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Purpose. Cationic polymers (i.e. polyallylamine, poly-L-lysine) having primary amino groups are poor
transfection agents and possess high cytotoxicity index when used without any chemical modification
and usually entail specific receptor mediated endocytosis or lysosomotropic agents to execute efficient
gene delivery. In this report, primary amino groups of polyallylamine (PAA, 17 kDa) were substituted
with imidazolyl functions, which are presumed to enhance endosomal release, and thus enhance its gene
delivery efficiency and eliminate the requirement of external lysosomotropic agents. Further, systems
were cross-linked with polyethylene glycol (PEG) to prepare PAA-IAA-PEG (PIP) nanoparticles and
evaluated them in various model cell lines.

Materials and Methods. The efficacy of PIP nanoparticles in delivering a plasmid encoding enhanced
green fluorescent protein (EGFP) gene was assessed in COS-1, N2a and HEK293 cell lines, while their
cytotoxicity was investigated in COS-1 and HEK?293 cell lines. The PAA was chemically modified using
imidazolyl moieties and ionically cross-linked with PEG to engineer nanoparticles. The extent of
substitution was determined by ninhydrin method. The PIP nanoparticles were further characterized by
measuring the particle size (dynamic light scattering and transmission electron microscopy), surface
charge (zeta potential), DNA accessibility and buffering capacity. The cytotoxicity was examined using
the MTT method.

Results. In vitro transfection efficiency of synthesized nanoparticles is increased up to several folds
compared to native polymer even in the presence of serum, while maintaining the cell viability over
100% in COS-1 cells. Nanoparticles possess positive zeta potential between 5.6-13 mV and size range of
185-230 nm in water. The accessibility experiment demonstrated that nanoparticles with higher degree
of imidazolyl substitution formed relatively loose complexes with DNA. An acid-base titration showed
enhanced buffering capacity of modified PAA.

Conclusions. The PIP nanoparticles reveal tremendous potential as novel delivery system for achieving
improved transfection efficiency, while keeping the cells at ease.

KEY WORDS: buffering capacity; DNA accessibility; GFP; imidazole acetic acid; nanoparticles;

polyallylamine; transfection.

INTRODUCTION

The fundamental aim of molecular medicine is to fabricate
novel therapeutic options (nucleotide based macromolecules)
allowing treatment at the level of genes, involved in pathophys-
iology of diseases. Indeed, gene therapy is an emerging way of
correcting genetic disorders at their molecular roots, redefining
and revolutionizing the practice of medicine in near future (1).
Clinical use of these therapeutic agents is severely hampered
by lack of appropriate carrier system that helps DNA in
reaching the target cells and in the subsequent intracellular
trafficking (2). So far, various viral carrier systems, such as
retrovirus (3,4), adenovirus (5,6); and non-viral like cationic
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lipids (7,8), liposomes (9), nanoparticles have been exploited
for this purpose (10). In spite of natural ability of viruses to
infect host cells, risk of immunogenicity, random integration of
vector DNA into host chromosome, their recombination with
wild type viruses and toxicity are associated problems that
make non-viral gene delivery systems the vector of choice in
gene therapy (11-13). A variety of polycations have been
shown to be competent in DNA delivery such as polyethyl-
enimine (PEI), poly(L-lysine) (PLL), polyamidoamine
(PAMAM) dendrimers and poly (2-dimethyl amino ethyl)
methacrylate (PDMAEMA) etc. Among all these, PEI is the
most extensively studied polymer because it efficiently con-
denses DNA and the resulting PEI/DNA complex can act as
proton sponge, thus enabling DNA delivery into cytoplasm by
rupturing endosomes. Behr introduced the concept of “proton
sponge” and hypothesized that polymers with buffering
capacity between pH 5.0-7.2 such as PEI and imidazole
containing polymers buffer the endosome and potentially
induce its rupture (14). This endosome buffering not only
inhibits the degradative enzymes (which perform optimally
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within acidic pH ambience of the endolysosome compart-
ments), but also induces stronger electrostatic repulsion among
protonated head groups of cationic systems, leading to osmotic
swelling and eventual endosome bursting. However, the
clinical development of PEIs has been sluggish due to
molecular heterogeneity and acute toxicity (15,16).

