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Abstract

To obtain temperature-sensitive liposomes which release their contents around the physiological temperature, we designed
dioleoylphosphatidylethanolamine liposomes modified with copolymers of N-isopropylacrylamide and acryloylpyrrolidine.
Copolymers of acryloylpyrrolidine and N-isopropylacrylamide, which exhibit a lower critical solution temperature around
the physiological temperature, were prepared by free radical copolymerization using azobis(isobutyronitrile) as the initiator.
The copolymers with anchors to the liposome membrane were obtained by using N, N-didodecylacrylamide as an additional
comonomer. The copolymer having the anchor group at the terminal of the polymer chain was also synthesized by
copolymerization of these monomers in the presence of 2-aminoethanethiol and subsequent conjugation of N, N-didodecyl
succinamic acid to the terminal amino group of the copolymer. Calcein-loaded dioleoylphosphatidylethanolamine liposomes
modified with these copolymers were prepared and release of the contents from these liposomes was investigated. It was
found that the release from these copolymer-modified liposomes was promoted around and above the lower critical
temperature of the copolymer. Also, the liposomes modified with the terminal anchor-type copolymer released the contents
more drastically responding to a small temperature change than the liposomes modified with random copolymers containing
N, N-didodecylacrylamide units as the anchor. © 1999 Elsevier Science B.V. All rights reserved.

Keywords: Temperature-sensitive liposome; Poly(N-isopropylacrylamide); Poly(acryloylpyrrolidine);
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1. Introduction

Abbreviations: NIPAM, N-isopropylacrylamide; APr, acryl-

oylpyrrolidine; NDDAM, N,N-didodecylacrylamide; DOPE, Since liposomes made from naturally occurring
L-a-dioleoylphosphatidylethanolamine; AIBN, azobis(isobutyro- lipids are biocompatible, their application to drug
nitrile); Tris, tris(hydroxymethyl)aminomethane; EDTA, ethyl- delivery systems has been extensively attempted [1].
enediaminetetraacetic acid; EDC, 1-ethyl-3-(3-dimethylamino- To elevate their usefulness, a number of liposomes

propyl)c‘arbodumlde; LCST, lowe.r critical solution temperature; with various functionalities have been designed. For
Mw, weight average molecular weight; Mn, number average mo-

lecular weight exa.mple, a Varlet.y of st1mu1ps-sens1t1ve hposorpes,
* Corresponding author. Fax: +81 (722) 59-3340; which release their contents in response to various
E-mail: kono@chem.osakafu-u.ac.jp physical or chemical stimuli, have been designed for
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site-specific drug delivery. Temperature- [2], pH- [3—
6], target- [7] and light- [8-10] sensitive liposomes
have been developed as such liposomes. Also, for
cytoplasmic delivery of membrane-impermeable
molecules, fusogenic liposomes have been developed
[11-14]. The fusogenic liposomes are considered
to fuse with the plasma membrane or the endosomal
membrane and release their contents into cytoplasm
[15-17]. In addition, sterically stabilized liposomes are
one of the most important functional liposomes,
which reveal significantly long circulation time in
the blood stream and enhance uptake by tumors
[18,19].

While several approaches to the production of
functional liposomes have been attempted, one of
the most effective methods is their modification
with polymers [20,21]. A number of functional lipo-
somes have been developed by the modification of
liposomes with naturally occuring polymers [22]
and synthetic polymers [5,6,14].

Recently, it has been shown that conjugation of
poly(N-isopropylacrylamide) (poly(NIPAM)) onto
liposomes provides a temperature-sensitive property
to the liposomes [23-27]. It is well-known that poly-
(NIPAM) demonstrates a lower critical solution tem-
perature (LCST) at ca. 32°C in aqueous solutions
[28,29]. The polymer is soluble in water and takes
on a hydrated coil state below that temperature.
However, it becomes water-insoluble and takes on
a dehydrated globule state above that temperature.
When liposomes are coated with poly(NIPAM), they
are stabilized by the hydrated polymer chains below
the LCST [25]. However, the liposomes are destabi-
lized above that temperature due to interaction be-
tween the liposome membrane and the hydrophobic
polymer chains, resulting in release of the contents
[23-26]. Also, it has been shown that aggregation
and fusion of poly(NIPAM)-coated liposomes take
place above the LCST, indicating that surface prop-
erty of liposomes can be made temperature-sensitive
by the modification of liposomes with poly(NIPAM)
[27]. Recently, Meyer et al. reported that a copoly-
mer of NIPAM, methacrylic acid and octadecyl
acrylate induces release of contents from egg yolk
phosphatidylcholine liposomes under weakly acidic
conditions and is useful for the preparation of pH-
sensitive liposomes [30]. These findings suggest po-

tential usefulness of poly(NIPAM)-modified lipo-
somes as new drug delivery systems.

