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ABSTRACT: In this study, we attempted to elucidate the capability of a
natural polymer dextran, by modification with histidine, to be an efficient, safe
and promising nucleic acid delivery system in gene therapy. Physicochemical
characterizations were performed to get an insight into the derivative. The
efficiency of the derivative as a gene delivery vehicle was also studied in depth
using fluorescence microscopy. Extensive efforts were made to have a better
understanding of the cellular dynamics involved. The derivative proved itself
to be 6.7-fold more excelling than PEI in its transfecting capability. Mech-
anisms underlying cellular internalization, vector unpacking, intranuclear
localization and transgene expression were also investigated. The possibility of
recruiting intracellular histone to promote the entry of the gene into the
nucleus seemed promising. Our findings also explored the links that mediate
the correlation between the uptake of the derivative and various endocytic
pathways. The results thus obtained reflect the success of the entire journey of the synthesized delivery vehicle.
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■ INTRODUCTION
The fundamental understanding of different genetic disorders
led to the progression of gene therapy in various fields like
pharmacy, chemistry and medicine. The use of nucleic acids in
gene therapy faces various hurdles like large size, negative
surface charge, tissue clearance and inefficiency for systemic
delivery. A key challenge in addressing the problem in gene
therapy lies in the development of specially designed gene
delivery systems that are capable of carrying therapeutic genes
into mammalian cells for gene expression.1

Viruses such as retrovirus and adenovirus are known for
their high gene transfer capability. But the use of viral vectors in
gene delivery has raised safety concerns based on some adverse
dangerous effects which include pathogenicity, immunogenicity,
wild type reversion and toxicity.2

Nonviral vector mediated gene therapy is currently one of
the most attractive alternative strategies used which is free from
the risks inherent in viral systems. Various obstacles that limit
their use include introduction of plasmid DNA into several
cell types and efficient gene expression with limited toxic side
effects. Conversely, they offer unique strategies like lower immuno-
genicity, biocompatibility, safety profiles, biodegradability, low
cost production, lack of mutational potential and lack of
pathogenicity.1,3−6

Nowadays polymers are greatly focused as nonviral delivery
agents as they have reached the efficiencies of viral vectors due
to their special abilities. Several polymers used in gene delivery
include polyethyleneimine (PEI), poly(L-lysine), poly(dimethyl
aminoethyl methacrylate) (p(DMAEMA)), poly(trimethyl

aminoethyl methacrylate (p(TMAEMA)), poly(vinylpyridine),
chitosan, and diethylaminoethyl dextran (DEAE-dextran).4,5

Dextrans have been proven to be efficient as nonviral delivery
systems.7 It exhibits several attractive properties like its remark-
able degree of biocompatibility, ease of use, biodegradability,
availability and improved transfection efficiency with reduced
toxicity. It is also easily available, cheap, easily soluble and
nontoxic.8

The major drawback of native dextran limiting its usage in
delivery systems is the high polarity which excludes its trans-
cellular passage. It has been reported that cationized dextran
increased transfection efficiency without cytotoxic effects.9

Cationic polymers have been promising in neutralizing the
anionic nature of DNA thereby efficiently condensing DNA to
allow its easy cellular entry.10 The major problem faced by
them is the escape of DNA into the cell cytoplasm from the
endosomal compartment for proper gene activity. Therefore a
need arises to optimize nonviral vectors to disrupt endosomes
and enhance transfection efficiency which generally does not
reach adequate therapeutic levels. Certain cationic polymer like
poly(L-lysine) does not facilitate the endosomal release of
DNA.11

The key to the problem of endosomal disruption lies in the
use of histidine moieties. Histidine was given importance due to
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the presence of imidazole in the histidine structure. Imidazole
containing polymers is a promising field due to its attractive
properties. The biocompatibility of imidazoles17 helps it to
target DNA sequences for alkylating DNA.13 Reports have
stated imidazoles to be antimicrobial12,16 and also to play a role
in the inhibition of cancer proliferation.12 They were also found
to be thermally14,15 and chemically stable14,15 and to possess
antimetastatic properties.16 Several studies were done on imidaz-
ole and imidazole containing polymers,16,18,19 but their use in the
field of gene therapy is still an unexplored area.
Histidine plays an important role in the disruption of the

endosomal membrane by the proton sponge effect of their
imidazole groups. The nanoplex after endosomal uptake by the
cell has to escape from the endosome to prevent its own
lysosomal degradation. This can be made possible based on the
hypothesis for endosomal escape called the “proton sponge
theory” which focuses on the escape of the nanoplexes from
the endosomes by their acidification.20 The effect protonates
the polymer which induces influx of water and ions and endo-
some destabilization.21 This brings about large differences in
the surface charge of the nanoplex, which leads to structural
changes. Disruption of the interaction between the polymer/
DNA complex and the endosomal membrane is thus caused.22

This facilitates the release of the polymer/DNA complex into
the cell cytoplasm.23,24 Histidine moieties are also found to be
efficient in improving transfection. The presence of imidazole
ring in histidine helps in the enhancement of transfection
due to its capability to display a pKa around 6 and exhibit the
proton sponge effect.25 They were introduced into various
polymers to achieve the proton sponge effect without change in
the physicochemical properties of the polymer.25

The rate limiting steps in gene delivery are endocytosis of
the vector, escape from the endosomal compartment, vector
unpacking, translocation of DNA into the nucleus and expres-
sion of the transgene. With the vision of such a rationale, we
synthesized a histidylated dextran derivative (Dex-H) modified
with histidine as an endosomolytic agent. The physicochemical
properties of Dex-H were characterized. The gene delivery
efficiency of the derivative was then evaluated. The effect of
histone on the uptake mechanism was also studied. Experi-
ments with fluorescence tags were conducted to investigate the
route of polymer/DNA complex internalization in C6 cells and
its intracellular processes.
Gene delivery vectors determine their intracellular fate by

their route of entry. Several endocytic pathways including caveolae
mediated endocytosis, clathrin mediated endocytosis and macro-
pinocytosis play a role in gene uptake. The main aim of this
study is to have a better understanding of the intracellular pro-
cessing and the correlation of each endocytic pathway to the
uptake mechanism which opened up possibilities to design a
target specific, efficient and safe nucleic acid gene delivery system.

■ EXPERIMENTAL SECTION
Materials. Dextran (MW 35,600), sodium hydroxide, ethidium

bromide (EtBr), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT), Dulbecco’s modified Eagle’s medium/
F-Ham12 (DMEM/F-Ham12), MEM medium, Sephadex G100−
120, 0.25% trypsin-ethylenediaminetetraacetic acid (EDTA),
amiloride A, histone, nocodazole, cytochalasin B, chlorpromazine,
filipin, bafilomycin A1 and branched PEI (MW 25,000) was
purchased from Sigma-Aldrich Chemicals Co., USA. Diamino
PEG was from Fluka and L-histidine from SRL. p53 plasmid
DNA was from Promega, USA. Deoxyribonucleic acid sodium

salt from calf thymus (ctDNA) was from Worthington Bio-
chemical Corp. YOYO iodide and Hoechst 33342 were from
Invitrogen. Fetal bovine serum (FBS) was from GIBCO
(USA). All other reagents were of analytical grade from Merck,
India.

Synthesis of Dextran DAP Histidine (DDH) Conju-
gates. Dex-H conjugate was synthesized in two steps. In
the first step, dextran (MW 35,600 Da) was conjugated with
diamino PEG (DAP; MW 1900 Da) by the reductive amination
method as described earlier.26 Oxidized dextran (500 mg) was
prepared by reacting dextran in water with sodium metaper-
iodate at 1:1 mol ratio followed by extensive dialysis against
DDW. The dialdehyde dextran solution was then added
dropwise to a solution of diamino PEG (200 mg) over 5 h.
The reaction mixture was continuously stirred for 24 h at room
temperature. The resultant reactant, DDAP, was then purified
by extensive dialysis against DDW.
In the second step, histidine moieties were incorporated to

500 mg of DDAP product. A solution of L-histidine (500 mg)
was slowly added to the DDAP solution, and the reaction
mixture was kept at 25 °C under continuous stirring for 24 h.
Varying amounts of L-histidine were also used to modify
dextran. The product was recovered by extensive dialysis
against double distilled water. The dextran derivative (Dex-H)
thus obtained was stored at 4 °C.

