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Abstract

We report the synthesis and characterization of monodispersed thermoresponsive hydrogel microspheres with a volume phase transition
driven by hydrogen bonding. The prepared microspheres, composed of poly(acrylamide-co-styrene) (poly(AAM-co-St)) cores and
poly(acrylamide)/poly(acrylic acid) (PAAM/PAAC) based interpenetrating polymer network (IPN) shells, were featured with high
monodispersity and positively thermoresponsive volume phase transition characteristics with tunable swelling kinetics, i.e. the particle
swelling was induced by an increase rather than a decrease in temperature. The monodisperse poly(AAM-co-St) seeds were prepared by
emulsifier-free emulsion polymerization, the PAAM or poly(acrylamide-co-butyl methacrylate) (poly(AAM-co-BMA)) shells were
fabricated on the seeds by free radical polymerization, and the core-shell microspheres with PAAM/PAAC based IPN shells were finished by
a method of sequential IPN synthesis. The microsphere size increased with increasing both AAM and BMA dosages. The increase of
hydrophilic monomer AAM dosage resulted in a better monodispersity, but the increase of hydrophobic monomer BMA dosage led to a
worse monodispersity. With increasing the crosslinker methylenebisacrylamide (MBA) dosage, the mean diameter of the microspheres
decreased and the monodispersity became better. An equimolar composition of AAC and AAM in the IPN shells of the microspheres resulted
in a more complete shrinkage for the microspheres at temperatures lower than the upper critical solution temperature. Both BMA and MBA

additions depressed the swelling ratio of the hydrodynamic diameter of the microspheres.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Environmental stimuli-responsive microgel particles are
considered to be more effective than macroscopic gels for
many potential applications, because microgel particles
have a much higher interfacial area per unit mass of gel,
which results in much greater exchange rates. The
characteristic time of gel swelling has been reported to be
proportional to the square of a linear dimension of the
hydrogels [1]. Furthermore, microgel particles are readily
packed in columns or used internally in the body. Recently,
functional microspheres have been widely investigated [2—
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8] and a widespread attention has been paid to environ-
mental stimuli-responsive polymeric hydrogel microspheres
due to their potential applications in numerous fields [9-13],
including controlled drug delivery [14-19], chemical
separations [20,21], sensors [22-24], catalysis [25], and
enzyme immobilization [26]. As there are many cases in
which environmental temperature fluctuations occur natu-
rally and the environmental temperature stimuli can be
easily designed and artificially controlled, in recent years
much attention has been focused on thermoresponsive gel
microspheres [9-13,15,27-33]. Up to now, almost all of the
thermoresponsive hydrogel microspheres have been fea-
tured with negatively thermoresponsive volume phase
transition characteristics, i.e. the particles deswell with
increasing environmental temperature, because most of
them have been prepared with N-isopropylacrylamide [9-
13,15,27-32]. The volume phase transitions of these gel
microspheres in water have been observed that are driven by
hydrophobic interactions between the macromolecules [34].

In the last decade, another kind of thermoresponsive
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hydrogels has been reported that their volume phase
transitions are driven by another type of interactions
between the macromolecules, i.e. by hydrogen bonding
[34-39]. The hydrogels are mainly composed of an
interpenetrating polymer network (IPN) of poly(acryl-
amide) (PAAM) and poly(acrylic acid) (PAAC). Schematic
illustration of the principle of hydrogen bonding-driven
thermoresponsive volume phase transition in the PAAC/
PAAM based IPN is shown in Fig. 1 [34,35,39]. The IPN
hydrogels form intermolecular complexes via hydrogen
bonding at temperatures lower than the upper critical
solution temperature (UCST) while dissociate at tempera-
tures higher than the UCST. Driven by the hydrogen
bonding, the PAAM/PAAC based IPN hydrogels shrink at
lower temperatures and swell at higher temperatures,
revealing a positively thermoresponsive volume phase
transition behavior which is opposite to that of poly(N-
isopropylacrylamide). However, almost all of the previous
investigations about the PAAM/PAAC based IPN hydrogels
were focused on the macroscopic gels. Until very recently
[33], little work has been reported on positively thermo-
responsive microgel particles, although they should be
preferred to negatively thermoresponsive microgels in
certain applications.

