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Thermo and pH Dual-Responsive Micelles of
N-phthaloylchitosan-g-Poly(N-isopropylacrylamide) and
Poly(acrylic acid-co-tert-butyl acrylate) for Drug Delivery

LIXIA JIA, WEILAN ZHONG, TING WEN and FENGLING BIAN*
College of Chemistry and Chemical Engineering, Lanzhou University, Lanzhou, P. R. China
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A novel amphiphilic copolymer N-phthaloylchitosan graft poly(N-isopropylacrylamide) and poly(acrylic acid-co-tert-butyl acrylate)
(PHCS-g-PNIPAAm&P(AA-co-tBA)) was synthesized. The graft copolymer could form micelles in aqueous medium, and the critical
micelle concentration (CMC) of the copolymer was 7.5 x 10~>mg/mL. The lower critical solution temperature (LCST) of the micelles
was measured to be 30°C. Transmission electron microscopy (TEM) image showed that the micelles exhibited a regular spherical
shape, and the mean diameter of the micelles was 94.1 &+ 0.8 nm as determined by dynamic light scattering (DLS). The potential
usefulness of the micelles as drug delivery systems was investigated using anti-inflammation drug prednisone acetate as the model.
The drug loading capacity of the micelles was measured to be 22.86 wt%, and the DLS results showed that the mean diameter
of the drug-loaded micelles was 133.3 4 2.4 nm. In vitro drug release studies indicated that the micelles exhibited thermo and pH

dual-responsive release profiles.

Keywords: N-phthaloylchitosan, poly(N-isopropylacrylamide), poly(acrylic acid), polymeric micelles, double-responsive drug release

Symbols and Abbreviations:

CMC : critical micelle concentration

C(mg/L) = A/0.0231, r = 0.996, where A was absorbance;
r was the correlation coefficient

DD: degree of deacetylation of chitosan

[n] = KM%, K=1.81 x 107, « = 0.93

1,/ I;: fluorescence intensity ratio of the first band (375 nm)
to the third band (385 nm)of pyrene emission spectra

LC : the drug loading capacity

LCST: lower critical solution temperature

LE: the drug loading efficiency

1 Introduction

Recently, there is much interest in developing new drug
delivery systems (DDS) which could not only improve the
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solubility and therapeutic efficiency of hydrophobic drugs,
but also reduce the severe systemic toxicities from the anti-
cancer drugs. Polymeric micelles formed by amphiphilic
copolymers constitute one promising candidate for DDS
(1,2), and have received much attention since the pioneer
work done by Ringsdorf in 1981 (3). The common nano-
size polymeric micelles used as the DDS could fulfill the
passive targeting drug release, but it cannot deliver the
drug to the target-site to achieve the active targeting drug
release. Therefore, it is highly desirable to design new poly-
meric micelles drug carriers which could respond to the
external chemical and physical stimulus such as tempera-
ture, pH, ionic strength, light and electric field, etc. As the
temperature and pH value can be easily adjusted in the hu-
man body, the thermo or pH responsive polymers (such as
poly (N-isopropylacrylamide) and poly (acrylic acid)) with
reversible phase transition characteristics are particularly
attractive as drug release systems(4,5).
Poly(N-isopropylacrylamide) (PNIPAAm) is a well-
known thermo-responsive polymer which undergoes a
sharp coil-globule transition and phase separation at
its lower critical solution temperature (LCST) in water
around 32°C(6). However, despite this attractive property,
PNIPAAm is not biodegradable. This problem could be
solved by grafting biodegradable polymers onto PNIPAAm
segments(7,8), and thus formed graft copolymers possess
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the same thermo-responsive properties as PNIPAAm, and
are biodegradable.

Chitosan is a non-toxic, biodegradable and biocompat-
ible nature-occurring polymer. Graft copolymers of N-
isopropylacrylamide (NIPAAm) and chitosan have been
prepared, and their drug-carrying behaviors are of cur-
rent academic interest. Most research in this area are
focused on the thermo-responsive behaviors of DDS
(9-11). Recently, there are some reports on chitosan-
based drug carriers which are pH-responsive. Li et al.
(12) have prepared negatively charged micelles formed
from prednisone(PNS)-loaded poly(tert-butylacrylate-co-
ethylacrylate-co-methacrylicacid), and found that the re-
lease rate and the release amount of PNS increased with
the increase in pH value. In another study, paclitaxel-loaded
polyNIPAAm/chitosan nanoparticles were prepared, and
the drug-loaded nanoparticles were found to exhibit pH-
responsiveness to tumor pH (13).