■ PHYSICOCHEMICAL CHARACTERIZATION
Detection of Histidine Moieties. The number of histidine

groups on the dextran polymer was spectrophotometrically deter-
mination as described elsewhere.27 Briefly, suitable aliquots of
histidine standards and Dex-H of varying concentrations were
made up to 1 mL using 1 M NaOH. To 50 μL of the sample,
100 μL of coloring reagent containing sodium nitrate, hydrochloric
acid and sulfanilic acid was added and absorbance was read at
405 nm exactly at the 6th min against 1 M NaOH as the blank.
Absorbance was plotted against concentration.

Formation of Nanoplexes. A series of nanoplexes of
various weight ratios ranging from 1:1 to 6:1 were formulated
using Dex-H and calf thymus DNA (ctDNA). Constant amount
of ctDNA and varying amounts of Dex-H were separately
diluted in saline to a volume of 100 μL. The Dex-H solution
was then added to the DNA solution, vortexed and incubated
for 30 min at room temperature prior to use. The nanoplexes
denoted as DHP were then characterized and used for further
cellular studies.

Fourier Transform Infrared Spectroscopy. The test
samples of dextran and Dex-H were prepared in a dry powdered
form and subjected to FTIR. The spectra obtained were recorded
and compared using a Nicolet 5700 spectrophotometer.

Nuclear Magnetic Resonance Spectroscopy. The 1H
NMR spectra of dextran and Dex-H was obtained using NMR
spectrometer (Bruker Avance DPX 300). The polymer for study
was dissolved in D2O and analyzed, and spectra were generated for
comparison.

Gel Permeation Chromatography. Gel permeation
chromatography of Dex-H was performed based on size exclusion
using a Sephadex G100−120 column to detect cross-linking of
polymers. The column was calibrated using three different
molecular weight standards of dextran (Sigma-Aldrich Chemical
Co., USA).

Particle Size and Zeta Potential Determination. The
mean hydrodynamic sizes of the nanoplexes were characterized
by the dynamic light scattering measurement. It was evaluated
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using a Zetasizer Nano ZS (Malvern Instruments Ltd., U.K.) at
a temperature of 25 °C. The nanoplexes with increasing Dex-H/
DNA ratios ranging from 1:1 to 3:1 were allowed to form for
15 min in saline at room temperature. The surface charge of
the nanoplexes of varying ratios was also measured using
Zetasizer Nano ZS (Malvern Instruments Ltd., U.K.) at a
temperature of 25 °C. The zeta potential was calculated
using the Smoluchowsky approximation.
Gel Retardation Assay. The efficiency of DNA con-

densation was assessed by agarose gel electrophoresis. Nano-
plexes of desired ratios were prepared with ctDNA and
increasing concentration of Dex-H. The stability of the nano-
plexes was analyzed on 0.8% agarose gel containing ethidium
bromide in Tris-acetate-EDTA (TAE) buffer solution. Electro-
phoresis was carried out at 100 V for 30 min in a Biorad electro-
phoresis system (Biorad Laboratories, Hercules, CA, USA).
The gel was then photographed and DNA bands were visualized
using a MultiImage Light Cabinet (Alpha Innotech Corporation,
San Leandro, CA, USA).
Heparin Release Studies. The release of DNA from the

nanoplex on treatment with anionic agents like heparin was
determined by performing the heparin release studies. Nano-
plexes of desired ratios were prepared with ctDNA and
increasing concentration of Dex-H. They were then incubated
with heparin (0.1 IU/mL) for 30 min at 37 °C. The stability of
the nanoplexes was analyzed on 0.8% agarose gel containing
ethidium bromide in TAE buffer solution. Electrophoresis was
carried out at 100 V for 30 min in a Biorad electrophoresis
system (Biorad Laboratories, Hercules, CA, USA). The gel was
then photographed and DNA bands were visualized using a
MultiImage Light Cabinet (Alpha Innotech Corporation, San
Leandro, CA, USA).
Gel retardation studies were also performed in the presence

and absence of heparin by complexing Dex-H with p53 plasmid
DNA at ratios varying from 1:1 to 6:1.
Acid−Base Titration. The protonating ability of Dex-H

was evaluated by acid base titration over a pH range of 10 to 5.
Test solutions containing various concentrations of Dex-H
were first titrated to pH 10 with 1 N sodium hydroxide. The
diluted solutions were then titrated by the sequential addition
of 20 μL aliquots of 1 N HCl to a pH of 5. The pH profile was
obtained during the titration.

■ CELL CULTURE STUDIES
Cell culture studies were performed using C6 cells, an adherent
fibroblast glioma cell line derived from rat tissue, and HepG2
cells, human liver hepatocellular carcinoma cell line. Cells were
cultured in DMEM/Ham’s F12:MEM (1:1) medium supple-
mented with 10% FBS for C6 cells and MEM medium with
10% FBS for HepG2 cells at 37 °C using a humid 5% CO2
incubator. All experiments were carried out in DMEM/Ham’s
F12:MEM (1:1) medium supplemented with 10% FBS and
MEM medium with 10% FBS respectively.
Cytotoxicity. The evaluation of the viability and prolifer-

ation of cells against Dex-H was assayed by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
Assay. Prior to assay, both rat fibroblast glioma cell line (C6 cell
lines) and human liver hepatocellular carcinoma cell line
(HepG2 cell lines) were seeded in multiwell tissue culture
plates respectively and cultured at 37 °C, 5% CO2 atm for 24 h.
The cells were then incubated with Dex-H of varying mass
concentrations along with PEI as positive control and medium
as negative control in triplicate and incubated at 37 °C for 24 h

under 5% CO2 atm. After 24 h of incubation, samples were
removed, MTT reagent (0.5 mg/mL) was added to each well
and the cells were further incubated for 3 h. The reagent was
then removed, and 250 μL of DMSO was added to dissolve the
MTT formazan crystals thus formed. Plates were gently agitated at
room temperature for 5 min. The results were expressed as the
mean % cell viability relative to untreated cells by recording the
absorbance of each sample solution at 570 nm using an
automated microplate reader (Finstruments Micro plate Reader
USA).

Transfection. Before transfection trials, C6 cell lines and
HepG2 cell lines were seeded in multiwell plates in culture
medium and incubated at 37 °C overnight to get a confluency
of 80%. Cells were treated with nanoplexes prepared from
ratios 1:1 to 5:1 using Dex-H and pGL-3 plasmid, which was
used as the reporter gene. The cells were incubated with the
samples for 3 h at 37 °C under 5% CO2 atmosphere. Later
the growth medium was removed; cells were washed with
phosphate buffered saline and then cultured further for 48 h.
Cells were washed once and then permeabilized for 5 min to
harvest cell lysates. The luciferase activity was measured by the
addition of the luciferase assay substrate to the supernatant
collected. The luciferase gene expression efficiency expressed as
RLU (relative light units)/mg of cellular protein was recorded
by a luminometer (Chamaleon, Hidex). Total protein was
measured using bicinchoninic acid (BCA) protein assay kit
(Pierce, USA).

■ CELLULLAR UPTAKE OF DHP
Plasmid Trafficking Studies. C6 cells were subcultured

from the stock culture and seeded into 4 well plates. p53 plasmid
was rendered fluorescent by tagging it with a high affinity
intercalating fluorescent labeling dye, YOYO iodide, by incubation
for 1 h. Nanoplexes were prepared with Dex-H and YOYO tagged
plasmid DNA at two different ratios. The cells were incubated
with the fluorescent nanoplexes for 3 h at 37 °C in DMEM/
Ham’s F12:MEM (1:1) medium with 10% FBS. Nuclear staining
was performed using Hoechst 33342 by incubation for 1/2 h to
assess the nanoplex entry. Later cells were washed with phosphate
buffered saline and fixed in 2% formaldehyde. Plasmid trafficking
was visualized and photographed using fluorescence microscope
(Leica DM IRB, Germany).

