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The pH-sensitive hollow poly(N,N0-methylenebisacrylamide-co-methacrylic acid) (P(MBAAm-co-MAA))
microspheres with movable magnetic/silica (Fe3O4/SiO2) cores were prepared by the selective removal of
poly(methacrylic acid) (PMAA) layer in ethanol/water from the corresponding Fe3O4/SiO2/PMAA/
P(MBAAm-co-MAA) tetra-layer microspheres, which were synthesized by the distillation precipitation
copolymerization of N,N0-methylenebisacrylamide (MBAAm) and methacrylic acid (MAA) in the presence
of Fe3O4/SiO2/PMAA tri-layer microspheres as seeds in acetonitrile with 2,20-azobisisobutyronitrile
(AIBN) as the initiator. The Fe3O4/SiO2/PMAA tri-layer microspheres were afforded by the distillation
precipitation polymerization of MAA with 3-(methacryloxy)propyl trimethoxysilane (MPS)-modified
Fe3O4/SiO2 core–shell particles as the seeds. The functional multi-layer inorganic/polymer microspheres
and the corresponding hollow polymer microspheres with movable magnetic cores were characterized
with transmission electron microscopy (TEM), Fourier-transform infrared (FT-IR) spectra, dynamic light
scattering (DLS), and vibrating sample magnetometer (VSM).

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The development of materials with novel structure has been
a fundamental focus of the chemical research, which promotes the
advancement in both academic and industry fields. In these years,
hollow microspheres have attracted increasing attention due to
their unique properties, such as low density, high specific area, good
flow ability and surface permeability, which have found applica-
tions in many fields, including catalysis, controlled-drug delivery
system, artificial cells, fillers, pigments, light weight structural
materials, nano-reactors, low dielectric constant materials, acoustic
insulations, and photonic crystals [1–4]. A variety of physical and
chemical methods have been used for the synthesis of the hollow
polymer microspheres, such as the encapsulation of a hydrocarbon
non-solvent [5], layer-by-layer (LbL) assembly of polymer electro-
lyte [6], micelle formation of block copolymers [7] and surface-
initiated atom transfer radical polymerization (ATRP) [8]. Hollow
particles with complex structures and unique morphology have
been prepared [9–12]. An important concern of hollow micro-
spheres is to accommodate guest nanoparticles in their cavity,
which results in an interesting structure as hollow microspheres
with movable cores and novel properties different from those of
x: þ86 22 23503510.
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host hollow microspheres and the guest nanoparticles. Nano-
particles, including gold [11,13,14], silver [15], tin [16], silica [12],
polymer [17], and iron oxide [18], have been incorporated into the
interior of the hollow microspheres via different techniques.

Magnetic particles, for example, magnetite (Fe3O4) nanoparticles
have various applications, such as magnetic storage media, printing
inks, magnetic resonance imaging, drug delivery, biomedicine,
biosensors, magnetic separation, ferro-fluid, and catalysis [19–23]
due to their extraordinary magnetic, optical, and biocompatible
properties. However, these nano-sized magnetite particles tend to
aggregate because of their high specific area and strong inter-
particle interaction, which limits their utilization. Therefore, it is
essential to develop strategies for the chemical stabilization of the
naked magnetic nanoparticles against aggregation over a long
period. The formation of magnetite/polymer hybrid/composite
materials not only stabilized the magnetic nanoparticles, but also
endowed the magnetic nanoparticles with functionality. In such
a way, magnetic/polymer microspheres have been found wide
applications in the fields of biology, medicine, catalysis and many
other areas [24–28]. The preparation of magnetite/polymer parti-
cles can be generally classified as three categories. One method was
to assemble magnetic particles and polymer microspheres after
they were synthesized separately [29,30], which afforded
composite particles with magnetic properties via physical or phys-
icochemical interaction between these two components. The
second technique was in-situ precipitation of iron-oxides in the
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presence of polymer microspheres, such as in-situ precipitation of
iron-oxides within the pores of preformed porous polystyrene (PSt)
seeds [31]. The third way was to in-situ polymerize monomers in the
presence of magnetic particles, including suspension polymeriza-
tion [32], emulsion polymerization [33–43], dispersion polymeri-
zation [44,45], precipitation polymerization [46], and ATRP [47].
However, it was difficult to control the distribution of the magnetite
nanoparticles in the magnetic/polymer composites for emulsion
polymerization [25] and the morphology of the resultant composite
particles via a sol–gel process [48].

Many efforts have been paid on the preparation of smart micro-
containers, in which the structure can be switched reversibly from
closed state to an open state under different pH values [49], ionic
strengths [50], and temperatures [51]. The ‘‘intelligent’’ hollow
spheres with stimuli-responsive behavior may be essential for
some potential applications, e.g. in drug delivery, which endows an
effective loading of resultant capsules or releasing the encapsulated
materials in a controlled way at the desired target. In this context,
the preparation of pH-responsive hollow polymer microspheres
with movable magnetic cores is particularly attractive, which is to
fabricate the hollow spheres having characteristics controlled by
the pH and the magnetic field.

