by micellar nanocarriers followed by their light-
induced activation at the target site might ensure the
safety and effectiveness of i vivo gene and siRNA
therapy. At present, this strategy could be applied only
to the tissues, to which a visible light is accessible;
however, recent advances in the laser technology such
as a two-photon excitation laser (Oh et al. 1997) will
solve the problems of limited tissue penetration of the
light in the near future. We are now investigating
n vive PCI-mediated gene delivery using polymeric
micelles via systemic administration and the results
will be reported in a forthcoming paper.
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Abstract

A polymeric micelle (DPcZn/m) system, which 1s formed via an electrostatic interaction of anionic dendrimer phthalocyanine (DPcZn) and
poly(ethylene glycol)-poly(L-lysine) block copolymers (PEG-h-PLL), was prepared for use as an effective photosensitizer for photodyvnamic
therapy. DPcZn/m exhibited strong Q band absorption around 650 nm. a useful wavelength for high tissue penetration. Dynamic light scattering
studies indicated that the DPcZn/m system has a relevant size of 50 nm for mtravenous administration. Under light irradiation, either DPcZn or
DPcZn/m exhibited efficient consumption of dissolved oxygen in a medium to generate reactive oxygen species and an irradiation-time-dependent
increase in photocytotoxicity. The photodynamic efficacy of the DPcZn was drastically improved by the incorporation into the polymeric micelles,
typically exhibiting more than two orders of magnitude higher photocytotoxicity compared with the free DPeZn at 60-min photoirradiation.

© 2006 Elsevier B.V. All rights reserved.

Kevwords: Dendrimer; Photosensitizer; Phthalocyanine; Polymeric micelle; Photodynamic therapy

1. Introduction

Photodynamic therapy is based on the accumulation of a
photosensitizer in malignant tissue after its administration

tion with laser light of an appropriate wavelength generates
reactive oxygen species (ROS) which results in tissue destruc-
tion. For an effective photodynamic effect, several ideal
properties of photosensitizers should be needed. From the chem-
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Tokyo 113-8636, Japan. Tel.: +81 3 5841 7138; fax: +81 3 5841 7139.

E-mail address: kataoka@bmw.L.u-tokyo.ac.jp (K. Kataoka).

' Current address: Department of Chemistry, Collage of Science, Yonsei

University, 134 Sinchondong, Seodaemun-gu, Seoul 120-749, Korea.

0168-3659/% - see front matter © 2006 Elsevier B.V. All rights reserved.
doi: 10.1016/].jconrel. 2006.03.009

ical point of view, the materials should be pure and have a high
quantum yield of singlet oxygen generation. From the biological
point of view, it should have no dark toxicity and have high
solubility in an aqueous medium for the easy administration.
High tumor localization and long wavelength absorption are also
very important for effective medical treatment.

In this context, we have recently reported ionic dendrimer
porphyrin as an efficient photosensitizer for photodynamic

energy absorption, photosensitizers must generally have large
w-conjugation domains. Therefore, most of photosensitizers
easily form aggregates, which provide a self~quenching effect of
the excited state in aqueous medium due to their w—7
interaction and hydrophobic characteristics [10,11]. To over-
come these problems, the structure of ionic dendrimer porphyrin
is promising, because the substitution of large dendritic wedges
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sufficiently prevents the formation of aggregates and provides
high solubility in the aqueous medium. Furthermore, a charged
ion surface can form polyion complex micelles by means of
electrostatic interaction with an oppositely charged block
copolymer. These types of polyion complex micelles [12]
with a PEG shell were demonstrated to accumulate effectively
and specifically in solid tumor tissue due to the hyperperme-
ability of tumor capillaries. However, the dendrimer porphyrin
has a relatively short wavelength absorption, where the
absorption maximum is 430 nm, which is a limitation to
improvement for practical PDT application. In relation to this
fact, several phthalocyanine molecules, including the one with a
dendritic architecture, are of interest as a potential photosen-
sitizer with appropriate wavelength absorption for practical

dendritic phthalocyanine-incorporated polyion complex micelle
formation and demonstrate an order-of-magnitude enhancement
in photodynamic efficacy of the phthalocyanine dendrimer
through the micelle encapsulation at an excitation wavelength
with clinical relevance {(~ 600 nm).

2. Materials and methods
2.1, Materials

N®-Z-1-lysine and bis(trichloromethyl) carbonate (triphos-
gene), for the synthesis of polyethylene glycol-block-poly-L-
lysine (PEG-H-PLL), were purchased from Tokyo Kasei Co,,
Ltd. a-Methoxy-w-amino-poly(ethylene glycol) (MeO-PEG-
NHa, Mw= {2 kg/mol) was a kind gift from Nippon Oil and Fats
Co.. Ltd. Chemicals for dendrimer synthesis were purchased
from Tokyo Kasei Co., Ltd. or Aldrich Chemical Co., Ltd.
Tetrahydrofuran and hexane, used as a solvent for the synthetic
reactions, were distilled from sodium benzophenone ketyl under
Ar just before use. n-Pentanol and 1,8-diazabicyclo-~(5,4,0)-
undec-7-ene (DBU) for phthalocyanine dendrimer synthesis,
were used as received without further purification.

2.2. Synthesis of block copolymer

MeO-PEG-NH, was precipitated in diethylether from chlo-
roform, dried under reduced pressure and subsequently freeze-
dried from benzene prior to use in the block copolymer syn-
thesis. PEG-b-PLL was synthesized by a previously reported
procedure [17]. Briefly, the N-carboxy anhydride of N*-Z-L-
lysine was polymerized by initiation with CH;0-PEG-NH,
(12000 g/mol) in DMF under Az, followed by deprotection of
the Z group. GPC measurement of PEG-5-PLL exhibited single
sharp peak at Mw of 16,600 and Mn of 16.300 based on PEG
standards. From the '"H NMR measurement in D,0, the poly-
merization degree of the PLL segment was determined to be
39.

2.3. Synthesis of dendrimer phthalocyanine

Dendrimer phthalocyanine (DPcZn) was prepared from
dimethyl-5-hydroxyisophthalate and 4-nitrophthalonitrile

Me, P Me,
i Q i HO - jii
O_g_}OH —————— — e e
H
Meé Ne 0

1 2 3
Me
H Me \'4
LA OH
e
Me
5
Me
Me
Me
vi vii
Me H
M
Meo g Meo .
Me S C('O Me-
WMe c{lle
6 7
Me
o]
ey
oL
>
o (o cn viif
[T SEE A WA g SR - DPcZn
CN
Me,
s
MeO
Me
8

Scheme 1. Synthesis of phthalocyanine dendrimer. Reagents and conditions; (i}
tert-butyldiphenylsilylchloride, imidazole, in DMF at 0 °C for 12 h; (if) LiAlHs
in THF at 0 °C for 12 h: (i) 1. diethylazodicarboxylate (DEAD), PPh3 in THF
at 0 °C 12 h; (iv) tetrabutylammoniumfluoride (TBAF) in THF at 0 °C for | Iy
(v} 1, DEAD, PPh3 in THF at 0 °C 12 h; (vi) TBAF in THF at 0 °C for 1 h; (vii)
K2CO;. 4-nitrophthatonitrile, 18-crown in DMF at 60 °C for 12 h; (viii) Zn
(QAC)., DBU in Pentanol reflux for 24 h.

according to the literature method (Scheme 1) [15]. Briefly,
the hydroxy group of dimethyl-5-hydroxyisophthalate (1) was
protected with a tert-butyldiphenylsilyl chloride to obtain 3-tert-
butyldiphenylsilyloxy-dimethylisophthalate (2), and then the
methyl ester groups were reduced to obtain 3-fert-butyldiphe-
nylsilyloxy-5-hydroxymethy! benzy! alcohol (3), which was
reacted with I using Mitsunobu’s coupling reaction to obtain a
silyl-protected G1 dendron (4). G1 dendron with phenol core (5)
was obtained from 4 by deprotection reaction using tetrabuty-
lammonium fluoride (TBAF). A silyl-protected G2 dendron (6)
was synthesized from 5 by Mitsunobu’s coupling reaction, and
then deprotected to obtain (G2 dendron with phenol core (7). The
alkali mediated coupling reaction of 6 with 4-nitrophthalonitrile
gave phthalonitrile-cored G2 dendron (8). A mixture of 8 and Zn
(OAc), in n-pentanol was heated at 90 °C, and then a few drops
of 1,8-diazabicyclo[5,4,0Jundec-7-ene (DBU) were added. The
mixture was refluxed with stirring overnight. The reaction
mixture was chromatographed with silica gel to obtain DPcZn.
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2: yield 95%,"H NMR & 8.18 (m, 1H, Ar-H in phthalate), 7.70
(m, 4H, o-H in C4Hs), 7.57 (m, 2H, Ar—H in phthalate), 7.40 (m,
6H, m,p-H in CeHs), 3.86 (s, 6H, ~OCHj), 1.13 (s, 9H, ~C
(CHsy)z). 3: vield 89%, '"H NMR 6 7.64 (m, 4H, o-H in CgHs),
7.32 (m, 6H, m,p-H in C4Hs), 6.80 (m, 1H, Ar-H in C¢H;), 6.58
(m, 2H, Ar—H in CgHj3), 4.41 (s, 4H, ~CH,~), 1.03 (5, 9H, ~C
(CHs)3). 4: yield 64%, "H NMR & 8.27 (s. 2H, Ar-H in outer
CgH»), 7.73 (s, 4H, Ar—H in outer C¢Hj), 7.69 (m, 4H, 0-H in
CoHs), 7.40 (m, 6H, m,p-H in C4Hs), 7.02 (s, 1H, Ar—H in inner
CgHs), 6.58 (s, 2H, Ar—H in inner CgHs), 4.97 (s, 4H, —CH>~),
3.94 (s, 12H. =CH3), 1.01 (s, 9H. ~C(CH3)3). 5: yield 90%, 'H
NMR 6 8.27 (s, 2H, Ar—H in outer CgH3). 7.80 (d, 4H, Ar—# in
outer CgH3), 7.05 (s, 1H, Ar—H in inner CgH3), 6.92 (s, 2H, Ar—
Hin inner CgHy), 6.13 (s, 1H, ~OH), 5.08 (s, 4H, --CH>-), 3.94