Polymer Trafficking Studies. Dex-H was tagged using an
amino reactive labeling reagent, TRITC (tetramethylrhodamine
isothiocyanate) prepared in DMSO. To a solution of Dex-H
(1 mg/mL) was added sodium bicarbonate. TRITC (0.5 mg/mL)
was added to the mix and incubated for 2 h at 37 °C. The
reaction was stopped by the addition of ammonium chloride.
The polymer solution was then dialyzed at 4 °C for 24 h to
remove unbound TRITC. Meanwhile, nanoplexes were
prepared with both tagged Dex-H and DNA at two different
ratios. The cells were incubated with the fluorescent nanoplexes
for 3 h at 37 °C. Nuclear staining was performed using Hoechst
33342 by incubation for 1/2 h. The cells were then washed
with phosphate buffered saline and fixed in 2% formaldehyde.
Polymer trafficking was visualized and photographed using
fluorescence microscope (Leica DM IRB, Germany).

Effect of Histone on DHP. C6 cells were subcultured
from the stock culture and seeded into 4 well plates. p53
plasmid and Dex-H was rendered fluorescent by tagging it
with YOYO iodide and TRITC respectively. Nanoplexes were
prepared by incubating polymer and DNA in a fixed ratio for
20 min. After 5 min of incubation, histone of varying concentrations
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ranging from 1 ng to 80 μg was added and nanoplexes were
further incubated for 15 min. The fluorescent nanoplexes were
then added to the cells, and the cells were incubated for 3 h at
37 °C. Nuclear staining was performed using Hoechst 33342 by
incubation for 1/2 h. Later cells were washed with phosphate
buffered saline and fixed in 2% formaldehyde. Plasmid
trafficking was visualized and photographed using fluorescence
microscope (Leica DM IRB, Germany).
Live and Dead Assay. C6 cells were seeded into 24 well

plates and allowed to adhere overnight with 5% CO2 at 37 °C.
Dex-H and p53 plasmid was used to form nanoplexes in two
different ratios. The cells were then incubated with the desired
amount of nanoplexes for 3 h. At the end of the incubation
period, the medium was replaced with fresh medium and the
cells were then incubated for an additional 48 h. The Live and
Dead assay was performed using the Live and Dead kit
protocol. Prior to the assay, cells were washed thrice with
phosphate buffered saline. A 10 mL solution of phosphate
buffered saline containing 2 μM calcein AM and 4 μM EthD-1
was prepared and added to the cells, which were further
incubated for 30 min at 37 °C. The state of the cells was
visualized at the end of 3 h, 24 h and 48 h and photographed
using fluorescence microscope (Leica DM IRB, Germany).

■ EXPLORING THE UPTAKE PATHWAY OF DHP
Cytotoxicity Assay of Inhibitors. The evaluation of the

toxicity of cells against various inhibitors was assayed by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Inhibitors used for the study were chlorproma-
zine (2 μg/mL), to inhibit the formation of clathrin vesicles;
filipin (5 μg/mL), to inhibit caveolae mediated endocytosis;
nocodazole (7.5 μg/mL), to inhibit microtubule formation;
bafilomycin A1 (200 nM), to inhibit the vacuolar ATPase endo-
somal proton pump; cytochalasin B (200 μM), actin depoly-
merizing agent; and amyloride (2.25 μg/mL), which inhibits
macropinocytosis by inhibiting the sodium proton exchange.
Prior to assay, rat fibroblast glioma cell line (C6 cell lines) was
seeded in multiwell tissue culture plates and cultured at 37 °C,
5% CO2 atm for 24 h. The cells were then incubated with
inhibitors of respective concentrations along with PEI as
positive control and medium as negative control in triplicate
and incubated at 37 °C for 24 h under 5% CO2 atm. After
24 h of incubation, samples were removed, MTT reagent
(0.5 mg/mL) was added to each well and the cells were further
incubated for 3 h. The reagent was then removed and 250 μL
of DMSO was added to dissolve the MTT formazan crystals
thus formed. Plates were gently agitated at room temperature
for 5 min. The results were expressed as the mean % cell
viability relative to untreated cells by recording the absorbance
of each sample solution at 570 nm using an automated micro-
plate reader (Finstruments Micro plate Reader USA).
Cytotoxicity assay was also performed with Dex-H in the
presence of various inhibitors and expressed as the mean % cell
viability relative to untreated cells.
Inhibition Assay by Endocytic Inhibitors. The pathway

governing the uptake of Dex-H was determined by the inhibitor
study.28 C6 stable cell lines were pretreated with DMEM/
Ham’s F12:MEM (1:1) medium containing selective inhibitors
of the endocytic pathway for 30 min at 37 °C. Inhibitors used
for the study were chlorpromazine (2 μg/mL), to inhibit the
formation of clathrin vesicles; filipin (5 μg/mL), to inhibit
caveolae mediated endocytosis; nocodazole (7.5 μg/mL), to
inhibit microtubule formation; and bafilomycin A1, to inhibit

the vacuolar ATPase endosomal proton pump (200 nM). The
inhibitor solution was then removed, and the cells were
transfected with nanoplexes of two different ratios containing
Dex-H and p53 plasmid for 3 h. Nucleus was stained using
Hoechst 33342 by incubating for 1/2 h. The cells were then
washed with phosphate buffered saline and fixed using 2%
formaldehyde. The effect of the inhibitors was analyzed and
photographed using a fluorescence microscope (Leica DM IRB,
Germany).

Inhibition Assay by in Vitro Transfection. Transfection
inhibition studies were carried out using C6 cell lines which
were seeded into 24 well plates and allowed to adhere over-
night. They were pretreated with DMEM/Ham’s F12:MEM
(1:1) medium containing endocytic inhibitors including chlor-
promazine (2 μg/mL), to inhibit the formation of clathrin
vesicles; filipin (5 μg/mL), to inhibit caveolae mediated
endocytosis; and nocodazole (7.5 μg/mL), to inhibit micro-
tubule formation for 30 min at 37 °C. The cells were then
transfected with nanoplexes of two different ratios containing
Dex-H and p53 plasmid. After 3 h the medium was replaced
with fresh medium and the cells were cultivated for 48 h. The
luciferase gene expression expressed as RLU (relative light
units)/mg of cellular protein was recorded by a luminometer
(Chameleon, Hidex), and total cellular protein concentration
was measured using bicinchoninic acid (BCA) protein assay kit
(Pierce, USA).

Role of Actin and Microtubules. To study the role of
microtubules and actin, C6 cells were pretreated with
nocodazole (7.5 μg/mL) and its combinations with other inhib-
itors for 1 h. The cells were then incubated with the prepared
nanoplexes containing Dex-H and YOYO tagged p53 plasmid
and incubated for 3 h. Nucleus was stained using Hoechst
33342 by incubating for 1/2 h. After incubation, the cells were
washed with phosphate buffered saline and fixed using 2%
formaldehyde. They were then washed, permeabilized using
0.5% Triton X-100 for 15 min and blocked by 1% BSA. The
cells were then incubated in Rhodamine-phalloidin for 15 min.
Later the cells were washed thrice with PBS and observed
under fluorescence microscope (Leica DM IRB, Germany).

Statistical Analysis. All quantitative data of cell experi-
ments were expressed with error bars which represent the
standard deviation (SD). Significance in difference was assessed
using Student’s t test. P value < 0.05 is considered significant,
and P value < 0.001 is considered highly significant.

