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Abstract

LDL -apheresis is now commonly used as the only practical trcatment for homozygous familial hypercholestreolemia (homozygous FH).
However, even when applying apheresis therapy, the use of a drug or drugs is recommended to suppress the rapid rebound of cholesterol,
which usually takes place after each apheresis procedure, and keep the LDL-cholesterol level within or near the optimal range for as long
as possible. In this study, the usefulness of ezetimibe, a novel cholesterol-lowering drug, in enhancing the cfficacy of apheresis therapy was
evaluated in six Japanese patients with homozygous FH undergoing I.DL-apheresis in combination with atorvastatin or simvastatin. With the
exception of one patient, significant decreases in LDL-cholesterol at 2 weeks after cach apheresis procedure were obtained during the period
from 4 to 12 weeks of treatment, with an average reduction rate of 9.0% and a range of 4.3-12.6%. This corresponds to a suppression of
rebound by approximately 36 mg/dl, from 391 to 355 mg/dl on average, in LDL-cholesterol values. Although the effect is not very strong,
ezetimibe neverthéless appears to be a useful drug in combination with statins for those with homozygous FH undergoing LDL-apheresis.
© 2005 Elsevier Ireland Ltd. All rights reserved.

Keywords: LDL-apheresis; Homozygous familial hypercholesterolemia; Ezetimibe; Treatment of hyperlipidemia; Combination therapy of tamilial hyperc-
holesterolemia

1. Introduction the first choice drug [1]. In contrast, homozygous FH still

remains an intractable disease due to its resistance to drug

Most cases of heterozygous familial hypercholesterolemia
(heterozygous FH) can now be adequately treated with a
combination drug therapy including hydroxymethylglutaryl
coenzyme A (HMG-CoA) reductase inhibitors (statins) as
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therapy [2], and LDL-apheresis is currently the only prac-
tical way of treating such patients [3-5}. However, as the
severe rebound of cholesterol that occurs after each aphere-
sis procedure diminishes the effect of this therapy [5], there
is a need for suitable agents that can suppress such an acute
rebound. Recently a novel cholesterol-lowering drug with
a particular mechanism of blocking the cholesterol absorp-
tion at the brush border of the intestine has been developed
[6,7]. Because the functional site of ezetimibe is different
from LDL-receptors, it was expected that the drug would
be effective in lowering cholesterol in homozygous FH. A

ATH-9125; No. of Pages 6

— 200 —



DTDS

2 A. Yamamoto et al. / Atherosclerosis xxx (2005) xxx—xxx

report from a clinical trial carried out in America, Europe and
South Africa showed that the drug lowered LDL-cholesterol
almost to the same extent as in patients with ordinary pri-
mary hypercholesterolemia; a 20.5% additional reduction in
patients under treatment with atorvastatin or simvastatin at
a dose of 80mg/day with a consistent reduction in LDL-
cholesterol being obtained regardless of LDL-apheresis [8].
However, the patients in the above trial were not stratified by
LDL.-apheresis. Furthermore, there is a wide rage of geneo-
type in FH. Previous studies have shown that there is a large
variation in the efficacy of atorvastatin among patients with
homozygous FH undergoing LDL-apheresis [9,10]. In this
study, we therefore tried to see if ezetimibe would be use-
ful in suppressing the rebound of cholesterol in patients with
homozygous FH of the receptor-negative type under LDL-
apheresis treatment combined with statin therapy.

2. Subjects and methods
2.1. Patients

Six homozygous FH patients undergoing LDL-apheresis
treatment every 2 weeks were enrolled in the study (Table 1).
All patients had receptor-negative phenotype almost com-
pletely lacking the LDL affinity binding to fibroblasts or
mononuclear cells. Among the six patients, Cases 3-1 and
4-1 were sisters and Cases 2—1 and 2-2 were brother and
sister. The original total cholesterol level at the first visit
to hospitals or lipid clinics was 695 £ 115mg/dl, and the

Table 1
Patient demographies

average total cholesterol level before each apheresis proce-
dure was 373 + 59 mg/dl. Atorvastatin was used at a dose
of 10-40 mg/day (10 mg dose in Case 2—1, 20 mg dose in
Cases 31, 3-2 and 4-1, 40 mg dose in Case 2-2), while sim-
vastatin was prescribed in Case 5-1 at a dose of 10 mg/day.
Probucol was used in combination in 4 cases at a dose of
500 or 1000 mg/day (500 mg/day in Cases 3-2 and 5-1,
1000 mg/day in Cases 3—1 and 4-1). Ezetimibe was given
at a dose of 10 mg/day after a meal once every day for 12
weeks.