outer CgHs), 7.79 (s, 8H, Ar—H in outer C Hs), 7.69 (m, 4H, o-H
m ~CgHzs), 7.35 (m, 6H, m,p-H in —C¢Hs), 7.04 (s, 2H, Ar—H in
inner CoHy), 6.98 (s, 1H, Ar—H in inner CH5), 6.94 (s, 4H, Ar—
H in mid C¢Hs), 6.81 (s, 2H. Ar—H in mid C4Hz) 5.10 (s, 8H,
outer —CH,—), 5.00 (s. 4H, inner —CFH,-), 3.93 (s, 24H, —~CHj3),
1.08 (s, 9H, —C(CHs)3). 7: yield 91%, '"H NMR & 8.27 (s, 4H,
Ar—H in outer CgHs), 7.79 (s, 8H, Ar—H in outer CgHs), 7.36 (s,
2H, Ar—H in inner CgHj), 7.08 (s, IH, Ar—# in inner CgHa),
7.01 (s, 4H, Ar~H in mid CgHa), 6.87 (s, 2H, Ar-H in mid
CgHa), 6.37 (s, 1H, ~OH), 5.11 (s, 8H, outer ~CH5~), 5.09 (s,

8.28 (s, 4H, Ar—H in outer CgH,), 7.80 (s, 8H, Ar—# in outer
CeHa), 7.68 (d, 1H, Ar—H in phthalonitrile), 7.45 (s 1H, Ar—H in
inner CgH3) 7.28-7.23 (m, 2H, Ar—H in phthalonitrile), 7.15 (s,
2H, Ar—H in inner CgHi), 7.14 (s, 2H, Ar—H in mid CgH,), 7.04
(s, 4H, Ar—H in mid C¢H3), 5.16 (s, 4H, outer ~CH»~), 5.13 (s,
8H, inner —~CHy~) 3.93 (s, 24H, —~CH;). DPcZn: yield 32%, 'H

96}1, “““ CH3), MALDI-TOF-MS for C41(,I“I496N80932n m/z:
caled.: 7139 [M™]; found 7150.

2.4. Preparation of polyion complex micelle

Polyion complex micelles were made from charged DPcZn
with PEG-b-PLL. In a typical procedure, the PEG-b-PLL was
dissolved in an aqueous NaH,PO, solution and added to an
aqueous solution of DPcZn in NayH PO, to give a solution
containing polyion complex micelles. The ratio of positive
charge to negative charge was fixed at 1:1.

2.5. Measurements

The DLS measurements were performed using a Photal
dynamic laser scattering DLS-7000 spectrometer (Otsuka
Electronics Co., Ltd., Osaka, Japan) equipped with GLG3050
488 nm Ar laser (NEC Co., Ltd., Japan) and/or Zetasizer Nano
Z5-90 (Malvern Co., Ltd., USA) with 532 nm laser irradiation.

550 spectrophotometer (JASCO, Tokyo, Japan) and Type 850
spectrofluorometer (Hitachi, Tokyo, Japan), respectively.

-~
i

MALDI-TOF-MS was performed on a Bruker model Protein
TOF mass spectrometer with dithranol as the matrix. "H NMR
spectroscopy was performed in CDCl, or D,0O on a JEOL GSX-
270 spectrometer operating at 270 MHz. GPC was performed
with TOSOH HLC-8220 equipped with TSK-gel G4000HHR
and G3000HHR column (eluent: DMF+10 mM LiCl, temper-
ature: 40 °C, detector: RI).

2.6. Oxvgen consuming measurement

The oxygen consumption amount was measured using a
Clark-type oxygen microelectrode with a tip diameter of
200 pm (PO,-100DW, Eikou Kagaku Co., Ltd., Tokyo,
Japan). The microelectrode was inserted into the PBS, which
contained 3.13 uM of DPc¢Zn or DPcZn/m and 10% FBS as a
singlet oxygen acceptor, so that the tip was 100 um above the
bottom of the solution. Semiconductor laser light (660nm;
FWHM 6 nm, 25 mW/cm?) was used for light irradiation. The
solution was static and exposed to the atmosphere. Before each
measurement, the system was calibrated in saline bubbled with
air, in which the partial oxygen pressure was assumed to be
150 mm Hg.

2.7. Cell culture

Hela cells were used in the cell culture studies. In the
cytotoxicity assay, different concentration of DPcZn or DPcZn/m
in Dulbecco’s modified Eagle’s medium (DMEM+10% FBS)
were added to cells in 96-wll culture plates (n=4). Aftera 24 h
incubation at 37 °C, the photosensitizers were removed, and then
plates were photoirradiated for 15-60 min with broad-band
visible light using a halogen lamp (150 W) equipped with a filter

The viability of the cells was evaluated using mitochondrial res-
piration via the 3-(4,5-dimethyl thiazole-2-y1)-2,5-diphenyltetra-
zolium bromide cleavage assay (MTT assay) following imcubation
for 48 h after photoirradiation or removing the photosensitizers by
washing in the case of the dark toxicity investigation.

2.8. Cellular uptake amount

After incubation of HeLa cells with 10 uM of DPcZn or
DPcZn/m for 24 h in 60-mm dishes, the cells were washed three
times with PBS, and then dissolved in 20% SDS solutions for
24 h to give a homogenous solution. As a control experiment,
HeLa cells were incubated without DPcZn or DPcZn/m addition
and then dissolved in 20% SDS solutions include fixed amount
of DPcZn or DPcZn/m. The homogeneous solution thus
obtained was put into a quartz cell to measure fluorescence.
Before measuring samples, it was confirmed that DPcZn or
DPcZn/m has comparable intensity of fluorescence in the 20%
SDS solution. Quantitative analysis of uptake amount of DPcZn
and DPcZn/m by Hela cells was performed on a fluorescence
spectrophotometer (Type 850, Hitachi, Tokyo, Japan). The
excitation wavelength was 630 wm, and the emission wavelength
was measured from 650 to 900 nm. The number of HeLa cells
was 60,000,

— 264 —



76 W.-D. Jang et al. / Journal of Controlled Release 113 (2006) 73-79

3. Results and discussion

3.1. Synthesis of dendrimer phthalocyanine and preparation of

polyion complex micelle

The synthesis of the ionic dendrimer phthalocyanine was
accomplished by the method of Ng's group [15]. The second
generation of dendritic pheno! was reacted with 4-nitrophtha-
lonitrile by an alkali-mediated coupling reaction to obtain the
corresponding dendritic phthalonitrile, which was then treated
with Zn(OQAc); and DBU in a-pentanol to give dendrimer
phthalocyanine. Each step of synthesis was characterized by
MALDI-TOF-MS and 'H NMR measurement, and reaction
vields were almost comparable to the literature. The dendrimer
phthalocyanine thus obtained was treated with a THF/H,0
mixture solution of NaOH to obtain ionic dendrimer phthalo-
cyanine (DPcZn; Fig. 1). DPcZn exhibited significantly high
solubility at various pHs of the aqueous medium (over pH 4.3).

A cationic block copolymer (poly(ethyleneglycol)-block-
poly-L-lysine: PEG-h-PLL; Fig. 1) was synthesized by the
polymerization of the N-carboxy anhydride of N®-Z-L-lysine,
initiated by w-aminated poly(ethyleneglycol) (CH;0-PEG-
NH,:12,000 g/mol) in DMF, followed by deprotection of the Z
group according to a previously reported method [17]. The
degree of polymerization was determined to be 39, which was
confirmed by ‘H NMR. GPC measurement exhibited single
sharp peak and relatively small molecular weight value compare
to 'H NMR result because of the interaction between PLL
segment and GPC column.
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Fig. 1. Structures of DPcZn and PEG-b-PLL.
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Fig. 2. Formation and DLS histogram analysis of polyion complex micelle
(DPcZn/m).