Poly(NIPAM)-modified liposomes exhibit temper-
ature response around their LCST, ca. 32°C, which is
lower than the physiological temperature. For the
use of these liposomes as drug delivery systems, it
is essential for the liposomes to reveal temperature
response around the physiological temperature. Be-
cause the LCST of this type of polymers can be
controlled by copolymerization of NIPAM with hy-
drophilic or hydrophobic comonomers [31], it is pos-
sible to synthesize polymers having an LCST around
the physiological temperature.

Poly(acryloylpyrrolidine) (poly(APr)) is known to
have an LCST at ca. 50°C. Because LCSTs of poly-
(NIPAM ) and poly(APr) are relatively close to the
physiological temperature, it is expected that precise
control of LCST is possible by copolymerization of
NIPAM and APr.

Control of temperature at which the contents re-
lease from NIPAM copolymer-coated liposomes is
triggered, has been attempted by Kim et al. [26].
They examined calcein release from liposomes of var-
ious phosphatidylcholines mixed with copolymers of
NIPAM, acrylic acid and octadecyl acrylate having
various LCSTs. It was shown that the polymer with
a higher LCST enhances release of the contents
slightly at a higher temperature, but the extent of
release was quite low if the liposome membrane
does not undergo the gel-to-liquid crystalline phase
transition at the temperature of the measurement.
This study as well as our own [23] indicates that
interaction between the phosphatidylcholine mem-
branes and the NIPAM copolymers is not strong
enough to destroy the membranes.

Thermosensitive polymers can be used as a tem-
perature-sensitive stabilizer for a membrane of non-
bilayer forming lipids, such as dioleoylphosphatidyl-
ethanolamine (DOPE) which has a strong tendency
to take on hexagonal II phase under the physiolog-
ical condition. We have reported that DOPE lipo-
somes are stabilized by hydrated poly(NIPAM)
chains attached to the surface below the LCST [25].
However, the poly(NIPAM)-attached DOPE lipo-
somes disintegrate very quickly above the LCST, be-
cause the stabilizing effect of the polymer vanishes
above the LCST and the bilayer-to-hexagonal II
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transition occurs in the liposome membranes [25]. If
a thermosensitive polymer with an LCST around the
physiological temperature is used to stabilize DOPE
liposomes, temperature-triggered release from the
liposomes is expected to be induced around the phys-
iological temperature.

In this study, we synthesized two types of copoly-
mers of APr and NIPAM having anchors to the lipo-
some with an LCST near the physiological temper-
ature: copolymers having anchors in the middle of
the copolymer chain and copolymers having an an-
chor at the terminal of the copolymer chain. Calcein-
loaded DOPE liposomes modified with these copoly-
mers were prepared and temperature-dependent re-
lease of the contents from these liposomes was inves-
tigated. We found that release of calcein from the
liposomes was triggered by the hydrophilic-to-hydro-
phobic change of the copolymer chains. Also, the
liposomes modified with the terminal anchor-type
copolymer exhibited a more drastic enhancement of
the contents release responding to a small temper-
ature change than the liposomes modified with the
middle anchor-type copolymers.

2. Materials and methods
2.1. Materials

L-o-Dioleoylphosphatidylethanolamine ~ (DOPE)
was purchased from Sigma (St. Louis, MO, USA).
N-Isopropylacrylamide (NIPAM), N,N-didodecyl-
amine and 2,6-di-tert-butyl-p-cresol, 2-aminoethane-
thiol were obtained from Tokyo Kasei (Tokyo, Ja-
pan). Acryloyl chloride and pyrrolidine were
supplied by Wako Pure Chemical Industries (Osaka,
Japan). Azobis(isobutyronitrile) (AIBN), tris(hydrox-
ymethyl)aminomethane (Tris), N, N-dimethylform-
amide, and ethylenediaminetetraacetic acid (EDTA)
were supplied by Kishida Chemical (Osaka, Japan).
NIPAM and AIBN were purified by recrystallization
from benzene-n-hexane and methanol, respectively,
before use.

