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PNIPAM.-gelatin hydrogsl

Fig_ 4. Hemostases of bleeding from canine liver (left) and rat aorta
(right) covered with PNIPAM-gelatin solution (20w/v%). Sponta-
neous hydrogel formation and hemostasss were observed. No re-
bleeding was observed during 1-h after coating. Pulsatile-induced
periodic dilation/contraction was observed on the dissected rat aorta.

completely cover complex-shaped tissue surfaces, (2)
rapid formation of a swollen gel-like film or a precipitate
when applied to injured tissues, {3) non-cell adhesiveness
for tissue adhesion prevention and cell adhesiveness for
hemostatic aids, and (4) appropriate biodegradability.
That is, a wound-healing material should be biode-
graded and sorpted with normal healing. Although
various approaches and attempts have been carried out
to meet the requirements listed above, in situ-applicable
liquid-type materials, which include cyanoacrylate and
fibrin glue, are limited (the major drawbacks associated
with these hemostatic aids are described in Section 1) [7-
9]. In this article, we applied thermoresponsive bioma-
cromolecules (PNIPAM-HA and PNIPAM-gelatin) as
wound-healing materials to meel the target requirements
as listed above.

On a PNIPAM-HA film, cast from its aqueous
solution at room temperature, the adhesion and
spreading of fibroblasts were markedly inhibited (Fig.
1), which is due to the very highly swollen gel-like
structure of HA (Fig. 5). When such a solution was
applied to a rat cecum tissue, a slightly opaque
precipitate was spontaneously formed. One week after
application, markedly reduced adhesion of the PNI-
PAM-HA-treated cecum to adjacent tissues was ob-
served while the non-treated cecum adhered to adjacent
tissues, producing collagenous tissues (Fig. 3 and Table
1). Thus, in silu swollen precipitate of PNIPAM-HA
effectively functioned in preventing tissue adhesion
between the cecum and adjacent tissues.

As for thermoresponsive hemostatic aids, our pre-
vious study showed that PNIPAM—gelatin served as an
artifictal extracellular matrix material: the aqueous
solution of PNIPAM-gelatin was immediately con-
verted to a hydrogel, in which cells can adhere and
proliferate. When PNIPAM-gelatin-containing PBS
was coated on the bleeding sites of the canine liver
and rat aorta, the solution was immediately converted to
an opaque clastic hydrogel (Fig. 4). The hydrogel fully
covered and weakly adhered to the bleeding sites,
resulting in complete hemostasis on both tissues. The
PNIPAM-—gelatin-coated aorta pulsated well, indicating

Ireor- and incamolecist
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Fig. 5. Thermoresponsive gelation mechanism of PNIPAM-HA and
PNIPAM-gelatin, Due to the dehydration of the hydrated amide
group above lower critical solution temperature (LCST), PNIPAM
graft chains were precipitated to form multimolecular aggregates. At
high concentrations of PNIPAM-grafied biomacromolecules, the
entire solution gelled to produce an opaque hydrogel and at low
concentrations, a white precipitate was obtained.

that the PNIPAM-—gelatin formed quite elastic hydrogel
and the hydrogel did not interfere with the periodic
pulsation of a high-pressure circulatory system.

5. Conclusion

Although this article describes very limited experi-
ments on tissue adhesion control using PNIPAM-HA
and PNIPAM-gelatin, the bioconjugation of thermo-
responsive synthetic materials and extracellular-matrix
derived biomacromolecules, which thermally form pre-
cipitate or hydrogel, can provide a new prototype of
wound-healing materials and promising procedures.
Further studies to improve the properties required for
both tissue adhesion and tissue adhesion prevention and
1o examine a longer term performances are needed. Such
studies are ongoing in our laboratory.

Acknowledgements

The authors are grateful to Seikagaku Kogyo Co.
Lid., for the supply of sodium hyaluronate. This study
was financially supported by Ministry of Education,
Culture, Sports, Science and Technology under Grant
No. 14780665 and No. 15200038.

References

[t] diZerega GS. Contemporary adhesion prevention. Feritl Steril
1994;61:219-35.

[2] Burns JW, Colt MIJ, Burgess LS, Skinner KC. Preclinical
evaluation of seprafilm™ bioresorbable membrane. Eur J Surg
1897,577(suppl. k408,

[3] Diamond MP, DeCherney AH, Linsky CB, Cunninghan T,
Constantine B. Assesment of carboxymethylcellnlose and 32%
dextran 70 for prevention of adhesions in rabbit uterine horn
model. Int J Fertit 1988;33:278-82.

[4) Linsky CB, Cohen SM, Franklin RR, Haney AF, Malinak LR,
Patton GW, Rock JA, Rosenberg SM, Webster BW, Yuzpe AA.
Prevention of postsurgical adhesions by INTERCEED{TC7), an

-135-



S. Ohya et ol | Biomaterials 26 (2005) 655-659 659

absorbable adhesion barrier; a prospective randomized multi-
center clinical study. Feritil Steril 1989;51:933-8.

[5] Burns I'W, Skinner K, Colt J, Sheidlin A, Bronson R, Yaacobi ¥,
Goldberg EP. Prevention of tissue injury and postsurgical
adhesions by precoating tissues with hyaluronic acid solutions. J
Surg Res 1995;59:644-52.

[6] Campoceia D, Doherty P, Radice M, Brun P, Abatangele G,
Williams DF. Semisynthetic resorbable materials from hyalur-
onan esterification. Biomaterials 1998;19:2101-27.

[7] Spotniz WD. History of tissue adhesives. In: Sierra D, Saits R,
editors. Surgical adhesives and sealants, current technology and
applications. USA: Technomic; 1996, p. 3-11.

[8] Tseng YC, Hyon SH, Ikada Y, Shimizn Y, Tamura K, Hitomi S.
Tn vivo evaluation of 2-cyanoacrylates as surgical adhesives. J
Appl Biomater 1990;1:111-9.

[$1 Matsuda T, Nakajima N, Itoh T, Takakuara T. Development of a
compliant surgical adhesive derived from novel fluorinated
hexamethylene diisocyanate. ASATO 1989;35:381-3.

[10] Chya §, Nakayama Y, Matsuda T. Thermoresponsive artificial
extracellular matrix for tissue engineering: hyaluronic acid
bioconjugated with poly(N-isopropylacrylamide) grafts, Bioma-
cromolecules 2001;2:856-63.

[11] Ohya 8, Nakayama Y, Matsuda T. Artificial extracellular matrix
design in tissue engineering: synthesis of thermoresponsive
hyaluronic acid and its supramolecular organization. Jpn J Artif
Organs 2000;29:446-51.

[12] Morikawa N, Matsuda T. Thermoresponsive artificial extracel-
lutar matrx: N-isopropylacrylamide-graft-copolymerized gelatin.
J Biomater Sci, Polym Ed 2002;13:167-83.

[13] Matsuda T. Molecular design of functional artificial extracellular
matrix; thermoresponsive pgelatin. Jpn J  Artif Organs
1999,28:242-5.