Polyion complex micelles were prepared from negatively
charged DPcZn with oppositely charged PEG-b-PLL. In a typical
procedure, the PEG-b-PLL (14.2 mg) was dissolved in an
aqueous NaH,PO, (10 mM, 6.15 mL) and added to a solution of
DPcZn (5 mg) in aqueous Na,HPO, (10 mM, 13.85 mL) to givea
solution containing polyion complex micelles encapsulating
jonic DPcZn (Fig. 2). The ratio of positive charge to negative
charge was fixed at 1:1. After mixing the two solutions, the pH of
the solution becomes 7.3 (10 mM PBS). The resulting micelle has
adiameter of ca. 50 nm with a narrow size distribution (unimodal,
(27 =0.12), determined by a dynamic light scattering mea-
surement (Zetasizer Nano ZS-90, Malvern Co., Ltd., USA) (Fig.
2). Furthermore, the diffusion coefficient of the resulting micelle
was independent of the detection angle of the DLS measurement,
suggesling that the polyion complex micelle of DPcZn with
PEG-b-PLL is a narrowly dispersed spherical assembly.

3.2, Electronic absorption of dendrimer and micelle

Electronic absorption spectra of the dendrimer and micelle
were measured (Fig. 3). DPcZn exhibits B band absorption at
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Fig. 3. Electronic absorption of DPeZn (15.3 uM) and DPcZn/m (15.3 pM) in
10 mM PBS.
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Fig. 4. Experimental setup for the measurement of oxygen consumption and the
results obtained.

350 nm and strong Q band absorption at 685 nm, indicating
successful dispersion as a monomeric species in the aqueous
solution [16]. According to the formation of the polyion
complex micelle, the absorption maximum of Q band absorption
was slightly changed to 630 nm, indicating the possibility of
slight aggregate formation of the core phthalocyanine units.
Also, fluorescent intensity of DPcZn was drastically decreased
by inclusion into the micelle (date not shown). The relatively
small dendritic wedges may not perfectly prevent the aggregate
formation of the phthalocyanine core units especially in the
densely packed micellar core. Note that DPcZn (Mw=4901) is
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Fig. 5. Photocytotoxic profiles of DPcZn (top) and DPcZo/m (bottom) against
HelLa cells.

Irradiation time [min]

Fig. 6. Photoirradiation-time-dependent ICS0 changes of DPcZn/im and DPcZn
against HelLa Cells.

smaller than that of previously reported ionic dendrimer
porphyrin (Mw =8029).

The absorption of light by tissue increases as the wavelength
decreases and that the most efficient photosensitizers are those
that have strong absorption bands between 600 and 800 nm.
Therefore, although the relatively small dendritic wedges may not
perfectly prevent collisional quenching, DPcZn has the potential
for use as an effective photosensitizer in photodynamic therapy.

3.3. Oxygen consumption ability of the dendrimer phthalocya-
nine and micelle

The oxygen consumption amount was measured to evaluate
ROS geperation under photoirradiation [I18]. Note that the
DPcZn/m was sufficiently stable in the 10 mM PBS with 10%
FBS, where the size and polydispersity of DPcZn/m in the
10 mM PBS with 10% FBS were almost comparable to those
without FBS (data not shown). The oxygen partial pressure
(PO.) of DPcZn solution is significantly reduced by the
irradiation of laser light (660 nm; FWHM 6 nm, 25 mW/cmz)
(Fig. 4). Although the consumption ability of DPcZn/m was
lower than that of DPcZn, the PO, of DPcZn/m solution was also
effectively reduced. indicating that either DPcZn or DPcZn/m
can take part in the photochemical reaction to generate ROS. On
the other hand, either DPcZn or DPcZn/m solution without 10%
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Fig. 7. Relative fluorescence intensities of uptaken DPeZn and DPeZn/m into
Hel.a cells. 10 uM of DPcZn or DPcZn/m was incubated with Hela cells for
24 h. The excitation wavelength was 630 nm, and the fluorescence intensity was
recorded from 650 to 900 nm.
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FBS shows almost negligible change in the PO, upon the
photoirradiation, indicating that the proteins in FBS act as
sacrificial acceptors of ROS. In other words, if proteins do not
exist in the medium, once generated, ROS promptly revert to
oxygen molecules because of their short lifetimes.

3.4. Cytotoxicity of dendrimer phthalocyanine and micelle

The cytotoxicity of phthalocyanine dendrimer was assessed
against Hela cells (Fig. 5). The viability of cells upon
photoirradiation was evaluated by MTT assay and determined
to be a function of concentration and photoirradiation time with
DPcZn and its micelle. DPcZn and DPcZn/m were incubated
with the cells for 24 h and then fully washed with PBS to remove
non-associated photosensitizers prior to photoirradiation. Under
dark conditions, toxicities of DPcZn and DPcZn/m were
negligible. However, either DPcZn or DPcZn/m exhibited
photoinduced cytotoxicity upon the photoirradiation, where
the cells were photoirradiated for [5-60 min with broad-band
visible light using a halogen lamp (150 W) equipped with a filter
passing light of 400-700 nm (fluence energy: 27-107 kJ/m?).
According to the exposure time increase, either DPcZn or
DPcZn/m exhibited an increase in photocytotoxicity (Fig. 5).
Very interestingly, the aspect of the photocytotoxicity increase is
significantly different between DPcZn and DPcZn/m. As shown
in Fig. 6, DPcZn exhibits a relatively small time-dependency,
whereas DPcZn/m exhibits a remarkable change in the cell
viability depending on the photoirradiation time. Typically at 60-
min photoirradiation, DPcZn/m exhibited almost 100 times
higher photocytotoxicity than free DPeZn. Although electronic
absorption and oxygen consumption behaviours exhibited quen-
ching signature, DPcZn/m have significantly high PDT efficacy
compare to DPeZn alone. On the other hand, the cell viability
exhibits abnormal increase with increase in the concentration of
DPcZn/m at the 15-min light irradiation. There is various
reasons can be considerable such as compositional change of
micellar structure or microenvironment change around photo-
sensitizers. To understand this phenomenon, we need further
investigation.

In view of the negatively charged surface of mammalian cells,
charge neutralization of DPcZn by formulation of micelle pos-
sibly improves the cellular uptake. In fact, DPcZn/m showed a 4
times higher cellular uptake compared to DPcZn alone when
HeLa cells were incubated with 10 pM of DPcZn or DPcZn/m
for 24 h (Fig. 7). Nevertheless, the enhancement of photo-
cytotoxicity by the micelle formulation is much larger than the
improvement in cellular uptake. Furthermore, this result is quite
controversial to the quenching signature of DPcZn within the
micellar core.

This phenomenon presumably suggests that the PEG shell
layer of the DPcZn/m and micro environment around DPcZn
may have arole in altering the intracellular mechanism of DPcZn
to increase the photocytotoxicity. Also, in the case of DPcZn/m,
a large amount of ROS can be generated at once within the
micellar core. Therefore, the higher local concentration of ROS
around the micelle may easily exceed the threshold of photo-
damage against typical cellular organelles.

The remarkably enhanced photocytotoxicity of the micellar
system may be very advantageous point for practical applica-
tions. Because the most of photosensitizers have large w-conju-
gation domain and hydrophobic skeleton, photosensitizers
gasily form aggregates within the highly concentrated micellar
core via 7w and hydrophobic interactions. The formation of
aggregates result in the collisional quenching of the excitation
state, photocytotoxicity will be impaired when the micellar
structure occurs {19]. In contrast, because DPcZn shows less
collisional quenching by micelle formation due to the large
dendritic wedges, photocytotoxicity will be maintained, or even
enhanced in the micelle form. The DPc-incorporated micelle is
assumed to gradually dissociate into the constituent DPc and
block copolymer in the body by dilution: therefore, eventually
long-term phototoxicity due to non-specific uptake of photo-
sensitizers in normal tissue may be avoidable after PDT using
this micelle system [20]. Actually, our recent experiment showed
that the dendritic photosensitizers have almost no skin toxicity
under light irradiation compared to the clinically used
photosensitizer formulation Photofrin® [21,22].

4, Conclusions

The first example of polyion complex micelle formation of
DPcZn and its photodynamic efficacy were demonstrated.
DPcZn/m exhibited long wavelength absorption around
650 nm, which is very advantageous for the treatment of deep
lesions, because the long wavelength light is less absorbed by
melanin dyes in skin tissue or heme proteins in blood. Further-
more, the micellar formulation may improve the longevity in
blood circulation that achieves cumulative accumulation in the
lesion with hyperpermeability, such as a macular degeneration
[23], due to the enhanced permeation and retention (EPR) effect
[24]. The in vivo PDT efficacy of DPcZn/m is now under
investigation in our research group using disease models, such as
cancer and macular degeneration.
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A novel curve fitting model was developed for the isothermal titration calorimetry (ITC) of a cationic ligand
binding to DNA. The ligand binding often generates a DNA conformational change from an elongated random
coil into a compact collapsed form that is referred to as “DNA condensation”. The ligand binding can be
classified into two regimes having different binding constants Kj, i.e., the binding to an elongated DNA chain
with a binding constant K; and with K, that occurred during the conformational transition. The two-variable
curve fitting models are usually bound by a strict regulation on the difference in the values of the binding
constants K; > K». For the DNA condensation, however, the relationships for K; and K are still unclear. The
novel curve fitting model developed in this study takes into account this uncertainty on the relationship of the
binding constants and is highly flexible for the two-variable binding constant system.