Recently, polyallylamine (PAA), a synthetic cationic
polymer, which possesses high density of primary amino
groups, exists as free amino or as cationic ammonium salt,
has drawn considerable attention as a non-viral gene delivery
system (17,18). PAA carries a strong positive charge, which
makes it suitable to bind and package negatively charged
DNA. It is a pH-sensitive polymer, extensively used in the
pharmaceutical industry. However, cytotoxicity of PAA,
owing to its strong polycationic character, has severely
restricted its use as a gene delivery system. In order to reduce
its cytotoxicity, Boussif et al. modified PAA with hydrophilic
methyl glycolates and found that its ability to mediate gene
transfer into cells increased by several order of magnitude
(18), while decreasing cytotoxicity at the same time. Cytotox-
icity of polycations like PEI and PLL has also been reduced by
introducing various modifications with pegylation (19-21),
acetylation (22), grafting with dextran and cyclodextrin
(23,24). These chemical modifications not only decrease
cytotoxicity but also enhance transfection efficiency. Ineffi-
cient release of complexes from endocytic vesicles into the
cytoplasm leads to poor gene delivery. Like PLL, PAA also
contains non-titratable primary amino groups and lacks
titratable secondary and tertiary amino function, which con-
tributes to the buffering capacity. Hence, osmotic endosomal
swelling is not induced by these polymers, leading to feeble
DNA-polymer complex escape (18,25). To overcome this
obstacle, addition of lysosomotropic agents, such as chloro-
quine is required to facilitate the escape from endosome,
which limits its in vivo applications. More recently, it has been
reported that imidazolyl moiety, by virtue of its proton sponge
property, improves transfection efficiency of polycations like
PLL, PEI and chitosan (25-29). The weakly basic imidazolyl
group with pKa being within the acidic range of endosome
lumen (pH 5.5-6.5) acts as proton sponge inside the endosome
compartment. Imidazole containing polymers were designed
by incorporating the residue of histidine, which enhances the
release of the DNA-polymer complex into the cytoplasm by
virtue of its proton sponge property following endocytosis.
Recently, imidazolyl-PEI nanoparticles have been investigated
in the authors’ laboratory as efficient gene delivery system
(30). In spite of having well spaced primary amino groups, the
low proton affinity of PAA is well documented and the
polymer is predicted to exist like micelles in aqueous solutions
with separate hydrophobic and hydrophilic domains (31).
Moreover, micelle forming lipoamines have been shown to
be more efficacious in gene delivery (32). The properties of
PAA can be well utilized for designing the transfection agents,
as primary amino groups can be readily substituted chemically
by various groups.

In a quest to develop effective gene delivery system, the
current study has been designed to reduce the cytotoxicity
and improve transfection efficiency of PAA by substituting
primary amino groups with imidazolyl moieties, which form
relatively loose complexes with DNA. Later, the imidazoly-
lated PAA was converted into nanoparticles by using a
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homobifunctional PEG cross-linker. We explored PAA
based nanoparticles as DNA delivery system on COS-1,
N2a and HEK293 cell lines, without addition of external
lysosomotropic agent. The transfection efficiency of nano-
particles improved markedly over native PAA.

MATERIALS AND METHODS
Materials, Expression Systems and Cell Cultures

PAA (MW 17kDa), PEI (25 kDa, branched), 4-imidazole
acetic acid hydrochloride (IAA-HCI), 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), agarose, Tris,
HEPES, bromophenol blue (BPB), ethidium bromide (EtBr),
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC),
xylene cyanol (XC), D,O and high retention dialysis tubing
(cut off 12 kDa) were obtained from Sigma-Aldrich Chem-
ical Co., St. Louis, MO, USA. Polyethylene glycol 6000 (PEG
6000) was procured from Fluka Chemie GmbH, Switzerland.
Bradford reagent was purchased from Bio-Rad Inc., Hercu-
les, USA. All other chemicals were of the highest purity and
procured locally. All the experiments were carried out using
MilliQ (deionized) water, filtered through 0.22-um sterile
filters (Millipore). PEGgggo-bis-phosphate was synthesized
according to the published protocol from the authors’
laboratory (33).

For in vitro transfection, mammalian cell line COS-1
(Simian virus 40 transformed kidney cells of an African green
monkey), N2a (Mouse neuroblastoma) and HEK 293 (Human
embryonic kidney) cell lines were maintained 16 h before the
experiments as monolayer cultures in Dulbecco’s modified
Eagle’s culture medium (DMEM) (GIBCO-BRL-Life Tech-
nologies, Web Scientific Ltd, UK) supplemented with 10%
heat inactivated fetal calf serum (FCS) (GIBCO-BRL Life
Technologies) and 50 pg/ml gentamycin. Cultures were main-
tained at 37°C in a humidified 5% CO, atmosphere.

