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Abs t r a c t A s t a r - s h a p e d c o po l yme r , p o l y (N -
isopropylacrylamide-co-itaconamic acid (poly(NIPAAm-
co-IAM)), being pH- and thermo-dual-responsive, was
synthesized by atomic transfer radical polymerization
(ATRP) and characterized in this work. The lower critical
solution temperature (LCST) of the star copolymer in-
creases with the molar fraction of IAM. The particle size
decreases as the temperature increases but increases as the
pH value increases. Transmission electron microscopy
(TEM) reveals that the star-shaped copolymer has a near-
spherical core-shell structure that favors drug delivery.
The star copolymer can be used in drug encapsulation as
well as drug release. The star copolymer has different drug
release rates in environments of different pH, and thus it
can carry drugs in an acidic (gastric) environment and
release the drugs in a neutral or less acidic (intestinal)
environment.

Keywords poly(NIPAAm-co-IAM) . Lower critical solution
temperature (LCST) .Temperaturesensitivity . pHsensitivity .

Drug release

Introduction

Functional star polymers defined as polymers that consist of
several linear polymer chains connected at one point have

been increasingly studied because of its special three-
dimensional structure to exhibit special chemical and physical
properties [9, 12]. Especially, through appropriate molecular
design, many specific chemical and physical properties can be
integrated into a star copolymer. For example, most star co-
polymers have lower viscosity and a lower melting point than
a linear polymer with the same molecular weight [9, 12].
Hence, star copolymers have been utilized in various fields,
such as drug delivery, surface modifiers, hydrogels, coatings,
etc. [1, 9, 12]. In drug delivery, the challenge of using star
polymers is to utilize properties of polymers to carry and
release drugs in response to different environments (e.g.,
temperature and pH) with a controllable release rate. Various
approaches [3, 5, 6, 10, 18, 23] were reported.

Star polymers can be designed to function as smart polymers
which respond to different stimuli, especially multiple stimuli-
responsive polymers [2, 4, 8, 11, 13–15, 22]. Smart polymers
generally are used in fields such as drug delivery systems,
biomimetic tissues, functional membranes, chemical valves,
etc. For example, a pH- and thermo-responsive copolymer,
poly(N-isopropylacrylamide-co-methacrylic acid-co-methyl
methacrylate), as a drug delivery system was reported [7] where
the polymer was designed to be insoluble at pH=1.2 but soluble
at pH=7.4 at a body temperature (37 °C). Star polymers are
prepared by a method that can simply control their molecular
weight and conformation in order to satisfactorily achieve the
targeted physical and chemical properties of the star polymers.
Atomic transfer radical polymerization (ATRP) has been exten-
sively used to precisely prepare polymers because it provides a
linear conversion rate, a linear increase in polymer molecular
weight, a narrow distribution of molecular weight, and active
polymer chain ends. Usually, synthesis of a star polymer may
have two types of methods, either arm first or core first [17]. In
this study, core first and ATRP methods are chosen because a
core molecule is first modified to have multiple reactive halides
to be used as an initiator for subsequent ATRP.
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Cyclodextrin, sometimes called “cycloamylose” made up
of sugar molecules bound together in a ring, has been used as a
core for star polymers because it has not only a hydrophobic
cavity and a hydrophilic outer shell but also has many hy-
droxyl groups on its outer shell. Therefore, cyclodextrin and
its derivatives have been designed to exhibit various charac-
teristics including stimuli-responsiveness and drug release
[16, 21]. To provide more functionality of cyclodextrin as a
drug carrier, this work is focused on star copolymers using
cyclodextrin as a central core. A pH- and thermo-responsive
polymer or copolymer, star poly(NIPAAm) or star
poly(NIPAAm-co-IAM), is prepared herein using NIPAAm,
cyclodextrin, or/and IAM [20] as monomers to provide ther-
mal and pH sensitivity and a core-shell structure.