2.2. Synthesis of N,N-didodecylacrylamide and
acryloylpyrrolidine

N, N-Didodecylacrylamide (NDDAM) and acryl-

oylpyrrolidine were prepared by acylation of the
amines with acryloyl chloride as previously reported
[32,33]. N,N-Didodecylamine or pyrrolidine (50
mmol), triethylamine (55 mmol) and 2,6-di-tert-bu-
tyl-p-cresol (0.11 mmol) were dissolved in methylene
chloride (150 ml). To the solution, acryloyl chloride
(60 mmol) was added dropwise under N, atmosphere
at 40°C. The reaction mixture was stirred for 2 h and
then washed with 0.1 N HCI, water, saturated
NaHCOj; solution, and water and dried over MgSQO,.
The solvent was removed by evaporation and the
crude product was purified by recrystallization from
acetone (NDDAM) or silica gel column chromatog-
raphy eluting with 3.4% methanol-chloroform (APr).

2.3. Synthesis of APr-NIPAM copolymers

The synthetic routes for APr-NIPAM copolymers,
APr-NIPAM-NDDAM copolymers and an APr-
NIPAM copolymer having didodecyl group at the
terminal (poly(APr-NIPAM)-2C;,) are shown in
Fig. 1. APr-NIPAM copolymers with various com-
positions were prepared according to the method
previously reported [23,25,27]. In brief, APr and
NIPAM (total 44 mmol) and AIBN (0.22 mmol)
were dissolved in freshly distilled dioxane (88 ml)
and then the solutions were heated at 60°C for 18 h
in N, atmosphere. The copolymers were recovered
by precipitation with diethylether. The copolymers
were dissolved in dioxane again, reprecipitated with
diethylether and then dried under vacuum. APr-
NIPAM copolymers having anchors in the middle
of the polymer chain, namely poly(APr-co-NIPAM-
co-NDDAM)s, were prepared by the above method
except that NDDAM (0.66 mmol) was added as a
comonomer. The terminal anchor-type copolymer,
namely poly(APr-NIPAM)-2C;,, was prepared ac-
cording to the method reported by Okano and co-
workers [34]. APr (27.2 mmol), NIPAM (6.8 mmol),
2-aminoethanethiol (1.87 mmol) and AIBN (0.36
mmol) were dissolved in N, N-dimethylformamide
(15 ml) and heated at 75°C for 15 h in N, atmos-
phere. The copolymer was recovered by precipitation
with diethylether and then purified using an LH-20
column eluting with methanol. The copolymer hav-
ing an amino group at the terminal (1.0 g) was re-
acted with N, N-didodecylsuccinamic acid (6x 1074
mol), which was prepared according to the method
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of Okahata et al. [35], by using 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide (EDC) (6 X 10™* mol) in
N, N-dimethylformamide (10 ml) at 4°C for 2 days.
The copolymer was purified by an LH-20 column
eluting with methanol.

2.4. Estimation of LCST of copolymers

The LCST of the copolymer was detected by cloud
point [36]. Transmittance of aqueous copolymer so-
lutions (5 mg/ml) at 500 nm was monitored using a
spectrophotometer (Jasco V-520) with a water-jack-
eted cell holder coupled with a circulating bath. Tem-
perature was raised at 0.3°C/min. Cloud points were
taken as the initial break points in the resulting
transmittance vs. temperature curves.

2.5. Liposome preparation

The liposomes were prepared as follows: DOPE
in chloroform solution (1 mg/ml, 10 ml) and varying
volumes of the copolymer in chloroform solution
(10 mg/ml) were mixed in a flask and the solvent
was removed by evaporation. The thin lipid/copoly-
mer membrane obtained was further dried under
vacuum overnight and dispersed in 1.5 ml of aqueous
calcein solution (63 mM, pH 9.0) using a bath-type
sonicator. The resultant liposome suspension was
extruded through a polycarbonate membrane with
a pore diameter of 100 nm at 0°C. Free calcein and
free copolymer were removed by gel permeation
chromatography on a Sepharose 4B column at 4°C
using 10 mM Tris-HCl-buffered solution containing
140 mM NaCl and 1 mM EDTA at pH 7.4.
The liposomes were kept at 5°C until the measure-
ment.