In our previous work, distillation precipitation polymerization
has been successfully developed as a facile technique for the
synthesis of tri-layer polymer microspheres [17] and inorganic/
polymer composite/hybrid microspheres [14] for the further devel-
opment of the hollow polymer microspheres with movable inner
core. Here, we describe the preparation of pH-sensitive polymer
hollow microspheres with movable magnetic cores via the selective
removal of non-crosslinked poly(methacrylic acid) (PMAA) mid-
layer from the magnetite/silica/poly(methacrylic acid)/poly(N,N0-
methylenebisacrylamide-co-methacrylic acid) (Fe3O4/SiO2/PMAA/
P(MBAAm-co-MAA)) tetra-layer microspheres, which was synthe-
sized by the distillation precipitation polymerization of MBAAm and
MAA in acetonitrile with AIBN as initiator in the presence of Fe3O4/
SiO2/PMAA tri-layer particles as the seeds.

2. Experimental

2.1. Chemicals

Ferric chloride (FeCl3$6H2O) and ferrous chloride (FeCl2$4H2O)
were purchased from Tianjin Guangfu Chemical Engineering
Institute and Shanghai Gongxuetuan Reagents II Co., respectively.
Ammonia (25%, aqueous solution) was provided by Tianjin
Dongzheng Fine Chemical Reagent Factory, China. Trisodium citrate
was obtained from Tianjin Chemical Reagents I Co. Tetraethyl-
orthosilicate (Si(OEt)4, TEOS) was bought from Aldrich and used
without further purification. 3-(Methacryloxy)propyl trimethoxy-
silane (MPS) was got from Aldrich and distilled under vacuum.
N,N0-Methylenebisacrylamide (MBAAm, chemical grade, Tianjin
Bodi Chemical Engineering Co.) was recrystallized from acetone.
Methacrylic acid (MAA) was purchased from Tianjin Chemical
Reagent II Co. 2,20-Azobisisobutyronitrile (AIBN) was provided by
Chemical Factory of Nankai University and recrystallized from
methanol. Acetonitrile (analytical grade, Tianjin Chemical Reagents
II Co.) was dried over calcium hydride and purified by distillation
before use. All the other reagents were of analytical grade and used
without any further treatment.

2.2. Synthesis of MPS-modified magnetite/silica nanoparticles

Fe3O4 nanoparticles were prepared by chemical co-precipitation
of Fe3þ and Fe2þ under a basic condition. FeCl3$6H2O (27.1 g,
0.10 mol) and FeCl2$4H2O (9.95 g, 0.05 mol) were dissolved in 50 mL
of deionized water with a mechanical stirring at 60 �C, then 80 mL of
ammonia was added. The dispersion was stirred for 30 min upon
addition of trisodium citrate (50 g). The resultant magnetite nano-
particles were washed with deionized water with the aid of
a magnet. Deionized water was then added to disperse the resultant
Fe3O4 nanoparticles. The solid content of the magnetic fluid was
24.3 mg/mL for further synthesis.

Magnetite/silica (Fe3O4/SiO2) core–shell particles were prepared
according to the method in the literature [52]. 4.0 Mililiters of TEOS
was slowly added to the magnetic fluid (3.5 mL) in ethanol
(16.0 mL), deionized water (40.0 mL) with mechanical stirring in
presence of 5 mL of 25 wt% ammonium hydroxide as catalyst. After
the reaction system was stirred for 12 h, silica layer was formed on
the surface of Fe3O4 nanoparticles.

Modification of Fe3O4/SiO2 nanoparticles with MPS was ach-
ieved by introducing MPS (1.0 g, 4.0 mmol) into the above ethanol
suspension of Fe3O4/SiO2 nanoparticles under stirring and the
mixture was stirred for 48 h further at room temperature. The
resultant MPS-modified Fe3O4/SiO2 nanoparticles were purified by
centrifugation, decantation, and resuspension in ethanol for three
cycles to remove the excessive MPS. The resultant MPS-modified
Fe3O4/SiO2 nanoparticles were dried in a vacuum oven at 50 �C till
constant weight.

The synthesis of MPS-modified Fe3O4/SiO2 nanoparticles was
referred as the first-stage reaction in the present work.