Yuan et al. (14) recently reported a novel magnetic
nanoparticle drug carrier, the Fe;O4/chitosan-g-poly (N-
isopropylacrylamide-co-N,N-dimethylacrylamide).  The
drug-releasing behavior of the magnetic nanoparticles was
investigated using doxorubicin as the drug model. The
results showed that the doxorubicin-loaded nanoparticles
were both thermo- and pH-responsive. This double re-
sponsiveness of drug-carriers is very interesting, and might
be of practical value. However, there are some drawbacks
in using magnetic nanoparticles as drug-carriers. As the
model drug doxorubicin was linked to the hydrophilic
Fe;04 nanoparticles via acid-labile hydrazone bond, the
drug-loading procedure is complicated. Besides, drugs that
could be carried are rather limited. Another disadvantage
of this magnetic nanoparticle drug-carrier lies in its
relatively low drug loading capacity. As the magnetite
content in drug carrier was about 70 wt%, only 10 wt% of
the drug could be carried.

In this work, we prepared a new type of thermo
and pH dual stimuli-responsive micelles based on N-
phthaloylchitosan graft poly(N-isopropylacrylamide) and
poly(acrylic acid-co-tert-butyl acrylate). Hydrophobic
drugs were incorporated into the micelles carrier by a sim-
ple dialysis method. The drug release behaviors of micelles
were explored on the alterations of pH or temperature.

2 Experimental

2.1 Materials

Chitosan (CS) was purchased from Zhejiang Yuhuan
Ocean Biochemical Co. Ltd. The degree of deacetylation
(DD) of CS was determined by linear potentiometric titra-
tion (15) to be 96%. The viscosity average molecular weight
of CS was 18000, as determined in 0.1 M acetate acid/0.2 M
NaCl aqueous solution at 25 &+ 0.5°C by means of Ubbelo-
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hde Viscometer, according to the Mark-Houwink equation,
7] = KM%, K=1.81 x 1073, @ = 0.93 (16).

N-isopropylacrylamide (NIPAAm) was purchased from
J&K Chemical Ltd., and was recrystallized from hexane
before use (17). tert-Butyl acrylate (tBA, 98%) was ob-
tained from the J&K Chemical Ltd., and distilled under re-
duced pressure(18). 3-Mercaptopropionic acid (MPA) was
provided by Jinan Chenghui-Shuangda Chemical Co. Ltd.
and was used after distilled under reduced pressure. N, N-
azobisisobutyronitrile (AIBN) was provided by Shanghai
Chemical Reagent Co. Ltd. and was used after recrystal-
lization with methanol. N, N-dimethylformamide (DMF)
and dimethyl sulfoxide (DMSO) were distilled under re-
duced pressure from calcium hydride. All other reagents
and solvents were used without further purification.

2.2 Synthesis of Carboxy-Terminated PNIPAAm
(PNIPAAm-COOH)

The carboxy-terminated PNIPAAm (PNIPAAm-COOH)
was prepared by radical polymerization using MPA as a
chain transfer agent. After dissolving NIPAAm, MPA and
AIBN in ethanol, the solution was degassed by bubbling
with nitrogen for 30 min. Polymerization was carried out
at 70°C for 24 h. After the reaction, the mixture was evap-
orated under reduced pressure, and the residual was dis-
solved in acetone, and the product precipitated by addition
of a large volume of hexane. The precipitated product was
collected and dried under vacuum. Then, the product was
purified twice by repeated cycle of dissolution (in acetone)
and precipitation (in hexane).

The molecular weight and molecular weight distribu-
tion of the PNIPAAm-COOH were determined using GPC
equipment (Alliance GPCV2000, Waters Co., America).
THF was used as eluent and the calibration was carried
out with polystyrene monodisperse standard. The molecu-
lar weight and molecular weight distribution index of the
sample are measured to be 3872 and 2.05, respectively.