Materials and methods

Materials

N-isopropylacrylamide (NIPAAm; C6H11NO) obtained from
Aldrich Chemical Corp. was purified through recrystallization
from n-hexane. Itaconamic acid (IAM; also called “4-amino-
2-methylene-4-oxobutanoic acid”) was prepared according to
the method disclosed in the US patent publication No.
2013/0172490. β-cyclodextrin (β-CD) obtained from TCI
was purified through recrystallization and vacuum filtration.
Copper(I) bromide (CuBr), obtained from Aldrich Chemical
Corp., was purified by the following procedure: placing the
raw CuBr in a flask, adding acetic acid to the flask in an
environment of nitrogen, stirring for one day, removing
acetic acid from the solution mixture, rinsing with eth-
anol and ether until the powder became light white, and
drying the resulting powder. 2-Bromopropinyl bromide
was obtained from Alfa; 2,2′-bipyridyl was obtained
from Aldrich Chemical Corp.; 1-methyl-2-pyrrolidinone
(NMP) was obtained from TEDIA; and tetrahydrofuran
(THF) and dimethyl formamide (DMF) were obtained
from ECHO. The buffer solution of pH 2, obtained
from Fluka, was prepared from citric acid, hydrochlocic
acid and chloride; the buffer solution of pH 4, obtained
from Aldrich, was prepared from potassium hydrogen
phthalate; the buffer solution of pH 7, obtained from
Aldrich, was prepared from potassium dihydrogen phos-
phate and disodium hydrogen phosphate; the buffer
solution of pH 10, obtained from Aldrich, was prepared
from potassium dihydrogen phosphate and disodium
hydrogen; the buffer solution of pH 12, obtained from
Aldrich, was prepared from disodium hydrogen phos-
phate and sodium hydroxide solution; and the buffer solution
of pH 7.4, obtained from Sigma, was prepared from phosphate
buffered saline.

Methods

Synthesis of initiator

Dried β-CD (3 g, 2.64 mmol) was weighed and added to
NMP (40 ml, 414.80 mmol) in a reaction flask. The mixture
in the flask was stirred until becoming a non-viscous solid.
Then, 2-bromopropinyl bromide (12 g, 55.5 mmol) was added
to the reaction flask to react for 2 h at 0 °C. Before the
reaction, the flask was repeatedly filled with nitrogen and
degassed. The flask was kept for 22 h at room temperature
to complete the reaction. After the reaction, the liquid in the
flask turned into reddish brown. The liquid was dissolved in
dichloromethane (55 ml) and extracted by 0.1 N HCl solution
(100 ml) three times, saturated NaHCO3 solution (100 ml)
three times, and deionized water. The organic layer of the
liquid was separated from the aqueous layer, dried byMgSO4,
and added to n-hexane for precipitation. Light-yellow solids
(initiator; (Br)18-β-CD) were obtained through filtration and
vacuum-drying. The initiator was identified and characterized
by 1H-NMR shown in Fig. 1. Eighteen OH groups among 21
OH groups in β-CD were reacted and substituted based on
calculation from 1H-NMR of Fig. 1.

Synthesis of star poly(NIPAAm)

Star poly(NIPAAm) was prepared by ATRP (atomic transfer
radical polymerization) using the previously prepared
(Br)18-β-CD as the initiator.

NIPAAm (2.50 g, 22.1 mmol) and the initiator ((Br)18-β-
CD) (0.7883 g, 0.221 mmol) were placed in a 250-ml flask I
and dissolved in THF (15 ml). After flask I was repeatedly
filled with nitrogen and degassed, it was placed in an oil bath
at 60 °C for 10min. In another flask II, 2,2′-bipyridyl (0.173 g,
1.105 mmol) and purified CuBr (catalyst) (0.063 g,
0.442 mmol) were dissolved in THF (5 ml), and flask II was
repeatedly degassed and filled with nitrogen to remove oxy-
gen. The solution in flask II was added to flask I by a syringe
and then the mixture in flask I reacted for 24 h at 60 °C. Then,
flask I was opened to bring its contents in contact with air to
terminate the reaction. After the reaction, THF was added and
a mixture of aluminum oxide and celite was added to remove
the metal catalyst. After vacuum filtration and drying, white
sol ids (s ta r poly(NIPAAm)) were yie lded. Star
poly(NIPAAm) was identified and characterized by 1H-
NMR shown in Fig. 1 and labeled as star-0.

Synthesis of star poly(NIPAAm-co-IAM)

Star poly(NIPAAm-co-IAM) was prepared by the same meth-
od as was used to prepare star poly(NIPAAm) except that
NIPAAm and IAM in various molar ratios (10/1, 10/1.25, 10/
3.33) were used instead of NIPAAm. They were placed in a
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250-ml flask I and dissolved in THF (15 ml). Three star
poly(NIPAAm-co-IAM) were obtained and were character-
ized by 1H-NMR shown in Fig. 1 and labeled as star-1, star-2,
and star-3. Scheme 1 shows the reaction of (Br)18-β-CD with
NIPAAm and IAM.

