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Temperature-responsive hollow poly(N-isopropylacrylamide) (PNIPAAm) microspheres were prepared
by a two-stage distillation precipitation polymerization to afford a core–shell microspheres with sub-
sequent removal of poly(methacrylic acid) (PMAA) core. PMAA@PNIPAAm core–shell microspheres were
synthesized by the second-stage polymerization of NIPAAm in the presence of PMAA as core with N,N0-
methylenebisacrylamide as crosslinker in acetonitrile, in which the hydrogen-bonding interaction be-
tween the carboxylic acid group of PMAA core and the amide group of NIPAAm as well as MBAAm played
a key role to form the core–shell microspheres. The hollow PNIPAAm microspheres with different
thicknesses, which were controlled by the monomer loading level and the crosslinking degree, were
developed after the removal of PMAA core. The loading and controlled-release behavior of the drug on
the hollow PNIPAAm microspheres was investigated with doxorubicin hydrochloride. The core–shell and
hollow microspheres were characterized with transmission electron microscopy, scanning electron mi-
croscopy, dynamic light scattering, static light scattering, X-ray photoelectron spectroscopy, elemental
analysis, and FT-IR spectra.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer materials exhibit a range of super-molecular structures
and functionalities, which potentially allow for chemical tailoring of
the material properties for target-specific applications [1,2]. The
main idea is to tailor the composition and function of polymer ma-
terials with precise control over the size and morphology at the sub-
micrometer level. Core–shell particles are composite materials
consisting of a core domain covered by a shell domain, which have
found various applications in many areas, such as strengthening
polymeric materials [3], and the stationary phases for chromatog-
raphy or sensing materials [4]. One typical example is the formation
of hollow nano-particles, which have found a wide-spread range of
applications such as confined reaction vessels, drug carriers or
protective shield for proteins, enzymes or DNA and for catalysis as
well [5–9]. Significant progress has been made in the design and
synthesis of hollow polymer particles by a variety of physical and
chemical methods [10–14]. However, voided particles were prepared
by emulsion polymerization through encapsulation of a hydrocarbon
non-solvent, which is a process involving a number of convoluted,
thermodynamic and kinetic factors [12]. Template-free techniques
x: þ86 22 23503510.
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have been successfully utilized for the preparation of hollow poly-
mer microspheres. Layer-by-layer assembly technique was suitable
for polymer electrolytes with subsequent decomposition of the core
[15–17]. Micelle formation of block copolymers to obtain hollow
polymer microspheres involves the delicate design of the copolymer
with UV crosslinking of the shell layer and the ozonolysis of the core
[18]. Hollow polymer nano-spheres were afforded by surface-initi-
ated atom-transform radical polymerization (ATRP) of styrene with
subsequent UV treatment of the SiO2-g-PS-b-PMMA core–shell hy-
brids for crosslinking and etching of the silica core in hydrofluoric
acid [19]. On the one hand, the limited mechanical stability of mi-
celles and vesicles prevents many potential applications (e.g. in drug
delivery). On the other hand, high stability spheres with high degree
of crosslinking result in low permeability, which prevents an effec-
tive loading of resultant capsules or releasing the encapsulated
materials in a controlled way at the desired target. One promising
strategy to solve these problems is to design ‘‘intelligent’’ hollow
spheres with stimuli-responsive behavior. Many efforts have been
made to produce smart micro-containers, in which the structure can
be switched reversibly from closed state to an open state under
different pH values [20], ionic strengths [21], and temperatures [13].
In this context, the preparation of temperature-responsive hollow
polymer microspheres is particularly attractive, which is to fabricate
the hollow spheres having characteristics controlled by the
temperature.
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Monodispersity of the hollow polymer microspheres is very
important to improve their performance in various applications.
For instance, the polymer microspheres with uniform size are es-
sential for drug delivery systems (DDS) because the distribution of
the microspheres in the body and the interaction with biological
cells are greatly influenced by the particle size [20]. Furthermore, if
monodisperse microspheres are available, physical/chemical
properties are uniform and the drug release kinetics can be ma-
nipulated, thereby making it easier to formulate more sophisticated
intelligent DDS. However, few systematical investigations have
been focused on the synthesis of monodisperse temperature-re-
sponsive hollow polymer microspheres and their controllable drug
behavior under different temperatures.

