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Abstract

The delivery of genetic material to cells provides a promising treatment approach to
many genetic diseases. Rational structure design for reducing the toxicity while
improving transfection efficiency is an important strategy for development of safe and
highly efficient polycation gene vectors. In this study, a novel block copolymer
composing of PEG and cationic histamine-like segments, was synthesized by
reversible addition-fragmentation chain transfer (RAFT) polymerization and
subsequently explored its potential of gene vector in vitro. The block copolymer
showed a lower cytotoxicity to three cell lines. After complexing with pEGFP-C1, the
resulting DNA-encapsulated micelles possessed uniform small size, high salt and
serum tolerance which were confirmed by dynamic light scatter (DLS) and
transmission electron microscopy (TEM). Highly efficient gene transfection was
further obtained in human liver carcinoma (HepG2) in vitro. The low cytotoxicity and
high transfection stem from the well-defined functions of different moiety, PEG
segment, imidazolium and amine group on histamine-like pendant contributing to the
different steps of gene delivery, including colloid stability, highly effective DNA

condensation and endosomal escape respectively.
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Introduction

Using foreign nucleic acid to repair defective genes, gene therapy has provided a
promising treatment strategy for some severe diseases caused by genetic defects, such
as Parkinson’s disease'™ and cancer®”. Introducing genetic material into target cells,
gene therapy requires efficient and safe gene delivery systems without causing any
associated pathogenic effects™ . Therefore, the synthetic gene vectors™’ are highly
desirable for the development of gene delivery systems due to their low immunogenic
response, easy structure modification, capability to carry large inserts when compared
to viral vectors.

Synthetic gene vectors, especially polymers, have manifested great potential in human
gene therapy due to their tailored size, structure, and functionality for specific

12

. Until now, several cationic polyamine'" '>, such as

therapeutic needs™
poly-L-lysine (PLL), polyethyleneimine (PEI), and chitosan have demonstrated the
ability to condense and deliver plasmid DNA to different cell lines'. The resulting
nanoparticles or polyplexes can effectively protect the nucleic acids from enzymatic
degradation and facilitates cellular uptake because of their cationic surface. However,
it will be inevitable to bring the cytotoxicity and undesired aggregation in vivo'™ .
Moreover, the random interaction also causes a large size and polydisperse polyplexes,
leading to low transfection efficiency'® '”. Therefore, how to reduce the toxicity while
improve transfection efficiency is still an important issue for cationic polymers as
gene carriers in clinical application'®.

To address this issue, many efforts have been made to increase availability through
optimizing polymeric structure. An effective approach to reduce acute toxicity is
modification of cationic polymers with PEG. PEG has hydrophilic, non-ionic nature
and is one of the most widely used biocompatible polymers in drug deliverylg’ * The
PEG grafted or copolymerized polymers complex with anionic DNA produced a
core-shell polymeric micelles, where the polycation-DNA complex made up the core

and the hydrophilic PEG segment made up the shell. The hydrophilic PEG-shell has

been confirmed can increase colloid solubility, reduce systematic toxicity and
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improve circulation time'” 2" *%. For instance, compared to PLL/DNA complexes,
polyion complex micelles from complexes of PEG-b-PLL with DNA has exhibited a
high stability in a serum containing medium and prolonged blood circulation in
experimental animals®. Moreover, the Kataoka’s group firstly compared the different
dynamic states of polyplexes and PEGylated polyplex micelles in the bloodstream,
and demonstrated the significance of PEGylation to prevent polyplexes agglomeration
in vivo®'. However, further enhancing transfection ability is indispensible for the
development of PEGylated polyplex micelles because the shell was supposed to
impair their cellular uptake®.

The other approach is polymers modified with biomolecules® *’. As a moiety of
histamine, imidazole ring has been employed to modify polymeric vectors for
enhancing biocompatibility and gene transfection efficiency due to its buffering
capacity near endosomal pH, which promote a fast endosomal escape via so-called

2629 Moreover, considering the deprotonation as the

“proton sponge” effect
physiological pH, the imidazole moiety was further quaternized for improvement of
DNA-binding ability3 031 The resulting imidazolium polymers have a permanent
positive charge and a low cytotoxicity on account of reducing the cationic charge
density through spread electrons around the N-heterocycle®®. For example, Long et al.
prepared the imidazolium-based copolymers via functionalized 1-vinylimidazole
homopolymers with hydroxyl functionalized alkyl chains, and then investigated the
relationship between the degree of quaternization and DNA binding, cytotoxicity, and
in vitro transfection efficiency®>. It was found that DNA binding increased with the
increase in degree of quaternization, but a negative tendency on transfection
efficiency. The discrepancy probably comes from the competition between the
buffering capacity and the DNA binding affinity from imidazole and imidazolium
moiety. Therefore, the polycation vector with well-defined function is necessary to
development of safe and efficient polycationic gene delivery system.