2.3 Synthesis of Carboxy-Terminated PtBA
(PtBA-COOH)

The carboxyl terminated PtBA (PtBA-COOH) was pre-
pared by radical polymerization using MPA as chain
transfer agent. After dissolving tBA, MPA and AIBN in
THE, the solution was degassed by bubbling with nitro-
gen for 30 min. Polymerization was carried out at 70°C for
24 h. After the reaction, the product was precipitated in
the mixed solution of methanol/distilled water (v/v, 4/1).
The precipitated product was collected and dried under
vacuum. Then the product was purified twice by a repeated
cycle of dissolution and precipitation. The average molec-
ular weight of PtBA-COOH polymer was 575 as measured
by non-aqueous potentiometric titration. A definite vol-
ume of copolymer solution was titrated by 0.01 M sodium
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methoxide in a mixture of methanol/dioxane (1/9, v/v)
under nitrogen atmosphere (19).

2.4 Preparation of N-phthaloylchitosan (PHCS)

N-phthaloylchitosan was synthesized as previously re-
ported (19). The degree of substitution of phthaloyl groups
within PHCS was determined to be about 1.12, as calcu-
lated by elemental analysis.

2.5 Synthesis of PHCS-g-PNIPAAm&PtBA Copolymers

The grafting procedure of PHCS-g-PNIPAAm&PtBA
copolymer is shown in Scheme 1. PHCS(0.0040 mol pyra-
nose ) was stirred with PNIPAAm-COOH (0.006 mol),
PtBA-COOH (0.004 mol) in a 30 mL DMF solution,
into which 1-Hydroxybenzotrizole (HOBt) (0.03 mol) was
added as catalyst and the mixture was stirred at room tem-
perature until fully dissolved. Then, diisopropylcarbodi-
imide (DIC, 0.03 mol) was added. After stirring the reac-
tion mixture for 48 h at room temperature, the product was
precipitated in ethanol, and the precipitate was collected
and dried in vacuum at room temperature overnight to ob-
tain white powder. The submitted degree of PNIPAAm and
PtBA was 44.8% and 33%, respectively.

2.6 Hydrolyzing of Graft Copolymers

The graft copolymer PHCS-g-PNIPAAm&P(AA-co-tBA)
was synthesized by hydrolyzation of PHCS-g-PNIPAAm&
PtBA graft copolymers. The synthesis route of the
graft copolymer was shown in Scheme.l. PHCS-g-
PNIPAAmM&PtBA (0.174 mol tBA repeat units) copolymer
was added into DMF, and the mixture was stirred until the
copolymer completely dissolved. Then, TFA (8.7 x 107!
mol) was added, and the reaction was allowed to proceed
for 24 h at 25°C. The final solution was vacuum stripped
to remove solvent and TFA, and the remaining solid was
washed overnight with excess deionized water, and dried
under vacuum.

2.7 Micelle Formation

Dialysis method was used to prepare the self-assembled mi-
celles of PHCS-g-PNIPAAmM&P(AA-co-tBA) graft copoly-
mer as previously reported (19). First, 10 mg of graft
copolymer was dissolved in 3 mL of dried DMF, and then
distilled water was slowly added (1 drop min~') into the
copolymer solution under vigorous stirring until the solu-
tion was slightly turbid. Finally, the mixed solution was put
into a dialysis bag (MWCO=14000) and dialyzed against
distilled water for 3 days to remove DMF. The distilled wa-
ter was replaced every 8 h. The micelle solution (Img/mL)
was purified by ultrafiltration using a filtration membrane
of 0.45 pum.
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2.8 Measurement of the Critical Micelle Concentration

The critical micelle concentration (CMC) of the PHCS-
g-PNIPAAm&P(AA-co-tBA) graft copolymer was deter-
mined by fluorescence spectroscopy (19). Pyrene was used
as a hydrophobic fluorescent prober. Aliquots of pyrene so-
lution (4.8 x 10~*M in diethyl ether, 5 L) were added into
tubes and after the diethyl ether was evaporated, Aliquots
of 4 mL aqueous solution of the copolymer at different con-
centrations (1 to 1x10~"mg/mL) was added to each tube
containing the pyrene residue. It should be noted that all
the aqueous solution of the sample contained excess pyrene
residue at the same concentration of 6x10~’M. The solu-
tion was sonicated for 30 min and stored overnight at room
temperature to reach the dissolution equilibrium of pyrene
in the aqueous phase. An excitation spectrum was mea-
sured at 336 nm, and emission spectra were recorded rang-
ing from 350 to 550 nm. From the pyrene emission spectra,
the intensity ratio (/;/1z) of the first band (375 nm) to the
third band (385 nm) was analyzed as a function of polymer
concentration. The CMC value was determined at the on-
set of a decrease in the plot of the polymer concentration
versus ratio of I/ L.

