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Fig. 3. The Effect of Girolline is Different from the Effect of Leptomycin
B

Cell extracts were prepared from FL cells cultured in the presences of 50 pm
girolline, 2 v MG132, and 50 ng/m] leptomycin B for 24 h and were then subjected to
immunoprecipitation (1P} using anti-p53 antibody-immobilized agarose. The immuno-
precipitates thus formed were then subjected to Western blotfting with anti-p53 anti-
bady. IB, immunoblotting.
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Fig. 4. Girolline Fails to Induce Accumulation of Polyubiquitinated Cellu-
lar Proteins

Cell extracts prepared from FL cells cultured in the presence of 50 um girolline and
2 i MG 132 were subjected to SDS-PAGE and then to Western blotting with FK I anti-
body, which specifically recognizes polyubiquitin chains (anti-pelyUb). 1B, im-
munoblotting.

the cytoplasm and are then polyubiquitinated/degraded.'*'”)
To examine the possibility that girolline affects the export of
polyubiquitinated pS3 from the nucleus, we compared the ef-
fects of girolline and leptomycin B, an inhibitor of nuclear
export, on accumulation of polyubtquitinated p53 (Fig. 3).
Leptomycin B has been reported to completely inhibit
MDM2- and E6-AP-dependent proteasomal! degradation of
p53.'% In contrast to the effect of girolline, leptomycin B did
niot induce accumulation of polyubiguitinated p53. These re-
sults strongly suggest that girolline does not inhibit the nu-
clear export of polyubiquitinated p53.

The Effect of Girolline is Specific for p53  We next car-
ried out an experiment to determine whether treatment with
girolline results in accumulation of polyubiquitinated pro-
teins other than p53. Cell extracts prepared from FL cells
that had been pretreated with girolline and MG132 (a posi-
tive control) were subjected to SDS-PAGE and then to West-
ern blotting with FK1 antibody, which specifically recognizes
polyubiquitin chains (Fig. 4)."? MG132, a proteasome in-
hibitor, induced accumulation of polyubiquitinated ceflular
proteins. In contrast, treatment with.girolline induced little
accumulation of polyubiquitinated cellular proteins. These
results strongly suggest that the effect of girolline is specific
for p53 and that this compound inhibits the degradation of
polyubiquitinated p53 but not that of other polyubiquitinated
cellular proteins,

A Possible Target of Girolline Girolline has been re-
ported to inhibit protein synthesis.” In contrast, in our study,
treatment with cycloheximide, a protein synthesis inhibitor,
induced little accumulation of polyubiquitinated p53 (data
not shown). Since polyubiquitinated proteins are targeted to
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the proteasome and degraded, all of the above results suggest
that girolline inhibits recruitment of polyubiquitinated p53 to
the proteasome. Rad23 and Dsk2, ubiquitin-like proteins that
have affinities toward polyubiquitinated proteins and also are
capable of binding to the proteasome, have been reported to
function in the recruitment of polyubiquitinated proteins to
the proteasome.'” It is quite possible that the target of
girolline is such a factor functioning in the recruitment of
polyubiquitinated p53 to the proteasome. Since girolline
failed to induce accumulation of other polyubiquitinated cel-
lular proteins, the candidate factor seems to be specific for
p53. Although the target of girolline has not yet been identi-
fied, it can be concluded that girolline is a novel-type in-
hibitor against the ubiquitin-dependent proteplytic pathway.

It is well known that p53-dependent G1 arrest of the cell
cycle is an important component of the cellular response to
stress, but the mechanism of p53-dependent G2 arrest has
not yet been elucidated.**' Girolline induces mainly G2/M
arrest in FL (wild type p53), HeLa (defective p53), and A549
(wild type p33) cells and also induces the accumulation of
polyubiquitinated p53 at least in FL cells. Further study is re-
quired to determine whether accumulation of polyubiquiti-
nated p53 causes G2/M arrest.
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We designed poly(amidoamine) dendrimers with phenylalanine or leucine residues at their chain ends.
Thereby, we achieved efficient gene transfection of cells through synergy of the proton sponge effect,
which is induced by the internal tertiary amines of the dendrimer, and hydrophobic interaction by
the hydrophobic amino acid residues in the dendrimer periphery. Dendrimers having 16, 29, 46, and
64 terminal phenylalanine residues were prepared by the reaction of the amine-terminated poly-
(amidoamine) G4 dendrimer and L-phenylalanine using condensing reagent 1,3-dieyclohexylearbodi-
imide. Transfection activity of these phenylalanine-medified dendrimers for CV1 cells, an African
green monkey kidney cell line, increased concomitant with the increasing number of the terminal
phenylalanine residues, except for the dendrimer with 64 phenylalanine residues, which showed poor
water solubility and hardly formed a complex with DNA at neutral pH. However, under weakly acidic
conditions, the dendrimer with 64 phenylalanine residues formed a complex with DNA, thereby
achieving highly efficient transfection. In contrast, the attachment of L-leucine residues was unable
to improve the transfection activity of the parent dendrimer, probably because of the relatively lower
hydrophobicity of this amino acid. The phenylalanine-modified dendrimer exhibited a higher
transfection activity and a lower cytotoxicity than some widely used transfection reagents. For that

reason, the phenylalanine-modified dendrimers are considered to be promising gene carriers.

INTRODUCTION

Development of safe and efficient nonviral vectors is
an important task in the field of gene therapy. Despite
many efforts to develop nonviral vectors, their ability to
transfect cells has yet to be improved (1, 2). A variety of
nonviral systems have been studied for this purpose.
Cationic polymers offer some advantages such as a large
diversity of molecular structures and freedom of molec-
ular design (3, 4). Cationic polymers can form stable
complexes, so-called polyplexes, with DNA through elec-
trostatic interactions. Positively charged polyplexes in-
teract strongly with negatively charged cell membranes
and are taken up by the cells through an endocytic
pathway. However, many cationi¢ polymers cannot achieve
efficient transfection. A major cause is that, when
internalized into the cell and taken up in the endosome,
alarge fraction of their complexes with DNA is delivered
to the lysosome and is ultimately degraded there.

Nevertheless, several kinds of cationic polymers can
mediate relatively efficient transfection of various animal
cells. Poly(ethylenimine) (PEI} and poly(amidoamine)
(PAMAM) dendrimers are among these polymers (5-8).
These polymers possess many secondary and tertiary
amino groups, which become protonated under weakly
acidic conditions. These amino groups suppress the
lowering of pH in endosomes and lysosomes by adsorbing
protons and prohibiting their degradation in the lyso-
some. In addition, endosome buffering by these polymers

* Corresponding author. Kenji Kono. Department of Applied
Materials Science, Graduate School of Engineering, Osaka
Prefecture University, 1-1 Gakuen-cho, Sakai, Osaka 599-8531,
Japan. Tel: +81-722549330. Fax: +81-722549913. E-mail:
kono®ams.osakafu-u.ac jp.

is thought to induce osmaotic swelling of the endosome
interior, engendering rupture of the endosome and
subsequent release of DNA into cytoplasm (9, 10). Such
a function of these secondary and tertiary amino groups
of polymers is called the proton sponge effect (6).

PAMAM dendrimers are unique synthetic macromol-
ecules with highly branched structure and globular shape
(11, 12). Molecular size of the dendrimers is increased
stepwise via the repetition of a reaction sequence,
Consequently, their size and structure are highly control-
lable and their molecular weight distribution is generally
very narrow (12). Taking into account the high control-
lability of structure of the PAMAM dendrimers and their
relatively high transfection activity, PAMAM dendrimers
are highly attractive materials for the design of gene
carriers. For that reason, many studies have been carried
out to produce efficient gene carriers using PAMAM
dendrimers as base materials (13). For example, Haen-
sler and Szoka attempted to improve their transfection
activity by conjugation of a pH-sensitive membrane-
active peptide that destabilizes the endosomal membrane
and promotes the escape of DNA into the cytosol {4).
Arima and colleagues also prepared conjugates of PAM-
AM dendrimers with cyclodextrins, concluding that this
conjugation greatly enhanced the transfection activity of
PAMAM dendrimers (14, 15). In addition, modification
of PAMAM dendrimers with various molecules, such as
a hydrophobic fluorescent dye (16) and poly(ethylene
glycol) (17), demonstrably improves their efficiency for
gene and oligonucleotide delivery.

Many studies have established that hydrophoebic moi-
eties affect transfection activity of eationic polymers (18—
22). The hydrophobic nature of gene carriers will influ-
ence formation and stability of complexes between the
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Figure 1. Structure of phenylalanine- or leucine-modified
PAMAM G4 dendrimer.

carriers and DNA as it enhances interactions between
the carriers and cells. In a previous study (23), we
prepared PAMAM dendrons having two dodecy! groups.
That study found that dendrons with hydrophobic moi-
eties showed much higher transfection activity than
PAMAM dendrimers of the same generation. That result
suggests that introduction of an appropriate amount of
hydrophobic moieties to the dendrimers can elevate their
transfection efficiency.

In this study, we designed PAMAM G4 dendrimers
having hydrophobic amino acid residues to produce
efficient nonviral vectors that achieve cell transfection
by synergistic actions of hydrophobic interactions and the
proton sponge effect. We prepared PAMAM G4 dendrim-
ers having phenylalanine or leucine residues at the
dendrimer chain ends (Figure 1). Subsequently, we
investigated their abilities to form a polyplex with
plasmid DNA and to transfect CV1 cells, an African green
monkey kidney cell line. The remarkable improvement
of transfection activity of the PAMAM G4 dendrimer
achieved by incorporation of phenylalanine is deseribed.