■ RESULTS

Synthesis. Cationized dextran derivative was synthesized
by incorporating histidine moieties to the dextran polymer.
Conjugates of dextran with diamino PEG was prepared by reduc-
tive amination. Histidine was then coupled to dextran with the
help of the diamino PEG spacer arm. A schematic of Dex-H
synthesis and its chemical structure is depicted in Figure 1.

Fourier Transform Infrared Spectroscopy. FTIR anal-
ysis was performed to characterize Dex-H. The spectrum of
Dex-H depicted strong amide absorbance as new peaks at
1608.9 cm−1 and 1451.6 cm−1. Formation of peaks characteristic
for imidazole rings at 1091.8 cm−1 was also detected (Figure S1
in the Supporting Information).

Nuclear Magnetic Resonance Spectroscopy. The 1H
NMR studies in D2O was performed to get an insight into the
characterization of Dex-H. The NMR spectra of dextran and
Dex-H were compared as shown in Figure 2. It showed peaks of
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imidazole at 7.61 ppm and 6.92 ppm, of α −CH− peak of
histidine at 4.69 ppm and of β −CH2− peak of histidine at 2.96.

Detection of Histidine Moieties. The number of
histidine groups on the dextran polymer was determined by
spectrophotometric analysis. From the calibration curve, 32.4 mg
of histidine was found bound to 1 g of dextran.
The molecular weight of dextran used for synthesizing the

derivative was 35,600 Da. Gel permeation chromatography analysis
reveals the molecular weight of the derivative to be 36,982 Da.

Formation of Nanoplexes: Particle Size and Zeta
Potential Determination. Nanoplexes were prepared by the
incubation of appropriate concentrations of Dex-H solutions to
the standard DNA solution at different Dex-H/DNA weight
ratios at 37 °C for 30 min. The measurement of the particle size
by dynamic light scattering was performed at 25 °C. A size
distribution of 109 to 115 nm was depicted by nanoplexes
according to the polymer/DNA weight ratio. The size distribu-
tion profile showed no significant difference during the complex
formation of the polymer and DNA at different weight ratios.
The surface charge and stability of the nanoplexes was also

asserted by the determination of the zeta potential by dynamic
light scattering performed at 25 °C. The hydroxyl group of
dextran and the phosphate group of DNA affirmed the zeta
value of dextran and DNA as −2.84 mV and −14.3 mV
respectively. The surface charge of the Dex-H/DNA complexes
ranged from +9 mV to +11 mV based on the increase in the
weight ratio of Dex-H to DNA (Table 1 in the Supporting
Information). The least nanometric size and favorable zeta
potential was detected at the ratio 2:1 of Dex-H to DNA.

Gel Retardation Assay. The DNA binding property of
Dex-H was assessed by monitoring the electrophoretic mobility
of DNA using agarose gel electrophoresis. The electrophoretic
gel pattern of Dex-H is shown in Figure 3. It was observed that
nanoplexes of higher weight ratios were retained in the agarose
wells. Gradual DNA retardation was observed as the con-
centration of Dex-H in the nanoplex increased. The migration

Figure 1. A schematic depicting the synthesis of Dex-H comprising
dextran, diamino PEG and histidine.

Figure 2. 1H NMR spectra of Dex-H. The NMR spectrum depicts three distinctive peaks characteristic to histidine at 7.61 ppm and 6.92 ppm
(imidazole), 4.69 ppm (α −CH− peak) and 2.96 (β −CH2− peak).
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capability of DNA was found to be completely hindered from
ratio 2:1 and above indicating the neutralization of the charge of
DNA with that of Dex-H (lanes 2 to 7). A complete retardation
assures strong complexation between Dex-H and DNA.
Heparin Release Studies. The release of DNA from the

strongly bound nanoplex on treatment with anionic agents like
heparin was checked by the heparin release studies. Dex-H/
DNA complexes of different ratios (1:1, 2:1, 3:1) were incu-
bated with heparin and then run on 0.8% agarose gel. Naked
DNA migrated down (lane 1). On incubation of complexes
with heparin, no DNA was detected to be eluted out from the
well (lanes 2 to 4) as shown in Figure 4. This proved the strong

complexation of DNA with Dex-H, and thus heparin, being an
anionic agent, was not able to displace DNA from Dex-H.
Complexes were also prepared in varying ratios and

incubated in the presence and absence of heparin where
plasmid DNA was used instead of ctDNA for complexation
with Dex-H. Here, lane 1 indicates naked plasmid DNA, p53.

Lanes 2 to 7 represent complexes of ratios 1:1 to 6:1 in the
absence of heparin, and lanes 8 to 13 represent complexes of
ratios 1:1 to 1:6 in the presence of heparin (Figure S2 in the
Supporting Information). It was detected that strong complexation
had taken place between the polymer and the plasmid DNA.

Acid−Base Titration. Acid−base titration of the polymer
was performed to study the buffering capability of Dex-H. The
buffering capacity versus pH profile of Dex-H and PEI was
compared as given in Figure 5. The titration curve trend of

Dex-H depicts remarkable buffering capacity over the entire
physiological pH range. The pH profile of Dex-H measured at
two different concentrations of 20 μg/mL and 40 μg/mL
showed a gradual decrease from pH 10 to pH 5. Up to addition
of 2000 μL of 0.1 N HCl, no significant change in the pH was
detected. The horizontal pH curve trend is ascribed to strong
endosomal pH buffering capacity of Dex-H which is due to the
presence of imidazole and α amine of histidine.

Cytotoxicity. In cytotoxicity assay, the % viability of Dex-H
in higher concentrations was studied in C6 cells and HepG2
cells respectively. Figure 6 shows the cytotoxicity profiles of

Dex-H in the C6 cell line. The quantitative assessment of
cytotoxicity by the MTT assay of cells after contact with the

Figure 3. Stability of Dex-H/DNA complexes at different weight ratios
detected after 30 min of complexation compared with naked DNA.
Lane 1 indicates calf thymus DNA. Lanes 2 to 7 indicate the polymer/
DNA complexes at various ratios (0.5:1, 1:1, 1.5:1, 2:1, 3:1 and 4:1).

Figure 4. Stability of Dex-H/DNA complexes at different weight ratios
detected after 30 min of incubation with heparin compared with naked
DNA. Lane 1 indicates calf thymus DNA. Lanes 2 to 4 indicate the
polymer/DNA complexes at various ratios. (1:1, 2:1, 3:1).

Figure 5. Acid−base titration curves of Dex-H at two different
concentrations (20 μg/mL and 40 μg/mL). The solution was titrated
with 0.01 N HCl. The titration curve of PEI (1 mg/mL) is given as
reference.

Figure 6. Cytotoxicity of C6 cells after incubation of Dex-H at
different concentrations and PEI for 24 h. Cytotoxicity was evaluated
by the MTT assay and expressed as % cell viability. Dex-H showed
96.2% at 25 μg/mL and 69.5% (**, P value = 0.034, compared with
medium) at 5 mg/mL. Results were expressed as means ± standard
deviation. Results were expressed as means ± standard deviation, *,
P value < 0.001, compared with medium.
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derivative showed 96.2% metabolically active cells at the lowest
concentration and 69.5% (**, P value = 0.034, compared with
medium) metabolically active cells at the highest concentration.
The viability test proved Dex-H to be the least toxic polymer
on comparison with PEI, taken as the positive control in terms
of cell toxicity.
Cytotoxicity was also performed in human cell strain, HepG2

cell line. Figure 7 shows the cytotoxicity profiles of Dex-H in

the HepG2 cell line. Here, cell viability of Dex-H was detected
until a higher concentration of 5 mg/mL. The percent cell
viability of Dex-H at the lowest concentration of 25 μg/mL was
estimated as 98.5% and at the highest concentration of 5 mg/
mL as 63.1% (**, P value = 0.19, compared with medium).
Even at a higher concentration of 5 mg/mL, cytotoxicity was

seen to be low in both the cell lines. More than 60% of the cells
were viable in the entire concentration range from 25 μg/mL to
5 mg/mL when performed in two different cell lines proving
Dex-H to be a nontoxic derivative suitable for gene delivery.
Results were expressed as means ± standard deviation, *,
P value < 0.001, compared with medium.
Transfection. Transfection was performed in C6 cells

using Dex-H and pGL3 plasmid DNA complexed in various
weight ratios. The transfection efficiency of Dex-H along with
PEI of various weight ratios of 1:1 and 1:5 in the presence of
10% FBS was analyzed by the luciferase activity assay as in
Figure 8. The level of luciferase expression due to the presence
of Dex-H in the first three ratios (1:1 to 1:3) was found to be
remarkably high in the presence of serum when compared to
PEI, taken as control. As the ratio of the complex went higher,
transfection efficiency was found to reduce. The transfection
efficiency of pGL3 plasmid alone was also found to be low. The
derivative at ratio 1:2 proved itself to be 6.7-fold more excelling
than PEI in its transfecting capability. Results were expressed as
means ± standard deviation, *, P value < 0.001, compared with
plasmid DNA pGL3; **, P value < 0.001, compared with PEI.
Transfection efficiency of Dex-H coupled to DNA in ratios