2.3. Preparation of magnetite/silica/poly(methacrylic acid) tri-layer
microspheres by the second-stage distillation precipitation
polymerization

A typical procedure for the distillation precipitation polymeri-
zation to afford magnetite/silica/poly(methacrylic acid) (Fe3O4/
SiO2/PMAA) tri-layer microspheres: 0.1 g of MPS-modified Fe3O4/
SiO2 nanoparticles were suspended in 40 mL of acetonitrile as
a black suspension for the seeds of the second-stage polymeriza-
tion. Then MAA (0.20 mL, total as 0.5 vol% of the reaction system)
and AIBN (0.004 g, 2 wt% relative to the monomer) were dissolved
in the suspension. The two-necked flask attaching with a fraction-
ating column, Liebig condenser and receiver was submerged in
a heating mantle. The reaction mixture was heated from ambient
temperature till the boiling state within 20 min and the reaction
system was kept under refluxing state for further 20 min. Then the
polymerization was carried out with distilling the solvent out of the
reaction system and the reaction was ended after 20 mL of aceto-
nitrile was distilled off the reaction mixture within 70 min. After
the polymerization, the resultant Fe3O4/SiO2/PMAA tri-layer
microspheres were purified by repeating centrifugation, decanta-
tion, and resuspension in acetonitrile for three times. The tri-layer
particles were dried in a vacuum oven at 50 �C till constant weight.

The other distillation precipitation polymerizations to prepare
Fe3O4/SiO2/PMAA tri-layer microspheres with different polymer
shell thicknesses were much similar to that of the typical procedure
by varying the mass ratio of MAA monomer to MPS-modified
Fe3O4/SiO2 seeds, while the amount of AIBN initiator was main-
tained at 2 wt% relative to the monomer. The treatment of these tri-
layer microspheres was the same as that for the typical procedure.

2.4. Preparation of magnetite/silica/poly(methacrylic acid)/
poly(N,N0-methylenebisacrylamide-co-methacrylic acid) tetra-layer
microspheres by the third-stage distillation precipitation
polymerization

A typical procedure for the distillation precipitation polymeri-
zation to afford magnetite/silica/poly(methacrylic acid)/poly(N,N0-
methylenebisacrylamide-co-methacrylic acid) (Fe3O4/SiO2/PMAA/
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P(MBAAm-co-MAA)) tetra-layer microspheres: In a dried 50 mL of
two-necked flask, 0.10 g of Fe3O4/SiO2/PMAA tri-layer particles
were suspended in 40 mL of acetonitrile as a black suspension to be
used as the seeds for the third-stage distillation precipitation
polymerization. Then MBAAm (0.04 g), MAA (0.36 mL, 0.037 g) and
AIBN (0.008 g, 2 wt% relative to the comonomers) were dissolved in
the suspension. The two-necked flask was submerged in a heating
mantle. The reaction mixture was heated from ambient tempera-
ture till the boiling state within 20 min and the reaction system was
kept under refluxing state for 10 min further. Then the polymeri-
zation was carried out with distilling the solvent out of the reaction
system and the reaction was ended after 20 mL of acetonitrile was
distilled off the reaction mixture within 70 min. After the poly-
merization, the resultant Fe3O4/SiO2/PMAA/P(MBAAm-co-MAA)
tetra-layer microspheres were purified by repeating centrifugation,
decantation, and resuspension in acetone with ultrasonic irradia-
tion for three times. The tetra-layer microspheres were then dried
in a vacuum oven at 50 �C till constant weight.

The other distillation precipitation polymerizations to prepare
Fe3O4/SiO2/PMAA/P(MBAAm-co-MAA) tetra-layer microspheres
with different P(MBAAm-co-MAA) shell thicknesses were much
similar to that of the typical procedure by varying the mass ratio of
comonomers to MPS-modified Fe3O4/SiO2 seeds and MBAAm
crosslinking degree, while the amount of AIBN initiator was
maintained at 2 wt% relative to the comonomers. The treatment of
these tetra-layer microspheres was the same as that for the typical
procedure.

The crosslinking degree is referred as the mass ratio of MBAAm
used in the comonomer feed for the polymerization in this work.
The reproducibility of the polymerization was confirmed by several
duplicate and triplicate experiments.

2.5. Preparation of hollow poly(N,N0-methylenebisacrylamide-co-
methacrylic acid) microspheres with movable magnetic Fe3O4/SiO2

cores

The resultant Fe3O4/SiO2/PMAA/P(MBAAm-co-MAA) tetra-layer
microspheres were immersed in ethanol/water (1/1) solution to
selectively remove the non-crosslinked PMAA layer. The final hollow
poly(N,N0-methylenebisacrylamide-co-methacrylic acid) (P(MBAAm-
co-MAA)) microspheres with movable magnetic Fe3O4/SiO2 inner
cores were dried in a vacuum oven at 50 �C till constant weight.

2.6. Characterization

The size and morphology of magnetite nanoparticles, Fe3O4/SiO2

core–shell nanoparticles, Fe3O4/SiO2/PMAA tri-layer microspheres,
Fe3O4/SiO2/PMAA/P(MBAAm-co-MAA) tetra-layer microspheres,
and P(MBAAm-co-MAA) microspheres with movable magnetic
Fe3O4/SiO2 inner cores were determined by transmission electron
microscopy (TEM, Technai G2 20-S-TWIN).

Fourier-transform infrared (FT-IR) spectra were scanned over
the range of 400–4000 cm�1 with potassium bromide slice on
a Bio-Rad FTS135 FT-IR spectrometer.