EXPERIMENTAL PROCEDURES

General Methods. PAMAM (starbust) G4 dendrimer
with an ethylenediamine core was purchased from Ald-
rich Chemical (Milwaukee, WI}, N-{tert-Butoxycarbonyl)-
L-phenylalanine (Boce-Phe) and N-(fert-butoxycarbonyl)-
L-leucine (Boc-Leu) were obtained from Peptide Institute,
Inc. (Osaka, Japan). 1, 3-Dicyclohexylcarbodiimide (DCC)
and N-hydroxysuccinimide were supplied from Tokyo
Kasei Kogyo (Tokyo, Japan). Trifluoroacetic acid, triethy-
lamine, 2-amino-2-hydroxymethyl-1,3-propanediol (Tris),
and N.N-dimethylformamide (DMF) were from Kishida
Chemical (Osaka, Japan). Dimethyl sulfoxide (DMSO)
and ethidium bromide were from Wako Pure Chemical
Industries (Osaka, Japan). Fetal calf serum (FCS} was
from JRH Biosciences (Tokyo, Japan). Agarose was from
Sigma (St. Louis, MO). Dulbecco’s modified Eagle’s
medium (DMEM) was from Nissui Pharmaceutical (To-
kyo, Japan). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) was obtained from Dojin
Laboratories (Kumamoto, Japan). Lipofectamine and
SuperFect were purchased from Invitrogen (Carlsbad,
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CA) and Qiagen (Hilden, Germany), respectively. Plasmid
DNA pCMV-Lue, which contains the cDNA of firefly
luciferase driven by a human cytomegalovirus immedi-
ate-early promoter, was a gift from Dr. Kazuo Maruyama,
Teikyo University.

Synthesis of Phenylalanine-Modified PAMAM G4
Dendrimers. The PAMAM dendrimers having varying
numbers of phenylalanine residues at the chain terminals
were prepared by the reaction of the amine-terminated
PAMAM G4 dendrimers with varying amounts of Boc-
Phe using N-hydroxysuceinimide and DCC and subse-
quent deprotection of Boe-Phe residues attached to the
dendrimers using trifluoroacetic acid and thioaniscle. A
typical procedure was as follows: N-hydroxysuccinimide
(44 mg, 0.380 mmol) and DCC (85 mg, 0.412 mmol) were
added to Boc-Phe (84 mg, 0.317 mmol) dissolved in DMF
(2 mL) and stirred for 7 h. Then, the PAMAM G4
dendrimer (46.9 mg, 3.30 nmol) and triethylamine {(0.066
mL, 0.475 mmol) dissolved in DMSO (2 mL) were added
to the solution and stirred for 7 days at room tempera-
ture. The obtained Boc-Phe-attached G4 dendrimer was
purified with a Sephadex LH-20 column using methanol
as the eluent. Boc groups of the dendrimer were removed
by the treatment with triflucroacetic acid {4 mL) and
thioaniscle (1 mL) at room temperature for 8 h. The
dendrimer was purified by dialysis against distilled water
and recovered by freeze-drying. Yield, 45.6 mg. Other
Phe-modified dendrimers were prepared by the same
procedure.

Synthesis of Leucine-Attached PAMAM G4 Den-
drimer. N-Hydroxysuccinimide (102 mg, 0.883 mmol}
and DCC (197 mg, 0.956 mmol) were added to Boc-Leu
(170 mg, 0.735 mmol) dissolved in DMF (2 mL) and
stirred for 3.5 h. Then, the PAMAM G4 dendrimer (108.9
mg, 7.66 nmol) and triethylamine (0.153 mL, 1.10 mmol)
dissolved in DMSO (4 mL) were added te the solution
and stirred for 8 days at room temperature. The obtained
Boc-Leu-attached dendrimer was purified with a Sepha-
dex LH-20 column using methanol as eluent. The depro-
tection of Boc-Leu-attached dendrimer and purification
of the resultant dendrimer were carried out by the same
procedure. Yield, 87.7 mg.

Agarose Gel Electrophoresis. The dendrimer—DNA
polyplexes with varying N/P ratios were prepared by
mixing plasmid DNA (1 ug) dissolved in 20 mM Tris-HCI
buffer (5 4L) and the dendrimer dissolved in PBS (5 uL).
After 10-min incubation at room temperature, the samples
(10 pL) were electrophoresed on 0.6 wt % agarose gel in
40 mM Tris, 20 mM sodium acetate, and 2 mM EDTA
buffer containing 1 ug/mL ethidium bromide at 100 V for
30 min. The ethidium bromide-stained bands were
visualized and photographed using an Eagle Eye II Still
Video System (Stratagene).

Transfection. For the preparation of dendrimer—
plasmid DNA polyplexes, plasmid DNA (1 ug) dissolved
in 20 mM Tris-HCI buffer (pH4.0—7.4, 50 uL.) was mixed
with the dendrimer dissolved in PBS of the same pH
(0.2-5 gfl, 50 uL). The mixed solution was incubated for
10 min at room temperature to afford a polyplex with a
given ratio of primary amino group of Phe-G4 to DNA
phosphate (N/P ratie). The CV1 cells were sceded in 0.5
mL of DMEM supplemented with 10% FCS in 24-well
culture plates at 5.0 x 10* cells per well the day before
transfection. The cells were washed with PBS containing
0.36 mM CaCl, and 0.42 mM MgCl; [PBS(+)] and then
covered with DMEM (1 mL). The polyplex containing
plasmid DNA (1 ug) was added gently to the cells and
incubated at 37 °C for 4 h. Then, the cells were rinsed
with PBS(+), covered with DMEM containing 10% FCS,
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and incubated at 37 °C. After 40 h, the cells were lysed
by adding 50 uL of Luc-PGC-50 detergent (Toyo Ink,
Tokyo, Japan). A 20 L aliquot from each dish was used
for one luciferase assay using a kit (Toyo Ink) and a
Lumat LB9507 luminometer (Berthold, Bad Wildbad,
Germany). The protein content of the lysate was mea-
sured by Coomassie Protein Assay Reagent (Pierce, IL)
using bovine serum albumin as the standard. Transfec-
tion by Lipofectamine and Superfect was performed
according to protocols recommended by the manufactur-
ers.

Cytotoxicity. The cytotoxycity of complexes of the
dendrimer, Lipofectamine, and Superfect with plasmid
DNA was assessed by MTT assay (24). The cells were
seeded in 1 mL of DMEM supplemented with 10% FCS
in 12-well culture plates at 1.5 x 10 cells per well the
day before transfection. The cells were washed with PB3
(+) and then covered with DMEM (1 mL). The den-
drimer—, Lipofectamine—, or SuperFect—DNA complex
containing plasmid DNA (3ug) was added gently to the
ecells and incubated at 37 °C for 4 h. Then, the culture
medium was carefully replaced with 0.5 mL of fresh
DMEM containing 10% FCS, and 70 xL of MTT dissolved
in PBS (5 mg/mL) was added to each well. After 4-h
incubation at 37 °C, the medium was removed and the
cells were solubilized in 500 4L of 2-propanol containing
0.1 M HCL The number of viable cells was determined
by absorbance at 570 nm. The cytotoxicity of the den-
drimer, Lipofectamine, and Superfect without plasmid
DNA was also measured by the same procedure.

RESULTS AND DISCUSSION

Design and Synthesis of Phenylalanine-Modified
Dendrimers. The PAMAM dendrimers are currently
considered to be extremely potent and promising nonviral
vectors. These polymers can achieve efficient transfection
of cells by the proton sponge effect, which induces
suppression of gene degradation by lysosomal enzymes
and promotes the transfer of DNA into the cytosol,
resulting in transfection of the cells. This study prepared
PAMAM dendrimers having hydrophobic amino acid
residues because such dendrimers are expected to achieve
an efficient transfection by a synergy of the proton sponge
effect and hydrophobic interactions with cellular mem-
branes.

We used phenylalanine for modification of PAMAM G4
dendrimers because this amino acid has a highly hydro-
phobic side group. We have already shown that amino
acid molecules can be attached to terminal amino groups
of the PAMAM dendrimers using condensing agent, DCC
(25). Therefore, in this study, we combined phenylalanine
with the dendrimer chain ends by the same method.
Figure 2 depicts H NMR spectra for the PAMAM G4
dendrimer {A), phenylalanine (B), and the dendrimer
after reaction with 96 equiv of phenylalanine (C). Figure
2C shows that the spectrum of the dendrimer after the
reaction exhibits signals corresponding to the PAMAM
dendrimer and signals corresponding to phenylalanine,
indicating that the amino acid residues are combined
with the dendrimer. The number of phenylalanine resi-
dues attached to the dendrimer can be evaluated using
the integral ratio of the signal at 2.2 ppm to 7—7.2 ppm.
Table 1 lists the numbers of amino acid molecules added
per dendrimer molecule for the reaction and the numbers
of the amino acid residues combined to the dendrimer
after the reaction. The number of phenylalanine residues
combined to the dendrimer was controllable by adjusting
the quantities of amino acids added for the condensation
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Figure 2. 'H NMR spectra for PAMAM G4 dendrimer (A),
L-phenylalanine (B), and (Phe)64-G4 dendrimer (C} in D:0.

Table 1. Preparation of Phe- and Leu-Modified PAMAM
G4 Dendrimers®

number of amino acids per dendrimer

dendrimer in feed (mol/mol) product (mol/mol}
(Phe)s-G4 19.2 16.4
(Phe)go-G4 32.0 29.2
(Phe)ss-G4 48.0 46.3
(Phe)ss-G4 96.0 64.5
(Leu)gs-G4 96.0 63.2

= Fvaluated by "H NMR spectra.

reaction. When 96 equiv quantities of phenylalanine were
reacted with the dendrimer, 64 phenylalanine residues
were combined to the dendrimer, indicating that this
Phe-meodified dendrimer has a phenylalanine residue at
every chain end. Consequently, we prepared four kinds
of phenylalanine-modified dendrimers, (Phe}16-G4, (Phe)-
29.G4, (Phe)46-G4, and (Phe)64-G4, which possessed 186,
29, 46, and 64 phenylalanine residues, respectively (Table
1).