Here, a novel block copolymer, polyethylene
glycol-b-polyl-(3-aminopropyl)-3-(2-methacryloyloxy propylimidazolium bromine)
(PEG-b-PAMPImMB) was prepared by reversible addition-fragmentation chain transfer
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(RAFT) polymerization to construct DNA-encapsulated micelle for gene delivery.
The PEG shell was designed to protect colloid stability from aggregation in
physiological condition. The permanent positive charge imidazolium was used for
high efficient DNA condensation. The amine was expected to provide buffering
capacity in endosome for fast endosomal escape. The process of forming polyplex

micelles and DNA delivery is illustrated in Scheme 1.
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Scheme 1. Schematic representation of forming polyplex micelles and DNA delivery.
2. Experimental section
2.1 Materials

Polyethylene glycol monomethyl ether (CH3O-PEG;;;-OH) (Mw=5000 and the
polydispersity index PDI=1.05) was purchased from Sigma and used as received. 2,
2’-Azobis(isobutyronitrile) (AIBN) (97%) was purchased from J&K Chemical and
recrystallized before use as an initiator. The monomers,
1-(3-aminopropyl)-3-(2-methacryloyloxy propylimidazolium bromine) (AMPImB),
and macro-RAFT agent, PEG-CTA were synthesized according to the literature
procedure [34-36] (the detailed synthesis is shown in support information).
Dulbecco’s modified Eagle’s medium (DMEM), penicillin-streptomycin,
trypsin-EDTA, fetal bovine serum (FBYS),
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT), and Dubelcco’s
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phosphate buffered saline (DPBS) were purchased from Invitrogen Corp. The reporter
plasmid, enhanced green fluorescent protein gene (pEGFP-CI), was purchased from
Invitrogen and Promega, amplified in Escherichia coli and purified by E.Z.N.A. fast
filter endo-free plasmid maxi kit (Omega). The pEGFP-C1 was stored at -20°C before
the transfection experiments. Branched poly(ethylenimine) (bPEI-25k) was obtained
from Aldrich-Sigma Chemical. All other reagents were analytical grade and used as

received.
2.2 Synthesis of block copolymer PEG-b-PAMPImB

PEG;;-CTA (0.31g, 0.06 mmol), AIBN (2.0 mg, 0.0012mmol), AMPImaB (1.23g,
0.03mol), and dry DMF (1.0mL) were placed in a sealed dry ampule. After the
solution was degassed using three freeze-pump-thaw cycles, the polymerization was
conducted at 60 °C over 24h. The reaction mixture was purified using a two-step
precipitation in ethyl acetate and isolated by filtration, obtaining PEG-h-PAMPImMB as
a light pink powder. Dithioester-terminated PEG-b-PAMPImB was finally reduced by
hydrazine for decrease cytotoxicity. To a 100 mL round-bottom flask equipped with a
magnetic stirring bar, 0.3 g of dithioester-terminated PEG-b-PAMPImB was dissolved
in 30 mL of dry alcohol; 1 ml of 1.0 M aqueous hydrazine solution was added under
vigorous stirring. The reaction mixture was stirred at room temperature for more than
3 days and eventually precipitated in THF. The final composite and structure of
PEG-h-PAMPImB was determined by '"HNMR and gel permeation chromatography
(GPC). 'THNMR spectroscopy was recorded on a Bruker AV300 spectrometer. The
molecular weight distribution (M,/M,) of the polymer was characterized by using a
Waters 600E gel permeation chromatography (GPC) analysis system equipped with
Waters Styragel HT column with Poly(ethylene oxide) as the calibration standard and
water (with 8.5 g/L NaNQO3) as the eluent (flow rate: 0.4 mL/min). The synthesis

procedures are illustrated in Scheme 2:
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Scheme 2. Synthetic scheme for PEG-CTA and PEG-b-PAMPImB.
2.3 Cell Culture:

HepG2, Hela and 293T cells were cultured in the DMEM medium supplemented
with 10% (v/v) heat-inactivated FBS and 1% penicillin-streptomycin at room

temperature in a humidified atmosphere containing 5% CO..
2.4 Preparation of polyplex micelles:

Polyplex micelles at various charge ratios were prepared by dropping polymer of
0.2mg/mL into an equal volume of plasmid DNA. The concentration of plasmid DNA
solution was 200ng/ul in aqueous solution. The gentle vortexing and 30 min

incubation at room temperature ensured the stable formation of micelles.

2.5 Agarose gel electrophoresis :

The PEG-b-PAMPImB/DNA complexes with different charge ratio ranging from
0/1 to 10/1 were prepared according to the conditions described above. The binding
efficiency was studied through gel retardation assay. After 30 min incubation at room
temperature, complex solutions were analyzed by 1% agarose gel electrophoresis (100
V, 30 min). DNA retardation was visualized by irradiation with UV light and assayed

with Cam2com software.

2.6 Measurement of micellar size and zeta-potential:

The PEG-b-PAMPIMB/DNA complexes with different charge ratios were prepared
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according to above procedure. The stocking solution of complexes was diluted by
distilled water to 1mL for zeta-potential measurement. The micellar solution of
different medium was prepared by diluting stocking solution in HEPES, 150mM

NaCl and 10% FBS solution for particle size measurement. After incubating for 30
min at room temperature, the average particle size and zeta-potential of the complexes
were determined by using a Zeta Potential/BI-90Plus Particle Size Analyzer
(Brookhaven, USA). Transmission electron microscopy (TEM) measurements were
conducted using a JEM-2100 electron microscope at an acceleration voltage of 200kV;
a small drop of micellar solution was deposited onto a carbon-coated copper EM grid

and dried at room temperature under atmospheric pressure.
2.9 Cytotoxicity assay:

HepG2, HeLa and 293T cells were seeded into 96-well plates at 5000 cells/well and
cultured 24h in 200ul DMEM containing 10% FBS. PEG-6-PAMPImB and PEI25k
with different concentrations were prepared in the PBS (pH 7.4) solution. The
PEG-b-PAMPImB or the PEI solution of 20ul was added to each well, followed by
incubation of the cells for 24 h. After that, the medium was replaced with 200ul of
fresh medium. MTT (20ul, Smg/ml in PBS) stock solution was then added to each
well. After 4 h, unreacted dye was carefully removed, and the formazan crystals were
dissolved by 200ul/well DMSO. The plate was incubated for another 10 min before
using absorbance at 570 nm to measure by an ELISA microplate reader (Bio-Rad).
The cell viability (%) was calculated as: cell viability (%) = (ODsampie/ ODcontrol) 100,
where ODganple 1 the absorbance of the cells treated by polymers, and ODconirol 1S the

absorbance of the untreated cells. Each experiment was done in triplicate.
2.10 In vitro transfection:

To study the transfection activity of the micelles, HepG2 cells were seeded into
24-well plates at an initial density of 5-10* cells/well with 1 mL DMEM containing 10%
FBS and incubated at 37°C for 24 h in 5% CO, (to reach 70% confluence at the time

of transfection). The cells were incubated with the micelles, Lipofectamine2000/DNA
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and PEI/DNA at 10/1 complexes with in serum-free culture medium for 4 h at 37°C.
At the time of transfection, the medium was replaced with fresh medium containing
10% serum and incubated for 48h at 37°C. The cells were monitored for green
fluorescence protein (GFP) expression with a fluorescence microscope. The cells were
washed with PBS three times, fixed with 4% paraformaldehyde for 30 min and then

observed with a confocal laser scanning microscope (LSM 780, Zeiss).
2.11 Transfection efficiency assay:

Transfection efficiency assay was determined by flow cytometry to quantify the
percentage of GFP expressing cells. HepG2 cells (10° cells/well) were seeded in
6-well plates in 2ml of the growth medium (DMEM with 10% FBS) for 24 h. The
original medium was replaced with 2.0 ml of the fresh growth medium containing
polyplex/DNA complexes with different charge ratio. After incubated for 4 h at 37°C,
the harvested cells were washed with PBS, detached with 0.25% trypsin and then
resuspended with 500ul PBS (pH 7.4). Finally, transfection efficiency was carried out

using a flow cytometer (FC500, Beckman Coulter).
3. Results and discussion
3.1. Polymer synthesis and characterization

The RAFT approach was commonly applied to the polymerization of ionic

3433 and copolymers*® with controlled

monomers and obtained relative homopolymers
molecular weights and narrow polydispersity. Here,
1-(3-aminopropyl)-3-(2-methacryloyloxy propylimidazolium bromine) was first
prepared, and then employed to chain-extend PEG-CTA by RAFT polymerization.
The structure and composite of resulting PEG-H-PAMPImB was determined by
'HNMR and GPC. The 'HNMR spectrum of PEG-b-PAMPImB in D,O is shown in
Fig. 1A. From Fig. 1A, the characteristic H of AMPImB (saw in support information)
is showed clearly at the peak of a, b, ¢, d and e. Besides PAMPImB segment, the
characteristic at f is attributed to PEG. The ratio of the area of peak a to f was 1: 4.3,

which can be used to calculate the composition of PEG-b-PAMPImB. Therefore, the
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block copolymer can be denoted as PEG,-b-PAMPImBy with the subscript
indicating the number of the repeating units. Thus, the molecular weight of
PMMPImB is 34790 calculated by NMR. The polydispersity indexes of PEG;,-CTA

and PEG,-b-PAMPImBys measured by GPC (Fig.1B) are 1.05 and 1.15 respectively.

1' o ) 1 j b
€ u)n o ¢ .\‘)m B

T T T 1
: IR = 16 20 24 28
9.0 7.5 6.0 45 3.0 1.5 0.0 St :
f1 (ppm) Retention time(minutes)

Fig. 1. "H NMR spectra of PEG3-b-PMMPImBys in D,O at room temperature (A);
GPC traces for PEG-CTA (a) in water and PEG3-b-PMMPImBys (b) in 8.5g/L

NaNOj; water solution at room temperature (B).

3.2 Cell viability

Low cytotoxicity is a highly desired property of a polycation for application in drug
and gene delivery’’. Fig.2 shows the results of in vitro cytotoxicity studies of
PEG-b-PAMPImB in HepG2, HeLa and 293T cells and PEI25kD in HepG2 by MTT
assay at various concentrations. The sample without treatment of PEG-b-PAMPImB
and PEI25k was considered as a control with a cell viability of 100%. From Fig.2, the
PEG-bh-PAMPImB exhibits much lower cytotoxicity against the three type cell lines
compared with PEI25kD against HepG2. The viability of cells is kept above 85%
even at the concentration 200pug/L. The PEI has high positive charge density, which
can interact with cell membranes and inhibit normal cellular processes, resulting to
high cytotoxicity. PEG-b-PAMPImB is composed of non-ionic and biocompatible
PEG and cationic histamine-like segment. PEGlation can help to improve the
biocompatibility of unmodified analog. Besides, imidazolium cation has a
resonance-stabilized electrons structure, where the positive charge can spread around

the N-heterocycle for reducing positive charge density.
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Fig.2. Cytotoxicity of PEG-b-PAMPImB against HepG2 (PEI25 kDa as a control),

HeLa and 293T cells at various concentrations. Values represent mean (SD (n = 3)).

3.3 Aagrose gel electrophoresis and zeta-potential

Gel electrophoresis assays can determine the effective amount of polymer to bind
DNA for delivery. The migration of naked DNA and PEG-b-PAMPImB/DNA
complexes at charge ratios ranging from 0/1 to 10/1 is shown in Fig.3A. From Fig.3A,
the migration of DNA in agarose gel has completely been retarded when the charge
ratio was above 3. The result indicates that PEG-b-PAMPImB possesses a good DNA
binding ability. Commonly, the optimum charge ratio in electrophoresis only
represents the critical ratio for retardation. However, the ratio for transfection is
usually higher than that for gel retardation assay, as demonstrated in many published
works. The zeta-potentials upon charge ratios were shown in Fig. 3B. Fig. 3B exhibits
an increase trend along with the increase of charge ratios. At high ratios, the
zeta-potentials are observed to reach a maximum plateau. The negative charge of the
DNA is rapidly neutralized by the excess positive charge of PAMPImB. The surface
charge of the polyplex presents positive value when the ratios above 4, which
facilitate cellular internalization through interaction with negatively charged cell

membrane.
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Fig.3. Gel retardation assay (A) and zeta-potentials (B) for naked plasmid DNA and
PEG-b-PAMPImB/DNA complexes in pure water at various N/P ratios. Values
represent mean (SD (n = 3))