2.6. Estimation of the amount of copolymer bound
to liposome

The amount of the copolymer bound to the lipo-
some was estimated using high performance liquid
chromatography analysis as reported previously
[27]. The liposomes bearing the copolymer were dried
under vacuum and then dissolved in methanol. The
solution was filtered through a poly(tetrafluoroethyl-
ene) membrane with a pore size of 0.25 um. The
filtrate (20 ul) was injected into an SB-803 column

and the effluent was monitored by the absorbance at
210 nm using a UV detector (Jasco, UV-790). From
the absorbance of the copolymer separated, the
amount of copolymer was estimated. Also, the con-
centration of the lipid was determined by the method
of Bartlett [37].

2.7. Calcein release from liposomes

The release measurements were performed accord-
ing to the method previously reported [23,25]. An
aliquot of dispersion of the calcein-loaded liposomes
was added into 2 ml of 10 mM Tris-HCI, 140 mM
NaCl and 1 mM EDTA solution (pH 7.4) in a quartz
cell (final concentration of the lipid 5.0 uM) at a
given temperature and the fluorescence intensity of
the solution was monitored using a spectrofluorom-
eter (Hitachi MPF-4). The excitation and monitoring
wavelength were 490 nm and 520 nm, respectively.
The percent release of calcein from the liposomes
was defined as:

% release = (F'—F')/(F'—F')x 100 (1)

where F' and F' mean the initial and intermediary
fluorescence intensities of the liposome suspension,
respectively. F is the fluorescence intensity of the
liposome suspension after the addition of Triton X-
100 (final concentration 0.15%). Since the release of
calcein was very fast above the LCST of the copoly-
mers, it was impossible to determine F'. In contrast,
the release was slow below the LCST and liposomes
hardly release calcein at 5°C. Therefore, we used the
initial fluorescence intensity of the liposome suspen-
sion at 5°C as F'. The change in fluorescence inten-
sity depending on temperature was corrected
although the change of the intensity was not signifi-
cant under the experimental conditions.

2.8. Other methods

Nuclear magnetic resonance (NMR) spectra were
taken with a JEOL JNM-GX 270 MHz instrument.
The size of the liposomes was evaluated by dynamic
light scattering using a 380 ZLS instrument (Nic-
omp). The weight average molecular weight (Mw)
and the number average molecular weight (Mn) of
the copolymers were estimated using gel permeation
chromatography on a system equipped with a Sho-
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Fig. 1. Synthetic routes for thermosensitive polymers. A: Poly(APr-co-NIPAM); B: poly(APr-co-NIPAM-co-NDDAM); C: poly-

(APr-co-NIPAM)-2Cy;.

dex KD-803 column (Showa Denko) with differential
refractive index detection (Jasco, RI-930) using N, N-
dimethylformamide at 0.3 ml/min as an eluent at
40°C. Polyethylene glycol standards in the range
20000-1000 g/mol were used to calibrate the gel per-
meation chromatography.

3. Results and discussion

3.1. LCST of copoly(APr-NIPAM)

Three kinds of poly(APr-co-NIPAM)s and poly-
(APr) were synthesized. Composition and molecular
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Table 1
Preparation of poly(APr-co-NIPAM)
Polymer Feed Composition Mw Mn
APr/NIPAM APr/NIPAM
(mol/mol) (mol/mol)
1 100/0 100/0 10800 4800
2 90/10 90.5/ 9.5 11000 5300
3 80/20 79.8/20.2 17700 8300
4 70/30 68.2/31.8 18000 6700

weight of the polymer and copolymers were esti-
mated by 'H-NMR and GPC, respectively, and are
listed in Table 1. The LCST of the polymer and
copolymers were evaluated from cloud point of the
aqueous polymer solutions. Fig. 2 illustrates typical
results of cloud point measurement. These polymer
and copolymer solutions revealed a drastic decrease
in transmittance in narrow temperature regions, in-
dicating the occurrence of the transition of the poly-
mers. Fig. 3 shows a relationship between NIPAM
content and LCST of the copolymer. The LCST de-
creased with increasing NIPAM content in the co-
polymer chain. Taylor and Cerankowski have shown
that the LCST decreases with increasing polymer
hydrophobicity [31]. Because hydrophobicity of the

100 |- ..?
7‘ 1
p
80 |-
& ¢ 4 +
]
S 60 |
[1]
E
é A
§ 40 |
h
20 | 1 4
L &
0 1 1 1 ] 1

25 30 35 40 45 50 55 60

Temperature ('C)
Fig. 2. Cloud point curves for aqueous solutions of poly(APr)
(m) and poly(APr-co-NIPAM)s with APr/NIPAM (mol/mol) ra-
tio of 90.5:9.5 (a), 79.8:20.2 (@), and 68.2:31.8 (#).