Evaluation of Complex Formation with Plasmid
DNA. The PAMAM dendrimers can form complexes
efficiently with plasmid DNA through electrostatic in-
teraction between the protonated primary amine of the
dendrimer and negatively charged phosphodiester groups
of DNA (8, 26). Nevertheless, attachment of phenylala-
nine to the primary amine may affect the dendrimers’
ability to form the complex with DNA. For that reason,
we examined the influence of attachment of phenylala-
nine residues to the dendrimer on its ability of complex
formation using agarose gel electrophoresis (Figure 3).
In this experiment, the plasmid DNA was incubated with
the dendrimer having varying numbers of phenylalanine
residues for 10 min at pH 7.4, and electrophoresed on
an agarose gel, Figure 3 shows that the free DNA band
was not seen at the N/P ratio of 1 for the unmodified
PAMAM dendrimer, indicating that all plasmid DNA
molecules were associated with the dendrimer. However,
for dendrimers having phenylalanine residues, the free
DNA band can be observed at N/P ratios higher than 1.
In addition, dendrimers having more phenylalanine
residues needed a higher N/P ratio to complete their
complex formation with DNA. For the fully phenylala-
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A PAMAM-G4-DNA ___ _ NIP ratio

DNA 1 2 3 4 5 6 7 8

B (Phe)1s-G4-DNA NIP ratio
ONA1 2 3 4 5 6 7 8

NIP ratio

c {Phe)23-G4-DNA
DNA 1 2 3 4 5

D {Phe}us-G4-DNA NIP ratio
DNA 1 2 3 4 5 6 7 8

E {Phe)s4-G4-DNA NP ratio
DNA 1 2 3 4 &5 6 7 8

Figure 3. Agarose gel electrophoretic analysis for polyplex
formation of PAMAM G4 dendrimers with varying numbers of
phenylalanine residues: A, unmodified G4; B, (Phe)16-G4; C,
(Phe)29-G4: D, {Phe)46-G4; E, (Phe)64-G4. Dendrimers and
plasmid DNA were mixed at varying charge ratios and incu-
bated for 10 min at room temperature. Then, the mixed solution
was applied to the agarose gel and electrophoresed at 100 V for
30 min.

nine-substituted dendrimer, the free DNA band did not
disappear, even at the N/P ratio of 8. These results
emphasize that attachment of phenylalanine residues
showed less ability to form a complex with DNA. Con-
sidering that protonation of the primary amino groups
of the dendrimer occurs between pHs 7 and 10 (27) and
the pK, of a-amino group of phenylalanine is 9.1, these
amine groups possess similar basicity. However, when
combined to the dendrimer chain terminal, phenylalanine
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Figure 4. Luciferase activities of CV1 cells treated with
polyplexes consisting of plasmid DNA and PAMAM G4 den-
drimers with varying amounts of phenylalanine residues with
varying N/P ratios: W, unmedified G4; ®, (Phe}16-G4; a, (Phe)-
29-G4; v, (Phe)46-G4 dendrimers. The cells (5 x 10%) were
treated with the polyplexes containing 1 ug DNA. Each point
represents the mean + SD (n = 3).

residues were able to form a hydrophobic environment
in the periphery of the dendrimer, reducing protonation
of their a-amino groups. Consequently, the phenylala-
nine-modified dendrimer showed smaller ability to form
a complex with DNA.

Transfection Activity of Phenylalanine-Modified
Dendrimers. Transfection activity of cationic polymer—
DNA complexes varies depending on their composition.
Therefore, we prepared dendrimer—DNA complexes at
various N/P ratios and examined their transfection
activity for CV1 cells. Figure 4 depicts luciferase activity
of the cells treated with complexes consisting of plasmid
DNA containing firefly luciferase gene and the dendrim-
ers having varying numbers of phenylalanine residues.
The (Phe)16-G4 dendrimer showed a similar or smaller
transfection activity compared to the unmodified den-
drimer. However, the dendrimer having 29 or 46 pheny-
lalanine residues exhibited higher transfection activity.
This result suggests that increased hydrophobicity en-
hances the transfection activity of the dendrimer. For
that reason, it is expected that a fully phenylalanine-
substituted dendrimer may exhibit the highest transfee-
tion activity among phenylalanine-modified dendrimers.
Nevertheless, this dendrimer exhibited poor ability to
form a complex with plasmid DNA, as mentioned above.

Transfection Activity of Phenylalanine-Modified
Dendrimers at Acidic pH, Although the (Phe)64-G4
dendrimer hardly formed a complex with DNA at pH 7.4,
it is possible that this dendrimer exhibits a higher ability
to form the complex under acidic conditions because such
conditions would enhance protonation of the amino
groups contained in the (Phe)64-G4 dendrimer. Agarose
el electrophoresis was performed for mixtures of the
dendrimer and DNA at various N/P ratios at pH 4—6 to
examine the influence of pH on the ability of the
dendrimer to form the complex. As shown in Figure 5,
the N/P ratio at which the free DNA band disappears
decreases with decreasing pH., This indicates that the
ability of the dendrimer to perform complex formation
increases with decreasing pH.

We next examined transfection activity of complexes
prepared by mixing the (Phe)64-G4 dendrimer and plas-
mid DNA at varying N/P ratios at mildly acidic pHs.
Figure 6A depicts luciferase expression of CV1 cells
treated with these complexes. Transfection activity of
these complexes was affected markedly by their composi-
tion. However, complexes with N/P ratios of 50—-60
exhibited remarkably high transfection activity. We
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Figure 5. Agarose gel electrophoretic analysis for polyplex
formation of (Phe)64-G4 dendrimer at pHs 4.0 (A), 5.0 (B), and
6.0 (C). The dendrimer and plasmid DNA were mixed at varying
charge ratios and incubated for 10 min at room temperature.
Then, the mixed solution was applied to the agarose gel and
electrophoresed at 100 V for 30 min.

compared the (Phe)46-G4 dendrimer—DNA complex with
the N/P ratio of 250 prepared at pH 7.4, which shows
the highest activity among the polyplexes prepared at
pH 7.4 (Figure 4), and the (Phe)64-G4 dendrimer—DNA
polyplexes with the N/P ratio of 60 prepared at pH 5.0.
The latter exhibited five times higher expression of
luciferase gene, although the amount of the dendrimer
contained in the latter polyplex was about one-fourth of
that contained in the former pelyplex. In addition,
compared with the polyplex of the unmodified dendrimer,
the (Phe)64-G4 dendrimer—polyplex exhibited about 30
times higher activity.

We further examined cell transfection hy the poly-
plexes of (Phe)46-G4 or unmodified G4 dendrimer pre-
pared at pH 5.0 and compared the result with that of
the (Phe)64-G4 dendrimer-containing polyplex (Figure
6B). Thereby, we determined the influence of the pH of
polyplex formation on transfection activity. The polyplex
of the unmodified dendrimer showed decreased activity
when prepared at pH 5.0. Because the charge density of
the dendrimer is very high, DNA molecules might be
bound very tightly to the dendrimer, resulting in the
reduced transfection activity. However, regarding the
(Phe)46-G4 dendrimer-containing polyplex, when pre-
pared at pH 5.0, its activity increased 1 order of magni-
tude over that of the polyplex prepared at pH 74. A
mildly acidic condition appears to moderately increase
protonation of amino groups with reduced basicity in the
dendrimer periphery; the resultant polyplex might show
high transfection activity because of its hydrophobic
nature and proton sponge effect. In comparison with the
(Phe)64-G4—dendrimer polyplex, the (Phe)46-G4—den-
drimer polyplex required a much higher N/P ratio.
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Figure 6. Influence of preparation pH on transfection activity
of polyplex. (A) Luciferase activities of CV1 cells treated with
(Phe)64-G4 polyplex with varying N/P ratios prepared at pHs
4.0 (m), 5.0 (®), and 6.0 (a). (B) Luciferase activities of CV1 cells
treated with (Phe)64-G4 (squares), (Phe)46-G4 (circles), and
unmodified G4 (triangles) dendrimer polyplexes prepared at pHs
7.4 (open symbels) and 5.0 (closed symbols). The cells (5 x 10%)
were treated with the polyplex containing 1 ug DNA. Each point
represents the mean & SD (n = 3).

Consequently, that polyplex required a much higher
amount of the dendrimer to achieve maximum activity,
even though these polyplexes with the optimized com-
positions show approximately the same transfection
activity.

Comparison between Phe-Modified and Leu-
Modified Dendrimers, We first examined the effect of
the attachment of L-phenylalanine on transfection activ-
ity of the PAMAM dendrimer. Next, L-leucine was used
to modify the dendrimer as another hydrophoebic amino
acid. An excess of leucine was reacted with the PAMAM
G4 dendrimer using DCC. The resultant dendrimer
contained 63 leucine residues per dendrimer, as evalu-
ated by 'H NMR (Table 1). The ability of the {Leu)63-G4
dendrimer to form polyplexes was examined using aga-
rose gel electrophoresis. The plasmid DNA was incubated
with the leucine-modified dendrimer for 10 min at pH
7.4; then it was electrophoresed on an agarose gel. In
contrast to the case of the (Phe)64-G4 dendrimer, no free
DNA band was observed even at the N/P ratio of 1,
indicating that the (Leu}63-G4 dendrimer has a much
higher ability to form a polyplex with DNA (results not
shown).

We examined the effect of attachment of leucine
residues on transfection activity of the PAMAM den-
drimer. CV1 cells were treated with the (Leu)63-G4
dendrimer polyplexes prepared at pH 7.4 and pH 5.0.
Expression of luciferase in the treated cells was esti-
mated, and the results were compared with the case of
(Phe)64-G4 dendrimer polyplexes. We expected that
incorporation of leucine residues to the chain ends of the
dendrimer would elevate its transfection activity. How-
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Figure 7. Comparison of transfection activity of luecine- and
phenylalanine-modified dendrimers. Luciferase activities of CV1
cells treated with (Phe)64-G4 polyplex prepared at pH 5.0 (W)
and (Leu)63-G4 polyplexes prepared at pHs 7.4 (a) and 5.0 (@)
containing 1 ug DNA with varying N/P ratios were shown in
the figure. Each bar represents the mean £ SD (n = 3).

ever, as shown in Figure 7, leucine residues did not
increase its transfection activity at either pH compared
with the unmedified dendrimer. Consequently, the (Leu)-
63-G4 dendrimer—polyplexes exhibited a significantly
lower activity than the (Phe)64-G4 dendrimer polyplexes.