2.9 Drug Loading

The incorporation of prednisone acetate into polymeric mi-
celles was also carried out by a dialysis method (19,20).
First, PHCS-g-PNIPAAm&P(AA-co-tBA) copolymer
(10 mg) and prednisone acetate (10 mg) were dissolved
in 5 mL of dried DMF, into which distilled water was
added slowly (1 drop min~') under vigorous stirring un-
til the solution was slightly turbid. Finally, the solution
was put into a dialysis bag (MWCO=14000) and subjected
to dialysis against 400 mL of distilled water for 3 days. And
the drug-loaded micelles were purified by filtration with a
0.45 um pore-sized microfiltration membrane.

The absorbance of the standard prednisone acetate so-
lution with varied concentrations was measured at a wave-
length of 242 nm with a UV-Vis spectrometer (21). Ac-
cording to the Lambert-Beer law, a linear regression equa-
tion relating the absorbance (A) to the prednisone acetate
concentration(C) was obtained as C(mg/L) = A/0.0231,
r=0.996, where r was the correlation coefficient.

The drug loading capacity (LC) and the drug load-
ing efficiency (LE) were calculated base on the following
formulas:

The drug loading capacity (wt%) = M,/(M, + Mp)

x 100% (1
The drug loading efficiency (%) = (Mo/M,) x 100%
2

Where M,is the amount of the drug loaded in the poly-
meric micelles, and Mp is the amount of copolymer, M,
is the amount of the initially added drug. M, is calcu-
lated by subtracting the amount of unloaded drug from the
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Sch. 1. Synthesis route of PHCS-g-PNIPAAm&P(AA-co-tBA) copolymer.

initial feed drug amount. The amount of unloaded drug
is analyzed by measuring the absorbance at 242 nm of the
dialysis fluid.

2.10 In vitro Drug Release

After dialysis, 5 mL of prednisone acetate-loaded micelle
solution (C=1 mg/mL) in dialysis bag was immersed into
400 mL of PBS (0.1 M, pH=7.4), which was kept at 25°C
and 45°C, respectively. At certain time intervals, aliquots
of 4 mL were withdrawn from the medium. The vol-
ume of medium was held constant by adding aliquots of
4 mL fresh medium after each sampling. The amount of
prednisone acetate released from the micelles was mea-
sured using UV absorbance at 242 nm. All experiments
were performed in triplicate. The pH-sensitive drug re-
lease was measured in the same way in 400 mL of PBS
(0.1 M, 25°C), which was kept at pH=7.4 and pH=4.5,
respectively.

The cumulative amount of drug release was calculated
from the following formula (21):

The cumulative drug release (%) = (M{/M,) x 100 (3)

Where M; is the amount of drug released from micelles
at time t, and M, is the amount of drug loaded in the
PHCS-g-PNIPAAm&P(AA-co-tBA) polymeric micelles.

2.11 Characterization

Fourier-transform infrared (FT-IR) transmission spectra
were obtained from samples in KBr pellets using a Bruker
IFS66v/S FT-IR spectrophotometer. Nuclear magnetic
resonance('H-NMR) spectra were recorded on an AV-
300M NMR spectrometer. The morphology of the self-
assembled micelles was studied by a Japan H-600 transmis-
sion electron micrograph (TEM). Dynamic light scattering
(DLS) measurement was carried out with a Brookhaven BI-
200SM instrument. UV-Vis measurement was carried out
at 25°C with a Perkin-Elmer LS55 (America) spectropho-
tometer.