NIPAM unit might be higher than that of the APr
unit, overall hydrophobicity of the copolymer chain
becomes higher with increasing NIPAM unit con-
tent, resulting in a decrease in LCST. This result
shows that LCST of the copolymer can be controlled
by the NIPAM/APr ratio.

3.2. Release property of copolymer-modified
liposomes

We and other groups have already shown that
poly(NIPAM) [23,38,39] as well as other hydro-
philic polymers [14,40] can be bound to liposomes
by the conjugation of hydrophobic groups to the
polymers. We prepared in this study poly(APr-
co-NDDAM) and two kinds of poly(APr-co-
NIPAM-co-NDDAM)s as the thermosensitive poly-
mers having anchor groups. The composition, molec-
ular weight and LCST of these copolymers are sum-
marized in Table 2. The LCSTs of poly(NIPAM-co-
APr-co-NDDAM)s were remarkably lower than
those of the NIPAM-APr copolymers with the
same NIPAM/APr ratio due to the existence of hy-
drophobic anchor groups.

Three kinds of poly(APr-co-NDDAM) (polymer-
5)-modified liposomes with different polymer con-
tents (0.12, 0.25 and 0.51 mg polymer/mg lipid)
were made. The liposome with the composition of

55

"™\

-l T

30

-
=

0 5 10 15 20 25 30 35
NIPAM content (mol%)

Fig. 3. Lower critical solution temperature of poly(APr-co-
NIPAM) as a function of NIPAM content.
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Table 2

Preparation of poly(APr-co-NIPAM-co-NDDAM)

Polymer Feed Composition Mw Mn LCST (°C)
APr/NIPAM/NDDAM APr/NIPAM/NDDAM
(mol/mol/mol) (mol/mol/mol)

5 98.5/0/1.5 97.9/0/2.1 10800 4800 34.2

6 88.7/9.8/1.5 88.7/8.9/2.4 13300 5600 33.6

7 78.8/19.7/1.5 79.4/18.5/2.1 18 800 7740 25.6

0.12 mg polymer/mg lipid was not stable even at 5°C,
indicating that this amount of the polymer is not
sufficient to stabilize DOPE liposomes. Also, the lipo-
some with the composition of 0.51 mg polymer/mg
lipid revealed a slightly lower temperature sensitivity
than the liposome with the composition of 0.25 mg
polymer/mg lipid, suggesting that when too many
polymer chains are bound on the liposome surface,
not all polymer chains participate in destabilization
of the liposome (result not shown). Thus, we chose
ca. 0.25 mg polymer/mg lipid as the composition of
polymer/modified liposomes. Preparation condition,
diameter and amount of polymer of the liposomes
used in this study are listed in Table 3. These lipo-
somes had diameters of about 100 nm, which cor-
responds to the pore diameter of the polycarbonate
membrane used for their preparation. Efficiency of
fixation of the polymer on the liposome increased
in the order of polymer-5 < polymer-6 < polymer-7.
While these polymers revealed approximately the
same NDDAM unit content, average numbers of
the anchor per polymer chain are calculated to be
0.8 (polymer-5), 1.0 (polymer-6) and 1.3 (polymer-
7) from the number average molecular weight.
Thus, it is considered that the number of the anchor

Table 3

per polymer chain affected the fixation efficiency of
the polymer to the liposome.