Identification and characterization

NMR spectra were obtained using a Bruker Advance
300 MHz spectrometer by weighing 10 mg of each sample
and dissolving it in 1 ml of DMSO-d6 placed in a standard
507-HP NMR test tube. FT-IR spectra were measured by a
Perkin Elmer Spectrum RXI FTIR in the range of 4000–
400 cm−1 having spectral resolution of 4.00 cm−1. The sample

to be measured by RXI FTIR was prepared by dissolving a
small amount of the tested material in water to form into a
testing film.

Star copolymer of 0.1 g was added to deionized water of
100 ml to obtain a diluted solution for dynamic light scattering
(DLS) measurement. Transmission electron microscopy
(TEM) images of the samples were measured by a high-
resolution transmission microscope (JEM-2100 by JEOL).
Each sample was prepared as a 1 wt.% solution, of which
10 μl was drawn by a micro pipette, dripped on a metal mesh.
The mesh was placed on a filtration paper, and the sample on
the mesh was placed in an oven to dry for observation.

The weight average molecular weight (Mw), the number
average molecular weight (Mn), PDI (Mw/Mn), and the

Fig. 1 1H NMR spectra of initiator and star polymers
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values in the Mark-Houwink equation, a and K, of star poly-
mers were determined by gel permeation chromatography
(GPC) by Viscotek 270max Advanced, Malvern. The test
sample was prepared by weighing 25 mg of the test material
and dissolving it in 5 ml of DMF. A column 300*810 mm and
a flow rate of 1 ml/min were used, the temperature of the
column was set to 50 °C, the temperature of the detector was
set to 50 °C, and the injection quantity of the test sample and
the standard material, separately, was 50 μl.

The LCST was determined from the transmittance of the
samples containing star polymers as a function of temperature
using a laser transmittance meter (LASOS LGK 7628). The
LCST value was the temperature as the transmittance is 50 %.
The samples containing star polymers were prepared by
adding star polymers (star-0, 1, 2, 3) to water to obtain
samples with different concentration (1, 3, 5, 7, or 10 wt.%)
or adding 10 ml of the previously prepared solutions which
contain 3 wt.% star copolymers to various buffer solutions to
obtain the samples with 3 wt.% of star copolymers for com-
parison in different pH values.

Drug release

Preparation of drug carrier

Aripiprazole was used as a representative drug in this work.
Aripiprazole was added to each of star polymers to have
concentration of 20 wt.%, and 2 ml of DMF was added to
the mixture. The resulting mixture was stirred for 4 h to obtain
a test sample for the drug encapsulation test. After stirring, a
dialysis bag (MWCO 3500) was filled with the test sample
and then placed in 1 L of deionized water for 4 days.
The deionized water was replaced with fresh deionized
water every 6 h to remove unreacted monomers and solvent.
After dialysis, the sample was dried in a freeze dryer to
remove water and finally a cotton-like drug carrier (weighted
as Wencap) was obtained. The drug carrier was dissolved in a
buffer solution for 1 day, and the upper layer was used to
measure the encapsulation efficiency and calculate the amount

of the drug which was encapsulated by the star polymer. The
encapsulation efficiency (EE) is defined as follows:

EE %ð Þ ¼ W encap

W drug
� 100%

where EE represents encapsulation efficiency, Wencap repre-
sents weight after encapsulation and Wdrug represents initial
weight of the drug.

Drug release experiment

Aripiprazole has a maximum absorbance peak at 247 nm in
the UV-vis spectrum and thus a UV absorbance vs. drug
concentration calibration curve for aripiprazole was made.
Specifically, the solutions with various concentration of
aripiprazole were prepared by weighing aripiprazole to dis-
solve in water; the absorbance of the solutions was measured
using a UV-vis spectrometer at 247 nm; and the calibration
curve of aripiprazole in water was obtained by linear regres-
sion with an R square value of 0.9977. Similarly, the previ-
ously prepared solutions with various concentration of
aripiprazole were used and dissolved in the buffer solution
pH=2 or pH=7.4; the absorbance of the solutions was mea-
sured; and the calibration of aripiprazole in the buffer solution
pH=2 or pH=7.4 was obtained by linear regression with an R
square value of 0.9992 or 0.9990, respectively. The
aripiprazole encapsulation efficiency using 20 mg of
aripiprazole for star-0, 1, 2, and 3 was 93.9, 93.8, 93.7, and
94.0 %, respectively.