[14] Ohya 8, Nakayama Y, Matsuda T. Material destgn for artificial
extracellular matrix: cell entrapment in poly(N-isopropylacryla-
mide) (PNIPAM)-grafied gelatin hydrogel. J Artif Organs
2001;4:308-14.

-136-



Current Drug Delivery, 2005, 2, 53-57 53

High Performance Gene Delivery Polymeric Vector: Nano-Structured

Cationic Star Polymers (Star Vectors)
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Abstract: Nano-structured hyperbranched cationic star polymers. called star vectors, were molecularly designed for a
novel gene delivery non-viral vectar. The linear and 3, 4 or 6 branched water-soluble cationic polymers, which had same
molecular weight of ca. 18,000, were synthesized by iniferter (initiator-transfer agent-terminator)-based photo-living-
radical polymerization of 3-(N,N-dimethylamino)propyl acrylamide, initiated from respective multi-dithiocarbamate-
derivatized benzenes as an iniferter. All polymers produced polyion complexes ‘polyplexes’ by mixing with pDNA
{pGL3-control plasmid), in which the particle size was ca. 250 nm in diameter [the charge ratio < 2/1 (vevtor/pDNA}] and
ca. 150 nm (the charge ratio > 2.5/1), and the {-potential was ca. +10 mV (the charge ratio > 1/1). When COS-1 cells were
incubatad with the polyplexes 12h after preparation under the charge ratio of 5/1, higher gene expression was obtained as
an increase in branching, with a little cytotoxicity. The relative gene expression to the linear polymer was ebout 2, §, and
10 times in 3-, 4-, and 6-branched polymers, respectively. The precise change in branching of polymers enabled the

control of the gene transfer activity.

Keywords: Non-viral vector, star polymer, polyplex, branched polymer, gene transfection, motecular design.

INTRODUCTION

The cationic polymers, which can generate nano-particles
by formation of polyion complexes “polyplexes’ with DNA
irrespective of its size and kind, are highly expected as one
of the major materials for non-viral vectors [1-4]. However,
the primary obstacle toward implementing an effective gene
therapy using the cationic polymers remains their relatively
inefficient gene transfection in vivo than virus vectors.

To achieve an enhancement of gene transfection using
cationic polymers, numerous studies have been performed by
various approaches; e.g., the chemical synthetic engineering
approach in which the kind and composition of the polymers
are modified [5,6]. biochemical approach in which targeting
ligands such as galactose, mannose, transferring, or
antibodies into the polymers [7-11], functional molecular
engineering approach in which stimulus-response polymers
with light and thermal reactivity are designed as high
performance vectors [12-14], and physical engineering
approach in which physical stimulation with electroporation,
gene gun, ultrasound and hydrodynamic pressure are
provided at the transfection [2,15,16]. However, few studies
in the molecular structure of cationic polymers, which are
usually synthesized by conventional radical polymerization,
has been reported, except for the effects of changes in the
polymer chain length and composition of polymers [17-20]
and complex multi-branching polymers, of which structural
analysis is impossible [21-24]. Since precise molecular

*Address correspondence to this author at the Department of
Bioengineering, National Cardiovascular Center Research Institute, 5-7-1
Fujishiro-dai, Suita, Osaka 563-8565, Japan, Tel: +81-6-6833-5012; Fax:
+81-6-6872-8090; E-maik: nakayama@ri.ncve.gojp

1567-2018/05 $50.00+.00

design, including the molecular weight and three-
dimensional structure, by conventional radical poly-
merization was quite difficult in general, the systematic
structure-dependency of cationic polymers in gene
transfection has not been established.

In this stidy, for examination of the effects of the
molecular structure on gene expression we designed novel
cationic polymers with star-shaped and symmetric structure,
which is determined by 2-parameters, the degree of
branching and chain length. Molecular design was performed
by the iniferter (acts as initiator-transfer agent-terminator)-
based photo-living-radical polymerization method pioneered
by Otsu et al. [25-30]. An iniferter, benzyl N,N-
diethyldithiocarbamate (DC) is dissociated into a benzyl
radical and a dithiocarbamyl radical by ultraviolet light (UV)
irradiation. The reaction invelving an N N-diethyldithio-
carbamy! radical favors chain termination with a growing
polymer chain radical end rather than a reaction with a vinyl
monomer, whereas a benzyl radical reacts with a vinyl
monomer to produce a polymer. These reactions proceed
only during irradiation. Therefore, the chain length of the
growing pelymer is controlled by irradiation condition such
as irradiation time or light intensity and the composition of
the solution. We previously used the living radical
polymerization for designing of various surface graft
architectures [31-34] controlling the chain length, block graft
chain, gradient chain length and regionally graft polymerized
pattern surface. As the first step of the study, star polymers
of the same molecular weight at a precise depree of
branching of 0, 3, 4, and 6 were synthesized. The effects of
the degree of branching on gene expression by measuring the
luciferase activity were examined.

© 2005 Bentham Science Pu blishers Ltd, "~ -
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MATERIALS AND METHODS
Materials

Benzy! chloride, 2.4, 6-tris(lbromomethy)mesitylene,
1,2,4,5-tetrakis(bromomethy|)benzene, and hexakis(bromo-
methyl)benzene were obtained from Sigma-Aldrich
(Milwaukee, WI). Sodium N,N-diethyldithiocarbamate and
N,N-dimethyaminopropy acrylamide were purchased from
Wako Pure Chemical Ind. Ltd. {Osaka, Japan). Solvents and
other reagents, all of which were of special reagent grade,
were obtained from Wako and used after conventional
purification. Plasmid DNA {pGL3-control), which contains
the firefly luciferase gene, was obtained from Promega Inc.,
(Tokyo, Japan). ExGen 500 [poly(ethylene imine)] was
obtained from Euromedex Inc., {Cedex, France).

Synthesis of Cationic Star Polymers

Cationic polymers including linear and three types of star
pelymers with 3, 4, or 6 branches per malecule were
prepared by iniferter-based photo-living-radical polymeri-
zation of 3-(N,N-dimethylamino)propyl acrylamide as a
monomer from respective inifeters such as benzyl NN-
diethyldithiocarbamate, 2.4.6-tris (V. N-diethyldithiocarba-
mylmethyl)mesitylene, 1,2,4,5- tetrakis{V, N-diethy!dithio-
carbamylmethyl)benzene, and hexakis (¥, N-diethyldithio-
carbamylmethyl)benzene, which were obtained by NN-
diethyldithiocarbamylation from respective benzyl
halogenate derivatives such as benzyl chloride, 2,4,6-tris
(bromomethyl)mesitylene, 1,2,4,5-tetrakis(bromomethyl}
benzene, and hexakis(bromomethyljbenzene,

The general preparation method of iniferter is followed.
An ethanol solution {10 mf) of chloromethyl benzene (4.8 g,
38 mmol) was added to an ethanol solution (50 ml) of
sodium N, N-diethyldithiocarbamate (10.3 g, 46 mmol) at
0°C. After the mixture was stirred at room temperature for
24 h, the resulting sodium chloride was separated by
filtration. The filtrate was concentrated under reduced
pressure. The residue was added into 150 m!l of water and
extracted with ether (200 ml x 2) and washed successively
with deionized water (100 ml x 3), followed the separation
of the organic layer, drying over MgSQ,, condensation to
give benzyl N, N-diethyldithiocarbamate: yield, 17.6g (93%);
H NMR (DMSO-dswith Me,Si) § 7.34 (m, 5H, Ceffs), 4.54
(s, 2H, CH:-S), 4.05 (q, 2H, N-CH>), 3.73 (g, 2H, N-CHa),
1.28 {m, 6H, CH.CH)).