The magnetic properties of Fe3O4/SiO2 core–shell nanoparticles,
Fe3O4/SiO2/PMAA tri-layer microspheres, Fe3O4/SiO2/PMAA/
P(MBAAm-co-MAA) tetra-layer microspheres, and P(MBAAm-co-
MAA) microspheres with movable magnetic Fe3O4/SiO2 inner cores
were studied with a vibrating sample magnetometer (9600 VSM,
BDJ Electronics Inc., Troy MI, US) at room temperature.

Dynamic light scattering (DLS) measurements were performed
in a laser scattering spectrometer (BI-200 SM) equipped with
a digital correlation (BI-10000 AT) at 636 nm and the scattering
angle for the DLS measurement was 90�. All the samples were
prepared from the suspension with concentration of about 1 mg/
mL after ultrasonic irradiation and were then measured at pH of
3.0, 7.0 and 11.0, respectively. The hydrodynamic diameter (Dh) and
the polydispersity index of the size distribution were obtained by
a cumulant analysis.

3. Results and discussion

Without surface modification, the magnetite nanoparticles were
prone to aggregate in the solvent due to their high specific surface
area. Coating of magnetite nanoparticles with a silica layer may
prevent the aggregation, which also improved the chemical
stability of the composite nanoparticles under rigid condition. The
encapsulation of a silica layer over magnetic Fe3O4 nanoparticles
has been successfully performed in the literature [52].

3.1. Preparation of Fe3O4/SiO2/PMAA tri-layer microspheres

Scheme 1 illustrates the synthesis of Fe3O4/SiO2/PMAA/
P(MBAAm-co-MAA) tetra-layer microspheres and the further
development of pH-responsive hollow P(MBAAm-co-MAA) micro-
spheres with movable magnetic Fe3O4/SiO2 cores.

Magnetite (Fe3O4) nanoparticles were prepared by the chemical
co-precipitation of Fe(III)/Fe(II) (2/1 in molar ratio) salts in an
NH4OH solution at 60 �C via a well-known sol–gel process. The
typical TEM micrograph of the resultant Fe3O4 nanoparticles with
the average diameter about 10 nm is shown in Fig. 1A, in which
small aggregation of several magnetite nanoparticles was observed
due to the strong magnetic dipolar interaction among these
particles.

Magnetite/silica (Fe3O4/SiO2) nanoparticles were prepared
according to the method in the literature [52]. The silica shell was
encapsulated onto Fe3O4 nanoparticles via a modified Stöber
method in ethanol/water mixture under mild basic condition at
room temperature. The TEM image of Fe3O4/SiO2 core-shell nano-
particle with average diameter of 214 nm is shown in Fig. 1B, in
which several Fe3O4 nanoparticles (deep color) with good disper-
sion in the center and slighter contrast of silica shell-layer for each
core-shell particle. In other words, the silica shell layer with
a thickness around 80 nm was coated over Fe3O4 nanoparticles via
a hydrolysis and condensation of TEOS, which permitted the
further modification of the inorganic nanoparticles with MPS.

In our previous work, monodisperse silica/polydivinylbenzene
(SiO2/PDVB) and silica/poly(ethyleneglycoldimethacrylate) (SiO2/
PEGDMA) core–shell hybrid microspheres were facilely synthe-
sized by distillation precipitation polymerization of divinylbenzene
(DVB) and ethyleneglycoldimethacrylate (EGDMA) in neat aceto-
nitrile with MPS-modified silica particles as seeds in the absence of
any additive [53], in which the reactive vinyl groups on the surface
of the seeds played an important role for the encapsulation of the
polymer shell layer over the silica seeds via the capture of the
newly formed oligomers and monomers during the polymeriza-
tion. In the present work, MPS-modified magnetite/silica nano-
particles were used as the seeds for the preparation of Fe3O4/SiO2/
PMAA tri-layer microspheres as shown in Scheme 1.

The surface modification of the magnetite/silica nanoparticles
by the hydrolysis of MPS with the aid of surface hydroxyl groups on
the surface of Fe3O4/SiO2 particles was confirmed by FT-IR spec-
trum as shown in Fig. 2a, which displayed bands at 1634 and
1703 cm�1 corresponding to the stretching vibration of the vinyl
groups and carbonyl units of MPS component, respectively. These
reactive vinyl groups permitted the growth of the Fe3O4/SiO2

nanoparticles by radical capture of the newly formed PMAA
oligomers and MAA monomers during the second-stage distillation
precipitation polymerization to afford Fe3O4/SiO2/PMAA tri-layer
microspheres as shown by TEM micrographs in Fig. 3A–C, in which