As mentioned previously, we designed phenylalanine-
modified and leucine-modified PAMAM dendrimers be-
cause we expected that these dendrimers express high
transfection activity by synergistic actions of the proton
sponge effect and hydrophobic interactions with cells. In
fact, the attachment of phenylalanine increased the
transfection activity of the parent dendrimer by about 2
orders of magnitude over that of the parent dendrimer
(Figure 6). In contrast, the attachment of leucine showed
no remarkable enhancement of dendrimer activity even
though this amino acid is also hydrophobic. As a measure
of hydrophobicity of the amino acid, Nozaki and Tanford
used differences in free energy between a hydrophobic
moiety of an amino acid in ethanol (or dioxane) and in
water and showed that the free energies of transfer for
phenylalanine and for leucine are 2500 and 1800 cal/mol,
respectively (28), indicating that phenylalanine is more
hydrophobic. We observed that (Phe)64-G4 dendrimer
showed poor water solubility at pH 7.4, whereas (Leu)-
63-G4 dendrimer was soluble in water at the same pH,
although both dendrimers have essentially the same
number of amino acid residues. This fact implies that the
attachment of phenylalanine to the dendrimer lent a
highly hydrophobie character to the dendrimer periphery.
In fact, Meijer and co-workers reported that phenylala-
nine residues, when combined to the chain ends of poly-
(propylenimine) dendrimers, form a densely packed shell
on the dendrimer surface (29, 30). Therefore, the highly
hydrophobic surface of densely packed phenylalanine
residues of the dendrimer might enhance interaction of
the dendrimer—DNA polyplexes and cellular membranes,
engendering efficient transfection.

Recently, Shibata et al. reported that a random co-
polymer of L-lysine and iL-phenylalanine translocates
phospholipid membranes much faster than a poly(L-
lysine) (31). This rapidity is probably attributable to the
random incorperation of hydrophobie phenylalanine resi-
dues into the positively charged poly(lysine) chain. Those
residues lowered the potential barrier in the hydrophobic
region of the lipid membrane for the polypeptide trans-
location {31). Considering that observation, it is possible
that the hydrophobic shell of phenylalanine on the
dendrimer surface interacts strongly with the hydropho-
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Figure 8. Comparison of transfection activity and cytotoxicity
of (Phe)64-G4 dendrimer with widely used vectors. (A) Lu-
ciferase activities of CV1 cells treated with complexes of (Phe)-
64-G4 dendrimers (closed bars), Lipofectamine (hatched bars),
and SuperFect {open bars) containing 1 ug of DNA. Each bar
represents the mean £ SD (n = 4). (B) Viability of CV1 cells
treated with (Phe)64-G4 dendrimers (closed bars), Lipofectamine
(hatched bars), and SuperFect (open bars) with or without
plasmid DNA. Viability was expressed as the percentage of the
untreated control cells. Each bar represents the mean + SD (n
= 3). The (Phe)64-G4 dendrimer polyplex with N/P ratio of 60
prepared at pH 5.0 was used.

bic region of the cellular membranes and causes their
destabilization, thereby enhancing translocation of the
gene through the membrane.

Transfection Activity of Phe-modified Dendrim-
ers and Some Vectors. We compared the respective
activities of Lipofectamine and SuperFect, both of which
are widely used and commercially available vectors, to
evaluate the potential of phenylalanine-modified den-
drimers as a gene carrier. We treated CV1 cells with
{Phe)64-G4 dendrimer—DNA polyplex, Lipofectamine—
DNA complex, and SuperFect—DNA complex; then we
evaluated the cells’ expression of luciferase. Figure 8A
shows that the (Phe)64-G4 dendrimer polyplex induced
about 2.3-fold higher and about 10-fold higher expression
of Inciferase, respectively, than Lipofectamine and Su-
perFect complexes that contained identical amounts of
plasmid DNA.

The potential use of the phenylalanine-modified den-
drimer as a gene carrier was also estimated from the
viewpoint of cytotoxicity. Figure 8B depicts the viability
of the cells treated with the (Phe)64-G4 dendrimer,
Lipofectamine, and SuperFect, and their complexes with
the plasmid DNA. The {Phe}64-G4 dendrimer itself was
shown to be relatively toxic compared to these com-
mercially available reagents. It is likely that the pheny-
lalanine-modified dendrimer interacts strongly with the
cell membranes and damages the cells because of the
hydrophobic nature of the phenylalanine. However, in the
form of the complex with DNA, the toxicity of the
phenylalanine-modified dendrimer decreased remark-
ably. This decrease is attributable to the weakening of
their strong interaction with cellular membranes by
complexation with the hydrated DNA molecule. These
results indicate that the phenylalanine-modified den-
drimer can be considered as an efficient vector.

CONCLUSION

In this study, we prepared PAMAM G4 dendrimers
having hydrophobic amino acid residues, which achieve
an efficient transfection of cells through synergy of the
proton sponge effect induced by the dendrimer tertiary
amines and hydrophobie interaction by the amino acid
residues. Transfection activity was not improved when
leucine was attached to the dendrimer. However, the
attachment of phenylalanine greatly increased the trans-
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fection activity of the parent dendrimer, Activity of the
fully phenylalanine-substituted dendrimer was shown to
be higher than for some widely used vectors. Transfection
activity of the PAMAM dendrimers is known to increase
with generation (5, 8). Therefore, the phenylalanine-
modified dendrimers with higher generations may exhibit
still higher activity than the present dendrimers. For this
reason, the findings obtained in this study will engender
the development of efficient gene carriers. We are cur-
rently studying the effect of dendrimer generation on
transfection activity of phenylalanine-modified dendrim-
ers.
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Many efforts have been made lo provide functionalities to
dendrimers to increase their usefulness.! While the functionalization
of dendrimers has been attempted by various strategies, one of the
most effective strategies is the modification of the terminal groups
at the outer surface of the dendrimer molecule.? In this study, we
atternpted to provide dendrimers with temperature-sensitive proper-
ties using a surface modification strategy. Here, we show that the
intreduction of isobutyramide (IBAM) groups to the chain ends of
poly{amidoamine) (PAMAM) or poly(propylenimine) (PPI) den-
drimers could successfully produce a temperature-sensilive water
solubility to the dendrimers.

We designed the PAMAM dendrimers having IBAM groups at
all the chain ends, because the IBAM group is contained in a
temperature-sensitive polymer. poly(~V-vinylisobutyramide), which
exhibits a lower critical solution temperature (LCST) around 39
°C, and is considered to play an important role in the temperature-
dependent solubility change in water.?

The PAMAM G2, G3, G4, and G5 dendrimers having an IBAM
group at every chain end, which are designated IBAM-G2, IBAM-
G3, IBAM-G4, and IBAM-G3, were synthesized according to
Scheme 1. The IBAM-G2, IBAM-G3, IBAM-G4. and IBAM-G5
dendrimers possess 16, 32, 64, and 128 terminal IBAM groups,
respectively. Figure 1A shows the temperature dependence of the
light transmittance of the IBAM-terminated dendrimers dissolved
in phosphate-buffered solution of pH 9.0 at 500 nm. The dendrimers
were highly soluble in the buffer under low-temperature conditions.
The solution of the IBAM-G2 did not change the turbidity over
the experimental temperature range. However, for the solutions of
the other dendrimers, the turbidity change took place at a specific
temperature as the temperature was raised, indicating that the
dendrimers became water-insoluble at that temperature. Indeed, no
change in the transmittance was observed for the solutions of the
unmodified PAMAM dendrimers over the experimental temperature
range. In addition. we observed that these dendrimer solutions
became transparent again when the temperature of the solutions

Scheme 1. Preparation of IBAM-Terminated PAMAM Dendrimers?
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o Synthetic route for IBAM-G2 was shown, Other dendrimers were
prepared by the same method. DCC, 1,3-dicyclohexylcarbodiimide.
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Figure 1. LCST of IBAM-bearing PAMAM dendrimers. (A) Effect of
temperature on transmittance of IBAM-G5 (a). IBAM-G4 (b), IBAM-G3
(c), and IBAM-G2 (d) dissolved in 10 mM phosphate-buffered solution
(10 mg/mL, pH 9.0). (B) LCST of the IBAM-bearing PAMAM dendrimer
as a function of generation.
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was decreased below their LCST. Therefore, it is considered that
the attachment of the IBAM groups to the chain terminals of the
dendrimers provided them a temperature-sensitive water solubility.

Figure [B represents the LCST of the IBAM-terminated den-
drimers as a function of the dendrimer generation. Their LCST
remarkably decreased with increasing dendrimer generation. It is
known that the LCST of thermosensitive polymers is dependent
on the molecular weight. However, the extent of the alteration of
the LCST is generally not very significant. For example, Aoshima
et al. have shown that the LCST of poly{methoxyethyl vinyl ether)
decreased by ca. 5 °C as the number average molecular weight
increased from 10000 to 22000. but further increase in the
molecular weight hardly affected the LCST# Also, Schild and
Tirrell demonstrated that the increase in the average molecular
weight of poly(N-isopropylacrylamide) from 5400 to 160 000 results
in a decrease in LCST by ca. 2 °C.* In contrast, the IBAM-
terminated dendrimers exhibit a more remarkable molecular weight
dependence; an increase in the molecular weight of ca. 9150 to ¢a.
37 800 caused a 30 °C decrease in the LCST. It is considered that
the overall shape of the PAMAM dendrimers exhibits a structural
change from very open. domed shapes at lower generations to a
more dense spheroid-like topologies at higher generations.® For the
PAMAM dendrimers with the ethylenediamine core, the onset of
this structural transition is thought 1o be at generation 2, and above
this generation. the outer dendrimer surface begins to close upon
itself with increasing generation, because the terminal groups of
the dendrimers are more concentrated en the periphery.” Therefore,
it is likely that the density of the terminal IBAM groups near the
periphery progressively increases with the increasing generation
of the dendrimer. Thus, the interaction of the peripheral 1BAM
eroups would take place more efficiently with the increasing
generation. As a result, the dehydration of the terminal IBAM
groups might be induced at a lower temperature with increasing
generation.