2.2. LDL-apheresis

LDL-apheresis was carried out using the affinity chro-
matography technique with a dextran sulfate—cellulose col-
umn (Liposorber System MA-01; Kaneka Corporation;
Osaka) (two patients) or the double membrane filtration tech-
nique (KM 8500 or 8800 equipped with EVAL-4A new
type, Kuraray Co., Osaka, or Plasauto 1000 equipped with
Plasmaflo, Asahi Medicals, Tokyo) (three patients) [11]. A
consistent volume of blood plasma (3000-6000 ml depend-
ing on the individual patient) was treated at each procedure.
Heparin was regularly used as an anticoagulant.

2.3. Therapy schedule

For the first 4 weeks of prechallenge observation, each
patient remained on their conventional apheresis regimen
including any drug(s) prescribed. They were asked to keep a
regular life style during the course of prechallenge observa-

Patient no. Sex, age LDL receptor TC at first Complications Regular anti-lipidemic Other cardiovascular LDL-C* at the
activity® (%) visit agents drug(s) start of the
study period
2-1 F, 26 Negative (0) 806 IHD Atorvastatin, 10mg - 423
2-2 M, 28 Negative (0) 822 Hypertension, IHD, Atorvastatin, 40 mg Ca-channel blocker 421
aortic stenosis ARB B-blocker
3-1 F, 63 Negative (0) 748 Hypertension, stable Atorvastatin, 20 mg, Ca-channel blocker 418
angina, aortic probucol, 1000 mg, nitrate aspirin
steno-regurgitation, eicosapentaemic acid
carotid artery (EPA), 1200 mg
stenosis, aortic
aneurysm, cervical
spondylosis
3-2 F, 23 Negative (0) 672 - Atorvastatin, 20 mg, - 282
probucol, 500 mg
4-1 F, 66 Negative (9) 661 Angina pectoris, Atorvastatin, 20 mg, Nicorandil 325
cataract, carotid probucol, 1000 mg, B-blocker aspirin
artery stenosis EPA, 1800mg
5-1 M, 24 Negative (1) 700 Hypertension, stable Simvastatin, [0 mg, Nitrate [3-blocker 370
angina, probucol, 500 mg aspirin
arteriosclerotic

retinopathy, aortic
steno-regurgitation

4 Activity on lymphocytes: % of the average value ot normal individuals.

b Total serum cholesterol (mg/dl).
* Low density lipoprotein cholesterol (mg/dl).
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tion and the treatment (ezetimibe) period. After the prechal-
lenge observation period, patients were given ezetimibe at a
constant dose of 10mg/day for 12 weeks. Compliance with
drug administration was checked by the attending physician
each time patients visited the clinic. This was almost 100%,
except for one patient (Patient 5-1), who forgot to take the
drug occasionally (5 days in total) during the period from the
7th to the 11th week. The compliance rate in this patient over
the whole study period was 93.5%.

2.4. Lipoprotein and lipid analysis

Serum or plasma lipid values (total cholesterol:TC,
HDL-cholesterol:HDL-C, triglycerides;TG and LDL-
cholesterol: LDL-C) were measured at the Hachioji
Laboratory of SRL Teijin Laboratories (Tokyo), where
the measurement of the major lipid components was
controlled indirectly by CDC through the Lipid Reference
Laboratory, Osaka Medical Center for Health Science and
Promotion [12]. TC and TG were measured enzymatically.
HDL-cholesterol and LDL-cholesterol were measured
by a newly developed homogeneous method applying an
enzymatic—colorimetric assay in the presence of specific
detergents, Cholestest HDL [13] and Cholestest LDL [14].
Apolipoproteins were measured turbidimetrically using
cotresponding antibodies [15].

Serum lipid levels were measured before the start and at the
end of each apheresis procedure. Values obtained before each
apheresis procedure (2 weeks after the previous treatment)
were used to evaluate the effect of ezetimibe.

Defects in LDL-receptors in our patients were estimated
by measuring the receptor activity on blood monocytes by
flow-cytometric assay [16].

2.5. Monitoring adverse effects

Adverse events were monitored during the whole trial
period. Clinical signs, symptoms and laboratory data (bio-
chemical measurements of plasma components, hematology
and urinalysis) were checked at least every 4 weeks.

2.6. Statistical analysis

The average, standard deviation and the confidence inter-
val (CI) for the percent change (%) from before adminis-
tration of ezetimibe to the measurement times at 2, 4, 6,

8, 10 and 12 weeks after initiation of the treatment period

Table 2

were calculated. Over-time changes in the measurements at
the above time points were analyzed according to the mixed
effect model of repeated measurements, where the effect mea-
sured by time was defined as fixed effect and the effect in
individual subjects as variate effect. If the by-time effect was
significant, comparison between before administration and
the effect at subsequent time points was tested by the Dun-
nett’s method.