The transfection experiments were performed using the
plasmid encoding enhanced green fluorescent protein gene
(EGFP) under the cytomegalovirus (CMV) immediate early
promoter. The plasmid was transformed into E. coli bacterial
strain DHS5a and extracted from the culture pellets using the
Qiagen Maxi-Prep kit (Qiagen S.A., Courtaboeuf, France) as
per manufacturer’s instructions. The purity and identity of
plasmid was confirmed by agarose gel electrophoresis and by
the ratio of UV absorbance 260/280 in MilliQ water.

Preparation of PAA-PEG (PP) Nanoparticles

PEGggno-bis (phosphate) (75 mg, 1 mg/ml water) was
added dropwise to a stirred solution of PAA (25 mg, 1 mg/ml
water) over a period of 45 min to prepare PP nanoparticles
(33). The contents of the reaction mixture were stirred
overnight, followed by dialysis against water for 72 h with
intermittent change of water.

Preparation of Imidazolyl Substituted PAA (PI)

Initially, IAA-HCI (28.6 mg for 10% substitution, 1 mg/
ml in dd water) was neutralized by treating it with triethyl-
amine (TEA) (25 ul). The resultant IAA solution was added
dropwise to a stirred solution of PAA (25 mg, 1 mg/ml water)
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over a period of 30 min. at room temperature. The reaction
was further incubated for 1 h at room temperature and
subsequently, EDAC (8.5 mg) was added. The reaction
mixture was stirred overnight, followed by concentration on
a rotary evaporator to reduce the original volume to one
third and poured into a dialysis bag. The dialysis was
performed against water for 72 h with intermittent change
of water, followed by lyophilization. Similarly, 20-90%
imidazolyl substituted PI formulations were prepared. PI
formulations were characterized by '"H-NMR and FTIR, and
the extent of the imidazolyl substitution was determined by
ninhydrin method (34,35).

Preparation of PAA-Im-PEG (PIP) Nanoparticles

Nanoparticles of PI were ionically crosslinked with
polyethylene glycolgnp-bis (phosphate) (PBP) (33). In brief,
an aqueous solution of PBP (75 mg, 1 mg/ml) was added
dropwise to a stirred aqueous solution of PI (25 mg, 1 mg/ml,
10% imidazolyl substituted) over a period of 45 min at room
temperature to attain 5% PEG cross-linking. The contents of
the reaction mixture were stirred overnight, followed by dialysis
against water for 72 h with intermittent change of water. The
nanoparticles, thus formed, were lyophilized in a speed vac and
then characterized by FTIR, DLS and zeta potential.

Determination of Residual Amino Groups

The imidazolyl content in PI was calculated by ninhydrin
method (34,35) with little modification. Briefly, PI (10%
imidazolyl substituted, 3 mg) was dissolved in ethylene glycol
(1 ml), followed by addition of ninhydrin reagent (4 ml, 5%
in ethylene glycol). The reaction mixture was heated at 90°C
for 10 min and subsequently, subjected to spectrophotometric
estimation of amino groups by ninhydrin method, as reported
elsewhere (34,35). Other preparations were also estimated, as
described earlier.

Characterization of Nanoparticles

(1) FTIR: Spectra were recorded on a single beam Perkin
Elmer (Spectrum BX Series), USA with following
scan parameters: scan range: 4,400-400 cm ';
number of scans: 16; resolutions: 4.0 cm ™!, interval:
1.0 em™Y; unit: %T.

(2) 'H NMR: PI complexes were characterized by 'H-
NMR (Bruker Avance, DRX-300, 300 MHz FT-
NMR, USA) in D,0 at 25°C.

(3) Measurements of particle size and surface charge:
The mean hydrodynamic diameter of nanoparticles
was determined by dynamic light scattering (Zeta-
sizer Nano ZS, Malvern Instruments, UK) at fixed
angle of 90°at 25°C. All the samples were diluted with
fresh MilliQ (deionized) water to ensure light scat-
tering intensity within the required range of the
instrument. All the measurements were executed in
automatic mode. Average size of each sample was the
mean of at least five measurements. The morphology
of nanoparticles was observed under transmission
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electron microscope (TEM) (Fei-Philips Morgagni
268D). The nanoparticle suspension (3 pl) was put on
a formvar (polyvinyl formal) coated copper grid and
air-dried. Images were recorded in negative mode.