Figure 2 shows the influence of the dendrimer concentration on
the LCST of the dendrimer. It is apparent that the IBAM-GS
dendrimer exhibits a reduced concentration dependence of LCST,

10.1021ja04 71359 CCC: §27.50 © 2004 American Chemical Soclety
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Figure 2. Influence of dendrimer concentration on LCST of IBAM-G4
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Figure 3. (A) Influence of pH on LCST of IBAM-G3 dissolving in 10
mM phosphate-buffered solution of varying pHs (10 mg/mL). (B} Effect
of lemperature on transmittance of aqueous solutions of 1BAM-terminated
DAB-Am-64 (a) and -32 (b) PPI dendrimers {10 mg/mL. pH 12.0).

compared with that of the IBAM-G4 dendrimer. The more densely
packed IBAM groups in the periphery of the G3 dendrimer probably
enhanced the dehydration caused by the intramolecular interaction
of the IBAM groups in addition to the dehydration caused by their
intermolecular interaction.

It is expected that the nature of the dendrimer interior may affect
the hydrophobicity alieration of the dendrimer surface. Since the
PAMAM dendrimers contain tertiary amino groups in their interior.
its charge density can be tuned by varying the pH of the solution.
Thus, we examined the influence of the pH on the LCST of the
IBAM-bearing dendrimer. Figure 3A depicts the pH dependence
of LCST of the IBAM-G5 dendrnimers. The dendrimer exhibited
approximately the same LCST above pH 7.2. However. the LCST
significantly increased upon decreasing the pH below 7.2. Tt has
been shown that, in the amine-terminated PAMAM dendrimer, the
protonation of the primary aming groups occurs between pHs 7
and 10, whereas the protonation of the tertiary amino groups takes
place between pHs 3 and 7.8 Apparently, the pH region, where the
tertiary amino groups of the dendrimer interior become protonated,
agrees well with the pH region where the increase in the LCST of
the IBAM-G5 dendrimer was observed, Thus, it is highly likely
that the protonation of the dendrimer interior caused the rise in the
LCST of the IBAM-bearing dendrimer. Thomas and co-workers
proposed that the charge—charge repulsion induced by the proto-
nation of the tertiary amines of the PAMAM dendrimer could cause
molecular expansion, as determined from the polarity change in
the dendrimer intetior.® Therefore, protonation of the interior of
the IBAM-G35 dendrimer might induce expansion of the dendrimer
and reduce the interaction between the IBAM groups in the
periphery of the dendrimer, resulting in an increase in the LCST.

The attachment of IBAM groups to the periphery of the
dendrimers gave them a temperature-sensitive property. To know
whether this is a general phenomenon or not, we examined the
effect of dendritic interior. We prepared PPI dendrimers with 32
and 64 IBAM groups at the periphery by combining an IBAM group
to every chain end of DAB-Am-32 and DAB-Am-64 PPl dendri-
mers, respectively. As can be seen in Figure 3B, the IBAM-
terminated DAB-Am-32 and -64 dendrimers changed waiter solu-
bility at 31 and 27 °C, respectively. Compared with the PAMAM-
based dendrimers having the same number of peripheral IBAM

graups. the PPl-based dendrimers exhibited LCST at much lower
temperature, despite their lower molecular weight, Because the PPI
dendrimer is much smaller than the PAMAM dendrimer with the
same nwnber of the chain ends, ™4 it is likely that the higher density
of the peripheral IBAM groups of the PPI dendrimers enhanced
interaction between the [BAM groups and caused efficient dehydra-
tion at the relatively low-temperature region.

Previously, Kimura et al. prepared the DAB-Am-32 PPI den-
drimer having poly(N-isopropylacrylamide) arms as a temperature-
sensitive host for cobalt phihalocyanins.!! In that case, the temper-
ature sensitivity was given to the dendrimer by conjugalion of the
temperature-sensitive poly(NV-isopropylacrylamide) with the dendri-
mer. In contrast, for the IBAM-terminated dendrimers, the den-
drimer itself could achieve temperature-sensitive water solubility.

In this study, we demonstrated that the attachment of IBAM
groups to the chain ends of the PAMAM and PPI dendrimers could
give them a temperature-sensitive water solubility. Because the
terminal moieties of the dendrimers with high generations are
known to be denscly packed, it is likety that the terminal IBAM
groups form a shell that changes the nature of the dendrimer surface
between hydrophilic and hydrophobic in response to the ambient
temperature. To the best of our knowledge, the IBAM-terminated
dendrimers prepared in the present study are the first dendrimers
that exhibit temperature-sensitive characteristics. The IBAM-
terminated dendrimers have some remarkable features that the
conventional thermosensitive polymers do not have, such as a 3-D
structure and a precisely controlled molecular size, though efforts
have been made to produce linear polymers with a controlled mo-
lecular weight and dispersity.'? The findings obtained in the present
study may generate a new family of thermosensitive polymers.
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Temperature Sensitization of Liposomes by Use of
N-Isopropylacrylamide Copolymers with Varying Transition
Endotherms
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Three kinds of copolymers of N-isopropylacrylamide (NIPAM) with the same conformational transition
temperature and varying transition endotherms were synthesized with N-acryloylpyrrolidine (APr),
N N-dimethylacrylamide (DMAM), and N-isopropylmethacrylamide (NIPMAM) as the comonomers.
Two dodecyl groups were incorporated into the termini of these copolymers as an anchor for the fixation
to a liposomal membrane. Egg yolk phosphatidylcholine liposomes having these copolymers were
prepared and their temperaturc-sensitive contents release and association properties were investigated.
While these copolymer exhibited a conformational transition at ca. 40 °C, AH for the transition
increased in the order of poly(APr-co-NIPAM) < poly(DMAM-co-NIPAM) < poly(NIPMAM-co-NIPAM).
The liposomes containing poly(NIPMAM-co-NIPAM) showed a drastic release enhancement of
entrapped calcein above the transition temperature, whereas the liposomes with poly(DMAM-co-
NIPAM) and those with poly{APr-co-NIPAM) exhibited moderate and slight enhancement of calcein
relcase above that temperature, respectively. On the contrary, the liposomes containing poly(APr-
co-NIPAM) showed significant aggregation above the transition temperature, but the aggregation
was hardly observed for the liposomes having poly(NIPMAM-co-NIPAM), indicating that poly(APr-
co-NIPAM) more efficiently made the liposome surface hydrophobic. Thus, we concluded that the
copolymer with a large AH is suitable for obtaining functional liposomes with a temperature-sensitive
contents release property, whereas the copolymer with a small AH is appropriate for preparing

functional liposomes with a temperature-sensitive surface property.
p property

. INTRODUCTION

Liposomes have been considered to be a highly attrac-
tive material as drug carriers, because of their merits,
such as biocompatibility, ability to encapsulate both
hydrophilic and hydrophobic drugs, and size controllabil-
ity (). To increase their usefulness as drug carriers,
many efforts have been made to provide liposomes with
various functions. pH-Sensitive (2—4). light-sensitive (53—
8),and temperature-sensitive (9—71) liposomes have been
extensively studied as functional liposomes, which are
useful for site-specific and/or cytoplasmic drug delivery.

While several approaches have been employed for the
production of functional liposomes, modification of the
liposomes with functional polymers is one of the most
effective methods (12—14). For example, Tirrell and co-
workers (3, /3) have achieved the scnsitization of egg yolk
phosphatidylcholine (EYPC) liposomes to pH by the
conjugation of a pH-sensitive polymer. poly(2-ethylacrylic
acid), which strongly binds to lipid membranes and
permeabilizes them. In addition, various synthetic poly-
mers and peptides containing carboxyl groups have been
used to render stable liposomes pH-sensitive (15—17).

Recently, the temperature sensitization of liposomes
has been actively attempted by use of thermosensi-
tive polymers, such as poly(N-isopropylacrylamide)
[poly(NIPAM)] (/4. 18-21). Poly(NIPAM) is known to
exhibit a lower critical solution temperature (LCST) at

* Corresponding author: Tel +81-72-254-9330; fax +81-72-
254-9913; e-mail kono@ms.osakafu-u.acjp.

ca. 32 °C (22). This polymer is hydrophilic and soluble
in water below the LCST. However. it becomes hydro-
phobic and forms an insoluble aggregate above this
temperature due to hydrophobic interactions and hydro-
gen bonding. At the molecular level, it undergoes a coil-
to-globule transition at the LCST. We have shown that
when a homopolymer and copolymers of NIPAM are fixed
onto the liposome surface, contents release from the
liposome can be triggered by increasing the temperature
above their LCST (J8, 20, 23). In addition, it has been
demonstrated that surface modification with these ther-
mosensitive polymers provides liposomes with tempera-
ture-sensitive surface properties. For example, the hy-
drophobicity and surface charge density of the thermo-
sensitive polymer-modified liposomes were shown to be
controlled by the ambient temperature (24, 25).

The functions of the thermosensitive polymer-modified
liposomes are generated through the interaction between
the fixed thermosensitive polymer and the liposome
membrane. Their performance should be aifected by the
mechanism and strength of their interaction. The ability
of thermosensitive polymers to sensitize liposome mem-
branes should depend on their structures and character-
istics. Therefore, for the development of functional lipo-
somes with high temperature sensitivity, it is impottant
to know what characteristics of the thermosensitive
polymers will affect their ability to sensitize liposomes,

In this study, three kinds of NIPAM copolymers, which
undergo a conformational transition at the same tem-
perature but exhibit different transition endotherms,
were synthesized with N-acryloylpyrrolidine (APr), N N-

1010210034205 OCC: $27.50 € 2004 American Cherrical Society
Published on Web 08/21/2004
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Figure 1. Structures of 2C 1-poly(APr-co-NIPAM) (A). 2C;3-poly(DMAM-co-NIPAM) (B}, and 2C2-poly(NIPMAM-co-NIPAM} (C).

dimethylacrylamide (DMAM), and N-isopropylmethacryl-
amide (NIPMAM) as comonomers. Two dodecyl groups
were connected to the chain end of these copolymers as
an anchor to a liposomal membrane. These anchor-
bearing copolymers are termed 2C;s-poly(APr-co-NIP AM),
2C 2-poly(DMAM-co-NIPAM}. and 2Cz-poly(NIPMAM-
co-NIPAM) (Figure 1). The close correlation between the
transition enthalpies of the copolymers and their ability
to sensitize liposomes has been described.