3. Results
3.1. Validity of samples

In one of the patients (Patient 3-2), no data were judged
as satisfying the validation criteria due to the irregular-
ity of the apheresis procedure (intervals and treated blood
volume) and also inconsistencies in dietary habits during
the summer season. Accordingly, the data from this patient
were excluded in the analysis of the efficacy, but were
included in the analysis of adverse effects. Treatment con-
ditions were also inconsistent in another patient (Patient
5-1) and only data at 6 weeks were judged to be valid. In
Patient 3—1, data at 12 weeks were excluded due to the same
reason.

3.2. Changes in serum lipid levels

Pretreatment levels of serum lipids and changes in TC,
LDL-C, HDL-C and TG in five patients are summarized in
Table 2.

LDL-C levels, the primary endpoint of this study, showed
significant decreases in all of the five patients for whom effi-
cacy data were available. They were analyzed by use of a
mixed effect model of repeated measurements, and the point
of measurement was found to have significant effect. Fol-
lowing this finding, the baseline measurement was compared
with subsequent measurements by the Dunnett’s method.
Only one patient (Patient 3—1) showed a remarkable reduc-
tionin LDL-C at 2 weeks of the ezetimibe treatment, while in
the other four patients, the reduction rates obtained at 2 weeks
were remarkably smaller than the values obtained from the
later weeks of the treatment; the difference was statistically
significant by Dunnett’s procedure. The average reduction
rates in the period from 4 to 12 weeks of treatment in indi-
vidual patients were 4.3-12.6% with an average of 9.0% for
all patients (Table 3).

Changes in LDL-cholesterol, total cholesterol, triglycerides and HDL-cholesterol following treatment with ezetimibe

LDL-cholesterol

Total cholesterol

Triglycerides HDL-cholesterol

Pretreatment level (mg/dl) 391.5+434
On completion of treatment (mg/dl) 354.6+474
Percent change (%) -9.57

95% CI —-14.11~-5.03

4745+ 674 107.3£52.8 30.7£8.6
4325+79.2 H3.64+£614 283475
—9.07 18.78 —7.58
—17.43~-0.72 —42.51 ~ 80.06 —18.98 ~3.82

Average + standard deviation (five patients).
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Table 3

Percent changes in LDL-cholesterol in individual patients during treatment with ezetimibe

Treatment period Patient no.

2-1 2-2 3-1 4-1 5-1
2 weeks 7.48 —3.80 —15.62 —2.67 -
4 weeks —5.51 -4.99 —-9.88 —~10.06 -
6 weeks -3.15 -7.13 —-8.21 -8.52 —10.0
8 weeks —12.36 -9.74 —10.60 —14.68 -
10 weeks —3.15 —1.43 —21.83 —-10.37 -
12 weeks ’ 2.76 -12.59 —~11.29 -
Average during the period from 4 to 12 weeks -4.28 —7.18 —12.63 —-10.98 -10.0

The level of LDL-C in five patients before the start of
the ezetimibe treatment was 391+ 43 mg/dl on average,
while the value at the end was 355 4+ 48 mg/dl, the rate of
change being —9.6% with a 95% confidence interval rang-
ing between —14.1 and —5.03%. The rebound of LDL-C
after an apheresis procedure (increase in LDL-C 2 weeks
after completing an apheresis procedure) was calculated in
three of the five patients and the values were —17, —29 and
~57mg/dl. One of our patients (Case 2-2) was adminis-
tered atorvastatin 40 mg/day (maximum dose approved for
Japanese). However, the effect of ezetimibe (7.2% reduction
in LDL-cholesterol) was no more remarkable than the other
patients who were given a smaller dose of atorvastatin or
simvastatin).

TC values also showed significant decreases, with a pre-
treatment average value of 4753 68 mg/dl and an average
value at the end of the treatment in individual patients
of 433 £79mg/dl (—9.1%). TG values did not show any
remarkable changes. HDL-C showed a tendency to decrease,
although the difference from the pretreatment level was
not statistically significant; 7.6% reduction with a 95%
confidence interval ranging between —19.0 and +3.8%
(Table 2). The change in HDL-C showed the same pat-
tern as LDL-C, with the reduction rate at 2 weeks being
much less than that in later weeks and this difference
was shown to be statistically significant by the Dunnett’s
procedure,

None of the other lipid parameters, VLDL-C, RLP-C, PL,
FFA, apolipoproteins A-I, A-II, B, C-II, C-IIL, E and Lp(a),
showed remarkable changes.

3.3. Adverse effects

Adverse effects occurring in more than one of the six
patients following treatment with ezetimibe included nau-
sea (three patients), and fatigability, cough and albuminuria
(two patients). Adverse effects, whose relation to the drug
could not be denied, were found in three patients; nausea 1,
fatigability 2, cough 1, anorexia 1, increase in liver enzymes
(AST and ALT) 1 and albuminuria 1. All the adverse effects
were slight to mild. There were no remarkable changes in
vital signs.