Two milligrams of the dried drug carrier was dispersed in
4 ml of buffer solutions pH 2 and pH 7.4 (PBS; phosphate
buffered saline) and then the resulting mixture was
placed in a dialysis bag (MWCO 3500). The dialysis
bag was then placed in 100 ml of the same buffer solution at
25 or 37 °C. The drugwas released through diffusion. At fixed
intervals, 2 ml of liquid in the dialysis bag was taken to
measure and calculate the concentration of aripiprazole by
the UV-vis spectrometer based on the previous calibration
curves, and 2 ml of the same buffer solution was added into

Scheme 1 Synthesis of
(Br)18-β-CD with NIPAAm
and IAM
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the bag at the same time. A cumulative release (CR) rate can
be calculated as follows:

CR %ð Þ ¼ W release;n

W encap
� 100%

where

Wrelease,n Vs×(C1+…+Cn-1)+V×Cn

Wrelease,n

(mg)
weight of aripiprazole taken from the sample for
the nth time

Cn (mg/
ml)

concentration of aripiprazole taken from the
sample for the nth time

Vs (ml) volume taken from the sample each time
V (ml) total volume of sample.

Results and discussion

Initiator ((Br)18-β-CD) preparation and star polymer
characterization

The initiator is identified and characterized by 1H-NMR
shown in Fig. 1. The peak at δ=1.8–2 ppm is due to CH3 at
the position –CH(CH3)Br; and the peak at δ=3.5–6.3 ppm is
due to H at –CH(CH3)Br and unreacted H on β-CD. There-
fore, based on NMR spectrum, the initiator can be determined
to have about 18 (−OH) groups among 21 be replaced by Br.

Star poly(NIPAAm) (star-0)

From 1H-NMR in Fig. 1, the peak at δ=0.8–1.2 ppm is due to
–NH–CH–(CH3)2; the peak at δ=1.2–1.6 ppm is due to –
CH2–CH–CO–; the peak at δ=1.6–2.1 ppm is due to –CH2–
CH–CO–; the peak at δ=3.7–4 ppm is due to –NH–CH–(-
CH3)2; the peak at δ=6.9–7.6 ppm is due to –NH–
CH–(CH3)2. Comparing 1H-NMR of star-0 with that of
NIPAAm monomer, an absence of the peaks at δ=5.5 ppm
(CH2=CH–CO–) and δ=6.2 ppm (CH2=CH–CO–) and the
appearance of the peaks at δ=1.2–2.2 ppm (–CH2–CH–CO–)
show successful synthesis of star poly(NIPAAm) (star-0).

Star poly(NIPAAm-co-IAM) (star-1, star-2, star-3)

From 1H-NMR in Fig. 1, the spectra of star-1, star-2, and star-
3 are similar to that of star-0 except that for characteristic
peaks from IAM at δ=0.8–1.5 ppm (–CH–C–), δ=1.5–
2.4 ppm (–CH2–CO–NH2–) and δ=7–8 ppm (–CH2–CO–
NH2–). Therefore, star poly(NIPAAm-co-IAM) (star-1, star-
2 or star-3) was successfully synthesized.

The ratio of composition units from NIPAAm to composi-
tion units from IAM in star-1, star-2, and star-3 was

determined by 1H-NMR where the area of the peak at δ=
4.0 ppm (–CH–NH–) is defined as 1 and the peaks at δ=1.2–
1.8 ppm and δ=1.8–2.32 ppm are used to quantize composi-
tion units from NIPAAm and composition units from IAM.
Table 1 shows the feed ratios of NIPAAm to IAM monomers
compared with the polymerized ratios (NIPAAm/IAM) in
copolymers. From Table 1, it is found that the polymerized
molar fractions of composition units from NIPAAm in copol-
ymers are consistently lower than the feed molar fractions
probably because IAM has two electron-withdrawing groups
and thus has better reactivity so as to lower the reaction rate of
NIPAAm.