Fig. 4A represents a typical example of release
profiles of poly(APr-co-NDDAM)-modified DOPE
liposomes at varying temperatures. Also, typical re-
lease profiles for a prolonged period are shown in
Fig. 4B. It is apparent that release of calcein from
the polymer-modified liposomes is temperature-de-
pendent. The liposomes hardly released the contents
at 25°C. However, the extent of the release increased
with rising temperature: 41 and 64% of the liposome
contents were released in 5 min at 40 and 45°C,
respectively. At 50°C, a drastic release occurred im-
mediately after changing temperature. As is seen in
Fig. 4B, the rate of the contents release decreased
significantly with time. After 10 min, the liposomes
have reached a plateau (ca. 94%) for the contents
release at 50°C. Similarly, the extent of release be-
came almost constant (ca. 68%) at 45°C after 20 min.
A very slow release continued for a prolonged period
at 40°C, but the release stabilized around 50% after
ca. 60 min. While the final extent of the contents
release varied depending on temperature, the most
part of the contents release took place within 10-15
min and then the release became very slow or had

Preparation of DOPE liposomes modified with thermosensitive polymers

Polymer Polymer added (mg/mg lipid) Polymer fixed (mg/mg lipid) Diameter (nm)
APr/NIPAM/NDDAM
Polymer-5 0.50 0.25£0.04 87.4

1.00 0.51£0.02 86.1
Polymer-6 0.30 0.24+0.01 93.5
Polymer-7 0.25 0.23+0.01 107.3
APr/NIPAM-2C,
Polymer-8 0.50 0.26+0.04 109.0
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stopped at all temperatures. Similar release behaviors
were observed for all APr-NIPAM-NDDAM-co-
polymer-modified DOPE liposomes. We have al-
ready shown that disintegration of poly(NIPAM)-
coated DOPE liposomes is induced above the tran-
sition temperature of the polymer because dehy-
drated polymer chains do not stabilize DOPE lipo-
somes and promote the bilayer-to-hexagonal II
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Fig. 4. Release profiles of calcein from DOPE liposomes modi-
fied with poly(APr-co-NDDAM) at various temperatures: 25°C
(m), 40°C (@), 45°C (a), 50°C (#). The APr/NDDAM ratio of
the polymer was 97.9:2.1 (mol/mol). A: Short period-release ex-
periment. B: Prolonged period-release experiment.
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Fig. 5. Percent release of calcein from DOPE liposomes modi-
fied with poly(APr-co-NIPAM-co-NDDAM)s with various APr/
NIPAM/NDDAM (mol/mol/mol) ratios: 97.9:0:2.1 (a),
88.7:8.9:2.4 (@), 79.4:18.5:2.1 (m). Percent release after 15 min
incubation was shown.

transition of the liposome membrane [25]. Therefore,
it is considered that a certain fraction of the lipo-
somes ruptured rapidly due to the bilayer-to-hexag-
onal II transition induced by the interaction with
polymer chains of increased hydrophobicity.
However, a very slow release following the initial
fast release was also observed for a prolonged time at
40°C. It is known that interbilayer contact between
DOPE liposomes induces destabilization of the lipo-
somes [41]. The contact between the DOPE lipo-
somes with partly dehydrated polymer chains may
induce the gradual destabilization of the liposomes.
We examined the influence of liposome concentra-
tion on the contents release at 40°C. However, the
release was not affected by the liposome concen-
tration, indicating that the interbilayer contact was
not involved in the contents release (result not
shown). Although the LCST of poly(APr) is ca.
52°C, some portions in the polymer chain might be
dehydrated at 40°C as mentioned below. It is consid-
ered that a weak interaction between slightly dehy-
drated polymer chains and the liposome membrane
caused a slow and transient leakage of the contents
from the liposomes and/or gradual disintegration of
the liposomes which do not have sufficient amounts
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of polymer chains to induce their prompt disintegra-
tion.

The temperature dependence of calcein release
from APr-NIPAM-NDDAM copolymer-modified
DOPE liposomes is shown in Fig. 5. These liposomes
hardly released their contents under the low temper-
ature condition but the release was enhanced signifi-
cantly from particular temperatures as the temper-
ature was raised. While it is difficult to determine
precisely the temperatures from which enhancement
of the release starts, they are around 35, 30, and
25°C for the liposomes modified with polymer-5, pol-
ymer-6 and polymer-7, respectively. Also, tempera-
tures at which 50% release was obtained for these
liposomes are 41, 40 and 32°C, respectively.