Introduction

Isothermal titration calorimetry (JTC) is a useful method to
explore the interaction between DNA and cationic ligands.! 10
By adding a solution of cationic ligands to a DNA solution,
the ITC instrument measures the heat accompanied by the
binding reaction. The thermodynamic parameters such as
changes in enthalpy, entropy, and free energy can be obtained
by fitting the ITC curve to an adequate curve fitting model.
Nevertheless, general curve fitting models are useful only for
simple binding systems, and they may not be applied to
particular cases such as DNA condensation.

In general, there are three kinds of curve fitting models, i.e.,
the single set of identical sites (SSIS) model, two sets of
independent sites (TSIS) model, and sequential binding sites
(SBS) model.!*12 The SSIS model satisfies many ligand binding
systems when all the binding sites on the substance are identical.
The following parameters, stoichiometry N, binding constant
K, and change in enthalpy AH can be obtained using this fitting
model. The TSIS model, which is useful when substances have
two kinds of binding sites, enables us to calculate both sets of
parameters Ny, K1, AH, and N», K3, AH, for the first and second
ligand bindings. While the TSIS model seems to be well adapted
to various cases, it should not be applied to the particular system
where K is smaller than K3, because this model is constructed
assuming that K is larger than K. The SBS model is appropriate
for the system, such as the binding of multiple ligands to
transition metal ions, for example, the binding of four Br™ ions
to Cd?* leading to CdBrs?~. For this case, the number of
sequential sites should be integral. The absence of a parameter

* To whom correspondence should be addressed: Kazunori Kataoka,
tel -+81-3-5841-7138, fax +81-3-5841-7139, e-mail katacka@
bmw.t.u-tokyo.ac.jp; Yuichi Yamasaki, tel +81-3-5841-7145, fax +81-3-
5841-7139, e-mail yamasaki@bmw.t.u-tokyo.ac.jp.

T Department of Materials Science and Engineering, School of Engineer-
ing, The University of Tokyo.

# Center for Disease Biology and Integrative Medicine, Graduate School
of Medicine, The University of Tokyo.

equivalent to N indicates that the curve fitting is carried out by
changing only two parameters, K and H, on each site.

Concerning the binding of cationic ligands to DNA, a
conformational change in the DNA chain may affect their
binding behavior. The DNA chain collapses after some fraction
of negative charges on the phosphate backbone is neutralized
by cationic ligands, which is referred to as DNA condensation.
The binding process of cationic ligands to DNA can be classified
into two parts, a simple binding without a DNA conformational
transition and another binding event that followed during the
conformational transition. The binding constant for the former
is K and that for the latter is K. During the beginning of ligand
binding, the former binding process proceeds where the DNA
chains retain their conformation. Consequently, the latter binding
occurs after the former was completed, resulting from the DNA
conformational transition.

This scheme is consistent with the prediction of the counterion
condensation (CC) theory developed by Qosawa and Manning
and with the experimental results obtained from electrophore-
sis.!3 The CC theory indicates the presence of critical residual
charges on elongated DNA chains that results from the former
ligand binding. While the degree of charge neutralization
depends on the ligand concentration, the critical value of charge
neutralization is determined by their valence. For example, the
values of DNA in the presence of monovalent, divalent, and
trivalent cations are 0.76, 0.88, and 0.92, respectively.'* Bloom-
field concluded that the DNA chains retain their conformation
until the degree of charge neutralization is increased to 0.90,
indicating that cationic ligands with their valence equal to or
grater than 3 possesses the potential to generate DNA condensa-
tion. On the contrary, it was clarified that almost all of the
negative charges are neutralized in the collapsed state.'> These
experimental results suggest that the DNA conformation and
its residual charges correlate with each other, and that the
binding manner of the cationic ligands is also affected by DNA
conformation. Therefore, the binding classification described
above is appropriate for the ligand binding to DNA phosphates.

10.1021/jp057554e CCC: $33.50 © 2006 American Chemical Society
Published on Web 05/17/2006
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To obtain thermodynamic parameters from the ITC measure-
ments, the suitable fitting model should be carefully chosen by
considering the relationship of the magnitude of the binding
constants. For the DNA condensation, however, this relationship
has so far been unknown. Recently, Teif and Lando theoretically
pointed out that the DNA conformational change to the collapsed
state takes place when K> > K|.!® Actually, Mel'nikov et al.
reported the cooperative binding observed in the transition re-
gion of the DNA condensation induced by a cationic sur-
factant.!” Thus, we developed a novel fitting model suitable for
this situation K; > K to analyze the binding isotherm ob-
tained from the DNA condensation. In this paper, the binding
isotherms obtained from the DNA condensation induced by a
low molecular weight condensing reagent, cobalt hexamine
(Co(NH3)sT), and by a polymeric cation poly{ethylene glycol)—
poly(L-lysine) block copolymer (PEG—PLL), are demonstrated
as typical examples. The former is treated as a standard chemical
of a DNA condensation investigation'® and the latter as a
promising polycation as a gene carrier.'® A comparison of both
binding isotherms and the validity of the novel fitting model
will be discussed in detail.

Experimental Section

Materials. The plasmid pGL3 DNA (5256 base pairs) was
purchased from Promega (Madison, WI). The plasmid DNA
{(pDNA) was amplified in competent DH5a Escherichia coli
and purified using the Qiafilter giga kit (QIAGEN, Germany).
A stock solution of pDNA was prepared by dissolving purified
pDNA in Millipore grade water containing 10 mM NaCl without
any buffer solution. The DNA -concentration was determined
by the absorption at 260 nm. The PEG—PLL block copolymer
with the average PEG molecular weight of 12 000 and the
average degree of lysine polymerization of 109 was used in
this study. The PEG—PLL block copolymer was prepared as
already prescribed.?® Let us now briefly explain the synthesis.
PEG—PLL was synthesized using o.-methoxy-w-amino-PEG to
initiate polymerization of the N-carboxy anhydride of the
Z-protected lysine. The length of the lysine segment was
regulated by the ratio of the monomer to PEG initiator. The
deprotection of lysine was carried out under acidic conditions.
'"H NMR and size exclusion chromatography were employed
for characterization of this block copolymer. The degree of
polymerization is deduced by the ratio of the methylene proton
of PEG to that on the lysine residue. Cobalt(IlI) hexamine
trichloride was obtained from Wako Pure Chemicals (Osaka,
Japan) and used as received.

Isothermal Titration Calorimetry. [sothermal titration cal-
orimetry (ITC) was performed using a Microcal VP-ITC
calorimeter (Northampton, MA) with the normal cell (1.4643
mL) at 30 °C. Two milliliters of pDNA solution (0.3 mM in
phosphate) was poured inside the cell after three rinses with 10
mM NaCl solution. The condensing agents were titrated into
the pDNA solutions using an injection syringe. The concentra-
tions of cobalt hexamine and PEG—PLL were chosen to be 1.2
and 3 mM (in lysine unit), respectively. Each titration consisted
of a preliminary 1-uL injection followed by 29 subsequent 10-
#L injections at 3-min intervals. Control experiments were
carried out for both ligands to determine the heats of ligand
dilution, because the dilution effect should be subtracted to
obtain the heat of binding. Prior to the ligand binding experi-
ments, the calorimeter was verified by carrying out the Tris
base protonation reaction with hydrochloric acid (AH = —13.58
kcal/mol).

Analysis of ITC Curve. The analysis of the obtained ITC
curves was performed using origin software with version 5.0
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Figure 1. Raw data of ITC measurement for cobalt hexamine binding
to plasmid pGL3 DNA in 10 mM NaCl aqueous solution. The upper
curve shows the heats resulting from the titration of cobalt hexamine
to pDNA solution. The lower curve was obtained by the titration without
pDNA, indicating the heats generated by the dilution of the ligand
solution. To obtain the ITC binding curves, the lower one should be
subtracted from the upper one.
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Figure 2. Integrated ITC curve of cobalt hexamine binding to plasmid
pGL3 DNA in 10 mM NaCl aqueous solution. This ITC binding curve
was calculated from both curves in Figure 1. Endothermic two-stage
binding was observed during this ligand binding.

attached to the instrument. First, the integrated ITC curves were
obtained from the raw data of the power change at each
injection, using the add-on module for the purpose in the
software, and then the fittings of those data to the fitting function
developed here were performed to obtain the thermodynamic
parameters, using a fitting tool prepared in the software, which
was based on the Levenberg—Marquardt nonlinear fitting
algorithm.

Results

Typical nonintegrated titration curves are shown in Figure
1. The upper curve was obtained by titrating pDNA with cobatlt
hexamine, and the lower curve was obtained without pDNA
indicating the heat of the dilution of cobalt hexamine solution.
The upper curve includes the heats resulting from both the
dilution effect and the binding reaction. To obtain integrated
binding curves as shown in Figure 2, the peaks of both curves
were integrated and the latter was subtracted from the former.
Figure 2 indicates that the binding of cobalt hexamine onto
pDNA can be classified into two stages. Endothermic events
were observed during both stages, suggesting that this binding
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Figure 3. Integrated ITC curve of PEG—PLL binding to plasmid pGL3
DNA in water with 10 mM NaCl. The endothermic binding was
completed by the charge ratio of 1.2.

was entropically driven. This result is in good agreement with
those reported by other researchers.?#

In this system, the initial binding stage was completed with
the charge ratio of 0.9. The second stage was observed when a
further addition of cobalt hexamine occurred. No heat was
generated at the region in the charge ratio range higher than
1.5. From the results of turbidity measurement, a significant
decrease in the transmittance resulting from the formation of
aggregates was observed immediately following the second
binding stage (data not shown). After the titration measurement,
precipitates were visually observed in the sample solution.