Surface charge on nanoparticles was quantified as zeta
potential by laser doppler velocimetry using Zetasizer Nano
ZS. Samples were diluted with MilliQ (deionized) water. Zeta
potentials were computed from the mean electrophoretic
mobility applying the Smoluchowski equation.

Measurement of Buffering Capacity

Acid-base titration was used to determine the buffering
capacity of native PAA and PIP nanoparticles (36). The
relative buffering capacity of nanoparticles was estimated as
amount of protons required for pH change from 9.0 to 3.5 by
acid-base titration. In this assay, the samples were prepared
by suspending nanoparticles (10 mg/ml) in 150 mM NaCl and
adjusted to pH (~9.0) with 1 N NaOH and then the samples
were titrated by adding small aliquots (25 pl) of 0.1 M HCl
until pH 3.5 is reached.

DNA Accessibility Measurement

PIP nanoparticles in different weight ratios were mixed
with DNA (250 ul of 2 pg/ml solution) in Tris buffer (10 mM,
pH 7.4) and allowed to incubate for 30 min. Mixture was then
stained with 1 pug/ml EtBr in Tris buffer. The fluorescence
intensity (A.U.) was measured at an excitation wavelength
(Aex=485 nm) and emission wavelength of 590 nm with a slit
width of 5.0 nm (23). A graph was constructed by plotting
fluorescence (A.U.) against degree of substitution in nano-
particles.

Gel Retardation Assay

To study the condensation of nanoparticles with DNA,
samples at different weight ratios in 5% dextrose solution were
electrophoresed on agrose gel. All the samples were incubated
for 30 min at room temperature prior to loading on the agarose
gel. The nanoparticle-DNA complexes were mixed with
loading buffer containing a tracking dye (xylene cyanol) and
loaded into individual wells of 0.8% agarose gel and electro-
phoresed at 100 V for 45 min in TAE buffer (40 mM Tris-HCl,
1% (v/v) acetic acid, | mM EDTA). The gels were stained by
ethidium bromide and the bands corresponding to plasmid
DNA were visualized under a UV transilluminator.

In Vitro Transfection Studies

COS-1 cells were seeded into 96-well plates at a density of
8.0x10% cells per well and incubated for 16 h for adherence.
After overnight incubation, growth medium was aspirated.
GFP reporter gene loaded nanoparticle formulations were
diluted with DMEM to a final volume of 80 pl (transfection
mixture) and added to the individual wells containing cells.
The plate was then incubated at 37°C in a 5% CO, humidified
atmosphere. After 3 h, transfection mixture was replaced by
200 pl fresh DMEM containing 10% FCS and the cells were
incubated for another 36 h. Similarly, transfection studies were
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Fig. 1. a Schematic representation of dynamic light scattering of PIP-9 nanoparticle formulation. b Influence of fetal calf serum (FCS) on PIP-
9/DNA complexes size and zeta potential.

content in the resulting PI was determined by ninhydrin assay
(34,35), which was found to be 8.2% (PI-10%), 16.1 (P1-20%),
23.5% (PI-30%), 31.1% (P1-40%), 39.5% (P1-50%), 47.3% (PI-
60%), 53.8% (PI-70%), 62% (P1-80%), 67.5% (PI-90%). The
PI complexes were further characterized by 'H-NMR and
FTIR. '"H-NMR (D,0) &: 1.22-1.35 (m, -CH,- and -CH-), 2.5
(d, -NCH,-), 3.7 (s, -CH,CO-), 7.22 (s, -CH- Im), 8.5 (s, -CH-
Im); IR (KBr) v: 1630 (C=0).

The PI complexes were subsequently cross-linked (5%)
with PEG-bis(phosphate) (PBP) to obtain PIP nanoparticles.
These were characterized by FTIR, DLS and zeta potential.
The peaks at 1,281 and 1,105 cm~ ! in PIP nanoparticles
correspond to C-O (ether) twisting and stretching
frequencies, respectively.

Particle Size and Surface Charge

The particle size of all nanoparticle formulations was found
to be in the range of 180-230 nm (Table I) with polydispersity