The general procedure of iniferter-induced photo-living-
radical polymerization is followed. A methanol solution (20
mi) of benzyl N, N-diethyldithiocarbamate (24 mg, 0.1 mmol}
and 3-(N, N-dimethylamino)propyl acrylamide (3.9 g, 25
mmol) was placed into 50 ml quartz crystal tube. A stream of
dry nitrogen was introduced through a gas inlet to sweep the
tube for S min or more. The solution was then irradiated for
30 min with a 200 W Hg lamp (SPOT CURE, USHIO,
Tokyo, Japan) in nitrogen atmosphere at 20~25 °C. Light
intensity was set to 1 mW/cm?® at the wavelength of 250 nm
(UVR-1, TOPCON, Tokyo, Japan). The reaction mixture
was concentrated under reduced pressure. The residue was
dissolved in a small amount of methanol. The precipitate,
obtained by the addition of a large amount of ether, was
separated by filtration. Reprecipitation was performed in the
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methanol-ether system. The last precipitate was dried in a
vacuum to yield poly[3-(N, N-dimethylamino)propy!
acrylamide] as a white powder. The molecular weight,
determined by GPC analysis, was 18,000 g mol™.'H NMR
(DMSO-d,s with Me,Si) 8 7.60 (br, IH, N-£), 3.22 (br, 2H,
NH-CH,), 2.30 ({br, 2H, N{CH;)-CH2), 2.15 (br, 6H, N-
CH,), 1.65 (br, 2H, CHa-CH?).

General Methods

GPC analysis was carried out on a RI-8012 (TSK.« at-
3000 and ©-5000; Tosoh, Tokyo, Japan) after calibration
with standard polyethylene glycol samples. The eluent was
N N-dimethylformamide. 'H-NMR spectra were obtained on
a Valian Gemini-300 (300 MHz) spectrometer (Tokyo,
Japan). All *H-NMR spectra were recorded in DMSO-d;
solutions using tetramethylsilane as the internal standard.
Dynamic light scattering (DLS) measurements were carried
out using a DLS-8000 instrument (Otsuka Electrinics,
Tokyo, Japan). An Ar ion laser (Ao = 488 nm) was used as
the incident beam, The sample was prepared by direct
mixing of pDNA solution and the polymer in Tris-HCl
buffer (pH 7.4). The DNA concentration of the mixture was
then adjusted to 23 pg cm”.

Cell Culture and Transfection

COS-1 cells {ca. 3 x 10 cells per well) were seeded prior
to treatment in 24-well plates and grown for 24 h in DMEM

* (Gibco, Invitrogen Corp., Carlsbad, CA) containing 10%

fetal calf serum (Hyclone Laboratories Inc., Logan, UT),
penicillin (200 units/ml, ICN Biomedicals Inc., Aurora, OH),
and streptomycin (200 mg/m|, ICN) in an atmosphere of 5%
CO: at 37 °C. Transfections were performed with 0.5 pg of
plasmid DNA (pGL3-control) in 24-multi well dishes in 0.2
m! of OPTI-MEM 1 (Gibco). After 3 h of incubaticn, the
cells were washed once with PBS, and cultured in 1 ml of
DMEM containing 10% feta! calf serum for an additional 48
h. The medium was removed and the cells were washed
twice with PBS. The cells were lysed with 0.2 ml of cell
lysis buffer (Promega, Madison, WI) and mixed by
vortexing. The lysate was centrifuged at 15,000 rpm for |
min at 4 °C and 5 ul of the supernatant was analyzed for
luciferase activity using a Luminous CT-9000D (Dia-fatron,
Tokyo, Japan) luminometer. The relative light unit/s (RLU)
were converted into the amount of luciferase (pg) using a
luciferase standard curve, which was obtained by diluting
recombinant luciferase (Promega) in lysis buffer, The protein
concentrations of cells lysates were measured by Bio-Rad
protein assay (BIO-RAD, Hercules, CA) using bovine serum
albumin as a standard. The expressed luciferase represented
the amount {mole quantity), which is standardized for total
protein content of cell lysate. The data are presented as
means+S.D, (n=5).

Cytotoxicity

Cytotoxicity was assessed by cell viability assay using
WST-8 method (Dojindo, Kumamoto, Japan). COS-1 cells
were seeded 24 h prior to treatment in 96-well plates at 5,000
cells per well. Cells were treated with the same conditions
used for luciferase assays, with a volume of 6.2 pl of the
transfection mixture including 0.124 pg of pDNA added to
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each well. Cells were treated with the appropriate conditions
for 3 h, washed once with PBS, and cuitures in 50 pl of
DMEM (Gibco) containing 10% fetal calf serum for an
additional 24 h. Each well was added with 10 p! of WST-8
reagent (5 mmol/l). ‘After 2 h of incubation at 37 °C,
absorbance at 450 nm was read in a BIO-RAD microplate
reader (Model 680). The data are presented as meansS.D.
{n=5).

RESULTS AND DISCUSSION
Preparation of Cationic Star Polymers

Four kinds of cationic polymers, consisting of one linear
polymer and three star polymers precisely controlled the
degree of branching to 3, 4, and 6, were molecularly
designed (Fig. 1). The polymers were synthesized by the
iniferter living radical polymerization using respective
initiators, multi-dithiocarbamate-derivatized benzenes, which
were prepared corresponding to the degree of branching. As
the monomer, a cationic vinyl monomer with tertiary amino
residues, 3-(N, N-dimethylamino)propy! acrylamide was
used. Since polymerization could proceed only during
irradiation, the chain length of the polymers could be easily
controlled by the irradiation condition and the composition
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of the solution. One linear and three kinds of star polymers
with a molecular weight of about 18,000 with low
polydispersity of about 1.5, irrespective of the degree of
branching, were obtained. Therefore, the chain length in the
polymers was set to about 6,000 with a degree of branching
of 3, about 4,500 with a degree of branching of 4, and about
3,000 with a degree of branching of 6.