Fig. 1. TEM micrographs: A) Fe3O4 nanoparticles; B) MPS-modified Fe3O4/SiO2 core–
shell particles.
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Scheme 1. Preparation of pH-sensitive hollow P(MBAAm-co-MAA) microspheres with movable magnetic Fe3O4/SiO2 cores.
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lighter contrast PMAA outer shell layer, darker silica mid-layer and
the deepest small aggregates of magnetite in the center were
clearly observed. The formation of monodisperse PMAA micro-
spheres [54] indicated that acetonitrile met the solvency conditions
requirement for the polymerization of MAA, during which aceto-
nitrile dissolved the MAA monomer but precipitated the resultant
PMAA species to grow the PMAA microspheres via the efficient
interchain hydrogen-bonding interaction between the carboxylic
acid groups. The results in Fig. 3A–C indicated that the resultant
Fe3O4/SiO2/PMAA tri-layer microspheres had spherical shapes with
smooth and non-segmented surface without formation of any
secondary-initiated particles in the cases of MAA feed ranging from
0.20 to 0.40 mL for the second-stage polymerization. This implied
that the reactive surface vinyl groups on the surface of MPS-
modified Fe3O4/SiO2 nanoparticles captured all the newly formed
PMAA oligomers and the growth of the tri-layer microspheres was
performed via the efficient interchain hydrogen-bonding interac-
tion between the carboxylic acid groups of PMAA species during
the polymerization. The successful encapsulation of PMAA onto
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Fig. 3. TEM micrographs of Fe3O4/SiO2/PMAA tri-layer microspheres with different MAA loadings: A) 0.20 mL; B) 0.30 mL; C) 0.40 mL.
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MPS-modified Fe3O4/SiO2 nanoparticles was proven further by the
FT-IR spectrum in Fig. 2b with the presence of a strong peak at
1715 cm�1 assigning to the stretching vibration of the carboxylic
acid groups.

The reaction conditions and diameters of the resultant Fe3O4/
SiO2/PMAA tri-layer microspheres PMAA tri-layer microspheres,
and the conversion of MAA during the second-stage polymerization
are summarized in Table 1. The size of the tri-layer microspheres
was increased from 214 nm of MPS-modified Fe3O4/SiO2 core–shell
seeds with increasing MAA feed ranging from 0.20 to 0.40 mL and
the maximum diameter with 328 nm for the resultant Fe3O4/SiO2/
PMAA tri-layer microspheres was obtained at MAA loading of
0.40 mL. Here, the thickness of the polymer shell layer was calcu-
lated as the half of the difference between the diameter of the
resultant multi-layer microspheres and that of the corresponding
seeds. In other words, Fe3O4/SiO2/PMAA tri-layer microspheres
with PMAA shell thicknesses ranging from 17 to 57 nm were
conveniently controlled by varying the MAA monomer loading
during the second-stage polymerization. The conversion of MAA to
the tri-layer microspheres during the encapsulation was increased
significantly from 9% to 27% when MAA loading was slightly
Table 1
The reaction conditions, size and yield of Fe3O4/SiO2/PMAA tri-layer microspheres.

Entry Magnetite/SiO2

(g)
MAA
(mL)

Dn

(nm)
PMAA shell thickness
(nm)

Conversionb

(%)

Aa 0.1 0 214 0 0
B 0.1 0.2 248 17 9
C 0.1 0.3 281 34 19
D 0.1 0.4 328 57 27

a MPS-modified magnetite/SiO2 core.
b Conversion¼ (Mcore–shell�Mcore)/MMAA� 100%.
enhanced from 0.20 to 0.40 mL. This led to the considerable
increase of the size of the resultant Fe3O4/SiO2/PMAA tri-layer
microspheres, as there were not any secondary-initiated particles
formed during the second-stage polymerization.

3.2. Preparation of Fe3O4/SiO2/PMAA/P(MBAAm-co-MAA) tetra-
layer microspheres by the third-stage distillation precipitation
polymerization

In our previous work, poly(divinylbenzene-co-acrylic acid)/poly-
(acrylic acid)/poly(divinylbenzene-co-acrylic acid) tri-layer micro-
spheres were prepared by a three-stage distillation precipitation
polymerization [17], in which the hydrogen-bonding interaction
between the carboxylic acid groups played a key role as the driving
force for the formation of monodisperse tri-layer structure polymer
microspheres. Here, Fe3O4/SiO2/PMAA/P(MBAAm-co-MAA) tetra-
layer microspheres were synthesized by the third-stage distillation
precipitation copolymerization of MBAAm as crosslinker and func-
tional MAA monomer in the presence of Fe3O4/SiO2/PMAA tri-layer
particles as seeds. MBAAm has been widely used as the crosslinker
for the synthesis of hydrophilic microparticles, especially for stim-
ulus-sensitive hydrogels, which can undergo large phase transition
in response to small changes in the environment including pH [55],
temperature [56], solvent composition [57], ion concentration [58],
electrical field [59] and light [60]. The encapsulation of P(MBAAm-
co-MAA) outer shell layer onto Fe3O4/SiO2/PMAA tri-layer seeds was
driven by the synergic hydrogen-bonding interaction between the
carboxylic acid groups on the surface of the tri-layer particle seeds
and amide group of PMBAAm component as well as the carboxylic
acid groups of PMAA component in P(MBAAm-co-MAA) network.
The typical TEM micrographs of the resultant Fe3O4/SiO2/PMAA/
P(MBAAm-co-MAA) tetra-layer microspheres are shown in Fig. 4,
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which indicated that the final tetra-layer microspheres had spherical
shape and smooth surface in the absence of any secondary-initiated
irregular particles. These results demonstrated that the synergic
hydrogen-bonding interaction during the third-stage polymeriza-
tion favored the efficient capture of the radical oligomers and
monomers from the solution to grow the particles further for the
construction of Fe3O4/SiO2/PMAA/P(MBAAm-co-MAA) tetra-layer
microspheres. The formation of P(MBAAm-co-MAA) outer shell layer
was confirmed by FT-IR spectrum as shown in Fig. 2c with the
presence of the characteristic peaks at 1659 and 1525 cm�1 corre-
sponding to the stretching vibration of the carbonyl unit and the
bending vibration of N–H for PMBAAm component in P(MBAAm-co-
MAA) outer shell layer.