1:1 to 1:5 was also performed in the HepG2 cell line. The
derivative showed a considerable high level of transfection
efficiency favorably in HepG2 cells. The high level of gene
expression was detected for the lower ratio 1:2 of the Dex-H/
DNA complex. As the ratio of the complex went higher,

transfection efficiency was found to reduce. The luciferase
activity pattern detected in the HepG2 cell line was similar to
the C6 cell line data as described above (data not shown).

Plasmid Trafficking Studies. The interpretation of gene
transport experiments which mainly rely on the entry of DNA
into mammalian cells was examined using fluorescence micro-
scopy. Observations were recorded after 3 h of incubation of
C6 cells with Dex-H complexed with DNA tagged using
YOYO-I. The uptake of the nanoplex was evaluated by the
influx of the fluorescently tagged plasmid DNA depicted in
green dots. From Figure 9A, it was seen that high fluorescence

signals from plasmid DNA were found localized in the nucleus
along with diffused fluorescence in the cytosolic area. Presence
of histidine did not affect the rapid cellular internalization of the
nanoplex but helped to increase the nuclear access of DNA.

Polymer Trafficking Studies. Dex-H was tagged with
TRITC, complexed with plasmid DNA and transfected to study
the intracellular distribution of the polymer within the cell
using fluorescence microscopy. The polymer was seen to be
distributed within the cytoplasm and at the cell periphery
whereas it was not detected in the nucleus. The fluorescence
profile of Dex-H exhibited by red dots is depicted in Figure 9B.

Effect of Histone on DHP. The experiment with histones
was performed by dual fluorescence labeling. Both polymer and

Figure 7. Cytotoxicity of HepG2 cells after incubation of Dex-H at
different concentrations and PEI for 24 h. Cytotoxicity was evaluated
by the MTT assay and expressed as % cell viability. Dex-H showed
98.51% at 25 μg/mL and 63.1% (**, P value = 0.19, compared with
medium) at 5 mg/mL. Results were expressed as means ± standard
deviation. Results were expressed as means ± standard deviation, *,
P value < 0.001, compared with medium.

Figure 9. Intracellular distribution of plasmid DNA (A) and Dex-H
(B) in C6 cells. Plasmid DNA was tagged with YOYO-I (green), and
Dex-H was tagged with TRITC (red). Cells were transfected with
Dex-H/DNA complexes of ratio 2:1. Fluorescent microscopic images
were taken at a magnification of 40×.

Figure 8. A comparison of the luciferase expression in C6 cells
transfected by Dex-H/DNA complexes and PEI/DNA complexes
taken at various ratios (1:1 and 5:1). The relative transfection
efficiency was tested in the presence of 10% FBS. Results were
expressed as means ± standard deviation, *, P value < 0.001, compared
with plasmid DNA pGL3; **, P value < 0.001, compared with PEI.
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DNA were labeled and then complexed together in vitro by
incubation in the presence and absence of histones respectively.
Figure 10 shows the intracellular distribution of TRITC and
YOYO-I tagged Dex-H/DNA complexes in the presence and
absence of histone.
In the absence of histone, strong fluorescence by Dex-H in

the cytoplasmic region and DNA in the nucleus was detected as
in Figure 10A. Here, DNA and polymer remained tightly
associated until it reached the cytoplasm, and then the DNA
was found to be unpacked and transported into the nucleus as
detected by YOYO labeling. Here polymer stayed back in the
cytoplasm as detected by TRITC labeling. But when the
nanoplex was incubated with histones outside the cell, no
polymer was detected anywhere in the cell after the cell uptake.
Thus in the presence of histone incubation, strong fluorescence by
DNA only was detected in both the cytoplasm and the nuclear
region. Absence of fluorescence signals from Dex-H is depicted in
Figure 10B and Figure 10C. Cellular uptake of DNA into the
nucleus was found to be greater in the presence of histone.
Histones of varying concentrations ranging from 1 ng to 80 μg
were used to determine its vector unpacking capability. Figure 10B
depicts histone concentration of 20 μg, and Figure 10C depicts
histone concentration of 1 ng. Histones of lower concentrations
were equally efficient in unpacking of the DNA cargo.
Live and Dead Assay. The gene of interest taken here was

p53, and its expression leads to the occurrence of apoptosis. In
this assay, live cells were stained green and dead cells were
stained red. From Figure 11 it was observed that occurrence of
cell apoptosis was time dependent based on the incubation time
of C6 cells with nanoplexes prepared using Dex-H and p53
plasmid DNA in the ratio 2:1. Significant cell death was
detected at the end of 24 h of incubation. The live/dead assay
analysis depicted cell membrane permeability due to cell death.
The cell population that underwent plasma membrane rupture
increased to around 90% at the end of 48 h.
Cytotoxicity Assay of Inhibitors. MTT assay was used to

determine the cytotoxicity of controls such as inhibitors and
inhibitors with derivative alone which were used to study the

endocytic trafficking of Dex-H in the C6 cell line. All the
inhibitors depicted % cell viability in the range of 95% to 81%
as shown in Figure 12. Controls including Dex-H in the

presence of various inhibitors were also checked. It also showed
% cell viability in the range of 93% to 79%. Cytotoxicity was
detected to be significantly low in the presence of both the
controls, proving Dex-H to be nontoxic and that the data
obtained on endocytic trafficking is reliable with no toxicity
interference by the presence of inhibitors. Results were
expressed as means ± standard deviation.

Inhibition Assay by Endocytic Inhibitors. To under-
stand the endocytic pathway followed by Dex-H, selective
endocytic inhibitors were used to inhibit the endocytosis
process. Endocytosis inhibitors have been used to qualitatively
assess the role of endocytic pathway to the internalization of
nonviral gene delivery systems. Figure 13 shows cell uptake
profile of DHP in the presence of endocytic inhibitors.

Figure 10. Fluorescent micrographs of the intracellular distribution of Dex-H/DNA complexes in the absence (A) and presence (B) of histone in C6
cells. Plasmid DNA was tagged with YOYO-I (green) and Dex-H was tagged with TRITC (red). Nucleus was stained using Hoechst 33342 (blue).
Tagged Dex-H/DNA complexes of ratio 2:1 were incubated with histone for 15 min. Cells were then incubated with the complexes for 3 h at 37 °C.
Magnification and scale bar represent 40× and 20 μm respectively.

Figure 11. Live/dead assay of C6 cells transfected with DDH/DNA complexes and visualized at each time point of incubation. Cells were incubated
with Dex-H complexed with p53 plasmid DNA at 37 °C under 5% CO2 atm at various time intervals. Cells were examined by fluorescence
microscopy at the end of 3 h (A), 24 h (B) and 48 h (C). Green fluorescence depicts live cells, and red fluorescence depicts dead cells. Magnification
and scale bar represent 40× and 20 μm respectively.

