PEI.

An important feature of efficient transfection reagent is its
bility to protect complexed DNA from degradation by nucleases
resent in the extracellular and intracellular environment. There-
ore, PEI-Al(4.8%)/DNA complex was treated with DNase I (Fig. 8).
eparin competitively displaced DNA from PEI-Al(4.8%)/DNA com-
lex (Fig. 8). The amount of pDNA released after heparin treatment,
s estimated by densitometric analysis, was found to be 90% after
0 min, which declined to 80% after 2 h (Fig. 8). It was concluded
hat PEI-Al(4.8%) protects DNA against nucleases for a significant
eriod of time.

. Conclusions
We have examined the polycation-based gene delivery with PEI-
l nanocomposites, in vitro, both in the presence and absence of
erum and found that these not only exhibited lower cytotoxicity
ut also delivered nucleic acids (pDNA and siRNA) more effi-
e intervals. The complexed DNA was released by treating the samples with heparin.
DNase treatment is calculated as the relative integrated densitometry values (IDV)
EaseFC software.

ciently than the standard transfection reagents (SuperfectTM and
FugeneTM). Also, the protection imparted by PEI-Al nanocompos-
ites to complexed DNA against DNase makes it a potent transfection
agent. We suggest these results as forerunner of successful delivery
of specific genes to defined targets.

Acknowledgements

The authors gratefully acknowledge the financial support from
Department of Biotechnology, New Delhi, India and CSIR task force
project (NWP35). We are also thankful to Prof. S.P. Modak for his
valuable scientific inputs during the preparation of this MSS.

References

Baszkin, A., Norde, W., 2000. Physical Chemistry of Biological Interfaces. CRC Press.
Cheng, P.C., 2000. Focus on Multidimensional Microscopy, vols. 1 & 2, World Scien-

tific.
Choi, Y., Liu, F., Kim, J.S., Choi, Y., Park, J., Kim, S., 1998. Polyethylene glycol-grafted

poly(l-lysine) as polymeric gene carrier. J. Control. Rel. 54, 39–48.
Dash, P.R., Read, M.L., Barrett, L.B., Wolfert, M.A., Seymour, L.W., 1999. Factors affect-

ing blood clearance and in vivo distribution of polyelectrolyte complexes for
gene delivery. Gene Ther. 6, 643–650.

Dumitriu, S., 1996. Polysaccharides in Medicinal Applications. CRC Press.
Erbacher, P., Bettinger, T., Belguise-Valladier, P., Zou, S., Coll, J.L., Behr, J.P., Remy, J.S.,

1999. Transfection and physical properties of various saccharide, poly(ethylene
glycol), and antibody-derivatized polyethylenimines. J. Gene Med. 1, 210–
222.

Felgner, P., Barenholz, Y., Behr, J.P., Cheng, S., Cullis, P., Huang, L., Jessee, J., Seymour,
L., Szoka, J., Thierry, F.C.A., et al., 1997. Nomenclature for synthetic gene delivery
systems. Hum. Gene Ther. 8, 511–512.

Gebhart, C.L., Sriadibhatla, S., Vinogradov, S., Lemieux, P., Alakhov, V., Kabanov,
A.V., 2002. Design and formulation of polyplexes based on pluronic-
polyethyleneimine conjugates for gene transfer. Bioconj. Chem. 13, 937–944.

Godbey, W.T., Kenneth, K.W., Mikos, A.G., 1999. Tracking the intracellular path of
poly (ethylenimine)/DNA complexes for gene delivery. Proc. Natl. Acad. Sci.
U.S.A. 96, 5177–5181.

Goosen, M.F.A., 1992. Fundamentals of Animal Cell Encapsulation and Immobiliza-
tion. CRC Press.

Jiang, G., Sang-Hyun, M., Eun, J.O., Sei, K.H., 2007. DNA/PEI/alginate polyplex as
an efficient in vivo gene delivery system. Biotech. Bioprocess Eng. 12, 684–
689.

