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Abstract

Poly(L-lactic acid)/poly(N-isopropylacrylamide) (abbreviated as LN) block copolymers were synthesized and the
LN nanoparticles were prepared by simple diafiltration method. The thermal transition of the LN nanoparticles was
at 32.3°C, the lower critical solution temperature (LCST) of the polymer. The fluorescence spectroscopy data showed
that LN was self-assembled in water to form core-shell structure nanoparticles, and the critical association
concentration (CAC) value was estimated as 1.3×10−2 g/l. From the transmission electron microscope observations,
the LN nanoparticles were spherically shaped and ranged in size between 30 and 50 nm below the LCST. The
hydrated size was measured by photon correlation spectroscopy, and reversible size changes were investigated by the
factor of temperature. The release of indomethacin from the LN nanoparticles was thermo-sensitive due to the unique
characteristic of poly(N-isopropylacrylamide). © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Various drug delivery systems have been pro-
posed for effectively targeting drugs to a specific
organ of the body (e.g. the polymeric micelles,
surface-modified particles, liposomes and
nanoparticles) (Bador et al., 1984; Kopecek, 1990;
Lasic, 1992; Blume et al., 1993; Davis et al., 1993;
Gref et al., 1994; Leroux et al., 1996). However,

many problems still exist including the biodistri-
bution of drugs, drug solubility, undesirable side
effects, rapid clearance by the reticuloendothelial
system (RES), thermal instability, short blood
circulation time, structural fragility and lower
loading efficiency.

Ringsdorf et al. first reported that the poly-
meric micelles could be used to achieve the sus-
tained release of a drug from the polymer-drug
conjugates (Bador et al., 1984). Recently, diblock
copolymer was used to prepare the polymeric
micelles by Kataoka coworkers. (Yokoyama et
al., 1990; Kataoka et al., 1993; Cammas and
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Kataoka, 1995). Also, Cho et al. (1997) reported
that poly(g-benzyl L-glutamate) and poly(N-iso-
propylacrylamide) block copolymers can form a
core-shell structure in water. Diblock copolymers
generally exhibit surfactant behavior (Brown et
al., 1991) and form core-shell structures due to
their amphiphilicity. Hydrophobic segments form
the inner core of the structure, which acts as the
incorporation site of hydrophobic drugs. Hydro-
phobic drugs can be easily entrapped within the
inner core of the polymeric carriers by hydropho-
bic interaction (Kwon et al., 1995). Hydrophilic
blocks form the hydrated outer shell, which sur-
rounds the hydrophobic core to prevent the
nanoparticles from being quickly taken up by the
RES.

Poly(N-isopropylacrylamide) (PNIPAAm) ex-
hibits a lower critical solution temperature
(LCST) at 31–32°C. Hydrophobically modified
PNIPAAm shows thermo-responsive water-solu-
bility and can form heterogeneous structures com-
posed of hydrophilic microdomains of PNIPAAm
chains and hydrophobic segments in aqueous so-
lution. The solution properties of hydrophobically
modified PNIPAAm have been reported with
fluorescence measurements in cases where the hy-
drophobic moieties were randomly incorporated
along the main chain and the long hydrophobic
segments were conjugated at one end of the main
chain (Schild and Tirrell, 1991; Chung et al.,
1997). Forming a heterogeneous structure is
clearer in the latter case than the former case. A
heterogeneous structure is formed by the aggre-
gate forces of the hydrophobic segments against
the intramolecular hydrophilicity. Therefore, it is
the intramolecular hydrophilic/hydrophobic bal-
ance that is closely related to the heterogeneous
separation of the microdomains, thermodynamic
stability of the structure and physical properties
of the microdomains. In order to design and
facilitate a reversibly thermo-responsive nanopar-
ticle for a drug delivery system, it is essential to
elucidate the mechanism and the effective factors
that form a stable core-shell structure.