3.4 Morphology and colloidal stability of micelles

It is an essential process that mediates the endocytosis of complexes via efficient
compaction of DNA into nanoparticles by polycation. Commonly, cell is able to take
up particles ranging from tens to hundreds nanometer. However, the nanoparticles
with uniform and small (under 200nm) size are desired because of their enhanced
bioavailability and ability to take advantage of the enhanced permeation and retention
(EPR) effect’®. Meanwhile, the stability of polyplexes under physiological conditions
is an important influence on gene expression in vitro and further application in vivo™.
Here, the solutions of PEG-b-PAMPImB and pEGFP-C1 were firstly mixed in pure
water under the different charge ratio, and then transferred into HEPES buffer (20
mM, pH 7.4), 150mM NaCl and 10% FBS solution, respectively. After 4 hours
incubating, the average hydrodynamic diameter (Dy) and polydispersity index (PDI)
were measured by DLS and listed in Tab.1. As revealed in Tab.1, PEG-b-PAMPImMB
efficiently condenses DNA into nanoscale particles in pure water. The Dy increase
from 95 to 138 nm and the PDI broadens with increase of the ratio from 4/1 to 20/1.
In each sample, the weight of DNA was fixed at 200ng. The high charge ratio means
that the excess polymers are used to condense DNA, giving rise to polydisperse
structure due to electrostatic repulsion between unneutralized positive groups. The

micelles can be stably existed in the HEPES buffer (pH7.4) and 150mM NaCl

solution, as demonstrated by a slight change of its D, and PDI under four ratios.
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However, all the Dy, of micelles in 10% FBS shows a slight increase, and the PDI
broadens when the ratio above 6/1. The increased Dy and broadened PDI can be
attributed to protein adsorption via electrostatic attraction in FBS. At the same time,
the additional components make PDI broaden.

Tab.1. the hydrodynamic diameter and polydispersity index of polyplex micelles at

different ratio and medium.

Pure water HEPES (pH 7.4) 150mM NaCl 10%FBS
N Dy(nm) PDI Dy(nm)  PDI Dy(nm) PDI Dy(nm) PDI
20/1 138 0.19 140 0.20 136 0.18 153 0.27
10/1 126 0.18 121 0.19 123 0.19 133 0.24
6/1 101 0.11 97 0.13 105 0.10 122 0.15
4/1 95 0.08 94 0.07 97 0.09 106 0.10

Fig.4 showed the TEM image of micelles at three ratios (10/1, 6/1 and 4/1) in pure
water. From Fig. 4a, a clear loose and polydisperse structure is found in the micelles
at 10/1. After decreasing the N/P to 6/1 (Fig. 4b) and 4/1 (Fig. 4c), the images show
the morphology of spherical micelles turns to dense and the size becomes uniform
gradually, consistent with the results of DLS. As above discussion, the high charge
ratio means high positive zeta-potential in system, leading to a lot of cationic groups
no access to DNA making a loose structure due to electrostatic repulsion between the
unbound polyionic blocks in micellar core. With the decrease of zeta-potential, the

size of micelles turns to be shrinking and uniform. Moreover, all micelles disperse

well even if at high charge ratio, owning to the steric protection from outer shell of

PEG.
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Fig. 4. TEM images of the micelles forming at the charge ratio of 10/1 (a), 6/1 (b) and
4/1 (c) in the presence of pure water. The scale bar is 100nm.