The integrated [TC curve of the PEG—PLL binding to pDNA
is shown in Figure 3, indicating an endothermic ligand binding
the same as that observed in the Co(NHz)¢>/pDNA system.
Although the two-stage binding observed in the ITC curve of
the cobalt hexamine titration is well separated, no segregation
was observed in the ITC profile for the PEG—PLL/pDNA
system. The PEG—PLL binding was completed with the charge
ratio of 1.2.

Development of the Novel Fitting Model

A novel fitting mode! is based on the combination of the
single set of identical sites (SSIS) model. Let us introduce the
SSIS model as follows.!!12 Generally, the binding constant K
and the relationship of the total and free ligand concentrations
(X, and [X]) are represented by eqs 1 and 2, respectively

-9
(1 - O)X]

X, = X1+ NOM, (2)

K ey

where N is the number of binding sites, M, is the total
concentration of macromolecule, and © is the fractional sites
occupied by ligand. Combining eqs 1 and 2 gives eq 3

X X
®2~®[1+—‘+ 1}+ :

v, ) g = )

The total heat content Q of the solution contained in the sample
cell at fractional saturation © is

Q = NOMAHY, (4)

where AH is the molar heat of ligand binding and V, is the cell
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Figure 4. Integrated ITC curve of cobalt hexamine binding to plasmid
pGL3 DNA (B) and representative ITC curve NDH1 generated from
the SSIS model with the following fitting parameter (@). N; = 0.216
+0.004, K; = (17.79 £ 4.99) x 10° M~!, AH, = 1019 = 30 cal/mol.

volume. Solving the quadratic eq 3 for ® and then substituting
this into eq 4 gives eq 5

NMAHV,
Q= —i———[l + (X/NM,) + (1/NKM ) —

J(+ (XINM) + (NKMY)? — (4X/NM)] (5)

The value of Q can be calculated for any designated values
of N, K, and AH at the end of the ith injection and designated
Q(i). The parameter of interest for comparison with the
experiment, however, is the change in heat content from the
completion of the (i — 1)th injection to completion of the i-th
injection. The expression for Q in eq § only applies to the liquid
contained in volume V,. Therefore, after an injection is
completed, it is obvious that a correction must be made for the
displaced volume (i.e., AV; = injection volume) since some of
the liquid in V, after the (i — 1)th injection will no longer be in
V, after the ith injection, even though it will contribute to the
heat effect (assuming that the kinetics of the reaction and mixing
are fast) before it passes out of the working volume V,. The
liquid in the displaced volume contributes about 50% as much
heat effect as an equivalent volume remaining in V,. The correct
expression for the heat released AQ(7) from the ith injection is

dVifo@m + o6 — 1)

AQW) = Q0) + A > =QG—1) (©)

By dividing AQ(i) with moles in the ith injected volume, the
normalized heat, NDH(/), is obtained. Hereafter, NDH() is
described by NDH(N, AH, K) because NDH(i) is dependent on
the three parameters, N, AH and K.

A set of fitting parameters, Ny, K|, and AH, is assigned to
the initial binding stage of cationic ligands to the elongated
pDNA, and another set, Na, K>, and AH», is assigned to the
second binding stage during the pDNA conformational transi-
tion. On the basis of the SSIS model, the optimum fitting
parameters for the initial stage provide the most suitable ITC
curve as shown in Figure 4.

On comparison of the ITC curves for the PEG—PLL/pDNA
system with that for Co(NH3)¢>"/pDNA, the molar ratios where
the second binding stage appeared disagree. It is assumed that
the second binding stage in the PEG—PLL system is im-
mediately generated after the initial binding stage. In the system
of cobalt hexamine, however, the generation of the second stage
requires an excess amount of ligand in the bulk solution,
corresponding to the delay of the second stage in Figure 2. As
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shown in Figure 3, the second stage in the PEG—PLL system
was almost finished around the charge equivalent condition.
Therefore, both the initial and second binding stages in the
PEG—PLL system coexist in a certain region where the molar
ratio is greater than 0.5. This binding feature agrees with the
results obtained from the direct observation of the DNA
condensation using fluorescence microscopy.?!

On the contrary, the two binding stages were well separated
in the system of cobalt hexamine. In this system, the second
binding stage during the DNA conformational change occurs
after the initial stage where the fraction of the bound ligand
reaches the critical one and all of the injected cationic ligands
are consumed in the initial binding stage. As the injections of
the cationic ligands are repeated, the amount of bound ligands
gradually increases and reaches a maximum value at the molar
ratio of 0.3, corresponding to the critical residual charges of
the elongated DNA double helices, i.e., the end point of the
initial binding stage. Under this condition, the added ligands
do not tend to bind the elongated DNA, then the heat generated
by the binding gradually decreases. The further addition of
cationic ligands induces the DNA conformational change or
“DNA condensation”. During this transition, the second binding
stage of the cationic ligands is promoted. The presence or
absence of the delay between the two binding stages seems to
be a significant phenomenological difference. Therefore, the
effect of this delay is taken into consideration in the novel fitting
model developed in this study.

Prior to describing the delay of the second binding stage
observed in the Co(NH3)s>"/pDNA system, the curve fitting for
the second binding stage should be discussed here. On the basis
of the SSIS model, a general ITC curve should be produced as
a decreased sigmoidal curve as shown in Figure 4 (NDH1).
According to the results of the DNA conformational analysis
under fluorescence microscopy, both the elongated and collapsed
DNA chains coexist during the transition region of the DNA
condensation.? Thus, the population of collapsed DNAs should
gradually increase with an increase in the molar ratio. This leads
to the decrease in the fraction of ligands bound to the elongated
DNA and the increase in that of the collapsed one. If the delay
in the second binding stage was missing, the residual ligands
not involved in the initial binding stage ideally contribute to
the second binding stage. The amount of this residual ligand is
represented by differences between the maximum and each
fraction of the binding ligand, which can be expressed by an
increased sigmoidal curve. Because the sigmoidal NDH having
N, K, AH as a variable is linearly dependent on the fraction of
ligands (©), © can be described as the absolute value of NDH
divided by AH, ABS(NDH/AH).

To describe the fraction of the occupied site on DNA during
the second binding stage, an NDH3 sigmoidal curve was
employed. The definition of parameters for NDH3 is basically
the same as those for the NDH1, but only N3 is variable when
considering the delay of the second binding stage. When NVj is
equal to Ny, the initial binding stage is immediately followed
by the second binding stage during the DNA condensation. On
the contrary, as N3 becomes larger than Ny, the second binding
stage is separated from the initial binding stage, indicating that
the delay in the second stage is significant in the ITC curve.
Thus, the fraction of the occupied site on DNA during the
second stage is represented by ABS((AH; — NDH3YAH)) in
Figure 5, which is derived from 1 — ABS(NDH3/AH;). We
intend to generate for the second binding stage the NDH2 curve
which is a function of N, K3, and AH,. The second binding
stage of the ITC curve was fitted by the product of the
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Figure 5. Representative curve for the second binding stage during
pDNA condensation (NDH2; ¥).

hypothetical ITC curve NDH2" and the increased sigmoidal
curve ABS((AH; — NDH3)Y/AH;). The ITC curve NDH2’ that
corresponds to a standard ITC curve with the absence of the
initial binding stage is generated by the SSIS model, indicating
that the NDH2’ curve is defined by Ny, K3’, and AH,. The
product was defined as NDH2 where N2 — N3 (the difference
of N2’ and N3), K2', and AH," are selected for No, K», and AH,,
respectively.

Application of New Model

The optimum fittings for the experimental ITC curves of both
Co(NH3)s>+/pDNA and PEG—PLL/pDNA are shown in Figures
6 and 7, respectively. The ITC curves were fitted by the sum
of NDH1 and NDH2, corresponding to the initial and second
binding stages, respectively. The sum of these two curves
represents the relation of the total heats accompanied by ligand
binding on DNA to the mixing ratio. Although the curve NDH1
is defined by the set of three parameters, N;, Ki, and AH\,
another curve, NDH2, was defined by the set of six parameters,
N3, K1, AHy, Ny, K2', and AH,'. In this method, both curves,
NDHI1 and NDH2, were simultaneously fitted. The difference
in Ny’ and Ns, which is described by N,, means the binding
stoichiometry for the second binding stage in the novel fitting
model, and the difference in V) and N reflects the delay of the
second binding stage. The important thermodynamic parameters
are listed in Tables 1 and 2. For both the simplified notation
and comparison with the reported data, the binding stoichiometry
for the second binding stage is represented by the parameter
N in the tables.

Discussion

The cooperative binding of polycations to DNA chains has
been discussed as a typical binding feature of polyelectrolytes.
Similar binding processes have already been independently
considered by McGhee and von Hippel® and by Schwarz.?
MaGhee and von Hippel suggested the concept of cooperativity
of protein binding to DNA using the following three binding
modes: (1) the binding to the isolated site with an intrinsic
binding constant K, (2) a singly contiguous site to which a linear
polymer binds with binding constant Kw, and (3) a doubly con-
tiguous site to which a linear polymer binds with binding con-
stant Kw?, where w is the cooperativity constant. When w > 1,
the cationic ligands attract each other and the binding is posi-
tively cooperative; when @ < 1, the cationic ligands repel each
other and the binding is anti or negatively cooperative; when

= 1, neither cooperativity is observed during the binding.