If the anchor groups on the polymer chain are
inserted into the lipid membrane, these groups might
not affect the transition of the polymer chain
strongly. Thus, the transition temperatures of poly-
mer-5, polymer-6 and polymer-7 may be considered
from the relationship between LCST and NIPAM
content (Fig. 3) to be around 52, 46, and 39°C, re-
spectively. Apparently, promotion of the release
from these polymer-modified liposomes started at
lower temperatures than these transition tempera-
tures. This is probably because partial dehydration
of the polymer chain takes place below its transition
temperature and dehydrated units in the polymer
chain interact with the liposome membrane, inducing
leakage of the contents to some extent. Although the
contents release was promoted from a temperature
lower than LCST of the copolymer, the liposomes
having polymer chains with a higher LCST revealed
enhancement of the release in a higher temperature
region. This result implies that the release was trig-

gered by the hydrophilic-to-hydrophobic change of
the polymer chains.

3.3. Release property of liposomes modified with
copolymers having an anchor at the terminal

As mentioned above, the APr-NIPAM-NDDAM
copolymer-modified DOPE liposomes promoted the
contents release in specific temperature regions, de-
pending on the composition of the copolymer. How-
ever, promotion of the release from the liposomes
occurred in a relatively wide temperature region,
compared with the region where the water-solubility
change of the polymer takes place (Fig. 2). Okano
and his coworkers have reported that the poly-
(NIPAM) chain grafted to a surface at the terminal
of the polymer chain undergoes the conformational
transition more efficiently than that grafted at arbi-
trary and plural points in the polymer chain [42]. As
shown in Fig. 6A, in the case of the APr-NIPAM-
NDDAM copolymer-modified liposomes, many pol-
ymer chains are considered to be attached to the
liposome surface at arbitrary and plural points in
the polymer chain and, hence, its freedom of confor-
mation might be reduced to some extent. In contrast,
when the polymer chain is attached to the liposome
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Fig. 7. Release profiles of calcein from DOPE liposomes modi-
fied with poly(APr-co-NIPAM)-2Cy, at various temperatures:
37°C (m), 41°C (@), 42°C (a). The APt/NIPAM ratio of the
polymer was 81.6:18.4 (mol/mol).
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surface at its terminal (Fig. 6B), more efficient tran-
sition of the copolymer chain is expected to take
place. Thus, we prepared poly(APr-co-NIPAM)-
2Ci; (polymer-8) and the release property of the
DOPE liposome modified with this copolymer was
investigated.

The APr/NIPAM (mol/mol) ratio of polymer-8
was estimated to be 81.6/18.4 by 'H-NMR. The
weight and number average molecular weights of
the polymer before conjugation of the anchor were
estimated by gel permeation chromatography analy-
sis to be 9200 and 4100, respectively. The LCST of
the copolymer before and after conjugation of the
anchor was 39.6 and 36.4°C, respectively. The cal-
cein-loaded DOPE liposomes modified with this co-
polymer were prepared. The diameter of the lipo-
some was estimated to be 109 nm by dynamic light
scattering (Table 3).

The release profiles of calcein from the poly(APr-
co-NIPAM)-2C,-modified liposome at various tem-
peratures are shown in Fig. 7. While only a small
portion of the contents was released at 37°C, the
release became more drastic with raising tempera-
ture. At 42°C the liposomes released the contents
almost completely in 5 min. Also, a remarkable re-
lease took place at 41°C, although the release rate
during the first several minutes was slower than at
42°C. The release continued until 15 min and then
reached a plateau very slowly in another 25 min at
41°C (results not shown). Because the polymer chain
is less hydrophobic at 41°C than at 42°C, prompt
destabilization of the liposome could not be induced
at 41°C.

Fig. 8 depicts temperature dependence of the cal-
cein release from the poly(APr-co-NIPAM)-2C,-
modified liposome. For comparison, the result of
DOPE liposomes modified with the poly(APr-co-
NIPAM-co-NDDAM) with approximately the same
APr/NIPAM ratio (polymer-7) is also shown in
Fig. 8. As described above, the middle anchor-type
polymer-modified liposome enhanced release of the
contents in a broad temperature region. In the case
of the terminal anchor-type polymer-modified lipo-
some, limited extents of release were observed in
the temperature region of 10-35°C. However, an in-
tensive enhancement of the release occurred around
40°C, which is the same as the LCST of the copoly-
mer before the anchor attachment. Because in this
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Fig. 8. Percent release of calcein from DOPE liposomes modi-
fied with poly(APr-co-NIPAM)-2C;, (e) and poly(APr-co-
NIPAM-co-NDDAM) (m). The APr/NIPAM (mol/mol) and
APr/NIPAM/NDDAM (mol/mol/mol) ratios of these polymers
were 81.6:18.4 and 79.4:18.5:2.1, respectively. Percent release
after 15 min incubation was shown.

case the polymer chain was bound to the liposome
membrane at the terminal, its mobility might not be
restricted so strongly as was the APr-NIPAM-
NDDAM copolymer chain which was attached
onto the liposome membrane at arbitrary and plural
points in the polymer chain. Thus, the terminal an-
chor-type polymer could undergo the conformational
transition in the narrow temperature region on the
liposome membrane as the polymer chain does in an
aqueous solution, resulting in a sharp increase in the
contents release.