Doxorubicin chloride (DXR) is a potent antibiotic for treatment
of a variety of solid tumors and leukemias [22–25]. However, the
cardiotoxicity of this drug is a serious drawback, which limits its
direct administration and cumulative dosage [23]. The utilization of
liposomes as drug delivery vehicles for administering DXR reduces
the accumulation of the drug in the heart tissues by decreasing the
concentration of free drug in circulation due to the stability of li-
posomes and their ability to retain the entrapped drug molecules
(i.e., minimum leakage) [23,26,27].

In our previous work, monodisperse polymer microspheres
with different functional groups on their surfaces [28–31] and
hollow polymer microspheres with pyridyl groups on the interior
surface [32] were prepared by distillation precipitation polymeri-
zation in neat acetonitrile with 2,20-azobisisobutyronitrile (AIBN)
as initiator. In the present work, monodisperse thermally re-
sponsive poly(N-isopropylacrylamide) (PNIPAAm) hollow micro-
spheres with well-defined size and shell thickness were
synthesized by a two-stage distillation precipitation polymeriza-
tion in neat acetonitrile via varying N,N0-methylenebisacrylamide
(MBAAm) crosslinking degree and monomer loading during the
second-stage polymerization with subsequent removal of poly-
(methacrylic acid) (PMAA) core in water. The variation of the
morphology and permeability for PNIPAAm hollow microspheres
with increasing temperature was primarily investigated by dy-
namic light scattering (DLS).

2. Experimental section

2.1. Chemicals

N-Isopropylacrylamide (NIPAAm) was purchased from Acros Co.
and recrystallized from hexane. N,N0-Methylenebisacrylamide
(MBAAm, chemical grade, Tianjin Bodi Chemical Engineering Co.)
was recrystallized from acetone. Methacrylic acid (MAA) was got
from Tianjin Chemical Reagent II Co. and was purified by vacuum
distillation. 2,20-Azobisisobutyronitrile (AIBN, analytical grade,
available from Chemical Factory of Nankai University) was recrys-
tallized from methanol. Acetonitrile (analytical grade, Tianjin
Chemical Reagents II Co.) was dried over 4 Å molecular sieves and
purified by distillation. Doxorubicin hydrochloride (DXR) was
provided by Beijing Huafeng United Technology Co. and used as-
received. Dialysis chamber for the drug release was purchased from
Beijing Dingguo Biotech Co. (F¼ 36 mm), which had a molecular
weight cut-off of 8000–15 000 g/mol. The other reagents were of
analytical grade and used without any further purification.

2.2. Preparation of monodisperse PMAA@PNIPAAm core–shell
microspheres by two-stage distillation precipitation polymerization

Monodisperse poly(methacrylic acid) (PMAA) microspheres
were reported by distillation precipitation polymerization in neat
acetonitrile with AIBN as initiator in the absence of any crosslinker
[33], which was considered as the first-stage polymerization in the
present work. A typical procedure for such polymerization was as
follows: MAA (20 mL, 20 g, 0.23 mol) (as 2.5 vol% of the reaction
medium), AIBN (0.4 g, 2.4 mmol, 2 wt% relative to the monomer)
were dissolved in 800 mL of acetonitrile in a dried 1000 mL two-
necked flask attached with a fractionating column, Liebig con-
denser, and a receiver. The flask was submerged in a heating
mantle, and the reaction mixture was heated from ambient tem-
perature till boiling state within 20 min, and then the solvent was
distilled from the reaction system. The reaction mixture became
milky white after boiling for 10 min. The reaction was ended after
400 mL of acetonitrile was distilled from the reaction system within
1.5 h. After the polymerization, the resultant PMAA microspheres
were purified by repeating centrifugation, decanting, and resus-
pension in acetonitrile with ultrasonic bathing for three times.