Schwarz’s theory also implies two types of intrinsic binding
processes: (1) the binding of isolated ligands with binding
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Figure 6. Optimum fitting for the experimental ITC curve (8) of
Co(NH»)s>*/pDNA, NDH1 -+ NDH2 (C1). NDH1 (@) represents the
initial binding stage corresponding to that in Figure 4. NDH2" (a) and
NDH?2 (¥) are the same as those in Figure 5. NDH1 + NDH2 is used
for the fitting of the experimental ITC curve; N; = 0.216 =+ 0.004, K,
=(17.79 £ 4.99) x 10° M™', AH; = 1019 =% 30 cal/mol, N>" = 0.385
+ 0.012, N3 = 0.354, N, = Ny’ — N3 = 0.031 £ 0.012, K = K’
(27.82 + 12.61) x 10° MY, AH, = AH,’ = 1520 & 301 cal/mol.

constant K (nucleation), and (2) the binding of ligands to the
nearest-neighbor binding site (aggregation) with binding constant
Kq, where g is the cooperativity parameter. In both models, the
binding process with the binding constant Kw or Kq is generated
by the initial ligand binding with binding constant K, which is
the matter of our concern. Let us assume that K, was equal to
Kw or Kq. For the cobalt hexamine binding to DNA, w or g is
estimated to be 1.56, which is obtained by K»/K; using the
parameters shown in Table 1. For the PEG—PLL binding to
DNA, w or ¢ is estimated to be 19.20 using the parameters
shown in Table 2. In both cases, it is obvious that the binding
constant K, seems to be significantly enhanced and the
estimation for the cobalt hexamine binding is inconsistent with
the reported data.”? Although the above classification was
suggested to explain the cooperative binding of the cationic
ligands, it is not clear in this study whether such kinds of
cooperativities induced by the ligand—ligand interactions exist
in the binding of the cobalt hexamine or PEG—PLL to pDNA.

In this study, it was assumed that the positive cooperative
binding of the cobalt hexamine or PEG—PLL to DNA is
attributed to the conformational change in DNA rather than the
interaction between the same chemicals. The DNA conforma-
tional change produces the environmental modulation around
the DNA vicinity, and this may affect the binding features of
the cationic ligands. Hud et al. suggested that the effect of the
DNA segment fluctuation induces the enhanced binding of
cationic ligands to a loop formed by two sequence-separated
sections in close contact.?> The cationic ligands bind to this
contact and stabilize the loop. Successive ligands bind both the
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Figure 7. Optimum fitting for the experimental ITC curve (&) of
PEG—PLL/pDNA, NDH1 + NDH2 (O). NDH1 (@) represents the
initial binding stage corresponding to those of the PEG—PLL/pDNA
system shown in Figures 5 and 6. NDH2' (A) and NDH2 (¥) correspond
to those in Figure 6. NDH1 + NDH?2 is used for the fitting of the
experimental ITC curve: N3 = N; = 0.810 + 0.026, K, (2.66 &=
0.62) x 10° M7, AH, = 585 % S cal/mol, N, = 0.994 + 0.005, N,
=Ny — N3=0.184 4+ 0.031, K; = K" = (51.07 £ 13.98) x 10° M7,
AH, = AH) = 899 + 37 cal/mol.

loop and extended DNA to induce the collapsed form. Therefore,
the binding constants K; and K, are treated as individual
variables in this study.

To develop a flexible fitting method, different types of
ligands, a low-molecular weight metal complex cobalt hexamine
and block copolymer PEG—PLL, were employed in this study.
Cobalt hexamine is a widely used chemical as a standard reagent
of DNA condensation. On the contrary, PEG—PLL is a
relatively recently developed reagent as a gene carrier.!” As
exemplified by the presence or absence of the delay in the
appearance of the second binding stage in Figures 2 and 3, the
condensation mechanism seems to be slightly different from
each other despite the same driving force, the electrostatic
interaction. It was reported that this difference becomes
enhanced in the dilute DNA solution experiments and the latter
more effectively induces the DNA condensation.?!

Under such situations, the charge equivalent mixing ratio
between PEG—PLL and DNA is enough to induce the DNA
condensation, while an excess amount of cobalt hexamine, at
least several times that of the phosphate residue, should be
required. A similar trend was observed in the ITC curves
obtained in this study. The charge ratio at the end point of the
PEG—PLL titration was 1.2, while that of cobalt hexamine was
slightly higher than this value. This difference was mainly
caused by their chemical structures. In this study, a simple
comparison of the thermodynamic parameters Ny and K| in the
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TABLE 1: Parameters Obtained by Various Fitting Methods

Kim et al.

N, K/10° (M™) AH, (cal/mol) N, K/10° (M) AH, (cal/mol)
this work?® 0.216 + 0.004 17.79 £ 4.99 1019 =+ 30 0.031 £ 0.012 27.82 £ 12.61 1520 & 301
ref 2° 0.217+£0.012 230 £0.80 1240 &+ 100 0.059 £ 0.012 6.00 £ 1.60 820 :£90
origin® 0.218 £ 0.010 74.02 + 142.4 1086 & 68 not converged

@ This work: developed by this work. ¢ ref 2: reported in reference 2. © Origin: by applying the two sets of independent sites (TSIS) model to
each binding process divided from the experimental ITC curve shown in Figure 2, which is the same method as that used in the ref 2. N;" = 0.385
+ 0.012, N5 = 0354, N, (=No" — N3) = 0.031 £ 0.012, K> = Ko/, AH, = AHY.

TABLE 2: Parameters Obtained by Various Fitting Methods

N KJ/10° (M~ AH/ (cal/mol) N, K105 (M~ AH; (cal/mol)
this work? 0.810 + 0.026 2.66 +0.62 585 +5 0.184 £+ 0.031 51.07 41398 899 + 37
origin? 0.781 £ 0.032 139.10 £ 44.19 584 +9 0.222 4+ 0.034 724223 973+ 77

a This work: developed by this work. ? Origin: by applying TSIS model to the ITC curve shown in Figure 3. Ny = Ny, Ny’ = 0.994 & 0.005,

Nz (=N2, - N';) =0.184 £+ 0031, K2 = Kz,, AHZ = AHz,.

cobalt hexamine system with those of PEG—PLL makes no
realistic sense, because the former was analyzed in a molar unit
and the latter was summarized in a charge unit. On comparison
of N, with the consideration of the valency, however, it is
obvious that PEG—PLL more effectively binds (see Tables 1
and 2).

In the novel fitting model developed in this study, the cationic
ligand binding to DNA was classified into two stages, the initial
and second binding stages. The former has the binding constant
K, and the latter K. Regarding the magnitude relationship of
the binding constants, Teif and Lando theoretically pointed out
that the DNA conformational change to the collapsed state takes
place when K> > K;.'0 In the general curve fitting models for
the experimental ITC curves, however, this assumption could
not be taken into consideration. Although general fitting models
that can treat multiple binding sites have the assumption K; >
K>, our model is not restricted by this assumption. To treat two
binding stages as individual events, they were characterized in
relation to the conformational change in pDNA. Thus, the former
occurs when the DNA conformation retained as the elongated
state and the latter is promoted during the DNA conformational
change.

Generally, there is a significant difficulty in the separation
of the two binding stages, when the overlap of the initial and
second binding stages was observed as shown in the PEG—
PLL system. Despite the absence of the saddle point in the
integrated ITC curve for the PEG—PLL system, the assumption
of two-stage binding is plausible, because the discrete transition
between the elongated and collapsed states was essentially the
same as that observed in the cobalt hexamine system.?! Table
1 shows a comparison of the thermodynamic parameters
determined in this study with those by other methods reported
in ref 2 and obtained by the manufacturer recommended method
that is based on the two sets of independent sites (TSIS) model.
Although the second set of parameters did not converge using
the TSIS model, no significant difference was observed in both
values of Ni and N,. As mentioned in the Introduction, the TSIS
model should not be applied to the particular system where K|
is smaller than K», because this model is constructed assuming
that K, is greater than K5. This is the reason the second set of
parameters was not determined by the TSIS model.

Matulis et al. also employed the TSIS model, but they
completely divided the integrated ITC curve by the saddle point.
In their method, two parts of the ITC curve were separately
fitted.2 Therefore, the magnitude relationship of K and K> would
not be discussed under their framework. On the contrary, both
parts were simultaneously fitted in this study. In addition, when
their method was applied to the PEG—PLL system, the curve

fitting was done under the restricted assumption K; > Kj.
However, our method is not restricted by this assumption.
Among these three methods, thus, an appropriate method
suitable for the discussion on the magnitude relationship of K
and K; is considered to be limited to the novel method developed
in this study.