2. EXPERIMENTAL SECTION

2.1, Materials. EYPC was kindly donated by Nippon
Qil and Fats Co. (Tokyo, Japan). NIPAM, 2-aminoeth-
anethiol, and Triton X-100 were supplied from Tokyo
Kaseci (Tokyo, Japan). Calcein, 1,6-diphenyl-t.3,5-hcxa-
triene (DPH), 8-anilino-1-naphthalenesulfonic acid (ANS),
and l-pyrenecarboxaldehyde (PyCHO) were obtained
from Sigma—Aldrich Japan (Tokyo, Japan). I-Ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC) was ob-
tained from Wako Pure Chemical Industries (Osaka,
Japan). Azobis(iscbutyronitrile) (ALBN), tris(thydroxy-
mcthyDaminomethane (Tris)., N N-dimethylformamide
(DMF). and ethylenediamineteraacetic acid disodium salt
(EDTA) were from Kishida Chemical {Osaka, Japan).
NIPAM and AIBN were purified by crystallization from
benzene—n-hexane and methanol, respectively. APr was
prepared as previously reported (26). NIPMAM was
synthesized according tothe method reported by Jordan
et al.(27). N .N-Didodecylsuccinamic acid was synthesized
according to the method of Okahata and Seki (28).

2.2, Synthesis of NIPAM Copolymers with An-
chor, Three kinds of NIPAM copolymers having two
dodecyl groups at the chain end., 2C;:-poly(APr-co-
NIPAM), 2C:-poly(DMAM-co-NIPAM), and 2C,,-poly-
(NIPMAM-co-N1PAM) (Figure 1), were prepared accord-
ing to the method previously reported (25, 29). In bricf,
for the synthesis of 2C2-poly(APr-co-NIPAM), APr (15.7

mmol), NIPAM (12.8 mmol), 2-aminocthanethiol (0.3
mmol), and AIBN (0.03 mmol) were dissolved in freshly
distilled DMF (12 mL)and then the solution was heated
at 75 °C for 15 h in N, atmosphere. The copolymer was
recovered by precipitation with diethyl ether and further
purified on a Sephadex LH-20 column eluted with
methanol. The obtained poly(APr-co-NIPAM} having an
amino group (1.5 g) at the terminus was reacted with
N N-didodecylsuccinamic acid (3.3 x 107" mol) in DMF
(50 mL) with 1-ethyl-3-(3-dimethylaminopropyl) carbo-
diimide (3.3 x 107" mol) for 48 h at 4 °C. The copolymer
having a didodecyl group, 2C,2-poly(APr-co-NIPAM), was
purified by an LH-20 column eluting with methanol (yield
1.1 g). The 2C 2-poly(DMAM-co-NIPAM) was prepared
according to the above method. DMAM (2.4 mmol),
NIPAM (9.4 mmol), 2-aminoethanethiol (0.5 mmol), and
AIBN (0.13 mmol) were dissolved in DMF (7.5 mL) and
then the solution was heated at 75 °C for 15 h in N,
atmosphere. The obtained poly(DMAM-co-NIPAM) hav-
ing an amino group (0.5 g) at the terminal was reacted
with ¥ N-didodecylsuccinamic acid (1.5 x 107* mol) in
DMF (15 mL) with l-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (1.5 x 107* mol) for 48 h at 4 °C. The
copolymer having a didodecyl group. 2C;s-poly(DMAM-
co-NIPAM), was purificd as described above (yield 0.25
£). The 2Cz-poly(NIPMAM-co-NIPAM) was synthesized
by the same method. NIPMAM (15.7 mmol), NIPAM (19
mmol), 2-aminocthanethiol (1.15 mmol), and AIBN (0.3
mmol) were dissolved in DMF (20 mL) and then the
solution was heated at 75 °C for 15 h in N» atmosphere.
The obtained poly(NIPMAM-co-NIPAM)having an amino
group (1.5 g) at the terminus was reacted with N N-
didodecylsuccinamic acid (3.3 x 1073 mol} in DMF (50
mL} with l-ethyl-3-(3-dimethylaminopropyl) carbodiim-
ide (3.3 x 107 mo!) for 48 h at 4 °C. The copolymer
having a didodecyl group, 2C s-poly(NIPMAM-co-N1P AM),
was purified as described above (yield 1.1 g).
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2.3. Liposome Preparation. The liposomes were
prepared as previously reported (20, 29). EYPC in
chleroform solution (10 mg/mL, 1 mL) and the copolymer
in chloroform solution [10 mg/mL, 1 mL for 2C;-poly-
(NIPMAM-co-NIPAM) and 2C,;-poly(APr-co-NIPAM) or
4 mL for 2C,;-poly(DMAM-co-NIPAM}] were mixed in a
flask and the solvent was removed by evaporation, The
obtained thin lipid/copolymer mixed membrane was
further dried under vacuum overnight and dispersed in
1.5 mL of an aqueous calcein solution (63 mM). The
obtained liposome suspension was extruded through a
polycarbonate membrane with a pore diameter of 100 nm
in an ice-cooled water bath. The free calcein and free
copolymer were removed by gel-permeation chromatog-
raphy (GPC) on a Scpharose 4B column at 4 °C in a 10
mM Tris-HCl-buffered solution containing 140 mM NaCl
and 1 mM EDTA solution at pH 7.4. The calcein-loaded
liposomes were kept at 5 °C until the measurement,

24. Calcein Release from Liposome. The release
measurements were perfoermed according to the method
previously reported (26, 29). An aliquot of dispersion of
the calcein-loaded liposomes was added into 2 mL of 10
mM Tris-HCI, 140 mM NaCl, and | mM EDTA solution
(pH 7.4) in a quartz cell (final concentration of the lipids
10 uM) at a given temperature, and the fluorescence
intensity of the solution was monitored on a spectrofluo-
rometer (Shimadzu RF-5000). The excitation and moni-
toering wavelengths were 490 and 520 nm. respectively.
The percent release of calcein from the liposomes was
defined as

% release = (F' — F)/(F' - F') x 100

where Fi and F' mean the initial and intermediary
fluorescence intensities of the liposome suspension, re-
spectively. FTis the fluorescent intensity of the liposome
suspension after the addition of Triton X-100 (final
concentration 0.15%).

2.5. Estimation of the Amount of Copolymer
Bound to Liposome. The amount of the copolymer
bound to the liposome was estimated by use of high-
performance liquid chromatography as previously re-
ported (24, 29). The liposomes bearing the copolymer
were dried under vacuum and then dissolved in methanol/
water (7:3 v/v). The solution was filtered through a poly-
(tetrafluoroethylene) membrane with a pore size of 0.25
pm. The filtrate (20 ul} was injected into an SB-803
column (Showa Denko) and the effluent was monitored
by the absorbance at 220 nm on a UV detector (Jasco.
UV-790), The amount of copolymer was estimated from
the absorbance of the separated copolymer. Also, the lipid
amount was determined by the method of Bartlett (30).

2.6, Fluorescence Measurements. Emission spectra
of PyCHO were obtained on a spectroflucrometer with
excitation at 365.5 nm. Fluorescence polarization (P) of
DPH and ANS was measured as reported previously (371).
ANS and DPH were excited at 395 and 360 nm, respec-
tively, and the fluorescence intensities of ANS and DPH
were monitored at 467 and 428 nm, respectively. The P
value was evaluated by use of

P=(,— 1)U, +1,)

where [, and [, represent the intensities of parallel
pelarized fluorescence and vertically polarized fluores-
cence, respectively.

2.7. Other Methods. The size of liposomes was
evaluated by dynamic light scattering on a Nicomp 380
ZLS instrument (Particle Sizing Systems). The weight-

Yoshing et &.

average molecular weight (M) and the number-average
melecular weight (M,) of the polymers were estimated
by gel-permeation chromatography on a system equipped
with a Shodex KD-803 column (Showa Denko) with
differential refractive index detection (}asco, R1-930) with
DME as an eluent and poly(cthylene glycol) as the
standard. Differential scanning calorimetry (DSC) was
performed with a DSC !20 microcalorimeter (Sciko
Electronics).

3. RESULTS AND DISCUSSION

3.1. Characterization of Copolymer and Copoly-
mer-Modified Liposomes. It is known that the LCST
of poly(NIPAM) can be controlled by copolymerization
with comonomers having varying degrees of hydrophi-
licity/hydrophobicity (32). In this study, we used three
kinds of comonomers, APr, DMAM, and NIPMAM, to
obtain NIPAM copolymers that have different structures
but exhibit the same LCST. Because the most attractive
application of temperature-sensitive liposomes is the drug
delivery application, we chose 40 °C as the LCST of the
copolymers. Such tempcrature-sensitive liposomes can
deliver drugs by specifically releasing them at the target
site, which is mildly heated above that temperature (2).
APr and DMAM have already been used to obtain
NIPAM copolymers with an LCST around the physiologi-
cal temperature (26, 27).

Copolymerization of NIPAM and these comonomers
was performed in the presence of the chain transfer
reagent 2-aminoethanethiel tointroduce an amino group
at onc terminus of the copolymer chain (34), which can
be used for the attachment of a hydrophobic moiety for
the fixation of the copolymer chain to the liposomc
membrane. The compositions of the copolymers were
estimated from the integral ratios of signals derived from
NIPAM and the comonomer units in the 'H NMR specira
(Figure 2). Also, the number-average molecular weight
(M,), the weight-average molecular weight (A.,), and
polydispersity index (M./M.) of the copolymers were
evaluated by gel-permeation chromatography with poly-
(ethylene glycol) as the standard. The results for the
copolymers used in this study are listed in Table i,

The cloud point measurement was performed to de-
termine the LCST of the copolymer before the conjugation
of the anchor, Figure 3 shows the transmittance of the
aqueous solutions of these copolymers. The solutions were
transparent below 38 °C, indicating that these copoly-
mers were soluble in water below 38 °C. However. the
solution became turbid around 40 °C, showing that these
copolymers became water-insoluble around this temper-
ature. The LCSTs of poly(APr-co-NIPAM), poly(DMAM-
¢o-NIPAM), and poly(NIPMAM-co-NIPAM) were esti-
mated from Figure 3 and are listed in Table 2.