4. Discussion

Ezetimibe is a unique cholesterol-lowering drug, that
exerts its function by inhibiting the absorption of cholesterol
at the brush border of the intestine with Niemann-Pick C1 like
1 protein as a target of its action [17]. Clinical studies have
shown that the drug is effective in reducing LDL-cholesterol
by nearly 20% with monotherapy [6,7] and useful in achiev-
ing the goal of NCEP guidelines in combination with statins
[18,19].

Homozygous FH is extremely resistant to drug therapy.
According to Raal et al., atorvastatin or simvastatin at a large
dose succeeded in reducing LDL-cholesterol from 15 mmol/l
(about 600 mg/dl) to 10.9 mmol/l (about 440 mg/dl). How-
ever, increasing the dose above 80mg/day did not result
in any further reduction, which suggests a plateau effect in
their patients [20]. Although the effect of ezetimibe in lower-
ing LDL-cholesterol may be limited due to the induction of
cholesterol synthesis in the liver {21] in a somewhat similar
way to the effect of bile acid sequestering agents [22,23], it is
worth testing its effect in homozygous FH as no antilipidemic
drugs other than probucol [24] can exert their cholesterol-
lowering effect in patients with homozygous FH. Atorvastatin
has been shown to exert its effect at a relatively high dose
and to be useful in assisting the efficacy of LDL-apheresis
[9]. However, the effect is virtually limited to the receptor-
defective type with a remnant LDL-receptor activity, and only
a very small number of patients with the receptor-negative
type do respond to treatment with atorvastatin due to the com-
plete lack of LDL-receptor activity [10].

Our present study showed that ezetimibe suppressed the
rebound of LDL-cholesterol after apheresis to some extent,
with an average 9% reduction in LDL-cholesterol levels after
4 weeks. A report from clinical trials carried out in Amer-
ica, Europe and South Africa showed that ezetimibe lowered
LDL-cholesterol almost to the same extent as in patients with
ordinary primary hypercholesterolemia; a 20.5% additional
reduction in patients under treatment with atorvastatin at a
dose of 80 mg/day [8]. In our study, patients with homozy-
gous FH of the receptor-negative type undergoing LDL-
apheresis were registered. In the study in America, Europe
and South Africa [8], a variety of mutations in LDL-receptors
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with different residual receptor activity were included and
patients were not stratified by LDL-apheresis. It has been
shown that an acute lowering of cholesterol by apheresis
beyond a certain level results in an increase in cholesterol
synthesis and there is a wide range of individual variation
in the increase in cholesterol synthesis among FH patients
[25,26]. The influence of dietary habits should also be con-
sidered regarding the low efficacy of ezetimibe in our study.

The dose of atorvastatin or simvastatin in our study was
smaller than that used in previous studies conducted by Raal
etal. [20] and Gagne et al. [8]. The possiblility still exists that
the efficacy of ezetimibe in our study could be improved by
increasing the dose of atorvastatin up to 40 or 80 mg/day.
Such a study should be carried out in the future through
careful observation, case by case, avoiding the appearance
of serious side effects, resulting from possible genetic differ-
ences in drug tolerance.

A marked rebound of LDL-cholesterol afier each aphere-
sis procedure shortens the period in the post-apheresis stage,
during which LDL-cholesterol is kept within the range of
serum concentration in which the progression of atheroscle-
rosis is stopped [5,27]. Therefore, even a 10% reduction in
such a rebound can be expected to lengthen this effective
period and save lives. This 10% reduction is equivalent to
increasing the dose two to four times in statin monotherapy
[9].

Bile acid sequestering agents have been shown to be
not only ineffective but also to increase LDL-cholesterol
by strongly enhancing cholesterol synthesis [1,22,23]. An
enhancement of cholesterol synthesis has also been reported
forezetimibe [21]. However, it has been shown that ezetimibe
is effective in lowering cholesterol even in cases of homozy-
gous FH [8,28,29] and the present study supports this by
showing that the drug s effective even in a state where the
synthesis of cholesterol is enhanced after apheresis proce-
dure. Bile acid sequestering agents often result in an increase
in TG, to a great extent in some cases [30]. There were no
changes in TG levels in our patients. This shows that the
mechanism of regulation of cholesterol synthesis by choles-
terol and bile aids is different and is probably related to why
ezetimibe is effective in patients with homozygous FH, while
bile acid sequestering agents are not.
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Photo-Control of the Polyplexes Formation between DNA and Photo-
Cation Generatable Water-Soluble Polymers
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Shiga, Japan, ’ Department o of Bioscience, National Cardiovascular Center Research Institute, Osuka, Japan