Polyplex Formation

When aqueous solutions of all obtained branched cationic
polymers with same molecular weight were mixed with a
Tris-HC! buffered saline of pDNA, marked high scattering
intensity in quasi-elastic (dynamic) light scattering (DLS)
measurements was immediately observed regardless of the
degree of branching, indicating polyplexes formation from
all cationic polymers. It was considered that the polyplexes
formed by electrostatic interactions are same as other
cationic polymeric vectors. The particle sizes of the
polyplexes were measured using DLS. The DLS
measurements showed that the cumulant diameter of the
polyplexes was about 250 nm at a charge ratio less than 2/1
(vector/pDNA) and decreased to about 150 nm at a charge
ratio more than 2.5/1{vector/pDNA). However, the particle
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Fig. (1), Steuctural formulas of the star polymers, which were synthesized by iniferter-induced photo living radical polymerization of 3-(N.N-
dimethylamino)propy! acrylamide from the respective mutti-iniferters, N.N-diethyldithiocarbamate-derivatized benzenes.
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sizes of the polyplexes were not significantly affected by the
branching. In addition, {-potentials of pDNA polyplexes
with the cationic polymers were measured to examine their
electric property. The {-potential of the pDNA polyplexes
was about +10 mV at a charge ratio more than
1/1(vectot/pDNA). The difference in T-potential value
between the polymers was little in each branching.
Therefore, it can be said that there is little difference in
physiochemical properties of the polyplexes produced from
cationic polymers with different branching.

Cytotoxicity

Cytotoxicity of the pDNA polyplexes with the 6-
branching polymer to COS-1 cells was studied by the cell
survival rate using the WST-8 method. As shown in (Fig. 2)
the cytotoxicity of the polyplexes was negligible up to a
charge ratio of 5/1 (vector/pDNA). At charge ratios more
than 5/1, the cytotoxicity was gradually reduced, and it was
about 60% at a charge ratic of 20/1 (vector/pDNA).
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Fig. (2). Cytotoxicity of the polyplexes obtained immediately after
mixing of DNA (pGL3-control) and 6-branching star polymer
under the changing of a charge ratio {vector/pDNA), which was
determined by cell viability assay of COS-1 cells using a WST-8
method. The data are presented as means£S.D, (n=5).

Gene Expression and Cell Viability

Gene transfer activity of the cationic polymers with same
molecular weight of about 18,000 was examined and
compared with that of ExGen 500 [35,36], which was one of
major commercially available typical cationic polymeric
vectors as a positive control, Figure 3 shows gene transfer
activity of the cationic polymers at the charge ratio of 5/1
(vector/pDNA) in COS-1 cells. When pDNA alone was
transfected, little luciferase activity was observed (data not
shown). On the other hand, the luciferase was produced in all
pDNA polyplexes. The enhancement of gene transfer
activity in the use of the polyplexes may be due to
acceleration of cellular uptake of pDNA polyplexes by
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Fig. (3). Effect of branching of the star polymers on the level of
luciferase gene transfer activity in COS-1 cells. COS-1 cells were
treated with the polyplexes prepared by mixing of the star polymers
and DNA (pGL3-control) under a charge ratio of 5/1
(vector/pDNA) 12 h after those preparation. The expression level
was increased with increases in the degree of branching. The data
are presented as means+S.D, {n=53).

endocytosis and endosomal release of the polyplexes by the
proton sponge effect [37,38]in endosomes, similar to the
other cationic polymers. The gene transfer activity of the
pDNA polyplexes with the non-branched, linear cationic
polymer was lowest, which was comparable with that of
ExGen 500. However, the activity was increased by stage.
corresponding to the degree of branching. The relative
transfer activity to the linear polymer was about 2, 5 and 10
times in 3-, 4- and 6-branched polymers, respectively. As an
increase in the degree of branching the transfer activity was
almost exponentially increased. It can be said that the highly
branched polymer called star vectors is useful for a gene
delivery vector. '

Cationic polymer-mediated transfection should over-
come three major barriers for transfection, which includes
binding of pDNA polyplexes to cell surface, endosormal
release, and entry of pDNA into the nucleus. These barriers
are strongly depended on the physicochemical properties of
polyplexes such as net charge and particle size. Therefore,
such properties markedly determine transfection efficiency.
However, in the present study, transfection efficiency was
strongly affected with the branching degree regardless of
almost same physcochemical properties in pDNA polyplexes
formed from the all branched polymers. The branching
degree-dependent transfer activity changing may be
estimated below. As an increase in the degree of branching
the density of cationic charges in the btanched polymers is
increased. Higher charge density may affect the formation of
higher compaction of pDNA polyplexes. The condensed
pDNA polyplexes thus obtained may be stable in endosomes
and also in aqueous media, which may prevent degradation
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and aggregation of the polyplexes, respectively. Therefore,
higher branching resulted in higher gene transfer activity.

The other star polymers as a gene delivery vector are
easily designed by iniferter-based photo-living-radical
polymerization. The composition of polymer chains can be
determined by the kind of monomers, and the molecular
weight, by the irradiation time. Therefore, in addition to
allowing design of the basic skeletal structure, the
composition and length of polymer chains can be optimized
as schematically shown in (Fig. 4). Changing the kind of
monomers can control the composition of the polymer chains
continuously or stepwise. To further increase the degree of
branching, we will design the core molecules from benzene
ring to naphthalene ring or combinations of benzene rings as
multi-iniferters. Furthermore, formation of hyper branching
structure by diverging of branching chains will be possible
{34]. In the near future, the correlation between the three-
dimensional structure in a star vector and the efficiency of
gene expression will be clarified in detail.
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Fig. (4). Possibility in molecular design of various star polymers
having different branching, diverging, chain length, or composition,
which are based on iniferter-induced living radical polymerization.
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Photo-Control of the Polyplexes Formation between DNA and Photo-
Cation Generatable Water-Soluble Polymers

Yasuvhide Nakayama'", Mariko Umeda'? and Kingo Uchida®

TDepariment of Bioengineering, Advanced Medical Engineering Center, National Cardiovascular Center Research In-
stitute, *Department of Materials Chemistry, Faculty of Science and Technology, Ryukoku University, Ryukoku, USA

Abstract: Photo-cation generatable water-soluble polymers (Mw: approximately | x 10°) were prepared by radical co-
polymerization of N.N-dimethylacrylamide and viny]l monomer of triphenylmethane leucohydroxide (malachite green),
which generate a cation upon ultraviolet light (UV) irradiation at wavelengths of between 290 and 410 nm. The malachite
green contents of the copolymers were 3.6 (0.4 mol %), 7.9 (0.7 mol %), and 15.0 (2.7 mol %) per molecule. When an
aqueocus solution of the photo-cationized copolymers generated by UV irradiation was mixed with a Tris-HC! buffer (pH
7.4) of DNA (pGL3-contro! plasmid), dynamic light scattering (DLS) measurements showed the formation of polyplexes
between the cationic copolymers and anionic DNA by non-specific electrostatic interaction, which was visualized with a
confocal laser scanning microscopy (CLMS). Their mean cumulant diameter was about 150 nm with low polydispersity
irrespective of the malachite green content in the copolymers. In the copolymer with the lowest malachite green content,
almost all of the amount of the polyplexes was maintained by repeated UV irradiation, but the amount gradually decreased
in the dark at 37 °C due to dissociation of the polyplexes, synchronized with the neutralization of the cation form of mala-
chite green. The photo-cation generatable copolymers designed here can undergo photo-induced formation of the poly-
plexes with DNA, and thermal polyplex dissociation, which may be used as a model for a novel photo-induced gene deliv-

ery system into cells.

Keywords: Photo-induced polyplex formation, Photo-control, Photo-cation generatable polymer, Malachite green, Polyplex

dissociation.