Monodisperse poly(methacrylic acid)@poly(N-isopropyl-
acrylamide) (PMAA@PNIPAAm) core–shell microspheres were
synthesized in the presence of PMAA microspheres as seeds by the
second-stage distillation precipitation polymerization of NIPAAm
and MBAAm crosslinker with AIBN as initiator in acetonitrile. In
a typical experiment, PMAA (0.20 g), NIPAAm (0.4 g, 3.54 mmol),
MBAAm crosslinker (0.06 g, 0.38 mmol, 10 mol% corresponding to
the monomers of NIPAAm and MBAAm) and AIBN (0.01 g,
0.06 mmol, 2 wt% relative to the monomers) initiator were dis-
persed in 80 mL of acetonitrile at room temperature in a 100-mL
two-necked flask equipped with a fractionating column, Liebig
condenser, and a receiver. The flask was submerged in a heating
mantle and the second-stage polymerization mixture was heated
from ambient temperature till boiling state within 30 min. The
polymerization was continued further under boiling state for
20 min when the solvent was distilled from the reaction system.
The reaction was ended after 40 mL of acetonitrile was distilled off
the reaction mixture within 2 h. After the reaction, the resultant
PMAA@PNIPAAm core–shell microspheres were purified by three
cycles of ultracentrifugation, decanting and redispersion in aceto-
nitrile with ultrasonic irradiation.

The PMAA@PNIPAAm core–shell microspheres with different
shell thicknesses and crosslinking degrees of PNIPAAm shell layer
were conveniently prepared by the second-stage distillation pre-
cipitation polymerization via altering the amount of NIPAAm and
MBAAm crosslinker, while the amount of AIBN initiator was
maintained at 2 wt% relative to the total monomers. The cross-
linking degree was referred as mol% of MBAAm crosslinker relative
to the total monomers of MBAAm and NIPAAm. The treatment of
these core–shell particles was the same as that for the typical
process.

2.3. Synthesis of hollow PNIPAAm microspheres

Monodisperse PMAA@PNIPAAm core–shell microspheres with
various shell thicknesses and crosslinking degrees were dialyzed in
de-ionized water at room temperature for selective dissolution of
PMAA cores. The dialysis process to obtain hollow PNIPAAm mi-
crospheres lasted two weeks for complete removal of PMAA core.
The resultant PNIPAAm hollow microspheres were dried in a vac-
uum oven at room temperature till constant weight.

2.4. Loading of DXR onto PNIPAAm hollow microspheres

Doxorubicin hydrochloride (DXR, 0.20 mg) was dissolved in
10 mL of 0.9 wt% NaCl solution and then 8.0 mg of PNIPAAm hollow
microspheres was suspended in this solution. The loading of the
drug took place in the suspension on an SHA-B shaker with gentle
agitation by rolling the bottles in a horizontal position to approxi-
mately 40 rpm for three days. The unloaded DXR molecules were
removed by ultracentrifugation. The loading capacity of DXR on
PNIPAAm hollow microspheres was determined by ultraviolet
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spectrum (UV), which was calculated by the difference of DXR
concentration between the original DXR solution and the super-
natant after loading. In this process, the supernatant after ultra-
centrifugation in the presence of PNIPAAm hollow microspheres
without DXR was used as a blank sample for determination, in
which DXR concentration was calibrated from a standard curve of
DXR/NaCl (0.9 wt%) solution.

2.5. Release of DXR from PNIPAAm hollow microspheres

The drug-loaded PNIPAAm hollow microspheres (8 mg) were
dispersed in 4 mL of 0.9 wt% NaCl soution and the dispersion was
divided into two equal aliquots. The drug-loaded hollow polymer
samples used for the release experiments were placed into the
dialysis chambers, which were dialyzed in 80 mL of 0.9 wt% NaCl
solution at 20 and 40 �C, respectively. The drug release was
Fig. 1. TEM micrographs of PMAA@PNIPAAm core–shell microspheres with different thickne
(a) PMAA core; (b) CS10-1; (c) CS10-3; (d) CS5-2; (e) CS20-2.
assumed to start as soon as the dialysis chambers were placed into
the reservoir. The release reservoir was kept under constant stir-
ring, and at various time points, one of the dialysis chambers was
taken out for characterization. The concentration of DXR released
from PNIPAAm hollow microspheres into distilled water was
quantified using UV spectroscopy.

2.6. Characterization

The morphology of the resultant polymer microspheres was
determined by transmission electron microscopy (TEM) using
a Technai G2 20-S-TWIN microscope. Samples for TEM character-
ization were dispersed in solvent and a drop of the dispersion was
spread onto the surface of a copper grid coated with a carbon
membrane and then dried in vacuum at room temperature for
characterization.
sses of the shell layer controlled by NIPAAm monomer and MBAAm crosslinker amount:



Table 1
Reaction conditions, size and size distribution of PMAA@PNIPAAm core–shell
microspheres

Entry Crosslinking
degree (mol%)

NIPAM/PMAA
(w/w)

Dn (nm) Dw (nm) U Shell thicknessa

(nm)