The charge ratio of the cationic ligands to DNA is expressed
by the total stoichiometry, the sum of Ny and N,. On the basis
of the consideration of the valence of cobalt hexamine, the
charge ratio is estimated to be 0.72 in this study, suggesting
that the residual ligands do not directly contribute to the DNA
condensation (see Table 1). This trend is consistent with another
report.” It is still controversial that the results of the ITC
experiments disagree with the theoretical prediction of the two-
variable counterion condensation theory.!* As for the PEG—
PLL system, the charge ratio was determined to be 0.99,
indicating that almost all of the negative charge of the DNA
phosphate is neutralized by the ligand binding (see Table 2).
The result of the charge equivalent complexation agrees with
those obtained from the single molecule observation under
fluorescence microscopy.?® This difference in the binding
stoichiometry between cobalt hexamine and PEG—PLL reflects
the strength of the electrostatic interaction between the cationic
ligands and DNA phosphates.

Conclusion

The novel fitting method based on the SSIS model for the
experimental ITC curve was developed and applied to the
cationic ligands binding to DNA, cobalt hexamine, and PEG—
PLL systems in this study. It is demonstrated that this curve
fitting method can be applicable for both systems. As for the
cobalt hexamine system, the thermodynamic parameters ob-
tained by the novel fitting method have a similar trend with
those reported by other researchers. It was suggested that this
method is applicable for the PEG—PLL system, in which the
separation of the two binding events is not enough for the
appearance of the experimental ITC curve. Although other fitting
methods are applicable under the restricted assumption K; >
K5, our method, unrestricted by this assumption, is widely
applicable for both cases, K; > K> and K; > K;.
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Polymer vesicles enclosing a volume with a molecularly thin
membrane, known as “polymersomes”, have recently been attracting
progressive attention from both fundamental and applied standpoints
as carriers or containers for various functionality compounds.!?
Particularly, in an aqueous entity, amphiphilic block copolymers
have been used for the preparation of polymersomes,' ™ revealing
unique characteristics such as high structural stability compared to
conventional liposomes made from low molecular amphiphiles.!
Very recently, stable encapsulation of biologically relevant sub-
stances, including drugs and enzymes, into the polymersomes has
been directed to applications as delivery and bioreactor systems.?
Nevertheless, the hydrophobic nature of the membrane in such
amphiphilic polymersomes prevents the penetration of hydrophilic
solutes, limiting their functionality as semipermeable container
systems. Furthermore, the harsh preparation conditions, including
the use of organic solvents, may hamper the encapsulation of fragile
compounds such as proteins. Herein, we report for the first time
the preparation of stable polymersomes with a semipermeable
membrane through a simple mixing of a pair of oppositely charged
block copolymers in an aqueous medium. The polymersome formed
in this way is a new entity of polymer vesicles with a polyion
complex (PIC) membrane and thus may be given a new terminology
as a “PICsome”.

A PICsome as a hollow sphere needs the formation of a stable
layer of PIC lamellae as the partition membrane. In this regard,
oppositely charged segments of the block copolymer pair are
preferred to have a matched chain length, compensating for the
counter charge in a stoichiometric manner and minimizing the phase
mixing of the PIC middle layer with the outer and inner shell layers
of the hydrophilic segment, in this case, poly(ethylene glycol)
(PEG). Here, to satisfy this condition of matched chain length, both
anionic and cationic block copolymers were prepared from the same
platform polymer, PEG-poly(f-benzyl-L-aspartate) (PEG-PBLA),
to have identical molecular weight and composition (Scheme 1).
Two types of PEG-PBLA with a different PBLA composition
(degree of polymerization (DP) of PBLA; 17 and 100) were
prepared by the ring opening polymerization of 5-benzyl-L-aspartate
N-carboxyanhydride initiated from the w-primary amino group of
CH;0—PEG—NH, (M, = 2000, M,/M, = 1.05).* The anionic
component of the PICsome, PEG-poly(a,f-aspartic acid) (PEG-
P(Asp)y7 and PEG-P(Asp)i0), was obtained from PEG-PBLA by
atkali hydrolysis as reported previously.’ Alternatively, the cationic

* Department of Materials Engineering, Graduate School of Engineering, The
University of Tokyo.

# CREST, Japan Science and Technology Agency.

§ Center for NanoBio Integration, The University of Tokyo.
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Scheme 1. Synthesis of a Pair of Oppositely Charged Block
Copolymers
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component was prepared from PEG-PBLA by aminolysis of
flanking benzyl ester groups with an excess amount of diamine. A
notable property of PBLA is that the benzyl ester groups can easily
undergo quantitative aminolysis reactions with various diamines
at ambient temperature via the formation of a succinimidyl ring
structure as an intermediate, allowing the preparation of cationic
poly(aspartamide)s with different amine functionalities. Indeed,
quantitative aminolysis was confirmed from 'H NMR spectra.* Two
types of diamines with a different number of methylene units, 1,2-
diaminoethane and 1,5-diaminopentane, were used in the aminolysis
to obtain PEG-poly([2-aminoethyl]-a.,-aspartamide) (PEG-P(Asp-
AE) 7 and PEG-P(Asp-AE) o) and PEG-poly([5-aminopentyl]-a, -
aspartamide) (PEG-P(Asp-AP); and PEG-P(Asp-AP),q), respec-
tively, to explore the effect of the alkyl-spacer length on the self-
assembly behavior.

The anionic and cationic block copolymers were separately
dissolved in 10 mM Tris-HC] buffer (pH 7.4) with a physiological
salt concentration of 150 mM NaCl. Both solutions were then mixed
in an equal ratio of —COO— and —NHj" units to form PIC and
subsequently subjected to sonication.* Flow particle image analysis*
and dark-field microscopic (DFM) observation suggested the
formation of spherical particles with the diameter up to 10 um in
the PEG-P(Asp)100/PEG-P(Asp-AP);g system (Figure 1), which is
obviously with a larger size range than that of the well-documented
PIC micelles with a core—shell architecture.® The DFM image was
more fascinating, showing characteristic ringlike scatterings (Figure
1), suggesting the hollow structure of the particles. Note that the
scattering light intensity in DFM correlates with the density of the
objects, giving a ringlike image for hollow particles with a large
density difference between the inner and peripheral regions.” The
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Figure 1. Dark-field microscopic images of PICsomes prepared from a
PEG-P(Asp)ioo/PEG-P(Asp-AP) g0 system.

balance of the segment length in the block copolymer is expected
to play a substantial role in the self-assembly process. Indeed, the
combination of the block copolymers with a shorter charged
segment, PEG-P(Asp)7/PEG-P(Asp-AP); system, gave a DFM
image with only few ring-scattering objects dispersed in the major
part of the small dot scatterings presumably from micelles. Block
copolymers with shorter charged segments compared to the PEG
segment adopt a cone-shaped conformation preferring the micelle
architecture.® The molecular shape gradually changes from cone
to rod with the increased length of the charged segments relative
to the PEG segments, and eventually, the assembly should adopt
the vesicular structure with a smaller curvature than the spherical
micelle.® The observations here are consistent with this general rule
of vesicular formation through molecular assembly. Another factor
influencing the vesicular formation seems to be the alkyl-spacer
length of the cationic side chain of the poly(aspartamide) segment,
which may be related to the flexibility of the ion pair formed in
the PIC structure. A decrease in the alkyl-spacer length from pentyl
to ethyl in the side chain of the cationic poly(aspartamide) segment,
viz. the PEG-P(Asp)100/PEG-P(Asp-AE)io system, resulted in a
significant decrease in the size (<1 um) of the ring scatterings
observed in DFM. It is likely that the length of the alkyl spacer
may be a critical factor in determining the stable PICsome size,
yet a further detailed study should be needed to confirm this
assumption.

The hollow structure of the large PIC assembly from PEG-
P(Asp) 10/ PEG-P(Asp-AP) g system as “PICsome” was further
directly evidenced from the encapsulation of the water-soluble
macromolecule labeled with fluorescein isothiocyanate, FITC-
dextran (FITC-Dex, M, = 40000), into the PICsome. Cross-
sectional observation by the confocal laser scanning microscope
(CLSM) clearly confirmed the successful inclusion of FITC-Dex
into the PICsome by a simple mixing of PEG-P(Asp-AP) (1 mg/
mL) with PEG-P(Asp)igo (I mg/mL) containing FITC-Dex (1 mg/
mL) (Figure 2).* The PICsome with encapsulating FITC-Dex was
appreciably stable in physiological buffer as observed by CLSM
even after 3 months standing at ambient temperature.