The reaction conditions, the size from TEM observation and the
yield of P(MBAAm-co-MAA) shell layer during the third-stage
Fig. 4. TEM micrographs of Fe3O4/SiO2/PMAA/P(MBAAm-co-MAA) tetra-layer microspheres
0.54 mL, 0.06 g; D) 0.38 mL, 0.02 g; E) 0.34 mL, 0.06 g.
polymerization for the resultant Fe3O4/SiO2/PMAA/P(MBAAm-co-
MAA) tetra-layer microspheres are summarized in Table 2. The
average diameter was significantly increased from 328 nm of
Fe3O4/SiO2/PMAA tri-layer seeds and the maximum size (645 nm)
of Fe3O4/SiO2/PMAA/P(MBAAm-co-MAA) tetra-layer microspheres
was afforded by feed of MAA 0.54 mL with MBAAm crosslinking
degree of 0.10 (Entry C). The size of Fe3O4/SiO2/PMAA/P(MBAAm-
co-MAA) tetra-layer microspheres was considerably enhanced from
397 nm with MAA feed of 0.18 mL (Entry A) to 556 nm (Entry B)
with MAA feed of 0.36 mL (Entry B) and further toward 645 nm
(Entry C) with MAA feed of 0.54 mL, while MBAAm crosslinking
degree was maintained at 0.10 in these cases. When the MBAAm
crosslinking degree was increased from 0.10 (Entry B) to 0.15 (Entry
E), the diameter of tetra-layer microspheres was increased from
556 nm to 607 nm. In other words, the thickness of P(MBAAm-co-
with different MAA and MBAAm loadings: A) 0.18 mL, 0.02 g; B) 0.36 mL, 0.04 g; C)



Table 2
The reaction conditions, size and yield of Fe3O4/SiO2/PMAA/P(MBAAm-co-MAA)
tetra-layer microspheres.

Entry Tri-layer
seeds
(g)

MAA
(mL)

MBAAm
(g)

Dn

(nm)
P(MBAAm-co-MAA)
shell thickness (nm)

Conversionb

(%)

Aa 0.1 0 0 328 0 0
B 0.1 0.18 0.02 397 35 32
C 0.1 0.36 0.04 556 114 30
D 0.1 0.54 0.06 645 159 18
E 0.1 0.38 0.02 594 133 45
F 0.1 0.34 0.06 607 140 33

a Magnetite/SiO2/PMAA core with PMAA shell thickness of 57 nm.
b Conversion¼ (Mcore–shell�Mcore)/Mmonomer� 100%.
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MAA) outer shell layer can be conveniently controlled in the range
of 35 and 159 nm via varying the monomer MAA feed and MBAAm
crosslinking degree during the third-stage polymerization. The
larger size of Fe3O4/SiO2/PMAA/P(MBAAm-co-MAA) tetra-layer
microspheres (thicker P(MBAAm-co-MAA) outer shell layer) was
originated from the higher yields in the case of higher monomer
loading and higher crosslinking degree, which was much consistent
to the results in our previous work [61].

3.3. Construction of pH-sensitive P(MBAAm-co-MAA) hollow
microspheres with movable magnetic Fe3O4/SiO2 cores

The non-crosslinked PMAA mid-layer of the resultant Fe3O4/
SiO2/PMAA/P(MBAAm-co-MAA) tetra-layer microspheres was
selectively removed by dissolution in ethanol/water (1/1) to afford
hollow P(MBAAm-co-MAA) microspheres with movable Fe3O4/SiO2
Fig. 5. TEM micrographs of hollow P(MBAAm-co-MAA) microspheres with movable mag
159 nm; C) 155 nm; D) 140 nm.
cores as illustrated in Scheme 1. The driving force for such removal
was due to the solubility of the non-crosslinked PMAA in ethanol/
water (1/1) as solvent. The typical TEM micrograph of hollow
P(MBAAm-co-MAA) microspheres with movable Fe3O4/SiO2 cores
is shown in Fig. 5, in which the convincing hollow microspheres
were clearly observed with the presence of circular rings of
sectional spheres with an inner movable Fe3O4/SiO2 core and an
interior cavity in the mid-layer. The spherical shape was well
maintained after the selective removal of the PMAA mid-layer in
Fig. 5, which implied that hollow P(MBAAm-co-MAA) microspheres
with thickness of 114 nm were enough to support the cavity during
the etching process. It was believed that the magnetic Fe3O4/SiO2