The FT-IR spectra of the cylcodextrin monomer, the initi-
ator, the NIPAAmmonomer, and the star polymers are shown
in Fig. 2. In Fig. 2, the O–H stretching peak is shown at
3329 cm−1 for β-CD and disappears after esterification while
the C=O stretching peak is shown at 1743 cm−1 to thereby
determine that OH is esterified. Moreover, the C–H asymmet-
ric bending and symmetric bending peaks of the CH2 group on
Br are shown at 1448 and 1375 cm−1, respectively, and the C-
Br stretching peak is shown at 667 cm−1. The C–O ether
stretching peak for β-CD is shown at 1157 cm−1, and the
un-esterified OH peaks are shown at 1409 and 1336 cm−1 for
primary and secondary alcohols, respectively.

From Fig. 2, for NIPAAm monomer, the amide C=O
stretching peak is shown at 1654 cm−1; the secondary amine
N–H stretching peak is shown at 3310 cm−1; and the mono-
substituted C=C (vinyl) peak is shown at 990 cm−1. After
reacting with the initiator, an absence of the 990 cm−1 peak
indicates C=C is formed into C–C in poly(NIPAAm). The
C=O stretching peak is shown at 1655 cm−1; the N–H bending
and C–N stretching peaks overlap each other at 1550 cm−1;
the N–H stretching peak is shown at 3500∼3300 cm−1. The
FT-IR spectra of the star polymers that indicate the synthe-
sized star polymers have the structures that are consistent with
NMR spectra.

Comparing the FTIR spectra of poly(NIPAAm-co-IAM)
(star-1, star-2, star-3), it is found that the intensity of the
1710 cm−1 peak (due to C=O stretch of carboxylic group of

Table 1 Composition ratios of NIPAAm/IAM for star poly(NIPAAm-
co-IAM)

Sample Feed ratio Polymerized ratio

NIPAAm/IAM (mol/mol%)a NIPAAm/IAM (mol/mol%)

NIPAAm IAM NIPAAm IAM

Star-1 90.91 9.09 90.59 9.41

Star-2 88.65 11.35 87.80 12.20

Star-3 75.02 24.98 67.23 32.77

Star-0 100 0 100 0

a [NIPAAm]/[IAM] was designed to be 10/1, 10/1.25, 10/3.33
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IAM) increases with the molar fraction of IAM. The carbox-
ylic O–H peak (3500∼3300 cm−1) overlaps with the N–H
stretching peak from NIPAAm.

Gel permeation chromatography analysis

The GPC spectra of the star polymers (star 0∼3) were shown
in Fig. 3, and the weight average molecular weight (Mw), the
number average molecular weight (Mn), PDI (Mw/Mn), and
the values in the Mark-Houwink equation, a and K, for star

polymers calculated from GPC are shown in Table 2. Table 2
shows that the star polymers prepared by ATRP have a rela-
tively narrow molecular weight distribution, that is, PDI is
within 1.2∼1.4. According to Mark-Houwink equation, the
Mark-Houwink parameters a andK can be determined graph-
ically from a line of best fit to define the relationship of
intrinsic viscosity and molecular weight; and the parameters
a and K are related to the properties of the polymer and the
solvent. DMF is a polar protonic solvent and can form hydro-
gen bonds wi th polymers . Accompanying wi th

Fig. 2 FT-IR spectra of cylcodextrin monomer, the initiator, NIPAAm monomer, and star polymers

Fig. 3 Molecular weight
determination by GPC
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polymerization processing, more hydrophilic groups are in-
troduced and thus the structure of the polymer becomes more
swelling to result in a higher molecular weight and increased
solubility in DMF due to hydrogen bond formation so as to
have a higher Mark-Houwink K value when the molar frac-
tion of IAM is increased. It is indicated that, for star-1, star-2,
and star-3, DMF is a good solvent. For most flexible poly-
mers, 0.5≦a≦0.8; for semi-flexible polymers, a≧0.8; and for
polymers with an absolute rigid rod, a becomes as high as 2.0.
The results listed in Table 2 indicate that, in the DMF system,
molecular chains of star-3 are swelling to extend outwardly so
that it has a near-spherical shape where the Mark-Houwink a
value is close to 0.5. For star-0, since the Mark-Houwink a
value, 0.9, is relatively large, it is implicated that molecular
chains of star polymer star-0 are close to or curly attached to
surfaces of the conicalβ-CD, and thus the bulk property of the
wrapped particle is semi-flexible.