On the other hand, morphology and monodispersity are
very important for the stimuli-responsive microgel particles
to improve their performance in various applications. For
example, a uniform microsphere particle size is important
for drug delivery systems, because the distribution of the
microspheres within the body is greatly affected by the
particle size [40]. In addition, if monodispersed micro-
spheres are available, the drug release kinetics can be
manipulated, thereby making it easier to formulate more
sophisticated systems. A spherical shape of the microgel
particles is also preferred for most of potential applications.
However, there have not been any reports on the
morphology and monodispersity of positively thermore-
sponsive microspheres.

The objective of the present work was to prepare
monodisperse microspheres with positively thermorespon-
sive volume phase transition characteristics, i.e. the
particles should be spherical and monodispersed, and the
particle swelling should be induced by an increase rather
than a decrease in temperature. This paper describes the
synthesis and characterization of monodispersed core-shell

—CH,—CH—CH,—CH—CH,—CH—

thermoresponsive hydrogel microspheres with PAAM/-
PAAC based IPN hydrogel shells, in which the volume
phase transitions are driven by hydrogen bonding.

2. Experimental section
2.1. Materials

Acrylamide (AAM) and methylenebisacrylamide (MBA)
were used after purifying by recrystallization in absolute
ethyl alcohol and then drying in vacuo at room temperature.
Acrylic acid (AAC), butyl methacrylate (BMA) and N,N'-
dimethylformamide (DMF) were distilled under reduced
pressure. Styrene (St) monomer was purified by 5 wt%
NaOH, and then purified by vacuum distillation and stored
in icebox. Potassium persulfate (KPS), which was used as a
free radical initiator, was reagent grade and used as received
without any further purification. Well-deionized and
deoxygenated water, whose resistance was larger than
16 MQ, was used in all the synthesis processes.

2.2. Preparation of core-shell microsphere seeds with
poly(AAM-co-St) cores and PAAM or poly(AAM-co-BMA)
shell layers

The preparation procedure of the core-shell microspheres
is schematically illustrated in Fig. 2. In the first step,
monodispersed poly(AAM-co-St) seeds were prepared by
emulsifier-free emulsion polymerization. A mixture of
AAM and St was dissolved in 165 mL of solvent in a 250-
mL four-necked round-bottom flask equipped with a
condenser, a nitrogen inlet, a thermometer and a stirrer.
Nitrogen was bubbled into the solution and the mixture was
stirred for 30 min at 550 rpm to remove oxygen from the
monomeric phase. Polymerization was initiated by adding
15 mL of an aqueous solution containing KPS. The reaction
was allowed to proceed for 2 h at 70 °C under stirring.

Then, keeping on the reaction by addition of AAM or
AAM plus MBA, and the polymerization was continued for
22 h at 70 °C. In some cases, certain amount of hydrophobic
monomer BMA was also added. In this second step, PAAM
or poly(AAM-co-BMA) shells were fabricated on the
microsphere seeds by free radical polymerization. The
resulting monodisperse microspherical seeds, with
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Fig. 1. Schematic illustration of the principle of thermoresponsive volume phase transition in the interpenetrating polymer network of poly(acrylic acid) and

poly(acrylamide) driven by hydrogen bonding.
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Fig. 2. Schematic illustration of the preparation procedure of the proposed
positively thermoresponsive core-shell hydrogel microspheres.

poly(AAM-co-St) cores and PAAM or poly(AAM-co-
BMA) shells, were dialyzed and purified by repetitive
centrifugation, decantation, redispersion with well-deio-
nized water, and then freeze-dried.

2.3. Preparation of core-shell microspheres with
PAAM/PAAC based IPN shells

The core-shell microspheres with PAAM/PAAC based
IPN shells were finished by a method of sequential IPN
synthesis, in which microspheres with PAAM or poly-
(AAM-co-BMA) shells and PAAC gels were synthesized as
initial matrix and as secondary gels, respectively. The seeds
with PAAM or poly(AAM-co-BMA) shells were immerged
in an aqueous AAC solution containing KPS and MBA as
initiator and crosslinker, respectively. After the core-shell
seeds swelling in the AAC solution for 24 h at 4 °C, the
monomer AAC was subsequently polymerized and cross-
linked within the initial core-shell seed matrixes for 24 h at
50 °C under nitrogen environment. The resulting micro-
spheres were separated centrifugally, washed three times
with deionized water, dialyzed against deionized water, and
then freeze-dried.