It is known that the LCST of poly(NIPAM) can be
determined by DSC (22, 35). Thus, we examined the
calorimetric detection of LCST for these copolymer solu-
tions. Figure 4 depicts the typical DSC curves of these
copolymer solutions. These curves exhibited an endo-
therm centered at approximately the same temperature,
40 °C, which agrees well with their LCST determined
from the cloud point measurement. However, the ampli-
tude of the endotherm significantly varies among these
copolymers. As shown in Table 2, AH for the phase
separation increases in the order poly(APr-co-NIPAM) <
poly(DMAM-co-NIPAM) < poly(NIPMAM-co-NIPAM),
Because the endotherm is mainly related to the destruc-
tion of water around the hydrophobic groups (32), this
result suggests that the poly(NIPMAM-co-NIPAM) forms



Terrperature Sensitization of Liposomes

A

a b
ek

1 |
P N PIIH
¢ gr—ony
4 CHy

ppm

b

dac

T T T T T T T T T T

5 4 3 2 1

Figure 2. 'H NMR spectra for poly(APr-co-NIPAM} (A). poly-
(DMAM-co-NIPAM) (B), and poly(NIPMAM-co-NIPAM) (C) in
CDCls.
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the most hydrophobic domain above the LCST, whereas
poly(APr-co-NIPAM) forms the least hydrophobic domain
among these copolymers.

Many studies have shown that a variety of hydrophilic
polymers with hydrophobic anchor moieties can be fixed
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Table 1. Characterization of the NIPAM Copolymers

composition”

comonomer/
NIPAM
copolymer (mol/mol)  My» M2 MMt
poly(APr-co-NIPAM) 81/19 4100 9200 22
poly(DMAM-co-NIPAM) 28/72 4600 12800 238
poly(NIPMAM-co-NIPAM) 46/54 4850 7550 16

“ Estimated by 'H NMR. * Estimated by GPC.
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Figure 3. Cloud point curves for aqueous solutions of copoly-
(NIPAM-APr} (A). poly(DMAM-co-NIPAM) (B), and 2C;;-poly-
(NIPMAM-co-NIPAM) (C).

Table 2. LCST of Copolymers
cloud point T max® AH

copalymer °C) °C) (Hg)
poly(APr-co-NIPAM) 386 39.0 t4
paly(DMAM-co-NIP AM) 39.8 41.1 11.8
poly(NIPMAM-co-NIPAM) 394 39.6 26.8

e Temperature of peak maximum of calorimetric endotherm.
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Figure 4. Microcalorimetric endotherms for copoly(NIPAM-
APr) (A), poly(DMAM-co-NIPAM) (B), and poly(NIPMAM-co-
NIPAM) (C).

to liposome membranes by a hydrophobic interaction
between the hydrophobic moieties and liposome mem-
branes (12,15, 34). Since these copolymers have an amino
group at one terminus of the chain, two dodecy! groups
were introduced to the chain end by reacting didodecyl-
succinamic acid with the terminal amino group. We have
already shown that the didodecyl group can act as an
anchor for the fixation of the NIPAM copolymers to the
liposome membranes (26, 29, 31).

Liposomes modified with the copolymers bearing the
anchor, 2C;z-poly(APr-co-NIPAM}, 2Cs-poly(DMAM-co-
NIPAM). and 2C,:-poly(NIPMAM-co-NIPAM), were pre-
pared by hydration of a mixture of EYPC and the
copolymer and subsequent extrusion through a polycar-
bonate membrane with a pore size of 100 nm. The free
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copolymer, which was not bound to the liposome mem-
brane, was removed by GPC. The mean diameters and
the standard deviations of the EYPC liposomes modified
with 2C;2-poly(APr-co-NIPAM), 2C,:;-poly(DMAM-co-
NIPAM). and 2Ca-poly(NIPMAM-co-NIPAM) were esti-
mated by dynamic light scattering to be 125.7 + 1.4,
106.6 £ 114, and 95.8 + 3.8 nm, respectively,at 20 °C.
It is apparent that these copolymer-modified liposomes
possess diameters close to the pore size of the polycar-
bonate membrane wsed to prepare the liposomes. The
amounts of the fixed copolymer were found to be 0.66,
0.44, and (.58 mg/mg of liposomal lipid for liposomes
modified with 2C :-poly(APr-ca-NIPAM), 2C;-poly-
(DMAM-co-NIPAM), and 2C,z-poly(NIPMAM-co-NIP AM),
respectively. indicating that these copolymer-modified
liposomes contain similar amounts of the copolymers. As
indicated in the Experimental Section, the amounts of
2C z-poly(APr-co-NIPAM), 2C»-poly(DMAM-co-NIPAM),
and 2C2-poly(NIPMAM-co-NIPAM) mixed with the lipid
(10 mg) were 10, 40, and 10 mg, respectively, for the
preparation of the liposomes. Thus, their binding ef-
ficicncies are calculated to be 66%. 11%. and 58%,
respectively. The contents of the didodecylsuccinamic acid
residues in these copolymers were estimated to be 0.6,
0.4, and 1.0 mol %, respectively, from 'H NMR spectra
for these anchor-bearing copolymers. Therefore, the low
content of the anchor moiety and relatively high poly-
dispersity (Table 1) of 2Cz-poly(DMAM-ca-NIPAM) may
produce the low fixation efficiency.

3.2. Calcein Release from Copolymer-Modified
Liposomes. We have already demonstrated that lipo-
somes modified with thermosensitive polymers hardly
release their contents below the LCST of the polymer but
enhance the contents release above the LCST (/0, 25).
Figure 5A shows profiles of calcein release from EYPC
liposomes modified with these NIPAM copolymers at 25
and 42 °C. As is apparent in Figure S5A, all of the
copolymer-modified liposomes did not release calcein at
25 °C. Because these copolymers showed an LCST around
40 °C, this result indicates that well-hydrated chains of
these copolymers do not destabilize the liposomal mem-
brane, despite the difference in their molecular struc-
tures. In contrast. at 42 °C, an enhancement of the
contents release was seen for all of the copolymer-
modified liposomes, but the extent of the enhancement
was quite different among them. The liposomes modified
with 2C|3-poly(APr-co-NIPAM) showed only a limited
extent of calcein release. However, the liposomes modified
with 2Cz-poly{DMAM-co-NIPAM) moderately promoted
the contents release, and a very rapid and intensive
release was observed for the liposomes modified with
2C ;-poly(NIPMAM-co-NIPAM}.

Figure 5B represents the percent release of calcein
from these copolymer-modificd liposomes as a function
of temperature. For all of the liposomes, the calcein
release was enhanced around 40 °C. indicating that the
enhancement is triggered by the dehydration of the
copolymers above their LCST. For the liposomes modified
with 2C,;-poly(APr-co-NIPAM), the release gradually
increased with increasing temperature above 40 °C. This
may be becaunse dehydration of the copolymer chain
proceeds with temperature even after its conformational
transition. However, even at 50 °C, only 20% of the
entrapped calcein molecules were released from the 2C;-
poly(APr-co-N1IPAM)-modified liposomes. Similarly. for
the 2C:-poly{DMAM-co-NIPAM}-modified liposomes, an
enhancement in the contents release occurred above 40
*C and the release was promoted by temperature, al-
though the extent of the release was higher than the case
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Figure 5. Relcase of calcein from 2Cz-poly(APr-co-NIPAM)-
modified (C, ®), 2Cp-poly(DMAM-co-NIPAM)-modified (A, &),
and 2C z-poly(NIPMAM-co-NIP AM)-modified EYPC liposomes
(O, W) in 10 mM Tris-HC! and 140 mM NaCl solution (pH 7.4).
(A) Time course of calcein release at 25 °C (open symbols) and
42 °C (solid symbols). (B) Percent release after 15-min incuba-
tion as a function of temperature.

of the 2C;-poly(APr-co-NIP AM)-modified liposomes. For
the 2C);-poly(NIPMAM-co-NIPAM}-modified liposomes.
an intensive promotion of the release is seen around
40 °C, indicating that this copolymer chain strongly
destabilizes the liposome membrane when dehydrated.
A certain degree of contents release was also observed
at 35 and 37 °C, although these temperatures are below
the LCST. As seen in Figure 4, the DSC curve for the
poly{(NIPMAM-co-NIPAM) solution exhibits a large endo-
therm between 35 and 45 °C. This fact indicates that
pattial dehydration occurs even below the LCST. Thus,
it is likely that the dehydrated segments of the copolymer
chain interact with the liposome membrane and induce
the contents release to some extent (29).

As mentioned above, the extent of partitioning of the
copolymers onto the liposome increased in the order of
2C z-poly(DMAM-co-NIPAM) < 2C,s-poly(NIPMAM-co-
NIPAM) < 2C|;-poly{APr-co-NIPAM), although the
amounts of the bound copolymer were in the range of
0.44-0.66 mg/mg of lipid and not very different among
these copolymer-modified liposomes. Therefore, the ob-
served difference in their degree of contents release
behavior cannot be explained from the difference in the
extent of the copolymer partitioning. Thus, the ability of
the dehydrated copolymer chain to induce the contents
release could vary depending on their molccular struc-
tures.