PMAA – – 121 122 1.006 _
CS10-1 10 1 120 121 1.011 _
CS10-2 10 2 129 130 1.011 4
CS10-3 10 3 132 133 1.006 6
CS10-4 10 4 138 139 1.006 9
CS5-2 5 2 115 117 1.012 _
CS15-2 15 2 155 156 1.006 17
CS20-2 20 2 177 178 1.010 28

a The thickness of the shell layer calculated as the half of the difference in di-
ameters between PMAA core and PMAA@PNIPAAm core–shell microspheres.
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Scanning electron microscopy (SEM) was obtained using
a HITACHI S-3500N microscope. The samples for SEM de-
termination were prepared by dispersing polymer particles in
a solvent and then placing one drop of the dispersion on a piece of
glass slide onto an electron microscope stub with double-sided
adhering tape. The samples were dried under vacuum for 24 h at
room temperature and sputter-coated with Au nano-particles.

All the size and size distribution reflect the averages of about
100 particles, which are calculated according to the following
formula:

U ¼ Dw=Dn Dn ¼
Xk

i¼1

niDi=
Xk

i¼1

ni Dw ¼
Xk

i¼1

niD
4
i =
Xk

i¼1

niD
3
i

where U is the polydispersity index, Dn is the number-average di-
ameter, Dw is the weight-average diameter, Di is the particle di-
ameter of the determined microparticles.

Fourier transform infrared spectra were determined on a Bio-
Rad FTS 135 FT-IR spectrometer over potassium bromide pellet and
the diffuse reflectance spectra were scanned over the range of
4000–400 cm�1.

UV–vis absorption spectra were measured on a JASCO V-570
UV–Vis spectrometer with a laser source of wavelength at 234 nm
as an excitation source for the determination of the concentration
of DXR.

X-ray photoelectron spectroscopic (XPS) analysis was carried
out with a PHI 5300 XPS surface analysis system (Physical Elec-
tronics, Eden Prairie, MN, US) using an Mg Ka X-ray source oper-
ating at 250 W and 13 kV (hn¼ 1253.6 eV). The electron binding
energy of C1s (284.6 eV) was used as the internal standard.
CMAA
AIBN/CH3CN

Distillation-precipitation
Polymerization

NO H

O

PMAA

T<LCST

T>LCST

Controlled relea

Scheme 1. Preparation of PMAA@PNIPAAm hollow microsphe
Elemental analysis (EA) was performed on a Perkin–Elmer-2400
to determine the nitrogen, carbon and hydrogen contents of the
resultant polymer particles.

Dynamic light scattering (DLS) and static light scattering (SLS)
measurements were performed in a laser scattering spectrometer
(BI-200 SM) equipped with a digital correlation (BI-10000 AT) at
636 nm. All the samples were prepared from the suspension with
concentration of about 1 mg/mL after ultrasonic irradiation and
were then measured at 25 and 50 �C, respectively. The hydrody-
namic diameter (Dh) and the polydispersity index of the size dis-
tribution were obtained by a cumulant analysis.
3. Results and discussion

Distillation precipitation polymerization has been proven to be
a useful and facile technique for the synthesis of monodisperse
polymer microspheres with different functional groups and the
functional core–shell microspheres [28–33]. The TEM micrograph
of PMAA microspheres by distillation precipitation polymerization
is shown in Fig. 1a, which indicated that the polymer microspheres
had spherical shape and smooth surface with an average size
of 121 nm, a polydispersity index (U) of 1.006 as summarized in
Table 1.
3.1. Preparation of PMAA@PNIPAAm core–shell microspheres

In the present work, the PMAA microsphere without any
crosslinker would be used as the template for the synthesis of core–
shell microsphere. The results have demonstrated that acetonitrile
was a suitable medium for the efficient hydrogen-bonding in-
teraction between carboxylic acid group and pyridyl group [34] as
well as the synergic hydrogen-bonding interaction between the
carboxylic acid and amide group [31] acting as a driving force for
the construction of raspberry-like polymer composites. Here, the
synergic hydrogen-bonding interaction between the carboxylic
acid group on the surface of PMAA core and amide group of
NIPAAm as well as MBAAm crosslinker played a key role to promote
the formation of monodisperse PMAA@PNIPAAm core–shell mi-
crospheres as illustrated in Scheme 1.