Abstract: Phoio-cation generatable water-soluble polymers (Mw: approximately 1 ¥ 10%) were prepared by radical co-
polymerization of N A-dimethylacrylamide and vinyl 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 mot %), 7.9 {0.7 mol %). and 15.0 (2.7 mal %) per molecule. When an
agueous sofution of the photo-cationized copolymers generated by UV irradiation was mixed with a Tris-HC1 bulfer (pH
7.4) of DNA (pGL3-contro! plasmid), dynamic light scattering (DLS) measurements showed the formation of polypiexcs
between the cationic copolymers and anionic DNA by non-specific ¢lectrostatic interaction, which was visualized with a
confocal laser scanning microscopy (CLMS). Their mean cumulant diameter was about 150 nm with low polvdispersity
irrespective of the malachite green content in the copolymers. In the copolymer with the lowest malachite areen 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 o model for a novel photo-induced gene delive

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 adenavirus
vector in the USA in 1999, 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 biclogical 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 iminc) [13,14], poly-L-lysine [15,16], poly
(amidoamine) dendrimer [17.18], and poly[(2-dimethyl-
amino)ethyl methacrylate] [19,20], which can spontaneously
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) ease 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 correspandence to this author ar the Department of Bioengincer-
ing, Advanced Medical Engineering Center, National Cardiovascular Center
Research Institute, 5-7-1 Fujishiro-dai, Suita, Osaka 565-8563, Japan: Tel:
F81-6-6833-5012; Fax: +81-6-6872-8090; L-mail: nakayamagrincve go jp

1567-2018/05 $50.00+.00

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 viu 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 poty-
plexes are released from the highly acidic endosormal com-
partment, and if the polyplexes can be easily dissociated.
DNA released from the polyplexes will be more efficienty
taken in by nuclei, resulting in higher transcription and gene
expression. Therefore, the promotion of gene transfection
may be improved by increasing: 1) the intraduction of poly-
plexes into cells, 2) release of DNA from introduced poly-
plexes into the cytoplasm, and 3) delivery of DNA (o nuclei.
To enhance the introduction of polyplexes into cells, many
research groups have atterpted the introduction of targeting
ligands such as galactose, mannose, 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 obtainec 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, Yokovama er al.

© 2005 Bentham Science Publishers Ltd.
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constructed a temperature-controlled gene expression system,
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 et al. [29]. A photoreactive vector was designed,
consisting of cationic lipids with an o-nitrobenzyl moiety as a
photocleavable spacer. The DNA complex that had been
taken up by the lipids was disintegrated by UV irradiation. In
both systems external physical stimulation with temperaturc
or light could promote enhancement of gene expression.

P

Malachite green-
derivatized polymer

ﬂ UV irradiation

o B8

Cationized
polymer

§5-

Polyplex formation

Umeda ot al,

Malachite green is a well-known photochromic molecule
that reversibly dissociates into ion pairs under ultraviolet
light (UV) irradiation, producing intensely decp-green-
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
pelycations by UV irradiation [32]. The photo-generated
cations slowly reverted to the original leucohydroxide species
on cessation of the UV irradiation even under physiological
temperature within approximately | h as shown in Fig. 2.

sevang
0® Sy

° L]
> »
eungans®

Dissociation

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-vinylphenylymethane leucohydroxide and N, N-dimethylacrylamide. Chemical reaction in photoinduced dissociation of triphen-
ylmethane leucohydroxide (malachite green) derivatized in the copolymer lo triphenylmethyl cation and counter hydroxide jon and thermal

recombination belween them.
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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(N,N-dimethy-
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 dynamic 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 purchased from Tokyo Kasei Kogyo Co., Ltd. (Tokyo,
Japan). Oxalyl chloride, N N-dimecthylacrylamide, 2,2'-
azobis(isobutyronitrile) (AIBN), and a-buty! 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-Vinylpheny)methane Leuco-
kydroxide [33]

Oxaly] 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 methyl 4-vinylbenzoate: 5.1 g (93%); 'H
NMR (CDChL): & 7.99 (d, /=8.1 Hz, 2H, m-H of PhC=C),
7.46 (d, /=8.7 Hz, 2H, o-H of PhC=C), 6.75 (q, /=10.8 Hz,
1H, PhCH=C), 5.86 (d, /=17.4 Hz, 1H, cis-H of PhACH=CH>),
5.38 (d, J=10.2 Hz, trans-H of PhCH=CI), 3.91 (s, 3H,
COOCH;3).

4-Bromo-¥,N-dimethylaniline (12.3 g, 61.7 mmol} was
dissolved in anhydrous tetrahydrofuran (THF) (100 cm’ ) and
the solution was kept at -78 °C in a liquid nitrogen bath un-
der an argon atmosphere. A hexane solution of butyllithium
(BuL.i) (48 mL, 77 mmol) was injected gradually into the
THF solution with stirring. To the mixture was added drop-
wise a THF (70 ¢cm®) SOIUUOH of methyl 4-vinylbenzoate (5 g
30.8 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 cm’ ) was added to the residue. The
agueous phase 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.
the crude product from methanol yielded a pale-green solid
of 1 (42%). '"H NMR (DMSO-de): 6 7.34 (d, J =9.0 Hz, 2H,
m-H of PhC=C), 7.28 (d, .J =9.0 Hz, 2H, o-H of PhC=C),
7.12 (d, 4H, J =9.0 Hz o-H of NPh), 6.74 (dd. J =108, 18.0
Hz, 1H, PhCH—C) 6.65 (d, J =8.1 Hz, 4H, m-H of NPh),

Recrystallization of
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572 (d, J =162 Hz, 1H, cis-H of PhCH~CH>), 5.21 (d.