1. INTRODUCTION

Viral vectors with high gene transfection efficiency both -

in vitro and in vivo, such as adenovirus and retrovirus, have
been widely used for gene therapy [1-8] since its first use for
the treatment of adenosine deaminase (ADA) deficiency in
1990 [8]. However, since a fatal accident with an adenovirus
vector in the USA in 1599, high safety standards have been
required in the use of such vectors. Therefore, in recent years
the development of non-viral vectors, which can be expected
to have high biological safety, has been further accelerated.
One major approach in the development of non-viral vectors
is based on synthetic cationic polymers [9-20], including
poly(ethylene imine) [13,14], poly-L-lysine [15,16], poly
(amidoamine) dendrimer [17,18], and poly[(2-dimethyl-
amino)ethyl methacrylate] {19,20], which can spontancously
form ‘polyplexes’ as a result of electrostatic interactions be-
tween the positively charged groups of the cationic polymers
and the negatively charged phosphate groups of DNA. The
cationic polymer-induced gene delivery systems have several
advantages in addition to 1) high biological safety, and these
are: 2) low costs, 3) easc of preparation and manipulation,
and 4) no limitation of the size of transduced genes. How-
ever, the primary obstacle toward implementing a clinically
available gene therapy using cationic polymers as vectors

*Address correspondence to this author at the Department of Bioengineer-
ing, Advanced Medica! Engincering Center, National Cardiovascular Center
Research Institute, 5-7-1 Fujishiro-dai, Suita, Osaka 565-8565, Japan; Tcl.
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remains their extremely low efficiency in gene transfection in
vivo compared with virus vectors.

It is strongly indicated that polyplexes are usually taken
up by cells in endosormal compartments via endocytosis in-
duced by non-specific electrostatic interactions between
positively charged groups on the polyplex surface and nega-
tively charged residues on the cell surface. When the poly-
plexes are released from the highly acidic endosormal com-
partment, and if the polyplexes can be ecasily dissociated,
DNA released from the polyplexes will be more efficiently
taken in by auclei, resulting in higher transcription and gene
expression. Therefore, the promotion of gene transfection
may be improved by increasing: 1) the introduction of poly-
plexes into cells, 2) release of DNA from introduced poly-
plexes into the cytoplasm, and 3) delivery of DNA to nuclei.
To enhance the introduction of polyplexes into cells, many
research groups have attempted the introduction of targeting
ligands such as galactose, mannoese, transferrin, or antibodies
into cationic polymers [19,21-25]. Such biochemical ap-
proaches have provided high gene expression. On the other
hand, even using existing vectors, the promotion of gene
transfection has been obtained by physical stimulation of
transfection using electroporation, gene gun, ultrasound and
hydrodynamic pressure [9,26,27]). These physicochemical
approaches are very simple, and can be widely used.

Recently, a new gene delivery system, which can control
the release of DNA, has been developed by the molecular
design of polymeric vectors. For example, Yokoyama ef al.
constructed a temperature-controlled gene expression system,

© 2005 Bentham Science Publishers Ltd.
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in which a thermosensitive random copolymer, based on
cationized poly(N-isopropylacrylamide) (PNIPAM), was
synthesized as a thermoreactive vector [28]. Increased cellu-
lar uptake of the polyplexes, consisting of the cationized
PNIPAM and DNA, at 37 °C and its disintegration by the
reduction of temperature to 20 °C were demonstrated. A
photo-controlled gene transfection system was proposed by
Nagasaki ez al. [29]. A photoreactive veclor was designed,
consisting of cationic lipids with an o-nitrobenzyl moiety as a
photocicavable spacer. The DNA complex that had been
taken up by the lipids was disinfegrated by UV irradiation. In
both systems external physical stimulation with tempcrature
or light could promote enhancement of gene expression.

Malachite green is a well-known photochromic molecule
that reversibly dissociates into ion pairs under ultraviolet
light (UV) irradiation, producing intensely deep-green-
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colored triphenylmethyl cations and counter hydroxide ions
within a few minutes (Fig. 2} [30,31]. The generated cations
are stable under acidic condition. In our previous study, we
synthesized water-soluble polyacrylamide-based copolymers
with malachite green side chains, which could be immedi-
ately taken up into cells by non-specific electrostatic interac-
tions due to conversion from the nonionic copolymers to
polycations by UV irradiation [32}. The photo-generated
cations slowly reverted to the original leucchydroxide species
on cessation of the UV irradiation even under physiological
temperature within approximately 1 has shown in Fig. 2
Therefore, if using the malachite green-derivatized polymers
as a vector, it is expected that upon UV irradiation polyplexes
can be formed from the photo-generated cationic polymers
and DNA, and these can be dissociated by the time-
dependent decrease in cation concentration in the dark (Fig.
1). In this study, water-soluble poly(NN-dimethy-
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Fig. (1). Schematic illustration of the principle of photo-induced polyplex formation and its dissociation, both of which were based on the
specific photochemical/thermal reactivity of the malachite green-derivatized water-soluble polymer.
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Fig. (2). Reaction scheme of the preparation of photo-cation generatable water-soluble copolymer, which is a radical copolymer of
diphenyl{(4-vinylphenyl)methane leucohydroxide and N.N-dimethylacrylamide. Chemical reaction in photoinduced dissociation of triphen-
ylmethane leucohydroxide (malachite green) derovatized in the copolymer to triphenylmethyl cation and counter hydroxide ion and thermal
recombination between them.
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acrylamide}-based copolymers with malachite green groups
as side chains were synthesized (Fig. 2). Their photo-induced
polyplex formation with DNA and thermal dissociation reac-
tions were evaluated by measuring the light scattering inten-
sity using a dynmamic light scattering (DLS) measurement
apparatus. The possibility of using the malachite green-
derivatized polymers for a vector material in a novel photo-
induced gene delivery system is discussed.

2. MATERIALS AND METHODS
2.1. Materials

4-Vinylbenzoic acid and 4-bromo-N,N-dimethylaniline
were purchascd from Tokyo Kasei Kogyo Co., Ltd. (Tokyo,
Japan). Oxalyl chloride, MNN-dimethylacrylamide, 2,2'-
azobis(isobutyronitrile) (AIBN), and »-butyl lithium hexane
solution were purchased from Wako Pure Chemical Indus-
tries, Ltd. (Osaka, Japan). All other regents and solvents were
obtained commercially and were purified by distillation.

2.2. Synthesis of Diphenyl(4-Vinylphenyl)methane Leuco-
hydroxide [33] :

Oxalyl chloride (21.4 g, 170 mmol) was added to 4-
vinylbenzoic acid (5 g, 34 mmol) at less than 0 °C and stirred
at room temperature for 8 h. After the oxalyl chloride was
evaporated off under vacuum, dry methanol (50 mL) was
added to the residue. Solvent evaporation from the reaction
mixture afforded methy! 4-vinylbenzoate: 5.1 g (93%); 'H
NMR (CDClLy): 8 7.99 (d, J=8.1 Hz, 2H, m-H of PhC=C),
7.46 (d, /=8.7 Hz, 2H, o-H of PhC=C), 6.75 (q, J=10.8 Hz,
1H, PhCH=C), 5.86 (d, J=17.4 Hz, IH, cis-H of PhCH=CH)),
538 (d, J=102 Hz, trans-H of PhCH=CH)), 3.91 (s, 3H,
COOCHsy).