A series of experiments were initially designed to investigate the
monomer concentration on the preparation of the PNIPAAm shell
with the crosslinking degree of 10 mol% MBAAm, in which the
NIPAAm concentration was varied from 1/1 to 4/1 (relative to the
mass of PMAA core) for the second-stage polymerization. All other
components including the initiator level at 2 wt% (corresponding to
IPAAm/MBAAm/AIBN/CH3CN
Distillation-precipitation 
Polymerization

Core-shell
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2) Washing
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res and their controlled-release behavior as drug carrier.
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binding energy of O1s, N1s, and C1s; (b) curve fitting of the C1s photoelectron peak.
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the whole monomers) and the distillation rate of acetonitrile were
held constant during the second-stage polymerization. The TEM
micrographs of the resultant PMAA@PNIPAAm core–shell micro-
spheres with different NIPAAm concentrations for the shell layer
(CS10-1 and CS10-3 as samples) are shown in Fig. 1b and c, which
indicated that the core–shell microspheres had spherical shape
with smooth surface. All of the PMAA@PNIPAAm core–shell
microspheres occurred as multiplet and with some coagulum
observed in TEM images, which may be due to the strong inter-
particle hydrogen-bonding interaction and soft surface of the
polymer microspheres with low crosslinking degree.

The reaction conditions, size and size distribution of the final
PMAA@PNIPAAm core–shell microspheres with various NIPAAm
loadings for the synthesis of the shell layer are summarized in Table
1. The average diameters were considerably increased from 120 to
138 nm with increasing NIPAAm feed from 1/1 to 4/1 (mass ratio to
PMAA core) for the second-stage polymerization, and the corre-
sponding shell thickness of PNIPAAm layer increased to 9 nm, while
the core–shell polymer microspheres maintained monodisperse
with polydispersity index below 1.011. The diameter of PMAA@P-
NIPAAm core–shell microspheres with NIPAAm loading of 1/1
(mass ratio to PMAA core) for the second-stage polymerization was
120 nm with monodispersity index of 1.011, which was due to the
formation of the crosslinked dense shell after the second-stage
polymerization to shrink the whole diameter of the core–shell
polymer microspheres. When NIPAAm feed in the second-stage
polymerization was increased to higher than 2/1, the size of the
final PMAA@PNIPAAm core–shell microspheres was considerably
larger than that of PMAA core (121 nm) and the maximum di-
ameter of 138 nm with polydispersity index of 1.006 was obtained
at NIPAAm feed of 4/1 (mass ratio to PMAA core).

To understand the effect of MBAAm crosslinker on the formation
of PNIPAAm shell layer, the crosslinking degree was varied from 5
to 20 mol% during the second-stage polymerization, while the
NIPAAm feed was kept at 2/1. The TEM images of the prepared
PMAA@PNIPAAm core–shell particles with different MBAAm
crosslinking degrees (CS5-2 and CS20-2 as samples) are shown in
Fig. 1d and e. The results indicated that the resultant polymer mi-
crospheres had spherical shape with smooth surface. The TEM
micrographs confirmed the core–shell structure of the final poly-
mer microspheres, especially in the case of higher crosslinking
degree (20 mol%) as identified by an arrow in Fig. 1e.

The effect of MBAAm as a crosslinker on the formation of the
PMAA@PNIPAAm core–shell structure is listed in Table 1. The size of
the core–shell microsphere was increased significantly from 115 nm
at crosslinking of 5 mol% (CS5-2, Fig. 1d) to 177 nm at MBAAm of
20 mol% (CS20-2, Fig. 1e), and the corresponding shell thickness of
PNIPAAm was considerably enhanced from 4 nm to 28 nm, while
the polydispersity index was maintained at monodisperse below
1.012. The size of the final core–shell microspheres was generally
determined by the nuclei and the conversion of the monomers in
the system. The absence of the second-initiated small particles in
the resultant system indicated that the number of nuclei was
a constant value during the second-stage polymerization, which
was controlled by the number of PMAA seeds used. Such results
demonstrated that the capture ability of the PMAA core with the aid
of the synergic hydrogen-bonding interaction as shown in Scheme
1 was enough to result in monodisperse PMAA@PNIPAAm core–
shell microspheres during the second-stage polymerization with-
out formation of the second-initiated particles.