3 Results and Discussion

3.1 Preparation of Graft Copolymers

N-phthaloylchitosan graft poly (N-isopropylacrylamide)
&poly(acrylic acid-co-tert-butyl acrylate) was success-
fully synthesized following the synthesis route shown in
Scheme 1. The chemical compositions of synthesized poly-
mers were confirmed by FT-IR and '"H-NMR measure-
ments.

The characteristic absorption peaks of PNIPAAm-
COOH in FT-IR spectrum were in agreement with those
of the standard spectra. The peaks at 1650, 1548 cm™! be-
longed to the I and II bands of the amide groups (Fig. 1(a))
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Fig. 1. FT-IR spectra of (a) PNIPAAm-COOH, (b) PtBA-COOH,
(c)PHCS-g-PNIPAAm &PtBA, (d) PHCS-g-PNIPAAm&P(AA-
co-tBA).

(21, 22) in PNIPAAm-COOH. The peaks at 1370, 1394
cm~! and 1455,1480 cm~! were assigned to the symmet-
rical and dissymmetrical C-H stretching vibration peaks
of -C(CH3); groups of PtBA-COOH (Fig. 1(b)) (23). The
FT-IR spectrum of the PHCS-g-PNIPAAm&PtBA copoly-
mer was shown in Figure 1(c). Beside the characteristic
peaks of PHCS (19), two new peaks appeared at 1660,
1547 cm~! in Figure 1(c), which could be assigned to the
amide I and IT bands in PNIPAAm. Moreover, the peaks
at 1069, 1199 cm~! were the symmetrical and dissymmet-
rical stretching vibration peaks of ester groups in PtBA
segments and the newly formed ester linkage. The hydrol-
ysis of PHCS-g-PNIPAAm&PtBA copolymer gave rise to
the desired product, whose FT-IR spectrum was shown as
Figure 1(d). The band around 1700 cm~' was related to
C=0 stretching vibration of ester, which obviously de-
creased. These results were consistent with the structural
features of PHCS-g-PNIPAAm&P(AA-co-tBA).

Figure 2 showed the '"H-NMR spectra of PNIPAAm-
COOH (Fig. 2(a)), PtBA-COOH (Fig. 2(b)), PHCS-g-
PNIPAAm&PtBA (Fig. 2(c)), and PHCS-g-PNIPAAm&
P(tBA-co-AA) (Fig. 2(d)). In Figure 2(a), the chemical
shifts at about 4.0 ppm were ascribed to the methine pro-
tons of the PNIPAAm, the chemical shifts at about 1.2-2.2
ppm were ascribed to methylene and methine protons in
the main chain of PNIPAAm, the chemical shifts at about
1.10 ppm were assigned to methyl protons of isopropyl
units(6,18,20,23). In Figure 2(b), the sharp resonance at
1.4 ppm was attributed to the —C(CH3);3 of the PtBA, The
chemical shifts at about 1.2-1.8 ppm and 2.0-2.2 ppm were
attributed to the methylene and methine protons of the
PtBA (18,24).

913

| ey 5|, W

8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0 ™

Fig. 2. "TH-NMR spectra of (a) PNIPAAm-COOH in DMSO-dg,
(b) PtBA-COOH in DMSO-dg, (c) PHCS-g-PNIPAAm&PtBA in
DMSO-dg, (d) PHCS-g-PNIPAAm&P(AA-co-tBA) in DMSO-
d.

As seen from Figure 2(c), the chemical shifts at about
2.7-5.0 ppm were ascribed to the pyranose ring protons of
PHCS,the chemical shifts at about 7.8 ppm were ascribed
to the aromatic ring protons of PHCS. Except characteris-
tic signals of PHCS, the signals at about 1.1 and 4.0 ppm
corresponding to the methyl and methine protons of the
NIPAAm segments, and the signal at 1.4 ppm correspond-
ing to the -C(CH3); of the PtBA segments, demonstrated
the formation of PHCS-g-PNIPAAm&PtBA.

In Figure 2(d), compared with that of Figure 2(c), the
decreasing intensity of the tert-butyl peaks at 1.4 ppm indi-
cated the part hydrolysis of PtBA into PAA in the PHCS-
g-PNIPAAm&PtBA copolymer, from which the degree of
hydrolysis was determined as 22.86%. These results also
showed that the PHCS-g-PNIPAAm&P(AA-co-tBA) was
synthesized successfully.