index (PDI) lower than 0.35, indicating a narrow size
distribution. The particle size distribution pattern indicated
that all particles were of nanometer size and devoid of
aggregates (Fig. 1a). As the imidazolyl content was increased,
a concomitant increase in size of the nanoparticles was
observed. DNA loading further increased the size of the
nanoparticles. However, in the presence of 10% serum, the
hydrodynamic diameter of samples (PIP-1 to PIP-9) was found
to be reduced significantly (Table I). Particularly, in case of
PIP-9 nanoparticles, a gradual decrease in the size of the
nanoparticles was observed from 83 nm to 25 nm on increasing
the concentration of FCS from 5-40%. This reduction of size
of the nanoparticles might be due to inhibition of aggregation
(Fig. 1b) (30,37). The surface charge of nanoparticles was
found to decrease by incorporation of imidazolyl substitution.
As imidazolyl substitution was increased, a decrease in zeta
potential was observed (Table I). The zeta potential of all
nanoparticle formulations also showed similar trend after
complexing with DNA, while maintaining the overall positive
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Fig. 2. Gel retardation assay of PIP/DNA complexes. Plasmid DNA
(1 pg) was incubated with increasing amounts of nanoparticles in a
buffer containing HEPES/NaCl and incubated for 20 min. Samples
were electrophoresed through 0.8% agarose gel at 100 V for 45 min.
The values mentioned correspond to the amount of nanoparticles
(ng) used in a 20 pl reaction to condense pDNA.

charge. The zeta potential of nanoparticlessDNA complexes
was found to be negative in FCS. In case of PIP-9, it was
observed that on increasing the serum concentration, the zeta
potential reduced (Fig. 1b inset).

DNA Complexation

The electrostatic interactions between nanoparticles and
pDNA neutralize the negative charge on phosphate group of
DNA backbone, thus retarding the DNA mobility under the
influence of electric field. The samples of PIP nanoparticles
were prepared at different weight ratios and incubated with
constant amount of pDNA to determine the optimal
concentration of nanoparticles, required for complete retar-
dation of pDNA. PIP-DNA complexes were analyzed on
0.8% agarose gel and visualized by fluorescence of ethidium
bromide (Fig. 2). In case of native PAA polymer, retardation
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was observed at 0.3 pg/pg of pDNA, whereas higher amount
of PIP nanoparticles was needed to neutralize the same
amount of pDNA. Data showed that increasing the amount
of PIP nanoparticles in pDNA complexes resulted in
decrease in electrophoretic mobility. PIP nanoparticles
completely neutralized the DNA at weight ratio of 2.0 pg/
pg in most of the preparations. The amount of PIP nano-
particles required to completely neutralize 1 pg DNA was
found to be almost the same in the series, indicating that the
degree of imidazolyl substitution did not affect the DNA
complexing property of PIP nanoparticles.

Buffering Capacity

Mechanism of DNA delivery by cationic polymers with a
pKa around 5.5-6.5 involves rupture of the endosomal
compartment and release of DNA into the cytoplasm. The
acid-base titration studies were performed to assess the
buffering capacity of various nanoparticle formulations. A
higher amount of protons required to change in pH of
polymer indicated that polymer possess high propensity to be
protonated. Fig. 3 shows that the protonation tendency of
PIP nanoparticles changed only marginally by imidazolyl
substitution as compared to PP nanoparticles. The modifica-
tion of PAA with imidazolyl does not block the positive
charge of PAA rather it delocalizes the charge into the
heterocyclic ring of imidazole. Moreover, the buffering range
relevant to biological processes involves pH 5-7.5 and we
observe that a similar amount of HCI is required for all the
members of PIP series for this pH change.

Measurement of DNA Accessibility

It is widely accepted that pDNA should condense into
small particles in order to facilitate internalization of nano-
particle by endocytosis. DNA accessibility assay is the
simplest approach to monitor free DNA in solutions con-
taining DNA-nanoparticle complexes. As the ratio of nano-
particle was increased in DNA complexes, the accessibility of
DNA to interact with EtBr diminished (Fig. 4). The DNA
complexes with various PIP preparations at a particular
weight ratio were compared in the same assay. It was
observed that as the degree of imidazolyl substitution was
increased, the amount of free DNA available in the solution

12
10 A —a— PAA
—+—PP
81 —mPIP-1
5 61 —e—PIP-3
44 —%—PIP-5
—X—PIP-7
21 —e—PIP-9
0 : : . ' .

0 100 200 300 400 500
Volume of HCI (ul)

Fig. 3. Buffering capacity of PIP nanoparticles and native PAA.
Acid titration curves of aqueous solution of PIP nanoparticles (10 mg/
ml) and native PAA (10 mg/ml) were obtained by adding equal aliquots
of 0.1 N HCl to nanoparticles dissolved in 150 mM NaCl.
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1 2 3 4
Conc. (ug/ml)

—9—1:1.0
—m—1:3.0

PP PIP-1 PIP-2 PIP-3 PIP-4 PIP-5 PIP-6 PIP-7 PIP-8 PIP-9

NP formulations

Fig. 4. Measurement of fluorescence intensity (of EtBr) as a function of DNA accessibility in DNA-polymer complexes (w/w ratio 1:1 and 1:3,
respectively). In case of PIP/DNA complexes, fluorescence intensity increases with increase in imidazolyl content but decreases with increase
in concentration. In case of PAA (inset), it decreases with increase in concentration.

also increased (increase in EtBr fluorescence). It appears that
the increased imidazolyl substitution results in formation of
relatively loose complexes with DNA.