2.4. Morphological analysis

SEM images of both freeze-dried seeds with PAAM or
poly(AAM-co-BMA) shells and freeze-dried resulting
microspheres with PAAM/PAAC based IPN shells were
obtained using a scanning electron microscope (SEM;

Hitachi S-450, Japan) at an accelerating voltage of 20 kV.
Samples were mounted on a copper stub and sputter-coated
with gold to minimize charging at fixed conditions (time
150 s, current 20 mA, voltage 2 kV).

2.5. Compositional analysis

To confirm the preparation of seeds with PAAM shells
and the synthesis of microspheres with PAAM/PAAC based
IPN shells, the seeds with PAAM shells and IPN micro-
spheres were analyzed by Fourier transform infrared (FT-
IR) spectroscopy using a KBr method (Nicolet MX-1E,
USA).

2.6. Determination of the mean diameter and size
distribution of the freeze-dried microspheres

The size distribution of freeze-dried microspheres was
determined using a digital image analysis system on the
basis of the SEM photographs of the microspheres. In the
analysis, the particle number of each sample was always
more than 300. In order to describe the monodispersity of
microspheres quantitatively, an index named particle size
dispersal coefficient, Span, was defined as

Doy — Dy

1
Day (D

Span =
Where D, (n=10, 50, and 90) denotes the cumulative
number percentage of particles with diameter up to D, is
equal to n%. The smaller the value of Span, the narrower the
size distribution, i.e. the better the monodispersity. Usually,
when the value of Span is smaller than 0.4, the particles
could be taken as monodispersed [41,42].

2.7. Determination of thermoresponsive characteristics of
the core-shell microspheres with PAAM/PAAC based IPN
shells

The hydrodynamic diameters of the prepared core-shell
hydrogel microspheres at different temperatures were
determined by temperature-programmed photon correlation
spectroscopy (TP-PCS; Brookhaven BI-9000AT, USA).
This technique has been applied extensively to the
characterization of such materials, as it allows for in situ
size characterization of soft materials that cannot be reliably
sized by electron microscopes due to deformation and/or
dehydration under vacuum [10]. The dispersed particles in
water were allowed to equilibrate thermally for 10—15 min
before measurements were taken at each temperature. The
hydrodynamic diameters of particles were calculated from
diffusion coefficients by the Stokes—Einstein equation, and
all correlogram analyses were performed using the manu-
facturer-supplied software. In the data presented in this
study, each data point at a given temperature represents the
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average valve of 15-20 measurements, with a 20s
integration time for each measurement.

To quantitively evaluate the swelling ratio of the
microspheres at temperatures above the upper critical
solution temperature (UCST) to that below the UCST, a
swelling ratio of the hydrodynamic diameter at 40 °C to that
at 10 °C was introduced as

d,
Swelling ratio = —> (2)
dyo

Where dyo and djo are hydrodynamic diameters of the
microspheres at 40 and 10 °C, respectively.

3. Results and discussion

3.1. Morphology and monodispersity of microsphere seeds
with poly(AAM-co-St) cores and PAAM or poly(AAM-co-
BMA) shell layers

The morphology and monodispersity of the prepared
microspheres with PAAM/PAAC based IPN shells are
principally dependent on those of the seeds. Therefore, it is
very important and essential to investigate the morphology
and monodispersity of microsphere seeds with poly(AAM-
co-St) cores and PAAM or poly(AAM-co-BMA) shell
layers.

Fig. 3 shows the morphological characteristics of
poly(AAM-co-St) microsphere seeds with PAAM shells
prepared with different AAM dosages in the free radical
polymerization step. Fig. 3(a)—(d) show the SEM micro-
graphs of the seeds prepared with 0.5, 1.0, 1.5 and 2.0 g of
AAM, respectively, and Figure 3(e) illustrates the effect of
the AAM dosage on the mean diameter and monodispersity
of the seeds. The SEM micrographs show that all of the
seeds were satisfactorily spherical. The Span coefficients of
the microsphere seeds in all of the cases were always less
than 0.3, i.e. the seeds were monodispersed. With increasing
the AAM dosage in the preparation of the PAAM shell
layer, the mean diameter of microspheres increased; mean-
while the monodispersity became better slightly. The
PAAM shell layers were fabricated on the poly(AAM-co-
St) core seeds by a free radical polymerization method. By
this method, the reaction manner was in graft polymeriz-
ation because of some living radicals on the surfaces of
polymerizing core particles. Because the number of core
seeds per unit volume was constant, and monomer AAM
contributed only to the PAAM shell formation on the seeds,
therefore the mean diameters of the core-shell microsphere
products became larger simply with increasing the AAM
dosage. On the other hand, the free radical density of
smaller particles was larger relatively, which was helpful for
the smaller particles to absorb more monomers or polymers
with low molecular weight onto their surfaces to form larger
particles. Therefore, with increasing the AAM dosage, the