Because anchor groups in the copolymer chains
are considered to be buried in the liposome mem-
brane [38], it is supposed that these groups do not
affect the transition of the copolymer chains strongly.
The APr/NIPAM ratios of the middle anchor-type
and the terminal anchor-type polymers in Fig. 8
are 19:81 and 18:82, respectively, and, hence, these
polymer chains are considered to undergo the tran-
sition at about 39-40°C (Fig. 3). As is seen in Fig. 8,
the contents release from the poly(APr-co-NIPAM-
co-NDDAM)-modified liposomes was enhanced
strongly in the temperature region between 35 and
40°C. However, enhancement of the release was also
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seen below the transition temperature of the poly-
mer. The transition of the polymer chain in aqueous
solutions is related to its solubility. The polymer
chain becomes insoluble in water at that tempera-
ture. However, partial dehydration of the polymer
chain might occur below that temperature, although
the whole polymer chain is still soluble in water at
that temperature. Also, the degree of dehydration of
the polymer chain should increase with temperature.
It is likely that the dehydrated units in the polymer
chain interact with the membrane and induce partial
release of the contents or rupture of a small fraction
of the liposomes even below the transition temper-
ature of the polymer.

Similarly, such partial dehydration might take
place in the polymer chain bound to the liposome
surface at the terminal. However, in this case, the
dehydrated units should be covered by hydrated
units of the polymer chain, due to greater chain mo-
bility resulting from single-point attachment than the
middle anchor-type polymer chain. Because interac-
tion between the partly dehydrated polymer chain
and the liposome membrane is suppressed below
the transition temperature, a drastic and intensive
release of the contents was induced for the poly-
(APr-co-NIPAM)-2C,-modified liposome at the
polymer transition temperature, where the whole
polymer chain becomes hydrophobic.

4. Conclusion

The APr-NIPAM copolymers with LCSTs around
the physiological temperature were prepared by con-
trolling the APr/NIPAM ratio of the copolymer.
DOPE liposomes modified with the NIPAM-APr co-
polymers having an anchor release their contents
around the transition temperature of the copolymers.
Thus, novel temperature-sensitive liposomes, which
release their contents near the physiological temper-
ature, were obtained by the modification of DOPE
liposomes with these copolymers. Temperature sensi-
tivity of the copolymer-modified liposomes was af-
fected by the method for the polymer attachment:
when the terminal anchor-type copolymer was used
for the modification, the polymer-modified liposomes
revealed a more drastic release at a narrow temper-

ature region than the liposomes modified with the
middle anchor-type polymers.

We showed in this study that the liposomes modi-
fied with a particular NIPAM/APr ratio released
their contents slightly above the physiological tem-
perature, which is the original concept of the temper-
ature-sensitive liposomes [2]. In addition, liposomes
modified with these polymers are considered to
change their surface property, depending on temper-
ature. We have already shown that aggregation of
liposomes coated with a NIPAM copolymer occurs
above the transition temperature of the copolymer,
because the hydrophobic copolymer chains make the
liposome surface hydrophobic [27]. If liposomes hav-
ing thermosensitive polymer grafts are injected into
the blood stream, the highly hydrated polymer chains
may reduce interaction between liposomes and pro-
teins and improve circulation time in the blood
stream as polyethylene glycol drafts do [19]. How-
ever, such effects of the copolymer chain will disap-
pear above the LCST and interaction of the lipo-
somes with the blood components might be
enhanced by the hydrophobic copolymer chains.
Therefore, the biodistribution of the liposomes may
be controlled by temperature. These features of the
thermosensitive polymer-modified liposomes may al-
low their use as a new drug delivery system with
temperature-controlled functionalities which the con-
ventional temperature-sensitive liposomes do not
possess.
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