4-Bromo-N,N-dimethylaniline (12.3 g, 61.7 mmol} was
dissolved in anhydrous tetrahydrofuran (THF) (100 ¢m’) and
the solution was kept at 78 °C in a liquid nitrogen bath un-
der an argon atmosphere. A hexane solution of butyllithium
(BuLi) (48 mL, 77 mmol} was injected gradually into the
THF solution with stirring. To the mixture was added drop-
wise a THF (70 cm®) solution of methyl 4-vinylbenzoate (5 g,
30.2 mmol). The reaction mixture was allowed to warm
slowly to room temperature and then stirred for an additional
hour. After the reaction, the THF was evaporated off under
vacuum and water (150 em®) was added to the residue. The
agueous ghasc was then neutralized by the addition of 0.1
mol dm™ hydrochloric acid. Extraction with dichloro-
methane, followed by vacuum evaporation of the solvent,
afforded a dark-green oily product of diphenyl(4-
vinylphenyl)methane leucohydroxide 1. Recrystallization of
the crude product from methanol yielded a pale-green solid
of 1 (42%). '"H NMR (DMSO-dp): 6 7.34 (d, J =9.0 Hz, 2H,
m-H of PhC=C), 7.28 (4, J =9.0 Hz, 2H, o-H of PhC=C),
7.12 (d, 44, J =9.0 Hz o-H of NPh), 6.74 (dd, J =10.8, 18.0
Hz, 1H, PhCH=C), 6.65 (d, J =8.1 Hz, 4H, m-H of NPh),
5.72 (&, J =162 Hz, 1H, cis-H of PACH=CH,), 5.21 (d, J
=10.8 Hz, 1H, trans-H of PhnCH=CH}), 2.94 (s, 12H, -NCH;).

2.3. Synthesis of Photo-cation Generatable Water-soluble
Polymer [32]

The photo-cation generatable water-soluble . polymers
were prepared by radical copolymerization of diphenyl(4-
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vinylphenylymethane leucohydroxide with N,N-
dimethylacrylamide in benzene at 60 °C for 24 h, in a glass
tube sealed after several frecze-pump-thaw cycles under vac-
uum. The total monomer concentration was set at 0.7 mol
dm’® (feed of diphenyl(4-vinylphenyhmethane leucohydrox-
ide was changed from 0.1 to 0.5 mol % in the text), and oo’
azobis(isobutyronitrile) (AIBN) was used as the initiator (0.5
mol % relative to the total monomer). The polymer, precipi-
tated by addition of a large amount of ether, was separated
from the solution by filtration. Reprecipitation was carmried
out sufficiently from the methanol solution to ether three
times to exclude non-reacted monomer and initiator com-
pletely. The last precipitate was dried under a vacuum and
stored in a dark desiccator. The molecular weight was deter-
mined by gel permeation chromatograph (GPC) analysis. The
triphenylmethane leucohydroxide group contents were 3.6
(0.4 mol %), 7.9 (0.7 mol %), and 15.0 (2.7 mol %) per
molecule, which was determined from the absorption spec-
trum using the absorption coefficient of malachite green car-
binol base, which had a maximum absorption at a wavelength
of 620 nm in an aqueous solution (£ = 6.7 x 10* dm’*mol” e’
1. Polymerization yicld was adjusted less than about 20 % to
obtain copolymers with homogeneous composition, 'H NMR
(CDCly): 8 7.2-7.4 (Ph-C), 6.9-7.15 (o-H of NPh), 6.45-6.70
(m-H of NPh}, 2.7-2.9 (PhNCH;, CONCH:), 1.1-1.6 (-CH--).

2.4. General Methods

Irradiation was carried out using a mercury-xenon arc
lamp (L2859-01; Hamamatsu Photonics Inc., Shizuoka, Ja-

.pan). The illumination wavelength (290 < A < 410 nm) was

selected with the aid of cutoff filters (UV-D33S, Toshiba,
Tokyo, Japan). The light intensity, measured with a pho-
tometer (UVR-1, TOPCON, Tokyo, Japan), was fixed at 1.0
mW/cm®. The absorption spectra were measured using a UV/
visible light (VIS) spectrophotometer (UV-1700, Shimadzu,
Kyoto, Japan). GPC analysis was carried out on a RI-8012
(TSK;q @-3000 and o-5000, Toso, Tokyo, Japan) after cali-
bration with standard poly(ethylene glycol) samples. The
eluent was N, N-dimethylformamide. 'H-NMR spectra were
obtained on a Varian Gemini-300 (300 MHz) spectrometer
(Tokyo, Japan). 'H-NMR spectra were recorded in deuterated
chloroform (CDCl;) or dimethyl sulfoxide (DMSO-d;) solu-
tions using tetramethylsilane (TMS) as the internal standard.
Dynamic light scattering (DLS) measurements were carried
out using a DLS-8000 instrument (Otsuka Electrinics, Tokyo,
Japan). An argon (A1) ion laser (A = 488 nm) was used as
the incident beam. The sample was prepared by direct mixing
of the DNA solution and polymer in Tris-HCl buffer (pH
7.4). The DNA concentration of the mixture was then ad-
justed to 23 pg cm™. The fluorescence image of the poly-
plexes was obtained using a confocal laser scanning micro-
scope (CLSM, 543 nm, Radiance2100, Bio-Rad Lab., Her-
cules, CA).

3. RESULTS

3.1. Preparation and Physical Properties of Photo-cation
Generatable Water-soluble Polymers

Photo-cation generatable water-soluble polymers were
prepared by free radical copolymerization of NAN-
dimethylacrylamide with the photo-dissociable monomer,
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Table 1. Preparation of Photo-Cation Generatable Water-Soluble Copolymers and their Composition
Feed of MG® mono- Yield (%) MG" content (mol %) Mu* (x10% polydispersity pumber of MG* /
mer (mol %) molecule

0.1 22 04 9.1 2.6 36

02 20 0.7 114 2.1 7.9

05 17 27 59 23 15.0
Polymerization conditions: initiator, AIBN; [ Winitiator] = 200; Solvent; benzene; [monomer] = 0.7 mol/1; temp., 50°C; Polym, Time, [7 b, *MG means malachite green. .
Number-average molecular mass d ined by gol-p chromatography (PEQ standard). © Determined by absorption spectra at 620 nm.

diphenyl(4-vinylphenyl)methane leucohydroxide according
to the previously reported method [32] (Fig. 2). The content
of the photodissociable group, triphenylmethane leucohy-
droxide, in the copolymers was determined by absorption
spectroscopy using the absorption coefficient at an absorption
maximum (620 nm) of a malachite green carbinol base. Table
1 summarizes the preparation conditions and compositions of
the copolymers. '"H NMR spectra indicated that by repetition
of sufficient reprecipitation no non-reactive monomer and
initiator was detected completely in the all polymers ob-
tained. Polymer yield was adjusted under about 20 % to ob-
tain homogencous copolymers with narrow distribution of
copolymerization ratio. The malachite green contents in the
copolymers of molecular weight about 0.6-1x10°, were 3.6
(copolymerization ratio; 0.4 mol %), 7.9 (0.7 mol %) and
15.0 (2.7 mol %} units per molecule.