monodispersity of the core-shell microspheres became
better.

Fig. 4 shows the morphological characteristics of the
microsphere seeds with poly(AAMco-BMA) shells pre-
pared with different BMA dosages in the free radical
polymerization. Fig. 4(a)—(d) illustrate the SEM micro-
graphs and Fig. 4(e) shows the effect of BMA dosage on the
mean diameter and monodispersity. With increasing the
dosage of hydrophobic monomer BMA, the mean diameter
of microsphere seeds increased, and the monodispersity
became worse slightly. The increment of BMA dosage was
not only beneficial to the particle growth, but also resulted in
an increase of the number of colloidal droplets, i.e. the
chances for forming small polymeric nucleus increased;
therefore, the particle size dispersal coefficient became
larger slightly as a result.

Fig. 5 illustrates the morphological characteristics of the
poly(AAM-co-St) microsphere seeds with PAAM shells
prepared with different MBA dosages in the free radical
polymerization step. Fig. 5(a)—(d) show the SEM micro-
graphs and Fig. 5(e) illustrates the effect of MBA dosage on
the mean diameter and monodispersity. With increasing the
dosage of crosslinker MBA, the mean diameter of the seeds
decreased, and the particle size dispersal coefficient became
smaller at the same time, i.e. monodispersity became better.
The increment of crosslinking density of the shell layers of
the seeds, which was resulted from the increase of
crosslinker MBA dosage, hindered the diffusion of mono-
mers into the nucleus; therefore prevented the seeds from
growing. The larger the crosslinker MBA dosage, the more
serious the hindrance, and then the smaller of the final size
of the seeds. Meanwhile, with increasing the crosslinker
MBA dosage, the chance of nucleation by the intertwining
of polymer chains increased, and the nucleation time
shortened.

In the subsequent growth stage, because the ratio of
surface area to volume was larger for smaller particles, it
was possible for the smaller particles to absorb more
monomer. As a result, the growth rate of smaller particles
was faster than that of larger ones. Therefore, the particle
size trended to be uniform in the system finally, i.e. the
monodispersity of the prepared microspheres became better.

3.2. Morphological comparison between the poly(AAM-co-
St) seeds with PAAM shells and the microspheres with
PAAM/PAAC based IPN shells

Fig. 6 shows SEM images of the poly(AAM-co-St) seeds
with PAAM shells and the corresponding microspheres with
PAAM/PAAC based IPN shells, from which it can be seen
that both the core-shell seeds and the resulting IPN
microspheres are highly monodisperse. The results in Fig.
6 show that the appearances, the particle size distributions
and the mean diameters of the IPN microspheres were
almost the same as those of the corresponding coreshell
seeds. Because the seeds with PAAM shells were the initial
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Fig. 3. Morphological characteristics of poly(AAM-co-St) microsphere seeds with PAAM shells prepared with different AAM dosages in the free radical
polymerization. (a, b, ¢ and d) SEM micrographs of the seeds prepared with 0.5, 1.0, 1.5 and 2.0 g of AAM, respectively. Scale bar 1 pm. (e) Effect of AAM
dosage on the mean diameter and monodispersity of the seeds.

matrix for the IPN synthesis, the morphology and mono- microspheres with PAAM/PAAC based IPN shells, in
dispersity of the final IPN microspheres were proven to be which the IR spectra for carbonyl stretching regions for
dependent on those of the core-shell seeds consequently. pure PAAM, pure PAAC and mixed PAAM/PAAC blends

Fig. 7 shows the KBr FT-IR spectra of the poly(AAM- are compared. Carbonyl stretching resonances for pure

co-St) seeds with PAAM shells, pure PAAC gels and systems of PAAM and PAAC are observed at 1671 and
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Fig. 4. Morphological characteristics of poly(AAM-co-St) microsphere seeds with poly(AAM-co-BMA) shells prepared with different BMA dosages in the

free radical polymerization. (a, b, ¢ and d) SEM micrographs of the seeds prepared with 0.0, 34.4, 51.3 and 67.8 wt% of [BMA]/([BMA]+[AAM]),
respectively. Scale bar 1 um. (e) Effect of BMA dosage on the mean diameter and monodispersity of the seeds.