33. Association of Copolymer-Modified Lipo-
somes. Because the surface of the liposomes is covered
by the hydrated copolymer chains below the LCST, these
copolymer chains would enhance hydration of the lipo-
some surface. However, above the LCST, dehydration of
the copolymer chains would cause binding of the dehy-
drated copolymer chains onto the liposome surface,
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Figure 6. Diameters of 2C ;-poly{APr-co-NIP AM)-modified (@).
2C12-poly(NIPMAM-co-NIPAM }-modified (M), and unmodified
(a) EYPC liposomes in 10 mM Tris-HCl and 140 mM NaCl
solution (pH 7.4) as a function of temperature.

resulting in an increase in hydrophobicity of the liposome
surface. Such a temperature-dependent alteration of the
characteristic of the copolymer chain on the liposome
surface could generate a new type of functional liposome
whose surface property is controlled by temperature (24).
As already shown, from the viewpoint of contents release,
2C1-poly(NIPMAM-co-NIPAM) exhibited the highest
ability to sensitize liposomes, whereas 2Ca2-poly{APr-co-
NIPAM) showed the lowest ability among the copolymers
prepared in this study. Thus, we examined the temper-
aturc-dependent association of the copolymer-modificd
liposomes for these copolymers.

Figure 6 depicts the apparent diameters of the copoly-
mer-modified and the unmodified EYPC liposomes as a
function of temperature. The unmaodified liposomes showed
essentially the same diameter of ca. 100 nm throughout
the experimental temperature range. Both the 2C-poly-
(APr-co-N1PAM)-modified and the 2C,-poly(NIPMAM-
co-NIP AM)-modified liposomes also exhibited almost the
same diameter below the LCST. However, above the
LCST, an increase in diameter was observed for both
copolymer-modified liposomes, although the extent of the
diameter increase is considerably different between them,
The 2C,;2-poly(APr-co-NIP AM)-modified liposomes exhib-
ited a significant increase in the diameter above the
LCST, indicating that the dehydrated polymer chains
fixed to the liposome made the liposome surface highly
hydrophobic and induced aggregation of the liposomes
through a hydrophobic interaction. Since the 2C,-poly-
(NIPMAM-co-NIPAM)-modified Liposomes strongly en-
hanced the contents release above the LCST (Figure 5).
we expected that these liposomes would show a more
significant association above the LCST. However, the
2C2-poly(NIPMAM-co-NIPAM)-modified liposomes ex-
hibited only a slight increase in the diameter at 50 °C,
suggesting that this copolymer does not have the ability
to provide a hydrophobic nature to the liposome surface.

34. Interaction of Copolymers with Liposome
Membrane. Since the NIPAM copolymers exhibited an
LCST at ca. 40 °C, these copolymers take on a dehydrated
globule above this temperature, However, these copoly-
mers induced the contents release from the liposomes and
the association of the liposomes in a very different
manner. Because these behaviors of the liposomes might
be provided by the hydrophobic nature of the copolymers,
the above results imply that the hydrophobicity is dif-
ferent among these copolymers taking on a dehydrated
state. Thus. we investigated the hydrophobicity of a
domain formed by these copolymers using PyCHO. This
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Figure 7. Emission maxima for PyCHO in the absence (4) or
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(¥), and poly(NIPMAM-co-NIPAM) (M) in water. The concentra-
tions of PyCHO and the copolymers were 1 uM and 0.4 mg/mL.
respectively.

molecule is known to change the wavelength of the
emission maximum (4,,) of the fluorescence, depending
on polarity of the solvent (37). By using this property of
PyCHO, Schild and Tirrell (38) detected collapse of the
backbone of the homopolymer and copolymers of NIPAM.

Figure 7 depicts An. of PyCHO dissolved in an aqueous
solution with or without the copolymers. In the absence
of the copolymers, Ao, did not change in the experimental
temperature range. In contrast, in the presence of the
copolymers, a marked blue shift above the LCST was
observed. However, the extent of the change in A, was
quite different among these copolymers. For poly(APr-
co-NIPAM), A1, was 463 nm below the LCST but slightly
decreased above 40 °C, indicating that the collapsed
copolymer chain formed a hydrophobic domain. In the
case of poly(DMAM-co-NIPAM), however, d..., decreased
more significantly above the LCST. The most remarkable
blue shift of A,., was observed in the presence of poly-
(NIPMAM-co-NIPAM). Because the Ay, of PyCHO lin-
early increases with dielectric constant of the environ-
ment (37). this result suggests that poly(NIPMAM-co-
NIPAM) formed a domain with the highest hydrophobicity,
whereas poly(APr-co-NIPAM) formed a domain with the
lowest hydrophobicity.

Toobtain information about their interaction with lipid
membranes, we next examined their influence on the
membrane fluidity of the liposomes using ANS and DPH
(Figure 8). The fluorescence probes ANS and DPH have
been frequently used toevaluate membrane fluidity and
are known to provide information about the surface and
the hydrophobic region of the membrane. respectively
(39). The inverse polarization of flucrescence probes
(1/P)was taken as an indication of the membrane fluidity
(39).

Figure 8A—D depicts the temperature dependence of
the membrane fluiditics of the EYPC liposomes modified
with the copolymers and the unmodified EYPC liposomes
as monitored by ANS. For the unmodified liposomes
{panel A), the membrane fluidity monotonically increased
with the increasing temperature. Similarly, the mem-
brane fluidity of the 2C -poly(APr-co-NIPAM}-modified
liposomes (panel B) increased with temperature and no
change in the temperature dependence of the membrane
fluidity was observed around the LCST. For the 2C)»-
poly(DMAM-co-NIPAM)-modified liposomes (panel C), a
similar increase in the membrane fluidity was seen
between 10 and 40 °C. However, the change in the
membrane fluidity was slightly suppressed around the
LCST. For the 2Cyz-poly(NIPMAM-co-NIP AM)-modified
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Figure 8. Temperature dependence of membrane fluidity
(1/P) of 2C;-poly(APr-co-NIPAM)-modified (@), 2Cz-poly-
(DMAM-co-NIP AM}modified (), 2C);-poly(NIPMAM co-NIP AM)-
modified (W), and unmodified (A) EYPC liposomes in 10 mM
Tris-HCl and 140 mM NaCl solution (pH 7.4) as monitored by
ANS (A-D) and DPH (E). The concentrations of EYPC, ANS,
and DPH were 0.4 mM, 4.4 uM, and 0.44 uM, respectively.

liposomes (panel D), a marked change in the membrane
fluidity took place at the LCST. In this case, the
membrane fluidity decreased with temperature above the
LCST.

A similar tendency can be seen in the temperature
dependence of the membrane fluidity monitored by DPH.
As seen in Figure 8E,the membrane fluidity of the 2Cya-
poly{APr-co-NIP AM)-modified liposomes (®) and that of
the unmodified liposomes (A) increased in almost the
same manner. However, for the 2C2-poly(NIPMAM-co-
NIPAM)-modified liposomes (W), a remarkable change in
the temperature dependence of the membrane fluidity
was seen above the LCST. These results indicate that,
when hydrated, the chains of these copolymers hardly
interact with the lipid membrane. However, when dehy-
drated, these polymer chains interact with the lipid
membrane quite differently. The poly(APr-co-NIPAM)
chain hardly affected the membrane fluidity even above
the LCST, suggesting that their interaction is weak. The
poly(DMAM-co-NIPAM) chain slightly influenced the
membrane fluidity around the LCST, and hence, the
copolymer moderately interacts with the membrane. In
contrast, poly(NIPMAM-co-NIPAM) decreasced the mem-
brane fluidity of both the surface and the hydrophobic
regions at and above the LCST, indicating that the
dehydrated chain of this copolymer strongly interacts
with the lipid membrane.

As already described, AH for the conformational tran-
sition was quite different among these NIPAM copoly-
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mers and increased in the order poly(APr-co-NIPAM) <

- poly(DMAM-co-NIPAM) < poly(NIPMAM-co-NIPAM) (Fig-

ure 4). Because this endotherm is related to the destruc-
tion of water around the hydrophobic groups (32), it is
postulated that the copolymer, which exhibits a large AH,
forms a domain with a higher hydrophobocity after the
transition. In fact, the fluorometric measurement with
PyCHO clearly demonstrated that the hydrophobicity of
a domain formed by the dehydrated copolymer chain
increases in the same order (Figure 7). The copolymer
with the higher hydrophobicity, indeed, strongly interacts
with the lipid membrane. This is consistent with the
result of the membrane fluidity measurement, which
showed that poly(NIPMAM-co-NIPAM) strongly reduced
the fluidities of both the surface and the hydrophobic
regions of the lipid membrane (Figure 8). Thus, poly-
(NIPMAM-co-NIPAM) could induce a significant contents
release, whereas poly(DMAM-co-NIPAM) and poly(APr-
co-NIPAM) provided the liposomes with moderate and
weak contents release properties, respectively.

Since poly(NIPMAM-co-NIPAM) strongly enhanced the
contents release from the liposomes above the LCST
(Figure 5), we expected that these liposomes would show
more significant associations above the LCST. However,
contrary to our cxpectation, the liposomes having poly-
(NIPMAM-co-NIPAM) chains exhibited only a slight
increase in the diameter at 50 °C (Figure 6). Rather, poly-
(APr-co-NIPAM) enhanced the aggregation of the lipo-
somes much more strongly. As is seen in Figure 8D, the
dehydrated chain of poly(NIPMAM-co-NIPAM) affected
the fluidity of the hydrophobic region of the lipid mem-
brane. This fact implies that this copolymer chain deeply
penetrates into the lipid membrane and, hence, is buried
in the membrane. In contrast, the poly(APr-co-NIPAM)
chain did not decrease the membrane fluidity even after
the conformational transition, suggesting that the dehy-
drated copolymer chain still exists on the surface of the
liposome. Thus, the dehydrated copolymer chains of poly-
(APr-co-NIPAM) could efficiently cover the liposome
surface and make its surface hydrophobic.

4. CONCLUSIONS

In this study, we prepared three kinds of NIPAM
copolymers with the same conformational transition
temperature and varying transition endotherms, and
then we investigated their ability to sensitize EYPC
liposomes to temperature. We found that their abilities
correlated with their AH values for the transition. The
copolymer with a large AHM is suitable for obtaining
functional liposomes that drastically release contents
above the LCST, whereas the copolymer with a small AH
is appropriate for preparing functional liposomes whose
surface becomes hydrophobic above the LCST. These
liposomes can release the encapsulated drugs at, or bind
to, a target site that is heated above the LCST. Therefore,
these liposomes may have potential usefulness for site-
specific drug delivery.
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