The seed polymerization of NIPAAm leading to PMAA@PNI-
PAAm core–shell microspheres was studied by FT-IR spectra and is
shown in Fig. 2. In addition to the peak at 1699 cm�1 corresponding
to the characteristic stretching vibration of the carbonyl group in
PMAA segment, the FT-IR spectrum of PMAA@PNIPAAm core–shell
particles in Fig. 2b had a new strong peak at 1534 cm�1 assigning to
the vibration of the second-amide group of NIPAAm as well as
MBAAm segments. To prove the core–shell structure further, the
surface components of PMAA core and PMAA@PNIPAAm micro-
spheres with crosslinking degree of 15% as a sample were de-
termined by XPS spectra and are shown in Fig. 3, in which the
electronic binding energy of C1s (284.6 eV) was used as the internal
standard. The XPS spectrum of PMAA@PNIPAAm microspheres had



Table 2
The elemental analysis of the polymer particlesa

Entry N (%)

PMAA 0.45
PMAA@PNIPAAm 3.67
Hollow PNIPAAm 9.28
Eluted core 2.58

a PMAA@PNIPAAm and hollow PNIPAAm microspheres with 15 mol% crosslinking
degree as a sample.
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the peaks at 531.4, 399.7, and 288.0 eV (Fig. 3a) ascribing to the
binding energy of O1s, N1s, and C1s, respectively. While for the XPS
spectrum of PMAA core, only the peaks at 531.4 and 288 eV cor-
responding to the binding energy of O1s and C1s were observed in
the absence of peak at 399.7 eV for N1s. Furthermore, the XPS re-
sults in Fig. 3b indicated that part of the peak at 288.8 eV was
shifted to 287.3 eV. The former can be attributed to the C core level
of the carbonyl group of the carboxylic acid component in PMAA
core and the latter was assigned to the C core level of carbonyl
group of amide component in PMAA@PNIPAAm. These PMAA@P-
NIPAAm microspheres with core–shell structure were also con-
firmed by the elemental analysis listed in Table 2. The N content of
PMAA core was only 0.45% (the residual part of AIBN initiator) and
that of PMAA@PNIPAAm core–shell microsphere was considerably
enhanced to 3.67%.

All the results from TEM, FT-IR and XPS characterization con-
firmed the successful formation of the core–shell structure during
the second-stage polymerization of MBAAm crosslinker and
NIPAAm. Our approach via using hydrogen-bonding interaction to
form core–shell structure without any additive has the advantage
that it is much easier and simpler than some complex modification
process of template, such as attaching an initiator onto the silica
surface to achieve a controlled living polymerization, modification
of silica template with MPS and polystyrene particles with con-
centrated sulfuric acid.
3.2. Monodispersed PNIPAAm hollow microspheres

PMAA cores of the resultant PMAA@PNIPAAm core–shell mi-
crospheres were selectively removed by the dissolution in water to
afford PNIPAAm hollow microspheres. The typical TEM and SEM
micrographs of PNIPAAm hollow microspheres with NIPAAm feed
of 2/1 and MBAAm crosslinking degree of 20 mol% are shown in
Fig. 4. PNIPAAm hollow microsphe
Fig. 4a and b, in which convincing hollow-sphere structures were
observed with the presence of circular rings of sectioned spheres
and a cavity in the interior. The complete disappearance of
1699 cm�1 corresponding to the carbonyl group of carboxylic acid
unit of PMAA segment in FT-IR spectrum of PNIPAAm hollow mi-
crospheres as shown in Fig. 2c, the presence of the strong peaks at
3314 cm�1 assigning to the characteristic peaks of vibration for
N–H group and the strong peak at 1664 cm�1 due to the stretching
vibration of carbonyl group of amide in PMBAAm as well as PNI-
PAAm segment proved the successful removal of the PMAA core by
dissolution to result in PNIPAAm hollow structure. The driving force
for such removal to afford the PNIPAAm hollow microspheres was
based on the solubility of the non-crosslinked polymer core in
water at room temperature, which was much mild and environ-
mentally friendly without utilization of highly corrosive reagent,
such as hydrofluoric acid (HF) in the case of silica as sacrificial
core [35].