cores in the hollow P(MBAAm-co-MAA) spheres were free to move
as filled with solvent, as the Fe3O4/SiO2 cores were not located in
the center of the hollow P(MBAAm-co-MAA) microspheres for TEM
images in Fig. 5. However, the hollow P(MBAAm-co-MAA) micro-
spheres with thickness of 35 nm (Entry A in Table 2, TEM micro-
graph not shown here) collapsed during the formation of the
hollow structure, which implied that P(MBAAm-co-MAA) shell was
not thick and strong enough to support the cavity formed by
selective dissolution of PMAA mid-layer may be due to the low
crosslinking degree in this case (0.10).

Since the sensitivity of the hollow polymer particles toward the
changes in pH of environment is the basic requirement for their
application as controlled drug release, the pH-responsive behavior
of P(MBAAm-co-MAA) hollow microspheres with movable
magnetic Fe3O4/SiO2 cores in solutions under different pH values
was investigated. The hydrodynamic diameters from DLS charac-
terization and the corresponding polydispersity index of the
resultant P(MBAAm-co-MAA) hollow microspheres with movable
magnetic Fe3O4/SiO2 cores as a function of varying pH are
netic Fe3O4/SiO2 cores with different P(MBAAm-co-MAA) thicknesses: A) 114 nm; B)



Table 3
Hydrodynamic diameters of hollow P(MBAAm-co-MAA) microspheres with
movable magnetic Fe3O4/SiO2 cores at different pH values.

Magnetite/SiO2/air/P(MBAAm-co-MAA)a pH¼ 3 pH¼ 7 pH¼ 11

Dh (nm) 1153 1279 1483

a Magnetite/SiO2/air/P(MBAAm-co-MAA) with P(MBAAm-co-MAA) shell thick-
ness of 114 nm.

Table 4
Magnetization properties of the multi-layer structure polymer microspheres.

Entry Saturation magnetization (emu/g)

Magnetite/SiO2
a 3.74

Magnetite/SiO2/PMAAb 1.31
Magnetite/SiO2/PMAA/P(MBAAm-co-MAA)c 0.33
Magnetite/SiO2/air/P(MBAAm-co-MAA)d 0.68

a MPS-modified magnetite/SiO2 core.
b Magnetite/SiO2/PMAA particles with PMAA shell thickness of 57 nm.
c Magnetite/SiO2/PMAA/P(MBAAm-co-MAA) with PMAA shell thickness of 57 nm

and P(MBAAm-co-MAA) shell thickness of 114 nm.
d Magnetite/SiO2/air/P(MBAAm-co-MAA) with P(MBAAm-co-MAA) shell thick-

ness of 114 nm.
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summarized in Table 3. The hydrodynamic size of the resultant
P(MBAAm-co-MAA) hollow microspheres was increased signifi-
cantly from 1153 nm at pH of 3 to 1279 nm at pH of 7, and further
toward 1483 nm at pH of 11. These changes in diameters under
different pH values were due to the partial ionization of the
carboxylic acid groups of the PMAA units in P(MBAAm-co-MAA)
shell under high pH values, resulting in Donnan osmotic swelling of
the polymer network. Further, the structure of the outer P(MBAAm-
co-MAA) shell layer can be switched reversibly from a collapsed
state to a swollen state under different pH values. All the hydro-
dynamic diameters of P(MBAAm-co-MAA) microspheres
(>1000 nm) were much larger than that from TEM observation
(645 nm, Entry C in Table 2), which confirmed the hydrophilic
property of the resultant hollow P(MBAAm-co-MAA) microspheres,
as the former ones were obtained from a highly swollen state in
aqueous solution with different pH values. Polymer microcapsules
with iron oxide (g-Fe2O3) magnetic nanoparticles (MPs) embedded
in the polymer shell were prepared by a one-step template-free
synthetic emulsion polymerization of photo-prepolymer NOS 61
with UV-cutting [62], in which the polymer microcapsules were
broadly distributed and formation of a collapsed hemispherical
shell after drying. These were much different from the results of the
hollow P(MBAAm-co-MAA) microspheres with pH sensitivity, good
shape of the polymer shell layer and movable magnetic cores in the
present work.