Figure 12. Cytotoxicity of C6 cells after incubation of Dex-H with
various inhibitors. Cytotoxicity was evaluated by the MTT assay and
expressed as % cell viability. Results are expressed as means ± standard
deviation.
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Nanoplexes in the absence of inhibitors showed increased
gene expression (Figure 13A). The inhibition of the internal-
ization of nanoplexes of Dex-H and plasmid DNA by chlor-
promazine, inhibitor of clathrin mediated endocytosis, was
found to be more effective (Figure 13B). Increased uptake of
nanoplexes was detected in cells treated with filipin, inhibitor of
caveolae mediated endocytosis (Figure 13C). Treatment of
cells with both chlorpromazine and filipin showed marginal
reduction compared to untreated cells (Figure 13F) whereas no
much significant change was observed in the presence of
amiloride (Figure 13D). On treatment with cytochalasin B, a
significant reduction was seen in plasmid assisted fluorescence
(Figure 13E). No deleterious effects were seen on the cells in
the presence of inhibitors. Marginal decrease of fluorescence
was detected in cells treated with both nocodazole and amilo-
ride (Figure 13G). Cells on treatment with both nocodazole
and cytochalasin B showed notable reduction of fluorescence
by plasmid in the cells (Figure 13H). The above results suggest

that DHP depends on both clathrin mediated endocytosis and
macropinocytosis for its internalization.
Cells were also treated with bafilomycin A1, an inhibitor of

vacuolar ATPase endosomal proton pump that prevents the
acidification of endosomes, to confirm the major role played by
imidazole of Dex-H in the success of gene delivery.
On treatment with bafilomycin A1, plasmid assisted

fluorescence was found to diminish significantly. Bafilomycin
A1 inhibits the protonation of imidazole ring, which thus
prevents the escape of complexes from the endosome, thereby
reducing gene expression as shown in Figure 14.

Inhibition Assay by in Vitro Transfection. Transfection
studies were conducted in C6 cells to examine the effect of
inhibitors on the cellular uptake of nanoplexes of Dex-H and
plasmid DNA. Chlorpromazine reduced transfection efficiency.
But in the case of filipin, high reporter gene expression was
detected. Moderate luciferase activity was also seen in the pres-
ence of nocodazole. Comparison of the transfection effi-
ciencies of the nanoplexes in the presence of selective endo-
cytic inhibitors is shown in Figure 15. Increase in transfection
efficiency proves efficient internalization of the nanoplexes by
clathrin and macropinocytosis.

Role of Actin and Microtubules. Cells were incubated
with nocodazole, and both uptake and transfection were
determined using fluorescence microscopy to ascertain the role
of microtubules and actin in the internalization of the
nanoplexes. The use of TRITC enabled the visualization of
actin filaments associated with the plasma membrane.
Disrupted actin filaments were detected in the presence of
cytochalasin B. In line with the transfection efficiency of the
nanoplex, there was however significant effect on the cellular
uptake of the nanoplex using the microtubule disrupting agent
nocodazole and actin depolymerizing agent cytochalasin B.
Figure 13 shows that internalization depends on ruffling of the

Figure 13. Fluorescence micrographs of C6 cells transfected with Dex-
H/DNA complexes in ratio 2:1 in the absence and presence of various
endocytic inhibitors individually and in combination. Cells were
pretreated with inhibitors for 30 min prior to the experiment and were
then incubated with Dex-H/DNA complexes in ratio 2:1 at 37 °C for
3 h under 5% CO2 atm. Plasmid DNA was tagged with YOYO-I
(green). Nucleus was stained using Hoechst 33342 (blue). Actin
filaments were stained using TRITC (red). Magnification and scale bar
represent 40× and 20 μm respectively. (A) Uninhibited cells. (B)
Chlorpromazine treated cells. (C) Filipin treated cells. (D) Amyloride
treated cells. (E) Cytochalasin B treated cells. (F) Chlorpromazine and
filipin treated cells. (G) Nocodazole and amyloride treated cells. (H)
Nocodazole and cytochalasin B treated cells. Arrows depict C6 cells
where internalization of Dex-H/DNA complexes has taken place.

Figure 14. Fluorescence micrographs of C6 cells transfected with Dex-H/
DNA complexes in ratio 2:1 in the presence of bafilomycin A1. Cells
were pretreated with bafilomycin A1 for 30 min prior to the
experiment and were then incubated with Dex-H/DNA complexes in
ratio 2:1 at 37 °C for 3 h under 5% CO2 atm. Plasmid DNA was
tagged with YOYO-I (green). Nucleus was stained using Hoechst
33342 (blue). Magnification and scale bar represent 40× and 20 μm
respectively.
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plasma membrane driven by the actin cytoskeleton which has
been ascertained by the luciferase activity assay.

■ DISCUSSION

The requirement of a capable gene delivery system is to per-
form multiple functions at the appropriate time from com-
plexation with the nucleic acid until its expression within the
cell. Several barriers pose a problem during the designing of an
efficient gene delivery vehicle.
We synthesized a dextran derivative Dex-H by conjugating

dextran with histidine moieties so as to obtain an efficient gene
delivery system. This can be made possible by utilizing the
unique characteristics of imidazole present in histidine.
Modification by histidine enables fine-tuning of the properties
of dextran required for efficient gene delivery. Periodate
oxidation was the preferred method used for conjugation of
histidine to dextran. A diamino PEG spacer arm was coupled to
dextran so as to incorporate significant histidine residues.
The derivatization of dextran with histidine was confirmed by

studying the absorption bands characteristic of Dex-H by FTIR
spectroscopy. Major attention was focused on characterizing
the occurrence of peaks at 1608.9 cm−1 and 1451.6 cm−1 which
was due to the presence of amide bond. The reaction of dextran
with histidine led to the formation of a peak characteristic for
imidazole rings at 1091.8 cm−1.
The modification of dextran with histidine was confirmed by

NMR spectral studies. It exhibited peaks originating from
imidazole at 7.61 ppm and 6.92 ppm, α −CH− peak of
histidine at 4.69 ppm and β −CH2− peak at 2.96 ascertaining
the successful derivatization of dextran with histidine.
The spectrophotometric analysis of the histidine moieties on

dextran by the use of sulfanilic acid inferred that 32.4 mg of
histidine was found bound to 1 g of dextran.
The molecular weight of dextran used for synthesizing the

derivative was 35,600 Da. The molecular weight of the
derivative was experimentally detected to be 36,982 Da. This
was detected to be in accord with the spectrophotometric
analysis of the histidine moieties by the use of sulfanilic acid.
The molecular weights between the parent polymer and the
derivative showed no significant difference, thus also proving
that the approach used in synthesizing the derivative did not
result in cross-linking of the polymers.

The first barrier in gene delivery is the condensation of DNA
by the cationic polymer into nanometric sized nanoplexes
which is less than 150 nm to allow cellular internalization.29 In
vitro transfection encounters several negatively charged barriers
like serum proteins and cell membranes which if overcome
would facilitate successful gene delivery. Cationic polymers
electrostatically interact with the anionic cell membrane.30,31