1715 cm ™', respectively. A distinctly different absorption PAAC based IPN microspheres. These experimental
band at 1664 cm™' is observed for the PAAM/PAAC observations confirm the PAAM/PAAC IPN synthesis
blends, attributed to PAAM carbonyl groups involved in in the preparation of microspheres, i.e. the prepared
hydrogen-bonded complexes, and a distinct absorption microspheres are proven to be constructed with PAAM/

band at 1719 cm™~! is also observed for the PAAM/ PAAC based IPN architecture.
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Fig. 5. Morphological characteristics of poly(AAM-co-St) microsphere seeds with PAAM shells prepared with different MBA dosages in the free radical
polymerization. (a, b, c and d) SEM micrographs of the seeds prepared with 0.41, 0.82, 1.23 and 1.65 wt% of [MBA]/(IMBA]+[AAM]), respectively. Scale
bar 1 um. (e) Effect of MBA dosage on the mean diameter and monodispersity of the seeds.

3.3. Thermoresponsive swelling characteristics of the core-
shell microspheres with PAAM/PAAC based IPN shells

The temperature dependence of hydrodynamic diameter
of the prepared microspheres with PAAM/PAAC based IPN
shells is shown in Fig. 8, in which the microspheres exhibits

a positively thermoresponsive volume phase transition
behavior. The hydrodynamic diameters of the microspheres
were about 215 nm in the temperature range from 10 to
15°C, and increased to 370-380 nm in the temperature
range from 30 to 40°C. A sharp transition of the
hydrodynamic diameters occurred on going from 15 to
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Fig. 6. SEM micrographs of poly(AAM-co-St) seeds with PAAM shells and the resulting microspheres with PAAM/PAAC based IPN shells. (a, ¢) seeds, (b, d)
corresponding microspheres. (a, b) [AAM]=2.0 g in the preparation of PAAM shells on seed cores (the second-step), (c, d) [AAM]=1.0 g. Scale bar 1 um.

25 °C, which corresponded to the UCST of PAAM/PAAC
based IPN hydrogels [34-39]. Below the UCST, PAAM/
PAAC intermolecular complexes formed by hydrogen
bonding, and the chain—chain zipper effect made the IPN

R
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Fig. 7. KBr FT-IR spectra of (a) poly(AAM-co-St) seeds with PAAM Fig. 8. Temperature-induced volume phase transition behavior of the core-
shells, (b) poly(acrylic acid) and (c) microspheres with PAAM/PAAC shell microspheres with PAAM/PAAC based IPN shells. No BMA and

based IPN shells. MBA were added in the fabrication of PAAM shells on seed cores.
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layers shrunken, as a result the mean hydrodynamic
diameter was small. In contrast, the IPN microspheres
were in the swollen state at temperatures above the UCST
due to PAAM/PAAC complex dissociation by the breakage
of hydrogen bonds, therefore resulting a larger hydrodyn-
amic diameter.