=10.8 Hz, 1H, trans-H of PhnCH=CH>), 2.94 (s, 12H, —T\LH)

2.3, Synthesis of Photo-cation Generatable Water-soluble
Polymer |32}

The photo-cation generatable water-soluble polymers
were prepared by radical copolymerization of diphenyi(4-
vinylphenylymethane leucohydroxide with W~ A-
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-vinylphenylymethane leucohydrox-
ide was changed from 0.1 to 0.5 mol % in the text), and o,u -
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 cther, was separated
from the solution by filtration. Reprecipitation was carried
out sufficiently from the methanol solution to cther three
times to exclude non-reacted monemer 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 permcation 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 mole-
cule, which was determined from the absorption spectrum
using the absorption coefficient of malachite green carbinol
base, which had a maximum absorption at a wavdmgth o’r
620 nm in an aqueous sofution (¢ = 6.7 x 10* dm’mol'em™).
Polymerization yield was adjusted less than about 20 % to
obtain copolymers with homogencous composition. 'H NMR
(CDCL): § 7.2-7.4 (Ph-C), 6.9-7.15 (0-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

frradiation was carried out using a mercury-xenon arc
lamp (1.2859-01; Hamamatsu Photonics Inc., Shizuoka, Ja-
pan). The 1!lummation 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 absorpnon spectra were measured using a UV/
visible light (VIS) spectrophotometer (UV-1700, Shimadzu,
Kyoto, Japan). GPC analysis was carried out on a RI-8012
(TSKy a-3000 and «-5000, Toso, Tokyo, Japan) after cali-
bration with standard poly(clh\,lene glycol) samples. The
eluent was N, M-dimethylformamide. 'H-NMR spectra were
obtained on a Varlan Gemini-300 (300 MHz) spectronicter
(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 (Ar) 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-HCI buffer (pH
7.4). The DNA concentration of the mixture was then ad-
justed to 23 pug em”. The fluorescence image of the poly-
plexes was obtained using a confocal laser scanning micro-
scope (CLSM, 543 nm, Radiance2100, Bio-Rad lLab., Her-
cules, CA).

— 208 —



210 Current Drug Delivery, 2008, Vol, 2, No. 3

Umeda et al,

Table 1.  Preparation of Photo-Cation Generatable Water-Seluble Copolymers and their Composition
Feed of MG® mone- Yield (%) MG* content (mol %) Ma® (x10% polydispersity number of MG*/
nier (mol %) molecuie
0.1 22 0.4 9.1 2.6 36
0.2 20 0.7 11.4 2.1 7.9 ]
0.5 17 2.7 5.9 23 '[5.’”‘”"""‘

Polymerization conditions: initiator, AITBN; [monomer}/finitiator] = 200; Solvent; benzene; {monomer} = 0.7 mol/1; temp., 60°C: Polym. Time, 17 b MG mean~ nralachite green.
Number-average molecular mass determined by gel-permeation chromatography (PEO standard). © Determined by absorption spectra at 620 .

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 NN-
dimethylacrylamide with the photo-dissociable monomer,
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 homogeneous copolymers with narrow distribution of
copolymerization ratio. The malachite green contents in the
copolymers of molecular weight about 0.6-1x10°, were 3.6

1.0
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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: O; 7.9 A 15.0: 1), and the poly-
plexes from the photo-cation generatable water-soluble copolymer
(malachite green content, 3.6: @, 7.9: 4; 15.0: B) and DNA (pGL3-
control plasmid, 0.5 ug). Arrow indicates the time of UV irradiation
for 2 min.