Kircheis, R., Wightman, L., Schreiber, A., Robitza, B., Rössler, V., Kursa, M.,
Wagner, E., 2001. Polyethylenimine/DNA complexes shielded by transferrin
target gene expression to tumors after systemic application. Gene Ther. 8,

28–40.

Lemarchand, C., Gref, R., Couvreur, P., 2004. Polysaccharide-decorated nanoparticles.
Eur. J. Pharm. Biopharm. 58, 327–341.

Miller, N., Vile, R., 1995. Targeted vectors for gene therapy. FASEB J. 9, 190–199.
Nishikawa, M., Takemura, S., Takahara, Y., Hashida, M., 1998. Targeted deliv-

ery of plasmid DNA to hepatocytes in vivo: optimization of the phar-



2 al of P

P

P

P

S

02 S. Patnaik et al. / International Journ

macokinetics of plasmid DNA/galactosylated poly(l-lysine) complexes by
controlling their physicochemical properties. J. Pharm. Exp. Ther. 287, 408–
415.

assirani, C., Barratt, G., Devissaguet, J.P., Labarre, D., 1998. Long-circulating
nanoparticles bearing heparin or dextran covalently bound to poly(methyl
methacrylate). Pharm. Res. 15, 1046–1050.

athak, A., Aggarwal, A., Kurupati, R., Patnaik, S., Swami, A., Singh, Y., Kumar, P., Vyas,

S.P., Gupta, K.C., 2007. Engineered polyallylamine nanoparticles for efficient in
vitro transfection. Pharm. Res. 24, 1427–1440.

atnaik, S., Aggarwal, A., Nimesh, S., Goel, A., Ganguli, M., Saini, N., Singh, Y., Gupta,
K.C., 2006. PEI-Alginate nanocomposites as efficient in vitro gene transfection
agents. J. Control. Rel. 114, 398–409.

ervos, J.W., 1987. Biology as power: controlling life. Science 237, 305.
harmaceutics 385 (2010) 194–202

Walker, G.F., Fella, C., Pelisek, J., Fahrmeir, J., Boeckle, S., Ogris, M., Wagner, E., 2005.
Toward synthetic viruses: endosomal pH-triggered deshielding of targeted
polyplexes greatly enhances gene transfer in vitro and in vivo. Mol. Ther. 11,
418–425.

Yang, Y., Nunes, F.A., Berencsi, K., Furth, E.E., Gönczöl, E., Wilson, J.M., 1994. Cellular
immunity to viral antigens limits E1-deleted adenoviruses for gene therapy.
Proc. Natl. Acad. Sci. U.S.A. 91, 4407–4411.
Zhang, X.Q., Wang, X.L., Zhang, P.C., Liu, Z.L., Zhuo, R.X., Mao, H.Q., Leong, K.W.,
2005. Galactosylated ternary DNA/polyphosphoramidate nanoparticles medi-
ate high gene transfection efficiency in hepatocytes. J. Control. Rel. 102,
749–763.

Zwiorek, K., Kloeckner, J., Wagner, E., Coester, C., 2004. Gelatin nanoparticles as a
new and simple gene delivery system. J. Pharm. Pharmaceut. Sci. 7, 22–28.


	PEI-alginate nanocomposites: Efficient non-viral vectors for nucleic acids
	Introduction
	Materials and methods
	Materials
	Synthesis of siRNA
	Preparation of PEI-Al nanocomposites
	Preparation of PEI-Al/DNA complexes
	Size and zeta-potential measurements
	DNA retardation assay
	In vitro cell transfection
	Quantification of EGFP expression
	Percentage of cells transfected via fluorescence-assisted cell sorting (FACS)
	Cytotoxicity assay
	Fluorescence confocal microscopy
	DNase protection assay

	Results and discussion
	Conclusions
	Acknowledgements
	References