Aqueous solutions of the three copolymers at pH 7.4 and
37 °C were light green before UV imradiation. Upon UV irra-
diation at a wavelength of between 290 and 410 nm, the
aqueous solutions spontancously turmned to deep green with an
increase in absorption at 620 nm (Fig. 3) and exhibited a con-
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Fig. (3). Absorbance changes at 620 nm in aqueous solutions of
photo-cation generatable water-soluble copolymers (malachite
green content per molecule, 3.6: _; 7.9: _; 15.0: _), and the poly-
plexes from the photo-cation generatable water-soluble copolymer
(malachite green content, 3.6: _; 7.9: _; 15.0: _) and DNA (pGL3-
conirol plasmid, 0.5 pg). Arrow indicates the time of UV irradiation
for 2 min.
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siderably clevated pH to about 8.5. These were attributed to
the generation of a triphenylmethy! cation according to Fig.
2. Within 1 min of UV irradiation almost all malachite green
groups were converted to the cationic form. On cessation of
the UV irradiation the absorption at 620 nm reverted to the
initial level (one quarter of the maximum level) within about
1 h regardless of the malachite green contents in the copoly-
mers, indicating that three quarters of all cationic forms
slowly reverted to the original leucohydroxide, nonionic
form. Therefore, one quarter of the malachite green groups
were present as cations at equilibrium state at pH 7.4 and 37
°C.

3.2, Polyplex Formation and Degradation

When DNA was added to Tris-HC! buffered solution of
the cationic copolymers produced from the malachite green-
derivatized copolymers by UV imradiation, a marked high
scattering intensity in DLS measurements was immediately
observed regardless of the malachite green contents of the
copolymers (Table 2). In contrast, low scattering intensities
were detected in saline solutions of DNA or the copolymers
with or without UV irradiation, or even after mixing of DNA
with the copolymers without UV irradiation (Table 2). For all
copolymers, the scattering intensity was highest at C/A ratios
between 0.5 and 1. An example in the use of the copolymer,
with a malachite green content of 15.0, is shown in Fig. 4.
The larger number and size of the particles caused a larger
scattering intensity. Therefore, it can be said that the photo-
cation-generated copolymers produced polyplexes upon
mixing with DNA at the appropriate mixing ratio. The cu-
mulant analysis of the DLS measurements showed that the
diameter of the polyplexes produced at C/A ratios ranging
from 0.25 to 5 was about 150 nm with low polydispersity
(about 0.4) (Fig. 4). In addition, the polyplexes formation
was visualized by fluorescent microscopic image because the
malachite green is a fluorescent dye, where almost all poly-
plexes observed by exposure to light of wavelength 543 nm
were in spherical shape (Fig. 5).

Upon incubation at 37 °C of the polyplex solutions, pre-
pared from the copolymer with the lowest malachite green-
content, the scattering intensities gradually decreased up to 3
h (Fig. 6), which was well synchronized with the change in
absorbance of the malachite green groups (Fig. 3). Afier 3 h
of incubation the scattering intensity had declined to one half
that obtained immediately after mixing of the photo-
cationized copolymer and DNA. In addition, in this time the
cumulant diameter of the polyplexes decreased from ap-
proximately 150 to 100 nm. However, little change in the
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Table 2.
Green Content; 15.0) with or without UV Irradiation

Current Drug Delivery, 2005, Vol 2, No.3 &

Scattering Intensity of Tris-HCl Buffered (pH 7.4) DNA and/or Malachite Green-Derivatized Copolymer (Malachite

Run Solution condition Scattering intensity
DNA® copolymer” 1.1

1 - - - 4911218

2 O - - 158.2+273

3 - 0 - 169.1 £12.4

4 - 0 (&) 174.5+382

5 0 - 9163 +299.9

6 o o 23452+£973 |

*Key: 0, presence; -, absence,

scattering intensity and the cumulant diameter were observed
in the high malachite green content (7.9 and 15.0) copoly-
mers (Fig. 6) despite a decrease in the amount of cations in
the copolymer (Fig. 3). These results indicated that the poly-
plexes were formed immediately upon mixing of the photo-
cationized copolymers and DNA for all the copolymers
studied, and pradually dissociated only in the lowest mala-
chite green-content copolymer to release of DNA without any
damages, which was confirmed by the observation of the
shift of DNA clectrophoretic migration in agarose gel (data
not shown). ‘
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Fig. (4). Scattering intensity (_) and cumulant diameter () of an
aqueous solution of the polyplexes prepared by mixing of photo-
cation generatable water-soluble copolymer (malachite green con-
tent per molecule, 15.0) and DNA (pGL3-control plasmid, 0.5 pg)
in different ratios.

When 1-min UV irradiation of the polyplex solutions was
repeated every 10 min the absorbance at 620 nm was main-
tained to some cxtent for the lowest malachite green content
copolymer for up to 2 h (Fig. 7), indicating that almost all
cationized malachite green groups existed without conversion

-146-

Fig. (5). Flucrescence microscopic image of the polyplexes from the
photo-cation generatable water-soluble copolymer (malachite green
content per molecule, 15.0) and DNA at C/A ratio of 1. Bar=1¢ pm.,

to the nonionic form due to the action of the intermittent UV
irradiation. Simultancously, under the same UV irmadiation
conditions, the scattering intensity derived from the poly-
plexes was also maintained at the initial value to some extent
(Fig. 6), indicating the dissociation of the polyplexes was
prevented under UV irradiation. However, upon cessation of
UV irradiation the scattering intensities started to spontane-
ously decrease, due to disappearance of the cations (Fig. 6).
Therefore, it can be said that the formation and dissociation
of the polyplexes were photochemically controlled.

4, DISCUSSION

In this study, as a model compound as a vector for a pro-
posed new gene delivery system a photoreactive water-
soluble polymer derivatized with a photochromic compound,
malachite green was molecularly designed [30,31]. Since
malachite green can reversibly generate a cation as shown in
(Fig. 2), the malachite green-derivatized water-soluble poly
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Fig. (7). Change in absorbance at 620 nm of an aqueous solution of
the polyplexes prepared by mixing of photo-cation generated water-

soluble copolymer (malachite green content; 3.6) and DNA at C/A
ratio of 1. Arrows indicate the time of 1-min UV jmmadiation.

mers developed here can be reversibly converted from a
nonioni¢ to cationic form by UV trradiation. Therefore, the
following three functions will be expected when using the
polymers as a vector. Namely, cationization upon UV irra-
diation induces 1) acceleration of the formation of polyplexes
with DNA and their subsequent cellular uptake due to en-
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hancement of electrostatic interactions. Since malachite green
exists as a stable cation under highly acidic conditions, the
polyplexes are stably maintained in endosomal  compart-
ments, Therefore, 2) DNA can be protected from enzymatic
degradation and hydrolysis in the endosome. If the poly-
plexes are released into the pH-neutral cytoplasm, thermal
deionization of cations will occur, which causes: 3) dissocia-
tion of the polyplexes, resulting in the release of DNA. The
last function, 3), may provide the most effective enhancement
of the gene delivery to nuclei in addition to the others 1) and
2), both of which are usually present in other cationic co-
polymers designed as vectors.