(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 irradiation, Upon UV irra-
diation at a wavelength of between 290 and 410 nm, the
aqueous solutions spontaneously turned to deep green with an
increase in absorption at 620 nm (Fig. 3) and exhibited a con-
siderably elevated pH to about 8.5. Thesce were attributed to
the generation of a triphenylmethyl 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
I 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-HCI buffered solution of
the cationic copolymers produced from the malachite green-
derivatized copolymers by UV irradiation, 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 cven 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 130 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
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Table 2.  Scattering Intensity of Tris-HCI Buffered (pH 7.4) DNA and/or Malachite Green—DcriQatizcd Copolymer (Malachite
Green Content; 15.0) with or without UV Irradiation
Run Solution condition Scattering intensity
DNA" copolymer® It
| . . . 4914218
2 O - - 1582273
3 - O - 1691+ 124
4 - (o] 0] 174.5 4 38 2
5 0 o S 016.3 £299.9
6 o] @) . 234522973

“Key: o, presence; -, absence.

h (Fig. 6), which was well synchronized with the change in
absorbance of the malachite green groups (Fig. 3). After 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
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 gradually 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 electrophorcetic migration in agarose gel (data
not shown).
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Fig. (4). Scattering intensily (O) and cumulant diameter (A) of an
aqucous 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 ug)
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 extent 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

Fig. (5). Fluorescence 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=10 um.

to the nonionic form due to the action of the intermittent UV
irradiation. Simultaneously, under the same UV irradiation
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 spontanc-
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.
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Fig. (6). Changes in scattering intensity of an aqucous solution of
the polyplexes prepared by mixing photo-cation peneratable water-
soluble copolymer (malachite green content per molecule. 3.6: ©
and @; 7.9: A; 15.0: B) with 2-min of UV-irradiation, and DNA
(0.5 ug) at C/A ratio of 1. (O): t-min of UV irradiation was per-
formed repeatedly every 10 min up to 2h.
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Fig. (7). Change in absorbance at 620 nm of an aqueous solution of
the polyplexes prepared by mixing of photo-calion 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 irradiation.

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

Umeda er al.

malachite green can reversibly generate a cation as shown in
(Fig. 2), the malachite green-derivatized water-soluble poly
mers developed here can be reversibly converted from a
nonionic to cationic form by UV irradiation. Therefore, the
following three functions will be expected when using the
polymers as a vector. Namely, cationization upon UV irra-
diation induces |) acceleration of the formation of polyplexes
with DNA and their subsequent cellular uptake due to en-
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 rclcase 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-dimethylacrylamide. Poly(V, N-dimethylacryl-
amide), is a widely used medical material. for biocompatible
surface coatings for medical devices {34.35] and for the
modification of drugs [36]. Malachite green has been studied
as a functional material in drug delivery systems [32]. In ad-
dition, an affinity chromatography of DNA was developed by
using A.T-base-pair-specific affinity of the chloride deriva-
tive of malachite green [37]. There have been foew reports
showing toxicity in these materials. In our previous 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 copolymets at the con-
centration less than | mg/mL, which is about 10 times larger
than that used in standard in vitro transfection experiments
{32]. On the other hand, about 70 % of cell viability was re-
ported in Exgen500, which is polyethylenimine, one of the
commercially avairable cationic polymer vectors. Therefore,
it can be said that the copolymers were biocompatible with
little cytotoxicity. The copolymers will be excluded from the
cells without any ccllular damages because they can not de-
graded by hydrolysis et /.

In our previous study, cationized malachite green-
derivatized water-soluble copolymers generated by UV irra-
diation were taken up in cells by electrostatic interactions,
whereas the non-ionic form of the copolymers hefore irradia-
tion dispiayed 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, i.e., 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 conwent of
malachite green residues must be less than several mol % due
to their hydrophobicity.
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In this study, 3 kinds of photoreactive copolymers with
3.6 (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 after irvadiation 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-
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, i.e., 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 copolymets
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 after irradiation was re-
duced to approximately 50% that immediately after 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 irradiation at intervals (Fig. 7).
Therefore, maintaining the amount of cations through con-
tinuous irradiation could control the condition of the com-
plex. These results suggested that generation and dissociation
of the complex could be controfled by irradiation. However,
amount of cations was gradually decreased even intermittent
irradiation, which may be due to decreasing of malachite
green molecules by photochemical side reaction, resuited 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 | 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 necessary to design a new
malachite green-derivatized polymer, in which the number of
malachite green units is strictly controlled to 2-4 per mole-
cule, or a functional molecule that is completely deionized in
neutral selution. With regard to the former material, we have
been investigating synthesis by controlied polymerization
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
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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 complete dissociation of the poly-
plexes is the synthesis of leuconitrile derivates of malachite
green as model compounds, which could exist in a complete
non-ionic form before irradiation, and would not be atfected
by the pH of the solution.