In this study, we synthesized AB type diblock
copolymers of poly(L-lactic acid) (PLA) as the A
component and PNIPAAm as the B component.
PLA is one of the poly (a-hydroxy esters) with

bioerodible characteristics, and it degrades into
naturally occurring substances (Kulkarni et al.,
1966; Heller, 1984; Langer, 1990). We expected
PLA to have more hydrophobic properties than
PNIPAAm. The core-shell type nanoparticles
were prepared by a diafiltration method (Lasic,
1992; La et al., 1996; Cho et al., 1997). Also,
indomethacin (IN) was incorporated into the
nanoparticles as a model drug, since the hydro-
phobic PLA core may serve as a microcontainer
for drugs that are segregated from the outer envi-
ronment by a palisade-like hydrophilic PNI-
PAAm segment, which has the ability to release
drugs in a controlled manner according to
changes in temperature.

2. Materials and methods

2.1. Materials

N-isopropylacrylamide (NIPAAm, Tokyo Ka-
sei, Tokyo, Japan) was purified by recrystalliza-
tion in n-hexane and dried in a vacuum at room
temperature. The PLA with a molecular weight
of 2000 and 2,2%-azobisisobutyronitrile (AIBN)
were obtained from Polysciences. (Warrington,
PA). The 2-aminoethanethiol hydrochloride
(AET·HCl), KOH·methanol (potassium hydrox-
ide volumetric standard, 1.003 M solution in
methyl alcohol), and N,N %-dicyclohexyl carbodi-
imide (DCC) were obtained from Aldrich Chemi-
cal Company (Milwaukee, WI). The IN was
purchased from Sigma Chemical (St. Louis, MO).
The N,N %-dimethylformamide (DMF), dimethyl-
sulfoxide (DMSO) and all other chemicals were of
reagent grade and used without further
purification.

2.2. Synthesis of amine-terminated PNIPAAm

Amine-terminated PNIPAAm (ATPNIPAAm)
was prepared according to the method reported
by Chen and Hoffman (1995). It was synthesized
by the polymerization of NIPAAm (50 mmol) in
20 ml of methanol at 60°C for 22 h using AIBN
(0.5 mmol) and AET·HCl (1.0 mmol) as the initia-
tor and chain transfer reagent, respectively.
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KOH·methanol was added to remove the HCl
from the AET·HCl salt. The semitelechelic PNI-
PAAm with an amino end group was obtained by
precipitating the reaction solution into diethyl
ether. The reaction procedure is shown in Fig. 1.
The number-average molecular weight of ATPNI-
PAAm was determined by GPC.

2.3. Synthesis of LN diblock copolymer

The LN diblock copolymer was prepared by a
coupling reaction of PLA with ATPNIPAAm us-
ing DCC as a coupling agent as shown in Fig. 2.
PLA (0.2 mmol), DCC (0.4 mmol), and ATPNI-
PAAm (0.2 mmol) were separately dissolved in
DMSO. The DCC solution was added to the PLA
solution, and was stirred for 30 min to activate
the carboxyl group of PLA. The ATPNIPAAm
solution was added dropwise into the activated

PLA solution, and the reaction was carried out at
room temperature for 10 days (Li, 1991). The
reaction solution was filtered to remove the pre-
cipitated dicyclohexylurea (DCU), and then was
put into a dialysis tube (molecular weight cutoff
(MWCO) 2000 g/mol), where it was dialyzed in
deionized distilled water for 7 days. The resultant
solution was freeze-dried.

2.4. Transmittance measurement

The optical transmittance of the polymer in
aqueous solutions (concentration: 1 g/l) at various
temperatures was measured at 500 nm with a UV
spectrophotometer (Shimadzu UV-1201, Japan).
The temperature was gradually increased with a
maximum heating rate of 0.5°C/min, and con-
trolled with a circular system. The LCST of the
polymer solution was determined at a temperature
showing an optical transmittance of 50% (Chung
et al., 1997).

2.5. Preparation of LN nanoparticles and drug
loading

The core-shell type nanoparticles were formed
using the diafiltration method (Yokoyama et al.,
1994; Kwon et al., 1995; Cho et al., 1997; Jeong et
al., 1998). 20 mg of LN diblock copolymer was
dissolved in 10 ml of DMF. The solute was
entirely solubilized with stirring at room tempera-
ture. To form the core-shell type nanoparticles,
the solution was dialyzed using a MWCO 2000
g/mol dialysis tube against distilled water. The
medium was replaced every 30 min for the first 3
h and every 1 h for 21 h. Then, the solution was
analyzed or freeze-dried.