Fig. 9 shows the effect of the AAC molar fraction of
(AAC+ AAM) in the IPN shells of the microspheres on the
hydrodynamic diameters at 10 °C in deionized water. The
curve displayed a minimum hydrodynamic diameter at 0.5
molar fraction of AAC. This result suggested that the
PAAM/PAAC complex formed more strongly when the
AAC molar fraction was equal to the AAM molar fraction in
the IPN shell layer. The strong shrinkage of the IPN shells at
0.5 molar fraction of AAC at temperatures lower than the
UCST was due to the precipitation of equimolar PAAM/
PAAC hydrogen bonding polymer complexes. At other
AAC molar ratios, the hydrodynamic diameter of the
microspheres increased as AAC fraction shifted away from
0.5to O or 1. Fig. 10 shows the effect of AAM dosage in the
PAAM shell fabrication on the swelling ratio of hydrodyn-
amic diameter of microspheres at 40 °C to that at 10 °C. The
result presented a maximum swelling ratio of the hydro-
dynamic diameter for the microspheres prepared with a
moderate AAM dosage in the PAAM shell fabrication.
Either less or more AAM dosage resulted in smaller
swelling ratios of the hydrodynamic diameters. When the
AAM dosage was small in the fabrication of shells on the
seeds, a thin shell layer was resulted; therefore the swelling-
shrinkage degree of the core-shell particle was limited. With
increasing the AAM dosage, the thickness of the fabricated
shell layer increased, resulting in an increase of the swelling
ratio of hydrodynamic diameter. However, when the AAM
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Fig. 9. Effect of the AAC molar fraction of (AAC+ AAM) in the IPN shells
on the hydrodynamic diameters of core-shell microspheres at 10 °C in
deionized water.
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Fig. 10. Effect of AAM dosage in the PAAM shell fabrication on the
swelling ratio of hydrodynamic diameters of core-shell microspheres at
40 °C to that at 10 °C.

o
o
o
o

dosage increased too much, a very thick PAAM shell layer
was resulted, making it difficult for crosslinked PAAC
polymers formed throughout the whole shell layer in the
IPN fabrication, i.e. it became difficult to achieve equimolar
composition of AAC and AAM in the IPN shells.

Fig. 11 illustrates the effect of BMA and MBA additions
in the PAAM shell preparation on the swelling ratio of
hydrodynamic diameters of the microspheres at 40 °C
to that at 10 °C. By comparing sample No. 1 with sample
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Fig. 11. Effect of BMA and MBA additions in the PAAM shell preparation
on the swelling ratio of hydrodynamic diameters of core-shell microspheres
at 40 °C to that at 10 °C.
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No. 3, it was found that the swelling ratios of the
hydrodynamic diameters of IPN microspheres decreased
when adding BMA into the experimental recipe for the
preparation of PAAM shells. The hydrophobic monomer
BMA has been reported to contribute to the mechanical
properties of the PAAM/PAAC based IPN macroscopic
IPNs [35], the increase in the mechanical strength of the IPN
shell restricted the swelling and shrinkage of the micro-
spheres. In addition, hydrophobic interactions have been
proposed to increase with increasing BMA content in the
IPNs [35,37]. The hydrophobic interactions prevented the
polymer chain complexes from dissociating, i.e. stabilized
the hydrogen bonding complexation of the PAAM/PAAC
based IPNs. By comparing sample No. 1 with sample No. 2
or sample No. 3 with sample No. 4, the results showed that
the swelling ratio of the hydrodynamic diameters of
microspheres also decreased to some extents with increas-
ing crosslinker MBA dosage. By adding crosslinker MBA in
the PAAM shell preparation or increasing MBA dosage in
the IPN synthesis, the network of PAAM chains or that of
PAAC chains became more rigid and the polymer chains
restricted to each other more strongly, therefore the
deformation of the IPN shells became more difficult. As a
result, the swelling ratio of the hydrodynamic diameter of
the microspheres was depressed. The results indicated that
the swelling ratio of the microspheres could be adjusted by
regulating the hydrophobic monomer BMA dosage and the
crosslinker MBA dosage in the preparation.

4. Conclusions

The morphology, monodispersity and thermoresponsive
swelling characteristics of coreshell PAAM/PAAC based
IPN hydrogel microspheres with a volume phase transition
driven by hydrogen bonding have been investigated
systematically. The microspheres were featured with
satisfactory monodispersity and positively thermorespon-
sive volume phase transition characteristics with tunable
swelling kinetics, i.e. the particle swelling was induced by
an increase rather than a decrease in temperature. With
increasing monomer AAM dosage in the PAAM shell
preparation, the diameter of microspheres increased and the
monodispersity became better. With increasing hydro-
phobic monomer BMA dosage, the mean diameter of
microspheres increased while the monodispersity became
worse. With increasing crosslinker MBA dosage, the
microsphere size decreased and the monodispersity became
better. An equimolar composition of AAC and AAM in the
IPN shells resulted in a more complete shrinkage for the
microspheres at temperatures lower than the UCST. The
swelling ratios of the hydrodynamic diameters of micro-
spheres decreased when adding hydrophobic monomer
BMA and/or crosslinker MBA into the experimental recipe
for the preparation of the functional shells of the
microspheres.
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