The magnetic properties of the multi-layer nanoparticles con-
taining magnetite components were studied by a vibrating sample
magnetometer (VSM) at room temperature. Fig. 6 shows the
magnetization curves of Fe3O4/SiO2 core–shell particles, Fe3O4/
SiO2/PMAA tri-layer microspheres, Fe3O4/SiO2/PMAA/P(MBAAm-
co-MAA) tetra-layer microspheres, hollow P(MBAAm-co-MAA)
microspheres with movable Fe3O4/SiO2 cores. For all the samples,
no magnetic hysteresis loops were observed from the field-
dependent magnetization plots in Fig. 5. In other words, the
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Fig. 6. Hysteresis loops for samples at room temperature: a) MPS-modified Fe3O4/SiO2

core–shell particles; b) Fe3O4/SiO2/PMAA tri-layer microspheres; c) Fe3O4/SiO2/PMAA/
P(MBAAm-co-MAA) tetra-layer microspheres; d) pH-sensitive hollow P(MBAAm-co-
MAA) microspheres with movable magnetic Fe3O4/SiO2 cores.
remanence existed when magnetic field was removed, which
implied that all the magnetic particles retained paramagnetic
property originating from Fe3O4/SiO2 nanoparticles at room
temperature. The magnetic properties of these particles are
summarized in Table 4. The saturation magnetization (Ms) values
for Fe3O4/SiO2 core–shell particles, Fe3O4/SiO2/PMAA tri-layer
microspheres, Fe3O4/SiO2/PMAA/P(MBAAm-co-MAA) tetra-layer
microspheres, hollow P(MBAAm-co-MAA) microspheres with
movable Fe3O4/SiO2 cores were 3.74, 1.31, 0.33, and 0.68 emu/g as
summarized in Table 4, respectively. These results indicated that
the magnetization of these magnetic particles decreased consid-
erably with the increase of polymer component due to the decrease
of the effective mass of magnetite core in these cases. Furthermore,
the magnetization of hollow P(MBAAm-co-MAA) microspheres
with movable Fe3O4/SiO2 cores (0.68 emu/g) was much higher than
that of the corresponding Fe3O4/SiO2/PMAA/P(MBAAm-co-MAA)
tetra-layer microspheres (0.33 emu/g), which proved the efficient
removal of PMAA mid-layer by simple dissolution in ethanol/water
(1/1). The hollow pH-responsive P(MBAAm-co-MAA) microspheres
with movable magnetic Fe3O4/SiO2 cores can be used for
controlled-release after loading of the objective drugs under high
pH, especially in the case of a magnetic field. The study on the scope
of this technique, including the extension to the other functional
hollow structure polymer microspheres and the applications of
these functional hollow microspheres, is in progress.
4. Conclusion

Hollow pH-responsive P(MBAAm-co-MAA) with movable
magnetic Fe3O4/SiO2 cores were prepared by a facile route with
a three-stage reaction to afford a tetra-layer Fe3O4/SiO2/PMAA/
P(MBAAm-co-MAA) microspheres with subsequent removal of the
non-crosslinked PMAA mid-layer in ethanol/water. The thicknesses
of PMAA layer were conveniently controlled in the range of 17 and
57 nm by varying the MAA monomer feed during the second-stage
distillation precipitation polymerization. The synergic hydrogen-
bonding interaction between the carboxylic acid groups on the
surface of Fe3O4/SiO2/PMAA tri-layer microspheres and the amide
groups of PMBAAm component as well as the carboxylic acid
groups of PMAA component acted as the driving force for the
formation of narrow-disperse Fe3O4/SiO2/PMAA/P(MBAAm-co-
MAA) tetra-layer microspheres during the third-stage distillation
precipitation polymerization. The thickness of hollow P(MBAAm-
co-MAA) microspheres was afforded ranging from 35 to 159 nm via
changing the MAA monomer loading and MBAAm crosslinking
degree for the third-stage polymerization. The hydrodynamic
diameters of pH-sensitive hollow P(MBAAm-co-MAA) micro-
spheres with movable magnetic Fe3O4/SiO2 cores were significantly
increased with higher pH in the environment, while the magneti-
zation was increased from 0.33 emu/g of Fe3O4/SiO2/PMAA/
P(MBAAm-co-MAA) tetra-layer microspheres to 0.68 emu/g.
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et al. Angew Chem Int Ed 2004;43:4303–6.
[24] Rana S, White P, Bradley M. Tetrahedron Lett 1999;40:8137–40.
[25] Liu XQ, Guan YP, Ma ZY, Liu HZ. Langmuir 2004;20:10278–82.
[26] Chen JP, Su DR. Biotechnol Prog 2001;17:369–75.
[27] Kawashita M, Tanaka M, Kokubo T, Inoue Y, Yao T, Hamada S, et al. Biomaterials

2005;26:2231–8.
[28] Deng YH, Wang CC, Shen XZ, Yang WL, Jin L, Gao H, et al. Chem Eur J

2005;11:6006–13.
[29] Xulu PM, Filipcsei G, Zrinyi M. Macromolecules 2000;33:1716–9.
[30] Jones F, Colfen H, Antonietti M. Colloid Polym Sci 2000;278:491–501.
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