Lower critical solution temperature analysis

The dependence of LCST on concentration (1, 3, 5, 7, and
10 wt.%) is shown in Fig. 4a. It is found that LCST of
copolymer has an increasing trend when the molar fraction
of IAM in the copolymer is increased, that is, star-3 has the
higher LCST values for different concentration. This trend
may result from the hydrophilic carboxylic and amino groups
in IAM. After the reaction of NIPAAm with IAM, more
functional groups to form hydrogen bonds are introduced in
the copolymer to suppress the interaction of the hydrophobic
groups of NIPAAm to thereby have an increasing trend for
LCST. From the result, it shows introducing a hydrophilic
monomer tends to raise the LCST.

The dependence of LCST on pH for star-0∼3 is shown in
Fig. 4b where the concentration of the star polymer is 3 wt.%.
Since the pH responsive segment (IAM) is introduced into

Table 2 Molecular weights and
Mark-Houwink parameters Mw Mn PDI Mark-Houwink a Mark-Houwink K

Star-0 73,991 58,077 1.274 0.9 3.09*10−6

Star-1 121,800 95,378 1.277 0.8 1.12*10−5

Star-2 156,345 117,641 1.329 0.8 8.20*10−5

Star-3 190,206 137,432 1.384 0.6 1.57*10−4
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star-1∼3, it is expected that the LCST values are influenced by
different pH values due to protonation or de-protonation of the
carboxylic groups on IAM so as to achieve the purpose of
obtaining pH- and thermo-responsive star polymers. From the
experimental result, at a low pH value, the carboxylic groups
on IAM are not charged and lead to enhance the formation of
hydrogen bonds between polymer chain segments; it would
make the polymer have lower water solubility so that the
LCST of the phase separation is lowered. On the contrary, at
a high pH value, the carboxylic groups are ionized (de-

protonation) to become charged to be easily dissolved in water
so that LCST is increased.

Morphological and dimensional analysis

Schematic structural diagrams of star polymer at different tem-
peratures and pH values are shown in Fig. 5a, b, respectively.
The effect of temperature on the effective diameters for star-0∼3
is shown in Fig. 6a while the effect of pH on the effective
diameters thereof in a buffer solution is shown in Fig. 6b. The

Fig. 5 Schematic structural diagrams of star polymers at different temperature (a) and pH values (b)
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effective diameters of the star polymer were defined as the
diameter of the CD/polymer cluster as shown in Fig. 5 and were
determined using dynamic light scattering (DLS).

In Fig. 6a, at a particular temperature, such as 25 °C, a higher
molar fraction of IAM is associated with a larger particle diam-
eter. It is implicated that the hydrophilicity of the copolymer
increases with the number of hydrophilic segments (IAM) so
that the volume of the copolymer is increased by encapsulating
more water and thus its particle diameter increases. For a specific
polymer, for example star-0, 1, 2, or 3, as the temperature is
higher, the particle diameter becomes smaller. It revealed that the
interaction between the hydrophobic groups (–CH(CH3)2) be-
comes stronger than the hydrogen bonds between the amide

groups and water so as to deswell its volume by expelling water
to lower its particle diameter.

In Fig. 6b, regarding the effect of pH on LCST, it is
expected and also observed that star-0 has the least or almost
no effect due to the pH changes because it contains no seg-
ment from IAM. In addition, the slope of LCST vs. pH is
expected and also observed to increase as the molar fraction of
IAM increases in star polymers (that is, star-3>star-2>star-1).
In an environment with a low pH value, the carboxylic groups
on IAM are not charged and the hydrogen bonds easily form
between the NHCO chain segments in NIPAAm to have chain
strangling so as to lower its particle diameter. In contrast, in an
environment with a high pH value, the carboxylic groups are
ionized (de-protonation) to become charged where the posi-
tive charges are dissociated and dissolved in water. This effect
is probably responsible for the swelling of the copolymer
shown at the upper right hand side of Fig. 5b and a larger
particle diameter is shown [19]. Li et al. [13] reported that the
diameter decreases from 514 to 293 nm as the temperature
increased from 25 to 45 °C with the most drastic decrease
occurring at the LCSTof 32 °C for poly(NIPAAm-co-glycidyl
methacrylate). Liu et al. [15] reported that the particle size of
the micelle shows small changes with pH value which is
113 nm at pH=5 and 85 nm at pH=9 for poly(NIPAAm-co-
DMAEMA) star-shaped copolymer. In this work, the particle
size of star-3 shows both pH and thermal sensitive and has
higher sensitivity in pH compared to the previously reported
poly(NIPAAm-co-DMAEMA) star-shaped copolymer.