The morphology of the PEG-b-PAMPImB/pEGFP-C1 micelles (N/P ratio at 4/1) in
different media was observed by TEM and shown in Fig.5. From Fig.5a, the micelles
in pure water show spherical nanoparticles with a diameter of 80-95 nm, implying that
DNA was tightly packed into the micellar core. After removed to HEPES buffer and
150mM NaCl solution, the micelles remain the uniform sphere and no aggregation.
Change of size is observed in Fig. 5b and 5c. Fig.5d is the TEM of micelles in 10%
FBS, keeping well dispersion and individual sphere. The size shows a slight increase
similar to the result in DLS. Supporting by the results of DLS and TEM, it confirms
that PEG-6-PAMPImB has high ability to condense DNA and form the polyplex
micelles with uniform size, high stability and good salt and serum tolerance. The
permanent positive imidazolium can compact negative DNA free from the changes of
external conditions, such as pH value and salt concentration. The shell of PEG

provides static shielding and colloidal stability.
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Fig. 5. TEM images of the micelles forming at the charge ratio of 4/1 in the
presenceof pure water(a), HEPES buffer(b), 150mM NaCl(c) and 10% FBS(d). The

scale bar is 100nm.

3.5 In vitro gene transfection

The pEGFP-C1 was employed as a reporter gene for evaluating transfection
efficiency of polyplex micelles to HepG2 cells in vitro. Vectors were selected the
micelles at four charge ratios (4/1, 6/1, 10/1 and 20/1). Besides, the naked DNA, and
commercial transfection reagents Lipofectamine2000 and PEI25K (N/P of 4/1), was
used as negative and positive controls, respectively. The transfection efficiency was
quantified by flow cytometry in accordance with the cell population of green
fluorescent proteins (GFP) expression. Fig.6A shows the percentage of the cells
expressing GFP mediated by above vectors. Interestingly, micellar vector forming at
charge ratio of 4/1 shows the optimal transfection efficiency of about 71%, which is
superior to Lipofectamine2000, PEI/DNA and other ratio micelles. The transfection
efficiency presents the decrease tendency along with the increase of charge ratio,
indicating that has a relation with the size and dispersion degree of vector. According
to the result of DLS and TEM, the polyplex micelles of 4/1 possesses smaller uniform
size and higher collide stability, which always help to the cellar internalization and

improve the transfection efficiency™” *!

. The transfected cells were directly observed
by a reverse fluorescent microscope and the result was presented in Fig.6B. After a 24
hours post-transfection period, micelles vector at charge ratio of 4/1 also displayed the
highest transfection activity among the vectors. The GFPs are distributed within the
whole cytosol and nucleus from the image of confocal laser scanning microscopy
(Fig.6C), further determining that a high expression of GFP to HepG2 cell mediating
by polyplexes micelles at ratio of 4/1.

Actually, successful gene expression requires gene vectors with the capacity of
across the cellar membrane, endosomal escape, and final delivery of genetic cargo

into the cytosol or nucleus. Commonly, endosomal escape of polyplexes can achieve

by means of polymer protonation in the endosome, inducing endosomal rupture and
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facilitating gene delivery. Here, the high transfection efficiency of polymeric micelles
is attributed to low cytotoxicity, uniform size and stronger buffering capacity of amino
group, which were demonstrated by the contrast test via an analog polymer without
amino group. Poly(ethylene glycol)-block-poly[1-methyl- 3-(2-methacryloyloxy

propylimidazolium bromine), reported in our previous paper’’, also has the ability to

condense DNA to polyplex micelles (date not shown), but cannot observed significant

GFP expression.
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Fig. 6. Percent transfection efficiency(A) and fluorescence microscope images (B) of
HepG2 treated with polyplex micelles at different charge ratios and PEI25kD and
Lipofectamine2000 complex with pEGFP-C1; Confocal microscopic images of

HepG?2 cells treated with polyplex micelles at charge ratio of 4/1(C).

4. Conclusion
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In summary, a block copolymer with well-defined function was synthesized by

RAFT polymerization and used for preparing polyplex micelles as gene vector in vitro.

The moiety of PEG-b-PAMPImB, PEG segment, imidazolium and amine group of
histamine-like segment offered particular contribution to high colloid stability,
effective DNA condensation and buffering capacity, resulting in the low toxicity and
high gene expression. The polymer architectures based on the relation of
structure-function provide a valuable approach for development of safe and highly

efficient nonviral gene vectors.
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The PEG-b-PAMPImB with well-defined function, including high colloid stability,

effective DNA condensation and buffering capacity, self-assemble with pDNA for

lower toxicity and higher efficient gene transfection.