While designing a nucleic acid carrier, one must keep in mind
that, for efficient nucleic acid delivery, nanoparticles should
bear a positive surface charge. Dex-H of the optimum ratio of
2:1 exhibited a positive zeta potential value of +10 mV.
Understanding different surface properties is crucial while

formulating nucleic acid delivery vectors as they influence cel-
lular uptake and distribution. From the molecular topography
of plasmid DNA, it was clear that DNA could easily be com-
pacted into nanometric sized complexes on complexation with
cationic polymers. The condensation of DNA into small
complexes can facilitate its easy entry into the cell.32 The
condensation of DNA with cationic Dex-H to form DHP by
electrostatic interactions ensures encapsulation and protection
of the plasmid from enzymatic degradation.33 The smallest
complex of size 112 nm was formed by the Dex-H/DNA
complex at a weight ratio of 2:1.
The predominant role of Dex-H is to be chemically stable for

long so as to protect the nanoplex all the way to the nucleus,
and it should also be able to escape the endosomal com-
partment and release DNA into the nucleus. A strong cationic
nanoplex is formed by the electrostatic interactions between
Dex-H and ctDNA. The gel retardation assay confirmed the
strength of complexation of ctDNA with Dex-H. In the pres-
ence of EtBr, nucleic acids fluoresce due to the intercalation of
the dye with the minor groove of DNA helix.34 As the con-
centration of Dex-H increased, ctDNA gradually lost its
mobility due to the increase in the shielding effect of the poly-
mer. Lower DNA binding capability was detected in Dex-H/
ctDNA nanoplexes at weight ratios less than 2:1. The strong
electrostatic interaction between the polymer and ctDNA thus
caused the retardation of DNA in the agarose well.35 Strong
anionic agents were believed to elute out the DNA from the
complexes if the polymer was loosely bound to the DNA. The
heparin release studies confirmed the strong complexation of
DNA with Dex-H, and thus heparin, being an anionic agent,
was not able to displace DNA from Dex-H.
Binding affinity of Dex-H to plasmid DNA was checked by

complexing Dex-H with p53 plasmid DNA. Strong complex-
ation was detected. Plasmid DNA exists in a nonlinear state as
compared to ctDNA. Polymer binds tightly with the plasmid
DNA such that even the fluorescence of EtBr intercalated with
the plasmid DNA is unseen. The experiment also inferred that
heparin does not release the plasmid DNA from the strongly
bound complex.
The second barrier is the ability of the delivery vehicle to

enhance its escape from the endosome rather than being
transferred to lysosomes for degradation.36 The nanoplex after
endosomal uptake by the cell has to escape from the endosome
to prevent its own lysosomal degradation. This can be made
possible based on the hypothesis for endosomal escape called
the “proton sponge theory” which focuses on the escape of the
nanoplexes from the endosomes by their acidification. This
brings about large differences in the surface charge of the
nanoplex, which leads to structural changes. Disruption of the
interaction between the nanoplex and the endosomal
membrane is thus caused, which is followed by their escape

Figure 15. Effect of various endocytic inhibitors on luciferase gene
expression of C6 cells. Cells were pretreated with inhibitors for 30 min
at 37 °C prior to the experiment and incubated with Dex-H/DNA com-
plexes of weight ratio 2:1 at 37 °C for 3 h under 5% CO2 atmosphere.
In vitro transfection efficiency of Dex-H/DNA complexes in C6 cells
in the absence and presence of various endocytic inhibitors (filipin
(5 μg/mL), chlorpromazine (2 μg/mL) and nocodazole (7.5 μg/mL))
were evaluated and expressed as relative light units/mg of total cell
protein. Results were expressed as means ± standard deviation.

Molecular Pharmaceutics Article

dx.doi.org/10.1021/mp200485b | Mol. Pharmaceutics 2012, 9, 121−134130



from the endosome.36,37 Studies have been conducted where
histidine polymers have been found to have DNA condensing
properties, good transfection capability and endosomolytic
properties.38,39 The pKa of imidazole in histidine being around
6.0 specifies the protonation of the polymer and its existence
as a strong polycation over the entire endosomal pH range.
Dex-H, whose principal component is histidine, exhibited a very
high buffering capacity at two different concentrations of
20 μg/mL and 40 μg/mL in the pH range of 10 to 6 due to the
higher concentrations of imidazole rings. This proves the
capability of Dex-H as an efficient gene vector as it enhances its
escape from the endosome and thus brings about higher gene
expression.
The third barrier is the need to target the gene vector to

specific cell types efficiently and to release the plasmid DNA
into the cell cytoplasm with minimal toxicity. This is
determined by the efficacy of transfection and cytotoxicity.40

Cytotoxicity was inferred to be due to the interaction of the
cationic polymer with either the plasma membrane or cell
components.41 Reduction in cellular metabolic activity denotes
cell injury. In vitro cytotoxicity of Dex-H at various
concentrations ranging from 25 μg/mL to 5 mg/mL was
assessed on C6 cells and HepG2 cells using MTT assay. Dex-H
ascertained minimal cytotoxic nature even at a higher
concentration of 5 mg/mL in both the cell lines. The cytotoxic
potential of the polymer significantly reduced as the
concentration of Dex-H decreased. This was speculated to be
due to the counterbalance of the negative charge of DNA with
the positive charge of Dex-H, which thus minimized the
interactions with cell membrane. Even though dextran may
have an inherently low cytotoxic profile, the subsistence of
histidine helped Dex-H to have reduced polymer cytotoxicity as
proved from cell studies.
One of the major factors impeding transfection efficacies is

release of plasmid DNA by the vector after cell entry into the
cell cytoplasm. Earlier reports have shown that improved
transfection efficacies with minimal toxic effects have been
achieved by modification of the architecture of polymers using
endosome disrupting histidine functionalities.42,43 Transfection
by Dex-H, in comparison with PEI, depicted a considerably
high level of gene expression in three ratios depicted. The
strong complexation of Dex-H with plasmid DNA provided the
polymer favorable transfection efficiency at a lower ratio of 2:1
in both C6 and HepG2 cell lines. In the presence of 10% FBS,
the efficiency of transfection was found to enhance for all the
ratios investigated. Transfecting cells have several advantages in
the presence of serum, like less time consumption, easy trans-
fections, low experimental cost and avoidance of the cell’s depriva-
tion of serum.1 Enhancement of gene transfection efficiency by
Dex-H was assumed to be due to the destabilization of endo-
somal membranes by histidine moieties.42,44,45

The fourth barrier is the capability of the gene vector to
unpack its DNA cargo, translocate the DNA into the nucleus
and bring forth the expression of the gene.46

The major factor governing an efficient gene delivery vector
is its capability to successfully deliver the gene into the host cell
nucleus and to induce gene expression for longer periods of
time. The cellular uptake of the plasmid was visualized by
fluorescently labeling using YOYO-I and was tracked using the
fluorescent microscope. When DHP were monitored, plasmid
DNA was found localized in the nucleus of the cells and
diffused in the cytoplasmic area. This was found in accord with
the presence of histidine moieties in Dex-H, which helped in

the increase of nuclear access of DNA by its endosomolytic
behavior.
The efficiency of cellular uptake by the polymer was

visualized by fluorescently labeling Dex-H with TRITC and
was tracked using a fluorescence microscope. Intense
fluorescence of Dex-H was seen within the cell, indicating
strong interaction of the polymer with the cell membrane.
Dex-H remained in the cytoplasm and did not enter into the
nucleus. From the above trafficking results, it appeared that,
following the escape of the nanoplexes from the endosome,
DNA detaches from Dex-H and enters into the nucleus.
For the occurrence of proper transfection, excessive cellular