3.2 Micelles Formation

Amphiphilic graft copolymers can form micelles when their
solution was dialyzed in a poor solvent for either hydropho-
bic or hydrophilic segment, and the process is driven by
dynamic and thermodynamic stability(25). The stability of
the micelles lies on the equilibrium of attractive force which
urges the copolymers to form micelles and the repulsive
force which prevents the unlimited growth of the micelles
to a distinct macroscopic phase. In this work, the formation
of micelles from the graft copolymers was verified by fluo-
rescence spectroscopy using pyrene as a fluorescent prober.

Figure 3 was the plot of fluorescence intensity ratio
I, /15 of the pyrene emission spectra against the copolymer
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Fig. 3. Plot of the ratio of intensities (I /I3) of selected emission
bands in the pyrene fluorescence spectrum as a function of PHCS-
g-PNIPAAmM&P(AA-co-tBA) concentration [py]=6 x 107"M.

concentration. As shown in Figure 3, the fluorescence inten-
sity of )/ lzwas approximately a constant value when the
concentration of graft copolymer was below 7.5 x 1073
mg/mL, indicating that the copolymer was dissoluble and
existed as single chain. However, the intensity ratio of 1,/ 5
decreased dramatically above the concentration, as a re-
sult of the formation of micelles and dissolution of pyrene
into the hydrophobic core of micelles. This concentration
was defined as the critical micelle concentration (CMC),
it is much lower than that of low molecular weight surfac-
tants micelles (for example, 2.3 mg/mL for sodium dodecyl
sulfate in water) (26), indicating that these micelles are rel-
atively stable. The polymeric micelles with lower CMC will
be more suitable for being used as drug targeting devices
since they are stable in an aqueous environment and do not
easily dissociate when they are diluted by blood in intra-
venous administration.

3.3 Characterization of Polymeric Micelles

PNIPAAm is a temperature-responsive polymer, which ex-
hibits a lower critical solution temperature (LCST) at about
32°C. Below the LCST, PNIPA Am is water soluble, existing
as an extended chain form. Above the LCST, PNIPAAm
undergoes a reversible phase transition to a water insoluble
aggregate.

To determine whether the PHCS-g-PNIPAAmM&P(AA-
co-tBA) micelles also exhibit a thermo-responsiveness, we
examined the optical absorbance of an aqueous solution
of polymeric micelles as a function of temperature. The
results showed a unique thermo-responsive characteristics.
As shown in Figure 4, these micelles exhibited a lower crit-
ical solution temperature at a temperature corresponding
to the LCST of the PNIPAAm, 30°C.

Jia et al.
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Fig. 4. Transmittance changes of PHCS-g-PNIPAAm&P(AA-co-
tBA) micelles with temperature.

The morphology of the polymeric micelles was measured
by TEM (Fig. 5(a)). It showed that the self-assembled
micelles were well dispersed in nano-sizes with regu-
larly spherical shape. As shown in Figure 5(b), PHCS-
g-PNIPAAmM&P(AA-co-tBA) micelles exhibited a narrow
size distribution with an average diameter of 94.1 + 0.8 nm
as determined by DLS.

3.4 Incorporation of Prednisone Acetate into Micelles

Prednisone acetate is a good anti-inflammation and anti-
allergic drug, and it is water-insoluble. Here, it was used as
a model drug to be entrapped into the hydrophobic core of
these micelles. The prednisone acetate-loaded micelles were
prepared by the dialysis method. Prednisone acetate was
successfully loaded into the PHCS-g-PNIPAAm&P(AA-
co-tBA) micelles with a loading capacity of 22.86 wt%.

Morphology of prednisone acetate-loaded micelles was
observed with TEM (Fig. 5(a’)). The drug-loaded mi-
celles were also well dispersed with a regular spherical
shape. Furthermore, the results of DLS as shown in Fig.
5(b’) indicated that the mean diameter of drug-loaded mi-
celles was 133.3+2.4 nm (< 200 nm), by comparison with
Figure 5(b), the size of drug-loaded micelles was larger than
that of blank micelles, as a result of encapsulation of drug
into the micelles.