For drug loading, 20 mg of LN block copoly-
mer was dissolved in 4 ml of DMF, after which 20
mg of IN in 1 ml DMF was added. The solution
was stirred at room temperature for 30 min, and
the solution was dialyzed using MWCO 2000
g/mol dialysis tube against distilled water for 24 h
as mentioned above. The dialyzed solution in the
dialysis tube was freeze-dried and the prepared
nanoparticles were kept in a refrigerator at 4°C
until use. In order to measure the drug loading
content, a freeze-dried sample of IN-loaded LN

Fig. 1. Synthetic scheme of the ATPNIPAAm.

Fig. 2. Synthesis of LN diblock copolymer.
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nanoparticles was suspended in methanol, vigor-
ously stirred for 2 h and sonicated for 15 min.
The resultant solution was centrifuged at 3000
rpm for 20 min, and the supernatant was taken to
measure the drug concentration using a UV spec-
trophotometer (Shimadzu UV-1201, Japan) at 312
nm.

2.6. Measurement of fluorescence spectroscopy

To investigate the fluorescence spectroscopy
characteristics, the LN block copolymer solution
without the drug was prepared as described
above. After dialysis, resultant solution was ad-
justed to various concentrations of block copoly-
mers. The critical association concentration
(CAC) of the LN block copolymers was estimated
to prove the potential for forming core-shell type
nanoparticles. This was done by the measurement
of the fluorescence spectroscopy with spec-
trofluorophotometer (Shimadzu RF-5301 PC,
Japan) using pyrene (Kalyanasundaram and
Thomas, 1977; Wilhelm et al., 1991) as a hydro-
phobic probe. To obtain the sample solutions, a
known amount of pyrene in acetone was added to
each of a series of 20 ml vials, and then the
acetone was evaporated. The final concentration
of the pyrene was 6.0×10−7 M. 10 ml of various
concentrations of block copolymer solutions was
added to each vial, which was then heated at 65°C
for 3 h to equilibrate the pyrene and the nanopar-
ticles, and left to cool overnight at room tempera-
ture. Emission wavelength was 390 nm for
excitation spectra. The excitation and emission
bandwidths were 1.5 and 1.5 nm, respectively.

2.7. Transmission electron microscope
measurement

The morphology of the LN polymeric nanopar-
ticle was observed using a JEM-2000 FX II (Jeol,
Japan) at 80 kV. A drop of polymeric nanoparti-
cle in aqueous solution was placed on a copper
grid coated with carbon film and dried at 20°C.
The specimen on the copper grid was negatively
stained with 0.01% phosphotungstic acid.

2.8. Photon correlation spectroscopy measurement

The PCS was measured with a Zetasizer 3000
(Malvern Instruments, England) with a He-Ne
laser beam at a wavelength of 633 nm at 20°C
(scattering angle of 90°). The nanoparticle solu-
tion prepared by the diafiltration method was
used for measuring the particle size (concentra-
tion: 1 g/l), which was performed without
filtration.

2.9. In 6itro drug release studies

The release experiment was carried out using a
dialysis tube. The 5 mg of IN-loaded nanoparti-
cles and 1 ml of phosphate buffer solution (PBS,
0.1 M and pH 7.4) were put into a dialysis tube
(MWCO 2000 g/mol). The dialysis tube was then
introduced into a vial with 10 ml PBS. The
medium was stirred at 100 rpm at desired temper-
ature. At specific time intervals, the entire medium
was removed and replaced with the same amount
of fresh PBS. The amount of IN released from the
nanoparticles was measured with an UV spec-
trophotometer (Shimadzu UV-1201, Japan).

3. Results and discussion

3.1. Analysis of LN nanoparticles

The number-average molecular weight of ATP-
NIPAAm was 7880 and the molecular weight
distribution of the obtained polymer was 1.74.
Fig. 3 shows the optical transmittance of the
aqueous solutions of LN at various temperatures.
The results indicated that the transition point of
the LN was 32.3°C, which was almost similar to
the LCST of the PNIPAAm homopolymer.