uptake is necessary as endosomal escape and intracellular
trafficking block the expression of the plasmid entered. High
gene expression followed by efficient cellular internalization is
of real concern, which reinforces the need of a molecule which
helps in unpacking of DNA from the carrier, such as histone. In
this study, Dex-H was determined to be a remarkable
transfecting agent which efficiently transports the nanoplex
into the cell by endocytosis and allows its safe entry into the
cytoplasm by escaping from the endosome. The polymer was
then found to unpack its cargo DNA for its entry into the
nucleus and gene expression. The unpacking of DNA from its
polymer was hypothesized to be performed by histones. This
was proved by the experiment performed in vitro in the
presence and absence of histones. The internalization capability
of Dex-H and plasmid was monitored by tagging both the
polymer and DNA with fluorescent tags. In the absence of
histone, presence of polymer was detected in the cytoplasm and
DNA in the nucleus. The entry of Dex-H (red) detected in the
cytoplasm and near the nucleus confirmed its efficiency as a
delivery vector. At the end of 3 h incubation of C6 cells with
fluorescently labeled DHP, in the presence of histone, only
fluorescent signals from DNA (green) were found to be intense
inside the nuclear region and dispersed evenly in the
cytoplasmic region. Lack of fluorescence signals from the
polymer depicted the complete dissociation of the polymer
from DNA on incubation with histone. Here, the unpacking of
the DNA from the polymer by histones took place outside the
cell itself and thus no polymer was detected anywhere in the
cell after the cell uptake. This proved that histones were
responsible for unpacking DNA from the polymer in the cell as
seen in the experiment performed in the absence of histones
from incubation with the nanoplex. The unpacking of DNA
from the polymer led to the tight association of DNA with
histone resulting in efficient delivery of the gene. This was
applicable to a range of histone concentrations varying from
80 μg to 1 ng. Becker et al. also proved the rapid entry of
histones into tumor cells which provided strong support to the
successful cellular entry when conjugated with histones.47 Thus
it was hypothesized that the DNA and polymer remained
tightly associated until it reached the cytoplasm and then the
DNA was unpacked and transported into the nucleus as
detected by YOYO labeling. Here polymer stayed back in the
cytoplasm as detected by TRITC labeling. The significance of
this observation is that it can be hypothesized that the histones
do play a role in vector unpacking in the cytoplasm. Another
advantage may be that by developing polymers with optimum
affinity to DNA, with respect to histone, will ensure the
unpacking in the cytoplasm leading to enhanced transfection
efficiency.
In this study, the prolonged evaluation of gene expression by

p53 gene internalized with the help of Dex-H was examined.
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The efficacy of the polymer in delivering the transgene into the
cell was proved by visualizing the expression of the transgene as
apoptosis. The successful transfection of p53 gene into C6 cells
was determined by the activation of the apoptosis process. Live
cells were stained green, and dead cells were stained red. The
morphology of the transfected cells was observed to investigate
the apoptotic behavior of the cells. Cells transfected with DHP
began to show the expression of p53 gene after 24 h, indicating
successful gene delivery into the nucleus. Cell death was found
to be time dependent. At the end of 48 h, the cell population
that underwent plasma membrane rupture increased to around
90%. So the right delivery of the gene by the polymer into the
cell in a significant amount led to its expression which when
detected proved the capability of Dex-H as an efficient gene
delivery vector.
The fifth barrier is the specific route of entry of the delivery

vehicle into the cell. A delivery vector that has precise control
over the route of its entry into the cells would be an ideal
system for in vivo applications. Cellular uptake involves several
types of endocytosis based on cell type, type of vectors and
surface properties like size and surface charge.48 The capability
of DHP to use distinctly different entry portals was investigated
using inhibitors of endocytic entry pathways. The inhibitors
were used at nontoxic concentrations. This was determined by
the MTT assay wherein the viability levels of all the inhibitors
was above 80%. Controls including Dex-H in the presence of
various inhibitors were also checked, proving Dex-H to be
nontoxic in the presence of inhibitors. The abolishment of
DNA activity and DNA assisted fluorescence in cells treated
with endocytic inhibitors affirms the internalization of DHP
through an endocytic pathway.49,50

Chlorpromazine inhibits clathrin mediated endocytosis by
triggering the loss of clathrin from the cell surface.51 Filipin
inhibited caveolae mediated endocytosis.52 When cells were
treated with chlorpromazine, uptake by the cells was found to
be reduced. But in the case of cells treated with filipin, the
number of fluorescent cells increased. The treatment of cells
with both inhibitors together showed an increase in the
inhibition of the DHP uptake. Enrichment of plasmid in the
nuclear region was detected both in untreated cells and in those
treated with filipin respectively. The above results suggest that
DHP depends on clathrin mediated endocytosis for its uptake.
Reports demonstrated that filipin treatment did not affect
macropinocytosis in rat fibroblasts.53 Macropinocytosis involves
uptake by the actin driven ruffling of plasma membrane whereas
long-range transport of macropinosomes are favored by micro-
tubules. Thus actin and microtubules are known criteria for macro-
pinocytosis, which is the major route for positively charged com-
plexes.54 Amiloride inhibits macropinocytosis by inhibiting the
sodium proton exchange. There was not much effect on the
internalization of DHP with amiloride. We indeed did observe a
slight decrease of fluorescence in cells treated with both
nocodazole and amiloride.
Binding of nonviral cationic vectors to actin network is a

general means to be engulfed into the cell.28 Cells were also
treated with nocodazole and cytochalasin B to identify the role
of microtubules and actin in the uptake mechanism re-
spectively. Studies have shown the occurrence of endocytosis
at the plasma membrane, which has a direct link with the actin
cytoskeleton. Cytochalasin B blocks actin polymerization55

whereas nocodazole depolymerizes microtubules. In the pres-
ence of cytochalasin B, disrupted actin filaments were seen
along with loss of fluorescence related to the uptake of DHP.

Cells on treatment with both nocodazole and cytochalasin B
showed notable reduction of fluorescence by plasmid in the
cells. This called forth for the consideration of macro-
pinocytosis in the uptake mechanism. This states the fact that
DHP enters the cells by more than one pathway.
It has been inferred that clathrin mediated endocytosis

utilizes the actin cytoskeleton to serve its purpose.56 Our
findings denote a direct link between the entry of DHP and
actin filaments and microtubules in C6 cells. We were able to
detect the significant inhibition of DHP uptake following actin
polymerization using cytochalasin B.
These results were consistent with the transfection efficiency

obtained with several endocytic inhibitors. A significant
decrease was detected in the presence of chlorpromazine
whereas a dramatic increase was found in the presence of filipin.
While chlorpromazine significantly reduces the uptake of DHP,
it is reasonable to presume that uptake mainly depends on
clathrin mediated mechanism. It has been reported that
particles with a size limit of 150 nm are generally accepted
for cellular uptake by clathrin mediated endocytosis, which was
in correlation to the size of DHP obtained.57 From literature,
clathrin meditated endocytosis has been found to lead
polyplexes to lysosomal degradation. This has been avoided
by the high buffering capacity of Dex-H which helps the
nanoplexes to escape from the endosome before it fuses with
the lysosome.58 Thus, the uptake of DHP was inhibited by
chlorpromazine, nocodazole and cytochalasin B but was not
affected by amiloride and filipin. It was also found that the
uptake was downregulated by all four inhibitors. This was in
accordance with the transfection efficiency evaluated. Trans-
fection was abolished only in the case of chlorpromazine,
nocodazole and cytochalasin B. The above predictions
implicate both clathrin mediated endocytosis and macro-
pinocytosis as the precise route of DHP internalization. Gene
expression was also found to be diminished significantly in the
presence of bafilomycin A1. This is due to the inhibition of the
protonation of imidazole ring, which thus prevents the escape
of complexes from the endosome thereby reducing gene
expression. This reduction also signifies the requirement of
endosomal acidification for a successful gene delivery. The
derivative Dex-H prepared was found to have remarkable
buffering capacity due to the presence of histidine. The high
transfection efficiency and reduction in gene expression in the
presence of bafilomycin A1 confirms the escape of the
complexes from the endosome before the interaction with
lysosome which leads to its degradation.
The above investigations prove that our designed polymer

named Dex-H, which incorporates both dextran and histidine,
exhibits several attractive properties as a nonviral system. The
formulated polymer/DNA complex prepared was of nano-
metric size, which aided in high cell uptake. They showed
remarkable transfection efficiency with minimal cytotoxic
effects. It also leads to efficient delivery of the gene into the
nucleus and significant expression of the transgene based on the
proton sponge effect. This system is efficient in vector
unpacking wherein the polymer gets displaced from its DNA
cargo and is efficiently taken into the nucleus with the help of
histones.
In short, this system (Dex-H) can perform multiple tasks like

condense DNA for easy cell migration, endocytose the vector,
protect DNA from degradation, escape from the endosomal
compartment, shield against undesired interactions, unpack the
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vector, enhance cell binding and cellular uptake, translocate
DNA into the nucleus, and express the transgene significantly.
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