3.5 Thermo- and pH-responsive Drug Release from
the Micelles

The drug release response of the micelles carrier in PBS
(pH=7.4) was studied at 25°C (below LCST) and 45°C
(above LCST), respectively. Figure 6 shows the release pro-
files of prednisone acetate from the micelles as a function
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Fig. 5. Transmission electron micrographs (a) blank micelles (x 50000) (a") drug-loaded micelles (x 50000), and (b) the size distribution

of blank micelles, and (b’) drug-loaded micelles.

of time. As seen from Figure 6(a), at a temperature (25°C)
below the LCST (30°C) of the micelles, PNIPAAm was
water soluble, and the highly hydrated PNIPAAm shells
stabilized the drug loaded in the micelles cores below
the LCST. Therefore, the drug released much slowly from
the hydrophobic cores (17). However, when the tempera-
ture (45°C), was raised above the LCST, the drug release
accelerated dramatically. This result indicated that the PNI-
PA Am shells became hydrophobic above the LCST, leading
to the deformation of the micellar structure. As a result, the
drug diffused out quickly from the micelles(17,21).
Figures 6(b) showed the drug release profiles of PHCS-g-
PNIPAAm&P(AA-co-tBA) micelles at different pH values
when the temperature (25°C) was below the LCST. As seen
from Figure 6(b), the drug release rate at pH 4.5 was faster
than that at pH 7.4 at the initial stage. However, after about
40 h, the rate of drug release at pH 4.5 was nearly the
same as that at pH 7.4. These results could be explained by
the protonation of the carboxyl groups of PAA segments
in the micellar shells at pH 4.5. The protonated carboxyl

groups might form the intermolecular H-bond with the
amide groups of PNIPAAm segments, thus resulting in the
less hydrophilic of the micellar shells. Consequently, the
drug released rapidly from the micelles.

To further explore the thermo and pH dual-responsive
drug release behaviors of the drug-loaded PHCS-g-
PNIPAAmM&P(AA-co-tBA) micelles, we examined the re-
lease of prednisone acetate from the micelles in response
to the change of temperature, as well as the change of pH.
The results are shown in Figure 7. It can be seen from
Figure 7(a) that at fixed pH value (pH 7.4), the drug release
accelerated when the temperature was raised from 25°C to
45°C, suggesting that the micellar structure transformed
from a stable core-shell micelle to an aggregate one. When
the temperature was fixed at 25°C, and the pH value was
switched from 7.4 to 4.5, the drug release rate accelerated
dramatically during the first 40 h (Fig. 7(b)). This result
was consistent with that shown in Figure 6(b).

All these results demonstrated that the micelles have both
thermo and pH dual-responsive characteristics, and they
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Fig. 6. Cumulative drug release profiles of prednisone acetate
from the micelles in buffer solutions at (a) different temperatures,
(b) different pH values.

could be used as a site-specific drug delivery device when
they were triggered by the alteration of temperature or
pH in the body. In this way, the accumulation of drugs
in targeting pathological sites may be enhanced and the
treatment efficiency might be improved.

4 Conclusions

A novel amphiphilic graft copolymer PHCS-g-PNIPA
Am&P(AA-co-tBA) was synthesized. The polymer formed
the spherical polymeric micelles of nano-size (94.1 =+
0.8 nm) at low concentration (with CMC 7.5 x 1073

Jia et al.
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Fig. 7. Drug release from PHCS-g-PNIPAAm&P(AA-co-tBA)
micelles loaded with prednisone acetate in response to (a) tem-
perature switching from 25°C to 45°C, (b) pH value switching
from 7.4 to 4.5.

mg/mL) in aqueous solution. The micelles were thermal-
responsive, and the low critical solution temperature
(LCST) of the micelles was 30°C. The drug release
behaviors of the micelles were investigated. The anti-
inflammation drug prednisone acetate was incorporated
into the micelles with the drug loading capacity of 22.86
wt%, and the drug-loaded micelles were round in shape
with the mean diameter of 133.3 + 2.4 nm. The in
vitro drug release studies showed that the micelles had
thermo and pH dual-responsive release profiles. Taking
the advantage of the nano-size, low CMC, thermo and pH
dual-responsive drug release behaviors into account, the
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micelles have great potential to be a promising site-specific
carrier for drug delivery.
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