Cell Viability

The cytotoxicity is a major area of concern for novel
gene delivery systems. The PIP nanoparticles were examined
for their toxicity on COS-1 and HEK293 cell lines using MTT
assay. Results (Fig. 5a and b) indicated that toxicity
decreased with increase in imidazolyl conjugation to PAA
in a non-linear relationship. This further suggested that
toxicity level was strongly dependent on degree of substitu-
tion of amino groups. Native PAA appeared to be most toxic
and the cell viability was found to be ~36%. PP nano-
particles possess higher cell viability compared to native
PAA, but lower then imidazolyl substituted nanoparticles. As
the imidazolyl substitution increased, the viability reached to
110% (in case of PIP-9 formulation). At weight ratio up to
(1:8), PIP nanoparticles were non-toxic compared to PAA.
The ICsy values of DNA nanoparticles, and PAA were
obtained and are compared in Table II. It can be seen that
PIP formulations were less toxic than native polymer. It can
be concluded that PAA toxicity may be alleviated by
imidazolyl modifications.

In Vitro Cell Transfection Studies

The influence of cationic charge density on cytotoxicity
and transfection efficiency of PAA was explored. Experi-
ment was performed on COS-1, N2a and HEK293 cells using
plasmid containing reporter gene encoding green fluores-
cence protein (GFP). The weight ratio, greater than the ratio
at which complete DNA retardation was observed, was used

Table II. 1Csy Values for the Various Formulations in the HEK293
Cell Line

Formulation (Weight Ratio) 1Cs (ng/ml)

PP (1:2) 6
PIP-1 (1:8) 38
PIP-2 (1:8) 38
PIP-3 (1:8) 38
PIP-4 (1:8) 75
PIP-5 (1:8) 75
PIP-6 (1:8) 75
PIP-7 (1:8) 150
PIP-8 (1:8) 150
PIP-9 (1:8) 150
PAA (1:0.8) 5
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Fig. 5. Cytotoxicity of PIP/DNA complexes on COS-1 and HEK293 cell lines. Cells were treated with PIP/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 represents the mean of two independent experiments performed in triplicates for PIP/DNA complexes mediated cytotoxicity at various
concentrations. Cytotoxicity associated with PIP/DNA and PIP-9/DNA complexes at maximum transfection efficiency. a Cytotoxicity profile
of PP, PIP / DNA, PAA and PEI complexes on COS-1 cells. b Cytotoxicity profile of PP, PIP / DNA, PAA and PEI complexes on HEK293
cells. ¢ Dose dependence curve for cytotoxicity mediated by PAA/DNA and PIP-9/DNA complexes. The concentrations of unmodified PAA
used were 0.5,1, 2, 3 pg (per ml) respectively to condense 1 pg pDNA as shown in the inset. d Representative dose-dependence curve for
cytotoxicity of PIP-5 (w/w ratio 1:8) for calculation of ICs, values. The abscissa represents the concentrations (pg/ml) of nanoparticles used to

condense 1 pg pDNA.

for transfection. The cells were exposed with various DNA-
nanoparticle formulations in 5% dextrose for 3 h. The cells
were examined under the fluorescent microscope after 36 h.
The transfected cells had fairly high levels of reporter gene
expression and appeared to be healthy on microscopic
examination (Fig. 6a). The protein expression was quantified
spectrofluorimetrically at an excitation wavelength of 488 nm
and emission 509 nm. Transfection efficiency was also
calculated by counting the cells expressing GFP, and
correlated well with the reporter gene expression analysis.

Transfection was found to be directly proportional to the
content of imidazolyl in PIP nanoparticles. In case of COS-1
cells, transfection efficiency of PAA (which is a poor trans-
fecting agent) was found to be improved by 8-9 folds upon
incorporating imidazolyl substitution without addition of any
external lysosomotropic agent. Highest transfection was
recorded with PIP-9 formulation in case of COS-1 cells and
the dose-dependence curve for transfection efficiency is
presented (Fig. 6b and c, respectively). Whereas, in N2a
and HEK?293 cells, PIP-5 formulation gave the maximum
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expression, i.e. five and four fold, respectively, (Fig. 6d and e).
Weight ratios resulting in optimal transfection were also
higher in case of PIP nanoparticles compared to native PAA,
which were well tolerated by the cells.