In Fig. 7, the TEM image of star-0 shows a circular structure
via self-assembly and the TEM images of star-1∼3 show a
core-shell structure where the hydrophilic segments originated
from IAM aggregate on the periphery of the outer layer and the
hydrophobic segments originated from NIPAAm inwardly ag-
gregate to form a typical micelle structure. Therefore, the shell
(hydrophilic IAM) shows the dependence on pH to exhibit
either swelling or de-swelling at different pH values.

Drug release application

In this study, 25 and 37 °C are chosen to simulate room
temperature and human body temperature, respectively, and
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the environments at pH 2 and pH 7.4 are chosen to simulate
acidic (gastric fluid) or neutral (intestinal fluid) environments,
respectively. Figure 8a, b shows drug release profiles of

various drug carriers at 25 °C in buffer solutions pH 2 and
pH 7.4, respectively. Figure 8c, d shows drug release profiles
of various drug carriers at 37 °C in buffer solutions pH 2 and
pH 7.4, respectively.

In Fig. 8a, b, the cumulative release rate is generally higher at
a higher temperature. For star-3, at pH 2, the cumulative release
rate at 37 °C is about 24 % higher than that at 25 °C for about
250 min while at pH 7.4, the cumulative release rate at 37 °C is
about 1 % higher than at 25 °C. This result is consistent with our
previous finding. Firstly, referring to Fig. 4b, the LCSTs of star-
1, star-2 and star-3 are 34.2, 34.5, 37 °C at pH 2, respectively,
while the LCSTs of star-1, star-2 and star-3 are 36.2 °C, 38.1 °C,
42.3 °C at pH7. Secondly, as discussion in paragraph of
morpholigical and dimensional analysis, the particle size at
37 °C is smaller than at 25 °C. Therefore, the cumulative release
rate is expected to increase with temperature.

For each copolymer (star-1, star-2, or star-3), at each tem-
perature (either 25 or 37 °C), the release rate at pH 2 is lower
than that at pH 7.4 and the drug carrier is more stable in the
acidic environment than in the neutral environment. It shows
applicability in drug release in the intestinal environment
although the time of drug release may be optimized and
adjusted by modification of copolymer composition. There-
fore, pH- and thermo-dual reponsive star coplymers have
potential to be applied to drug release.

Conclusions

pH- and thermo-responsive star polymers star poly(NIPAAm)
and star poly(NIPAAm-co-IAM) were prepared as new mate-
rials by ATRP using NIPAAm, IAM, and cyclodextrin as
monomers to provide thermal and pH sensitive properties as
well as a core-shell structure. The results show that the seg-
ments from cyclodextrin provide a star skeleton for star poly-
mers, the segments from IAM containing COOH groups
provide the pH sensitive property, and the segments from
NIPAAm provide the thermal sensitive property. The solubil-
ity of star polymers below and above the lower critical solu-
tion temperature (LCST), and the particle diameter changes of
the star polymers at different pH values at the body tempera-
ture show that the prepared star polymers have potential to be
utilized in drug release application. Moreover, the spherical
shape and the core-shell structure of these star polymers are
also advantageous to drug release application. Besides, the
LCSTs of the star polymers prepared in this study are close to
the body temperature which is not able to be achieve by
poly(NIPAAm) alone. In addition, dual-responsive copoly-
mers are able to be achieved by introducing the IAM segments
having a free carboxylic group remained after polymerization
together with NIPAAm segments where the carboxylic group
also provides the hydrophilic property on the shell of the

a

b

c

d

Fig. 8 a Drug release profile of various drug carriers at 25 °C in buffer
solution pH 2. b Drug release profile of various drug carriers at 25 °C in
buffer solution pH 7.4. c Drug release profile of various drug carriers at
37 °C in buffer solution pH 2. d Drug release profile of various drug
carriers at 37 °C in buffer solution pH 7.4
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copolymer. The star polymers prepared in this work show
significant size changes as either pH value or the temperature
changes, indicating higher sensitivity in pH and temperature
changes. The cell toxicity of the star polymers should be
studied in the future in order to actually apply in drug release.
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