The semipermeability of the PICsome membrane was then
investigated using fluorescent molecules with different molecular
weights. The fluorescence collected through the objective lens was
resolved by the diffraction grating and monitored by a 32-channel
arrayed detector. Upon addition of dextran labeled with tetrameth-
ylrhodamine isothiocyanate (TRITC-Dex, M, = 70 000) to the
solution of PICsome with encapsulated FITC-Dex, a green fluo-
rescence of FITC inside the PICsome was clearly observed, sharply
discriminated from the red fluorescence of TRITC-Dex in the outer
medium, in the merged image of CLSM taken at the excitation
wavelength for FITC and TRITC (488 and 543 nm) (Figure 2a).
On the other hand, upon addition of free TRITC (MW = 443.5) to
the solution of the FITC-Dex encapsulating PICsome, a yellow color
was observed inside the PICsome (Figure 2b).* An emission
spectrum of the region of interest (ROI) in Figure 2b shows the
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Figure 2. CLSM images and emission spectra of PICsome encapsulating
FITC-Dex. Images after the addition of (a) TRITC-Dex or (b) TRITC. (c)
Spectra of the ROI in (a) after (solid line) and before (blue dotted line) the
addition of TRITC-Dex. (d) A spectrum of the ROl in (b) (solid line) with
reference spectra of FITC-Dex (green dotted line) and TRITC (red dotted
line).

intense fluorescence with the maximum at 580 nm and the shoulder
at 520 nm (Figure 2d). The profile was reasonably fitted with both
references of FITC-Dex and TRITC, indicating the penetration of
TRITC into the PICsome interior. In contrast, the spectrum of the
ROI in Figure 2a corresponds to the spectrum of FITC-Dex before
the addition of TRITC-Dex (Figure 2¢), indicating the segregation
of TRITC-Dex from the PICsome interior. These results visually
demonstrated the semipermeable character of the PIC membrane.
Notably, the PICsome was able to retain its vesicular structure in
the presence of a colloidal osmotic pressure of approximately 10
#Osm from the encapsulated FITC-Dex and was stable even in the
medium containing 10% fetal bovine serum at 37 °C.* being feasible
for biomedical applications.

In summary, a novel entity of a polymer vesicle, a PICsome,
was prepared here by a simple mixing of a pair of oppositely
charged block copolymers composed of biocompatible PEG and
poly(amino acid)s in an aqueous medium. The PICsome is stable
in proteinous medium and has a partition membrane with a unique
three-layered structure. These biocompatible composition and
biologically relevant characteristics of the PICsomes may open their
future utility in biomedical fields such as carriers of therapeutic
compounds and compartments for diagnostic enzymes.
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Synthetic oligonucleotides (ODNs) that incorporate a chemi-
cally reactive appendage have been widely investigated in the
endeavor to create new functions through specific reactivity
ioward a targei sequence. A number of biotechnoiogical
approaches have been invented based on sequence-selective
alkylation,!! cross-linking,** strand cleavage " chemical
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ligation ™ signal amplification”! and other techniques. Cross-
linking oligonucleotides have been used to stabilize com-
plexes with the cellular target mRNA by covalent-bond
formation, and have been shown to be useful in enhancing
antisense effects. Emerging knowledge about the fundamen-
tal role of micro-RNAs (miRNAs) in gene regulation has led
to great interest in efficient antisense oligonucleotides against
miRNAs as a tool for specifically knocking down particular
miRNAs!ME Psoralen derivatives are activated by UV
jrradiation and are the only reagents applicable to in vitro
and in vivo studies. They not only enhance antisense
effects!!>™ but also induce specific mutations at the sites of
the reaction within the triplex DNA™ " However, until now
the use of alkylating oligonucleotides in biological studies has
been hampered by the lack of an efficient cross-linking agent.
As alkylating or cross-linking agents tend to be unstable
under physiological conditions, the use of stable precursors
with inducible reactivity was expected to provide a solution to
this problem.>"! We recently proposed a new concept of
inducible reactivity, in which a phenylsulfide derivative used
as a stable precursor to a 2-amino-6-vinylpurine nucleoside
analogue is automatically activated in the proximity of the
target cytidine residue to form a covalent bond selectively
(Scheme 1)1 The selectivity of this inducible alkylation
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Scheme 1. In situ activation of the sulfide precursor 1 to the 2-amino-
6-vinylpurine 3 for selective cross-linking with cytidine to give 41" The
vinyl compound 3 can be generated selectively in the hybrid with the
complementary sequence from the sulfoxide 2 or the sulfide precursor
1. As intermediary formation of 2 has not been detected, it is
anticipated that activation from 1 to 3 takes place directly.

system for cytidine is so high that a single nucleotide
difference can be discriminated in the alkylation. Herein we
describe the capacity of the inducible alkylation system to
exhibit antisense effects in an intracellular environment with
greater potency and selectivity than the corresponding
unmodified oligonucleotide.

In a previous study, the phenylsulfide derivative T was
oxidized chemically to produce the sulfoxide derivative 2.
which was activated selectively to the vinyl compound 3 by
hybridization with the complementary sequence. It has been
shown that the cytidine residue at the target site enhances the
elimination step from 2 to 3, which is followed by efficient
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alkylation to produce 417! The vinyl compound 3 can also be
generated selectively from the sulfide precursor 1 in the
hybrid with the complementary sequence. In this case it is
anticipated that activation from 1 to 3 takes place directly.
The elimination of the sulfide group is also accelerated by the
cytidine residue at the target site. As the sulfide derivative Tis
chemically stable, we viewed it as a potential candidate for an
alkylating agent with inducible reactivity for use in living
systems.

Herein, we have applied polyion-complex (PIC) micelles
of PEG conjugates of oligonucleotides for both the protection
of ODNs from enzymatic digestion and their efficient delivery
into the cellular interior*! Scheme 2 summarizes the
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- 3' (446) TACGGGTATGA-C-AACTCGTTA (426) -
a: SMe
b: SPh Synthesized ODN sequences:

A: 5 ATGCCCATACT-X-TTGAGCAAT
B: 5 ATGCCCATACT-G-XTGAGCAAT
C: 5 GCATAGCGTACT-X-TCTAACTA

X=2-amino 8-alkyl purine (2AP) or G

¢: SCsH4-2-COOH
d: SCgH4-4-COOH
e: NHPh

Scheme 2. Synthesis of the antisense PEG conjugates in which 2-
amino 6-alkyl purine is incorporated. The sequence A has X at the
complementary site to the cytidine residue of the target mRNA
sequence, B contains X at the adjacent site, and C is a random
sequence. The description 6A refers to species with the ODN
sequence A that are not conjugated with PEG; 8B (X~ AP, R* = SMe)
is the PEG conjugate with the ODN sequence B in which a 2-amino-6-
{2-methylthioethyl)purine derivative is incorporated adjacent to the
complementary site to the cytidine residue of the target sequence.
EDTA — ethylenediaminetetraacetic acid.

synthesis of PEG conjugates of the functional oligonucleo-
tides. The antisense sequence to firefly-luciferase mRNA
(sequence A in Scheme2) was designed according to a
reported technique™ The methylsulfide derivative of a 2-
amino 6-alkyl purine was incorporated into the natural-type
ODN (5a and 6a),""! and was then transformed into the
phenylsulfide (5h, 6b). 2-carboxyphenylsulfide (5S¢, 6¢), 4-
carboxyphenylsulfide (5d, 6d), and phenylamino derivatives
(5e) by sequential reactions with magnesium monoperph-
thalate (MMPP) and aqueous NaOH, following the addition
of the corresponding thiol or amine. The amino group of the 3’
terminus of 5§ was modified with N-succimidyl-3-(2-pyridyldi-
thio)propionate (SPDP), followed by reduction with dithio-
threitol (DTT) to form the thiol-containing ODN 7. Finally,
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the f-thiopropionate linkage of the corresponding ODN-
PEG conjugates 8 was formed by a Michael reaction with a
PEG polymer bearing a dicthylacetal group at one terminus
and an acrylate group at the other (M,=4460). The con-
jugates 8 were isolated in good yields by purification by
reversed-phase column chromatography. Sequence A has X
at the complementary site to the cytidine residue of the target
mRNA sequence, B contains X at the adjacent site, and Cis a
random sequence. The structures of the ODNs and the PEG
conjugates were confirmed by MALDI-TOF MS. The PEG-
ODN conjugates obtained were mixed with poly-L-lysine
(PLL)in a 1:1 molar ratio with respect to the phosphate group
in the PEG-ODN conjugate and the amino group in PLL to
form the PIC micelles (N/P=1).

Antisense effects of the reactive ODNs (6A, R'=H)
were first evaluated in a transcription and translation assay
without cells. The following order was found for the cross-
linking rates of the derivatives of 2-aminopurine in the
nonbiological system: phenyl sulfoxide > 2-carboxyphenyl-
sulfide> phenylsulfide > methylsulfide!"” However, as the
phenyl sulfoxide derivatives were found to be unstable in the
biological assay. the sulfide-functionalized ODNs were used
in this study. Transcription, followed by translation, of firefly
luciferase was performed by using ODN 6 (X = G or a sulfide
derivative of 2-aminopurine) and firefly-luciferase DNA in a
wheat-germ extract. Production of luciferase was monitored
by measuring luminescence (Figure 1). All ODNs 6 A showed
dose-dependent antisense inhibition. It should be noted that
all sulfide-functionalized ODNs showed higher antisense
effects than the corresponding natural antisense ODN.
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Figure 1. Antisense effects on luciferase production in an assay
without cells. Transcription and translation were performed in vitro for
90 min at 30°C by using DNA (0.3 pg) in the absence or presence of
the ODN in TNT coupled wheat germ extract system (Promega). The
extent of luciferase production relative to that in the control is shown
in the ordinate.

To check whether or not in situ activation would take
place in a cell lysate, we mixed the reactive ODN 6 A (N =
AP, R? = SMe) and the ODN with the target sequence in a cell
lysate, and the reaction mixture was analyzed by HPLC!
Although the cross-linked adduct was not detected clearly.
the formation of 2-amino-6-vinylpurine was evidenced by its
intrinsic fluorescence. This vinyl derivative of ODN 6 was
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