DISCUSSION

The most versatile way to enhance the delivery of
exogenous DNA into mammalian cells involves complexa-
tion with cationic polymers. The complex is internalized,
trafficked through the endosomal pathway and finally,
resides within the endosome. Hence, several attempts have
been made to chemically modify the polycations (i.e. by
substituting with imidazolyl or histidine groups) addressing
the release from endosome to improve the intracellular gene
delivery (38,39).

In this report, library of PAA based nanoparticles was
synthesized by varying the concentration of imidazolyl
groups and keeping the concentration of PEG cross-linker
constant. The PIP nanoparticles (Scheme 1) were designed to
improve the sufficient transfection capacity and at the same
time reduce the cytotoxicity associated with excess of positive
charge. The efficiency of imidazolyl substitution reaction on
PAA was ~75-82%, as determined by estimation of amino
groups by ninhydrin method. The maximally substituted
nanoparticles have 80% replacement of primary amino by
imidazolyl moiety and 5% amino groups are involved in cross
linking with PEG. The advantages of PEG cross-linker and
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nanoparticles have been well established in our earlier
studies (30,33,40). The substitution was planned in a manner
to retain sufficient amount of primary amino groups for DNA
interaction and condensation for efficient internalization. The
hydrodynamic diameter of various nanoparticles was within
the range of 185-230 nm, with a positive surface charge (5.6—
13.1 mV) in water. The uniform population of particles (Fig.
la) retained sufficient positive surface charge to condense
DNA (Fig. 2). Particles remained stable and smaller in size in
10% FCS, which is in tune with previous reports (30,37). This
is due to adsorptions of anionic serum proteins on the
positively charged nanoparticle surfaces, which then prevents
hydrophobic contacts between the particles and modify the
global surface charge allowing repulsion between particles.
The size and surface charge of particles are important factors
that modulate their cellular uptake. The positively charged
complex can interact with the negatively charged proteogly-
cans of the cell membrane. The surface charge of nano-
particles was found to decrease upon substitution with
protonable imidazolyl moiety (Table I). At neutral pH,
imidazole does not carry sufficient charge to electrostatically
interact with DNA, thus the availability of positive charge
decrease on increasing imidazolyl substitution. The buffering
capacity determines the release behavior of DNA-polymer
complexes from endosomal compartment, an important step
in determining the efficiency of transgene expression. Imida-
zolyl containing nanoparticles can provide the adequate
buffering, avoiding the deleterious effects of the high cationic
charge density of PAA due to primary amino groups in the
biologically relevant pH range of 5-7.5. The findings were in
accordance with previous reports on imidazolyl substitution
on PLL (25). All the PIP nanoparticles in the series have
similar DNA neutralizing capacity, as indicated in the gel
retardation assay (Fig. 3), but the binding affinity for DNA
was found to depend on the degree of imidazolyl substitution.
As the imidazolyl substitution was increased, the DNA
accessibility also improved, indicating formation of relatively
loose DN A-nanoparticle complexes. These experiments also
suggested that the nanoparticles formed sufficiently stable

E E
o]
NH2  NH, NHz  NH, Q §
IAA, EDAC z NH, Z NH,
—_—
n W
n
PAA
PEG-bis(phosphate)
n
NH3* NH3*
% M3 % A 3
g Pos § O3R
E E
£ £
; o - 0 _
Im = Imidazole-CH, g PO3 Q 03P
z NH3* Z NH3*

S SN

PIP Nanoparticles

Scheme 1. Schematic representation of PIP nanoparticles synthesis.
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PIP-4 (50ug/ml)

PIP-1 (50pg/ml) PIP-2 (50pg/mi) PIP-3 (50pg/ml)

PIP-5 (50pg/ml) PIP-6 (50pg/ml) PIP-7 (50pg/ml) PIP-8 (50pg/ml)

PIP-9 (50ug/ml) PP (50pg/ml) PAA (5ug/ml) PEI (25 kDa)
o 3pg/ml
- 4 2 . ¢
Qe : i
_ .mu oo e s R

PIP-9 (Bright field)