0.8
cLA

Absorbance

Scatterng Intensity (x 10°)

ingubation Time (h)

Fig. {8). Changes in absorbance (A) and scattering intensity (B) of
an aqueous solution of the polyplexes of photo-cation generatable
water-soluble copolymer (malachitc 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/thermo-
reactivity of malachite green (Fig. I). It can be said that a
new model for gene delivery system into cells has been dem-
onstrated. For the next stage of this study, we are planning to
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examine in vifro transfection efficiency. It is highly expected
that only by mixing with the malachite green-derivatized co-
polymers after irradiation DNA will deliver effectively to
inside of cells by endocytosis. The degree of delivery will be
controtled easily by irradiation time and malachite green
content. In addition, thermal dissociation ability of the photo-
generated polyplexes after escaping from endosomes will
promote DNA delivery to nuclei, which will cause the en-
hancement of transfection efficiency. Such study will be re-
ported in the near future.
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High Performance Gene Delivery Polymeric Vector: Nano-Structured

Cationic Star Polymers (Star Vectors)
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Mariko Harada-Shiba®
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Abstract: Nano-structured hyperbranched cationic star polymers, called star vectors, were molecularly designed for a
novel gene delivery non-viral vector. 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)propy! 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/pDNAY}] 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
incubated 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 about 2, 5, and
10 times in 3-, 4-, and 6-branched polymers, respectively. The precise change in branching of polymers enabled the

contro! of the gene transfer activity.

Keywords: Non-viral vector, star polymer, polyplex, branched polymer, gene transfection, molecular 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 polymerizatic..,
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 565-8565, Japan; Tel: +81-6-6833-5012; Fax:
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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 study, 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-ferminator)-
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 dithiocarbamy! radical by ultraviolet light (UV)
irradiation. The reaction involving an N N-diethyldithio-
carbamyl radical favors chain termination with a growing
polymer chain radical end rather than a reaction with a viny!
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 polymer 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 degree 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 Publishers Ltd. " ~
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MATERIALS AND METHODS
Materials
Benzyl chloride, 2,4,6-tris(bromomethyl)mesitylene,

1,2,4,5-tetrakis(bromomethyl)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
polymers with 3, 4, or 6 branches per molecule were
prepared by iniferter-based photo-living-radical polymeri-
zation of 3-(NN-dimethylamino)propyl acrylamide as a
monomer from respective inifeters such as benzyl N N-
diethyldithiocarbamate, 2.4,6-tris (N, N-diethyldithiocarba-
mylmethyl)mesitylene, 1,2,4,5- tetrakis(V,N-diethyldithio-
carbamylmethyl)benzene, and hexakis (N, N-diethyldithio-
carbamylmethyl)benzene, which were obtained by N,N-
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(bromomethyl)benzene.

The general preparation method of iniferter is followed.
An ethanol solution (10 ml) 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 ml 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 MgSQO., condensation to
give benzyl N, N-diethyldithiocarbamate: yield, 17.6g (93%);
H NMR (DMSO-d;with Me,Si) & 7.34 (m, 5H, Csfls), 4.54
(s, 2H, CH,-8), 4.05 (q, 2H, N-CHa), 3.73 (q, 2H, N-CH>),
1.28 (m, 6H, CH,CH3).

The general procedure of iniferter-induced photo-living-
radical polymerization is followed. A methanol solution (20
ml) of benzyl N, N-diethyldithiocarbamate (24 mg, 0.1 mmol)
and 3-(¥, N-dimethylamino)propy!l acrylamide (3.9 g, 25
mmol) was placed into 50 m! quartz crystal tube, A stream of
dry nitrogen was introduced through a gas inlet to sweep the
tube for 5 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 | 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-dimethylamino)propyl
acrylamide] as a white powder. The molecular weight,
determined by GPC analysis, was 18,000 g mol".'H NMR
(DMSO-d; with Me,Si) & 7.60 (br, 1H, N-A), 3.22 (br, 2H,
NH-CH,), 2.30 ((br, 2H, N(CHs)2-CHa), 2.15 (br, 6H, N-
CH,), 1.65 (br, 2H, CH1-CH,).

General Methods

GPC analysis was carried out on a RI-8012 (TSKa a-
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-HCI
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/ml, 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
ml of OPTI-MEM I (Gibco). After 3 h of incubation, the
cells were washed once with PBS, and cultured in 1 ml of
DMEM containing 10% fetal 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 1
min at 4 °C and 5 pl of the supernatant was analyzed for
luciferase activity using a Luminous CT-9000D (Dia-latron,
Tokyo, Japan) luminometer. The relative light unit/s (RLU)
were converted into the amount of [uciferase (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 celis
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 ul of the
transfection mixture including 0.124 ug 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 cultures in 50 wi of
DMEM (Gibco) containing 10% fetal calf serum for an
additional 24 h. Each well was added with 10 pl 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 means+S.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 viny! monomer with tertiary amino
residues, 3-(N, N-dimethylamino)propyl 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-HCI 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). Structural formulas of the star polymers, which were synthesized by iniferter-induced photo living radical polymerization of 3-(N,N-
dimethylamino)propyl acrylamide from the respective multi-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(vector/pDNA). The difference in {-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 ratio of 20/1 (vector/pDNA).

120
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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 celis 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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10
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Fig. (3). Effcct 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=5).

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 pPDNA 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 branched 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.

T Diverging

<
Branching

—
Length

¥

l Composition
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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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