The elemental analysis was used to determine the composition
of PMAA core, PMAA@PNIPAAm core–shell microspheres, hollow
PNIPAAm microspheres and the eluted core for the formation of
hollow PNIPAAm microsphere (with crosslinking degree of 15% as
a sample) and is summarized in Table 2. The nitrogen content of
hollow PNIPAAm microspheres was significantly increased from
3.67% of PMAA@PNIPAAm core–shell microspheres to 9.28%, which
was near to the nitrogen content of neat PNIPAAm (12.3%), which
indicated that the shell of hollow polymer microspheres was
mainly composed of PNIPAAm. All these results proved further the
preparation of PMAA@PNIPAAm core–shell microspheres by two-
stage distillation precipitation polymerization and the subsequent
development of hollow PNIPAAm microsphere after the selective
removal of the non-crosslinked core.

The hydrodynamic diameters from DLS characterization and the
corresponding polydispersity index of the resultant PNIPAAm hol-
low microspheres are summarized in Table 3. The hydrodynamic
size of the hollow microspheres, which were developed from the
PMAA@PNIPAAm core–shell microspheres, increased drastically
from 315 nm at NIPAAm feed of 1/1 to 483 nm at NIPAAm feed
of 4/1 with crosslinking degree of 10 mol%. The polydispersity
index of the hydrodynamic diameters was narrow in the range
of 1.136–1.198, which was a little broader than that from TEM
characterization. The much larger hydrodynamic diameters from
DLS in water than those from TEM observation proved the hydro-
philic property of the resultant PNIPAAm hollow microspheres, as
the former ones were determined as in a swollen state. The typical
res of H20-2: (a) TEM; (b) SEM.



Table 3
Characteristics of temperature-responsive PNIPAAm hollow microspheres

Entry Crosslinking
degree (mol%)

NIPAM/PMAA
(w/w)

Dh
a (nm) Ua

H10-1 10 1 315 1.136
H10-2 10 2 330 1.165
H10-3 10 3 470 1.238
H10-4 10 4 483 1.198
H5-2 5 2 283 1.257
H15-2 15 2 331 1.198
H20-2 20 2 294 1.196

a Hydrodynamic diameters from DLS determined at scattering angle of 90� .

Table 4
DLS and SLS results of PNIPAAm hollow microspheres

Entry T (�C) Dh
a (nm) Rg

b (nm) Rg/Rh U

H20-2 25 294 206 1.50 1.196
50 265 207 1.56 1.154

a Value from DLS determined at scattering angle of 90� .
b SLS measurement performed from 50� to 125� .
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hydrodynamic diameters and their distribution with various
NIPAAm feeds for the second-stage polymerization are illustrated
in Fig. 5a. All the hydrodynamic sizes of the hollow microspheres
were a little larger than those of the corresponding diameters of the
core–shell microspheres from TEM characterization, which in-
dicated that the PNIPAAm hollow microspheres were under
a swollen state in water due to the hydrophilic nature of the hollow
microspheres. The hydrodynamic diameters of the hollow micro-
spheres with high crosslinking degree changed less significantly
than the ones with low crosslinking degree. Such results indicated
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Fig. 5. Hydrodynamic diameters and their distribution: (a) hollow PNIPAAm micro-
spheres with different shell thicknesses and crosslinking degrees; (b) hollow PNIPAAm
microspheres under different environmental temperatures with H20-2 as a sample.
that the PNIPAAm hollow microspheres with higher MBAAm
crosslinking degree were in a less swollen state.

The temperature–stimuli volume transition of the PNIPAAm
hollow microspheres was recorded by DLS measurement of H20-2.
The hydrodynamic diameter (Dh) of the hollow PNIPAAm micro-
spheres decreased considerably from 294 to 265 nm when the
environmental temperature was increased from 25 to 50 �C as il-
lustrated in Fig. 5b. According to the DLS results, the swelling ratio
under different temperatures defined as (D25/D50)3 was calculated
as 1.36, which confirmed the thermo-responsive characteristic of
the resultant PNIPAAm hollow microspheres, even in the case of the
highest degree of 20 mol% MBAAm in the present work. A combi-
nation of DLS and SLS measurements affording the ratio of average
gyration radius to the corresponding average hydrodynamic radius
(Rg/Rh) is listed in Table 4. It is well known that the Rg/Rh values
reflect the morphology or conformation of the chains or the density
distribution of the particles in the solution [36,37]. The Rg/Rh values
of the PNIPAAm hollow microspheres (H20-2) were maintained at
around 1.50 under both 25 and 50 �C, which was significantly
higher than the typical value of 0.774 for the uniform microspheres.
This result demonstrated that the resultant PNIPAAm particles had
a hollow structure, which was in accordance with the results from
TEM and SEM observations.