The micelle formation of polystyrene (PS)/
poly(ethylene oxide) (PEO) di- or triblock copoly-
mers in water was already reported by the
fluorescence technique using pyrene as a hydro-
phobic probe, and the CMC was identified from
the fluorescence emission and excitation spectra as
pyrene partitions between the aqueous and
nanoparticle environments (Wilhelm et al., 1991).
This method was also used by Jeong et al. (1998)
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Fig. 3. Optical transmittance change of LN aqueous solution against temperature (concentration: 1 g/l, absorbance at 500 nm).

to confirm the polymeric micelle formation of
poly(g-benzyl L-glutamate) (PBLG) and PEO
block copolymer in water. The behavior of the
nanoparticle formation was investigated by the
fluorescence spectroscopy, and the CAC was
determined.

Fig. 4 shows the fluorescence emission spectra
of pyrene, at a fixed excitation wavelength of 339
nm, against various concentrations of LN. The
fluorescence intensity increased along with the
concentration of LN, which indicated the forma-
tion of self-assembled polymeric nanoparticles of
LN in water, such as other block copolymeric
micelles (Wilhelm et al., 1991). It is thought that
pyrene was preferentially solubilized into the
nanoparticles composed of the core-shell structure
when pyrene was introduced into the core domain
from a good solvent (Zhao et al., 1990; Xu et al.,
1991).

Fig. 5(a) shows the excitation spectra of pyrene
in the various concentrations of LN. A red shift
of pyrene in the excitation spectra was observed
with increasing concentrations of LN, with a sim-
ilar tendency of the PBLG/PEO block copolymers
(Jeong et al., 1998) and PS/PEO block copolymers

Fig. 4. Fluorescence emission spectra of pyrene (6.0×10−7

M) against LN concentration in distilled water (excitation
wavelength: 339 nm).
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Fig. 5. Fluorescence excitation spectra of pyrene (6.0×10−7

M) against LN concentration in distilled water (emission
wavelength: 390 nm) (a) and plots of the intensity ratio
I338/I334 from pyrene excitation spectra vs. log C of the LN in
distilled water (b).

centrations. The estimated CAC value was 1.3×
10−2 g/l. From the study of the fluorescence
probe measurements, it can be said that the LN
can form core-shell type nanoparticles in water
upon critical concentrations (i.e. CAC) and has an
amphiphilic nature like that of other block co-
polymer micelles.

Fig. 6 shows the transmission electron mi-
crograph of the LN nanoparticles dried at 20°C.
The shapes of the LN nanoparticles were ob-
served as approximately spherical, and the diame-
ter of these nanoparticles was estimated to be
about 30�50 nm as in a dehydrated state. The
sizes in a hydrated state were reversibly changed
by temperature fluctuations, as shown in Fig. 7.
This result may be caused by the thermal sensitiv-
ity of the PNIPAAm outer shell of the LN
nanoparticles. It is thought that, when the temper-
ature is low (below the LCST), PNIPAAm chains
of the outer shell exist in an expanded form, and

Fig. 6. Transmission electron micrograph of LN nanoparticles
dried at 20°C. Samples were negatively stained with 0.01%
phosphotungstic acid.

(Wilhelm et al., 1991). The intensity ratio of I338/
I334 vs. log C of LN in the pyrene excitation
spectra was plotted in Fig. 5(b). This shows that
the ratio was almost flat at lower concentrations,
and rapidly increased at higher concentrations.
The CAC was taken from the intersection of the
tangent to the curve at the inflection with the
horizontal tangent through the points at low con-
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Fig. 7. Particle size changes by reversible temperature fluctua-
tion.

nanoparticles reversibly redispersed to the initial
structure upon cooling below the LCST.

3.2. Drug release study

The calculated IN loading content was 25.6
wt.%. To study the drug release behavior, IN-
loaded nanoparticles of LN were simply redis-
persed in PBS (0.1 M, pH 7.4) without surfactant.
Fig. 8 shows the release kinetics of IN from the
nanoparticles as a function of temperature. The
IN was slowly released with increasing tempera-
tures. This result may have close relationship with
the thermal sensitivity of the LN nanoparticles. It
is thought that, when the temperature is above the
LCST of LN, the expanded form of PNIPAAm in
the shell part is changed into the compact one.
Furthermore, the diffusion of the IN from core
may be restricted by the shrunken structure of the
shell. As a result, it can be expected that a drug
release from the thermo-sensitive nanoparticles
will be applied to the site-specific drug delivery
system by modulating the temperature of the
target site.
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