The malachite green-derivatized water-soluble polymers
synthesized in this study were radical copolymers of mala-
chite green-derivatized vinyl monomer and a water-soluble
monomer, N.N-dimethylacrylamide. Poly(N,N-
dimethylacrylamide), is a widely used medical material, for
biocompatible surface coatings for medical dévices [34,35]
and for the modification of drugs [36]). Malachite green has
been studied as a functional material in drug delivery systems
[32]. In addition, an affinity chromatography of DNA was
developed by using A.T-base-pair-specific affinity of the
chloride derivative of malachite green [37]. There have been
few reports showing toxicity in these materials. In our previ-
ous study, there was little significant difference between the
control and endothelial cells (ECs) after treatment with the
copolymers synthesized here, regardless of the presence of
UV irradiation in the exclusion test of trypan blue [32]. In
addition, the long-range viability and integrity of the ECs
were not altered from the control upon incubation with the
copolymers at the concentration less than 1 mg/mL, which is
about 10 times larger than that used in standard in vitro trans-
fection experiments [32]. On the other hand, about 70 % of
cell viability was reported in Exgen500, which is polyeth-
ylenimine, one of the commercially avairable cationic poly-
mer vectors, Therefore, it can be said that the copolymers
were biocompatible with little cytotoxicity. The copolymers
will be excluded from the cells without any cellular damagés
because they can not degraded by hydrolysis ez al.

In our previous study, cationized malachite green-
derivatized water-soluble copolymers generated by UV irra-
diation were taken up in cells by electrostatic mteractions,
whereas the non-ionic form of the copolymers before irradia-
tion displayed no detectable interaction with cell membranes
[32]. The strength of interaction was increased by the amount
of malachite green residues introduced into the copolymers
and the irradiation time, 1.c., the amount of generated cations.
To obtain high interaction strength with cells, copolymers
with many malachite green residues are required. However,
to maintain the water-solubility of copolymers, the content of
malachite green residues must be less than several mol % due
to their hydrophobicity.

In this study, 3 kinds of photoreactive copolymers with
1.6 (content of malachite green residues; 0.4 mol %), 7.9 (0.7
mol %), and 15 (2.7 mol %)} of malachite green groups per
molecule were prepared. In all copolymers, upon mixing with
DNA aqueous solutions and afler irradiation there was a
marked increase in scattering intensity (Table 2), indicating
the generation of polyplexes by non-specific electrostatic
interaction. The formation of the polyplexes was also con-
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firmed by observation of CLSM. The diameter of the ob-
tained polyplexes was approximately 150 nm, irrespective of
the malachite green content (Fig. 4). The amount of mala-
chite green cations in the polyplexes returned to the initial
level, ie., the level prior to irradiation, (about 25% of the
entire malachite green groups) in about 3 h (Fig. 3). Since the
amount of cations in an aqueous solution of the copolymers
alone returned to the initial level in about 1 h (Fig. 3), bind-
ing of malachite green cations with hydroxyl anions may
have been inhibited in the polyplexes. The scattering inten-
sity of the polyplex solution prepared from the lowest mala-
chite green content copolymer 3 h afier irradiation was re-
duced to approximately 50% that immediately afier irradia-
tion (Fig. 6), indicating dissociation of the polyplexes. If the
dissociation of the polyplexes occurs in the cytoplasm, gene
delivery to nuclei will be enhanced.

Only the lowest malachite green content copolymer poly-
plexes were dissociated (Fig. 6). About 4 cations remained in
the highest malachite green content copolymer approximately
3 h after irradiation and were sufficient to form polyplexes,
Deionization of malachite green cations was prevented to
some extent by repeated imadiation at intervals (Fig. 7).
Therefore, maintaining the amount of cations through con-
timuous irradiation could control the condition of the com-
plex. These resulis suggested that generation and dissociation
of the complex could be controlled by irmadiation. However,
amount of cations was gradually decreased even intermittent
irradiation, which may be due to decreasing of malachite
green molecules by photochemical side reaction, resulted in
prevention of maintenance of stable polyplexes.

In the copolymer with 3.6 malachite green residues per
molecule, in principle, less than 1 cation exists in a molecule
in the dark. Therefore, it is expected that the copolymer can-
not bind to more than 1 DNA molecule, indicating that no
polyplex can be generated. However, complete dissociation
of the polyplexes could not be achieved even in the use of the
copolymer. This may be due to the relatively high polydis-
persity of the copolymer. To completely dissociate the poly-
Plexes in neutral solution, it is nccessary to design a new
malachite green-derivatized polymer, in which the number of
malachite green units is strictly controlled to 24 per mole-
cule, or a functional molecule that is completely deionized in
necutral solution. With regard to the former material, we have
been investigating synthesis by controlled polymetization
methods, such as living radical polymerization. With regard
to the latter, since malachite green is converted into cations
by dissociation of hydroxy] anions, it tends to be in the leuco
form at equilibrium under alkaline conditions because of
suppression of dissociation (Fig. 2). Therefore, even in the
polyplex with the highest malachite green content, the scat-
tering intensity was reduced to about 25% at pH 9 24 h after
irradiation, and to about 10% at pH 10 within about 1 h after
irradiation, whereas little change in the scattering intensity
was observed at pH 6 (Fig. 8). At pH 10, the change in scat-
tering intensity was well correlated with that in absorbance
(Fig. 8). In other words, complete deionization of malachite
green led to almost complete dissociation of the complex.
The other approach to complcte dissociation of the poly-
plexes is the synthesis of leuconitrile derivates of malachite
green as model compounds, which could exist in a complete
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non-ioni¢ form before irradiation, and would not be affected
by the pH of the solution.
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Fig. (8). Changes in absorbance (A) and scattering intensity (B) of
an aqueous solution of the polyplexes of photo-cation generatable
water-soluble copolymer (malachite green content per molecule,
15.0) and DNA at C/A ratio of | at different pHs.

This study indicated that generation and dissociation of
polyplexes of water-soluble polymer and DNA was con-
trolled to some extent using the  specific
photo/thermoreactivity of malachite green (Fig. 1). It can be
said that a new model for gene delivery system into cells has
been demonstrated. For the next stage of this study, we are
planning to examine fr vifro transfection efficiency. It is
highly expected that only by mixing with the malachite
green-derivatized copolymers after irradiation DNA will de-
liver effectively to inside of cells by endocytosis. The degree
of delivery will be controlled easily by irradiation time and
malachite green content. In addition, thermal dissociation
ability of the photo-generated polyplexes after escaping from
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endosomes will promote DNA. delivery to nuclei, which will
cause the enhancement of transfection efficiency. Such study
will be reported in the near future.
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