3.3. Loading and releasing behavior of DXR on PNIPAAm hollow
microspheres

To evaluate the potential application of PNIPAAm microspheres
as a drug carrier, DXR was used as the model to carry out the
loading and releasing test, in which the hollow microspheres of
H15-2 was used as the sample. The kinetics of DXR incorporated onto
the PNIPAAm hollow microspheres were analyzed by the residual
DXR remaining in the solution during the loading process, in which
the loading amount of DXR onto the hollow polymer microspheres
is illustrated in Fig. 6a. At the initial stage, the amount of the DXR
loaded onto the PNIPAAm hollow microspheres was increased
quickly with the loading time and then leveled off after 20 h. The
final loading capacity of DXR onto the PNIPAAm hollow micro-
spheres was about 15.8 mg/mg.

The controlled drug releasing behavior of DXR loaded onto
PNIPAAm hollow microspheres was investigated. The DXR loaded
onto hollow microspheres was released steadily and slowly, which
may perform the accumulation of DXR in the heart muscle. Fig. 6b
shows the kinetics of DXR releasing from hollow PNIPAAm micro-
spheres under different environmental temperatures, which in-
dicated that the DXR release behavior depended on the
temperature of the solution. The half times of the releasing were
32 h at 20 �C and 54 h at 40 �C. For the DXR released from the
PNIPAAm hollow microsphere at 40 �C, the DXR could be released
more slowly, which may be originated from the temperature-de-
pendent swelling transition property of the hollow microspheres
involving the PNIPAAm segments with a well-known phase tran-
sition temperature at around 32 �C. During such transition, the gate
pores for the drug release were in a shrinking state at 40 �C and
a swelling state at 20 �C on the shell layer of the PNIPAAm hollow
carrier, which enabled the hollow microspheres to have a tunable-
controlling release property for the loaded drugs between the in-
terior of hollow microspheres and the bulk medium under different



Fig. 6. Loading and controlled releasing of DXR on PNIPAAm hollow microspheres
(H20-2): (a) the relationship between the loading amount of DXR and the loading time;
(b) controlled release of DXR from PNIPAAm hollow microspheres under different
temperatures.
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environmental temperatures. The ability for the release of DXR
above LCST of PNIPAAm (40 �C) may be due to the presence of
porous structure in the PNIPAAm shell of the hollow polymer mi-
crospheres, especially the hollow microspheres under a swollen
state in water with hydrophilic MBAAm as crosslinker. The porous
structure of poly(divinylbenzene-co-acrylic acid) (poly(DVB-co-
AA)) shell was observed clearly by a TEM micrograph with higher
magnification for poly(DVB-co-AA) hollow microspheres with
movable poly(DVB-co-AA) cores [38]. These tiny pores permitted
the PMAA with molecular weight as high as 1.44�104 to diffuse out
of the highly crosslinked shell during the selective removal of non-
crosslinked core for the formation of the hollow functional polymer
microspheres. The drug loading and releasing behavior of the
hollow PNIPAAm microspheres controlled by the different envi-
ronmental temperatures, thickness of the shell layer and the
crosslinking degree is now being studied in detail by our group.

4. Conclusion

Hollow PNIPAAm microspheres with different shell thicknesses
and degree of crosslinkings were prepared by a facile route with
a two-stage distillation precipitation polymerization in neat ace-
tonitrile with AIBN as initiator and subsequent removal of PMAA
core by dissolution in water. The formation of monodisperse
PMAA@PNIPAAm core–shell microsphere was driven by the syn-
ergic hydrogen-bonding interaction between the carboxylic acid
group on the surface of PMAA seeds and the amide group of
MBAAm as well as NIPAAm unit during the second-stage poly-
merization of MBAAm crosslinker and NIPAAm, in which the feed of
monomer and the MBAAm crosslinking degree had much effect on
the morphology and the shell thickness of the core–shell micro-
spheres. The PNIPAAm hollow microspheres were then developed
by the selective removal of PMAA cores from the core–shell mi-
crospheres, which was confirmed further by the results from TEM,
elemental analysis, DLS and SLS characterization. The primary re-
sults about the controlled release of DXR from the PNIPAAm hollow
microspheres indicated that the extent of release could be tuned by
the environmental temperature originating from the various per-
meability of the shell layer due to the presence of thermo-re-
sponsive PNIPAAm segments.
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