Fig. 6. a GFP fluorescence images of COS-1 cells transfected with PIP/DNA complexes. COS-1 cells were incubated with PIP/DNA
complexes for 3 h and the expression of GFP was monitored after 36 h. Images were recorded (at 10X magnification). COS-1 cells transfected
with respective nanoparticle/DNA complexes as observed under UV, C-F1 epifluorescence filter of fluorescent microscope. b The fluorescent
intensity of GFP fluorophore in the cell lysate was measured using spectrofluorometer and the results are expressed in terms of A.U./mg total
cellular protein. The results represent the mean of two independent experiments performed in triplicates. Transfection efficiency with PAA/
DNA (inset) and PIP-9/DNA complexes prepared at various weight ratios. The abscissa represents the concentrations (pg/ml) of nanoparticles
used to condense 1 pg pDNA. The concentrations of unmodified PAA used were 0.3, 0.5 pg, respectively, to condense 1 ug pDNA. ¢ Maximum
transfection achieved by PIP-9/DNA complexes in COS-1 cell lines. d Maximum transfection achieved by PIP-5/DNA complexes in N2a cell
lines e Maximum transfection achieved by PIP-5/DNA complexes in HEK293 cell lines. Concentration indicated in the parenthesis.

complexes with DNA (Fig. 4). The highlighting feature of the
PIP nanoparticles is delivery of DNA inside the cell without
diminishing the metabolic functions of the cells as deter-
mined by MTT assay. Results revealed that cytotoxicity of
PIP nanoparticles decreased with increasing imidazolyl
content in the system, in COS-1 and HEK293 cell lines
(Fig. 5a and b, respectively). As shown in Fig. 5c, in case of

PIP-9 formulation, cell viability was found to be 110% on
COS-1 cells, while native PAA showed only 36% survival. In
case of HEK?293 cells, highest cell viability was observed with
PIP-5 formulation (Fig. 5d). Transfection study carried out
with reporter gene encoding green fluorescence protein using
these PIP nanoparticles was resulted in transfection profiles,
as shown in Fig. 6a and b. Transfection with native PAA
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resulted in minimal level of GFP fluorescence intensity
regardless of DNA: nanoparticle ratio (Fig. 6b inset). This
ratio plays a decisive role in the transfection. The reporter
gene expression was found to increase on increasing w/w ratio
in DNA complexation, which reaches an optimal value and
decline afterwards. Beyond optimal transfection efficiency,
the toxicity was also evident in the samples, which may be
responsible for decreased gene expression. Expression of

GFP was also found to increase with increase in imidazolyl
substitution. In case of COS-1 cells, gene expression was
most pronounced with PIP-7, 8 and 9 members of the series
at a weight ratio of 1:8 in all the cases, as shown in Fig. 6c.
Modified systems were found to be less toxic than parent
polymer and transfection efficiency was found to increase by
several orders (~4-9 folds) of magnitude on various cell
types (Fig. 6d and e). Results indicated that imidazolyl
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moiety plays an important role in improvement of the
transfection efficiency of PIP nanoparticles. The imidazolyl
group improves the transfection efficiency by virtue of its
inherent proton sponge property i.e. efficient release of DNA
complex from endosomes. At the same time, the reduced
charge density of primary amino groups and delocalized
charge in imidazole ring may help in unpacking of DNA and
thus result in high levels of gene expression. Moreover, the
requirement of external lysosomotropic agent like chloro-
quine in the transfections by PAA has been completely
eliminated by using these systems. Hence, inclusion of
imidazolyl moiety in a relatively toxic PAA enhanced the
DNA delivery and reduced the toxicity to minimal level.

CONCLUSIONS

In past few years, umpteen reports have been published to
eliminate problems like cell uptake, cytotoxicity and endocy-

tosis process. Most strategies focus on modulating the types of
amines or cationic groups to enhance the transfection
efficiency of polycationic vectors mainly by altering the
buffering capacities of the carriers, or by targeted delivery.
Efficient non-viral vectors entail a better understanding of the
structure-function relationship of the synthesized carrier
systems (41). In the present study, an attempt was made to
resolve cellular barriers by masking charge of polycations,
addressing endosome escape element and unpackaging of
DNA. The experiment showed that blocking of primary
amino groups of PAA reduced its toxicity index and im-
proved efficiency to carry DNA inside the cell several times.
Polycations like PAA have high cationic charge density
because of the presence of a number of amino groups on its
backbone, which are responsible for its cytotoxicity. The
findings bolster the evidence that imidazolyl functionalities
help to improve the transfection efficiency of poor trans-
fecting polycations.
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