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Abstract Poly(methyl methacrylate) (PMMA)/silver nano-
composite microspheres with unique multihollow structures
were prepared by suspension polymerization in the pres-
ence of dual dispersion agents. The addition of a lipophilic
emulsifier, polyethylene glycol (30EO) dipolyhydroxystearate
(Arlacel P135), not only stabilized water-in-oil (W/O)
emulsion, but also converted silver nanoparticles from
hydrophilic to lipophilic. When a suspension polymerization
dispersion agent, poly(vinyl alcohol), was added to the above
W/O emulsion system, a water-in-oil-in-water suspension was
formed with silver nanoparticles dispersed in the oil phase.
The suspension polymerization was carried out at low
temperature with 2,2’-azobis(2,4-dimethylvaleronitrile) as
the initiator. When modified silver nanoparticles were added,
the rate of polymerization increased slightly. High monomer
conversion (about 85%) was obtained in spite of low
polymerization temperature of 30 °C. Under controlled
conditions, PMMA/silver microspheres with various hollow
structures were synthesized. The PMMA/silver microspheres
with multihollow structure showed high antibacterial ability.
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Introduction

Recently, control of the morphology of particles has
become an intensive area due to the important effects of
particle morphology on the physical properties of the
particles. The synthesis of core-shell, microdomain, inter-
penetrating network, and multihollow particles has been
reported [1]. Multiple emulsions, or emulsions in emul-
sions, are complex systems in which small droplets are
encapsulated by large droplets. These complicate emulsion
systems are widely used to encapsulate active ingredients in
myriad applications, including drug delivery [2, 3], foods
[4, 5], cosmetics [6, 7], chemical separations [8], and
syntheses of microspheres and microcapsules [9—13]. Many
methods such as alkali swelling, dynamic swelling, and
emulsion polymerization have been used to prepare hollow
particles.

Among them, water-in-oil-in-water (W/O/W) double
emulsion-based techniques are indeed attractive because
the resulting double emulsions have two interfaces in the
system: a small internal aqueous phase is dispersed in an oil
phase, which, in turn, is dispersed in the second aqueous
phase [14]. Okubo and co-workers [15—17] prepared
submicrometer-sized multihollow particles via both alkali
swelling and dynamic swelling methods. Omi et al. [18]
produced hollow particles by two-stage suspension poly-
merization using a Shirasu porous glass membrane. Yang
et al. [19] prepared micrometer-sized multihollow spheres
of epoxy resin by a phase inversion technique. Several
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researcher prepared poly(methyl methacrylate) (PMMA)
multihollow particles by W/O/W emulsion polymerization
technique [20, 21].

The materials formed by embedding of inorganic
particles into polymeric matrices represent a new class of
polymeric materials that combine the properties of the
inorganic particles (in terms of mechanical strength,
modulus, and thermal stability) with the processability and
the flexibility of organic polymer matrix. Of course, such
materials can be obtained by simply mixing required
organic and inorganic components [22]. However, in order
to achieve the best dispersion of inorganic particles in
polymer matrix and interfacial adhesion between the
polymer and inorganic particle, the techniques for synthe-
sizing composite particles made of inorganic particles
encapsulated by polymers have been developed [23, 24]
by using miniemulsion [25, 26], suspension [27], dispersion
[28], and emulsion polymerization techniques [29, 30].

Poly(methyl methacrylate) is an important polymeric
material with high light transmittance, colorlessness, chem-
ical resistance, and weathering corrosion resistance. Due to
these superior characteristics, PMMA has been widely used
in coating, optical fiber, outdoor electrical applications, etc.
[31-34].

Silver nanoparticles are widely used as photosensitive
components [35], catalysts [36, 37], Raman spectroscopy
enhancement additive [38], and chemical analysis [39].
Especially, silver is known to have a wide antibacterial
spectrum [40]. Additionally, due to its comparatively high
safety [41], many researchers have successfully developed
antibacterial and disinfectant agents with silver composites
using various carriers. In recent years, much effort has been
devoted to the studies of the in situ synthesis of metal
nanoparticles inside polymer matrix [42—44]. Zhu et al. [45]
reported a method in that the reduction of silver ions and
the polymerization of monomers occurred simultaneously
by y-irradiation.

In our previous study, polymer/silver microspheres were
prepared using suspension polymerization of monomer in
the presence of hydrophilic silver nanoparticles [46—48].
However, the hydrophilic silver nanoparticles could not
embed into polymer matrix uniformly but formed aggre-
gates. In order to disperse the silver nanoparticles in
polymer matrix, hydrophilic silver nanoparticles were
modified by an oil-soluble surfactant, polyethylene glycol
(30EO) dipolyhydroxystearate (Arlacel P135), which is
commonly used for preparing W/O emulsion. Because of
the low hydrophile-lyophile balance (HLB) number of
Arlacel P135, the surface of the silver nanoparticles was
converted from hydrophilic to hydrophobic by the adsorp-
tion of Arlacel P135, which resulted in a good dispersion of
the silver nanoparticles in monomer droplets and polymer
matrix. The effects of modified silver nanoparticles on the
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polymerization behaviors, morphology of PMMA micro-
spheres, and antibacterial ability of the final particles are
reported in this article. The control of hollow structure of
PMMA in the presence of Ag nanoparticles is also studied.

Experimental
Materials

Methyl methacrylate purchased from Aldrich was sequen-
tially washed with NaHSO3 aqueous solution and water,
and then dried with anhydrous CaCl,, followed by
distillation in a nitrogen atmosphere under reduced pressure
[49]. The monomer-soluble initiator, ADMVN (Wako), was
recrystallized twice in methanol before use. Poly(vinyl
alcohol) (PVA) with number-average molecular weight of
127,000 and degree of saponification of 88% (Aldrich Co.)
was used as a suspending agent. Arlacel P135 was used as
an oil-soluble surfactant. Aqueous silver nanoparticle
dispersion (AGS-WP001, 10,000 ppm) with diameters ca.
15-30 nm was purchased from Miji Tech., Korea. Deionized
water was used for all the experiments.

Preparation of PMMA/silver nanocomposite microspheres

To prepare PMMA/silver nanocomposite microspheres,
0.06-0.54 g of Arlacel P135 was dissolved in 60 ml
MMA monomer. After the surfactant Arlacel P135 was
dissolved, 3.6 ml of silver nanoparticle in water suspension
(10,000 ppm) and desired initiator (0.0001 mol/mol based
on MMA) was mixed with 60 ml MMA monomer under
ultrasonification for 5 min using Bandelin UW 3,100
equipment. Because Arlacel P135 is a low HLB surfactant,
the silver nanoparticles were converted from hydrophilic to
hydrophobic by adsorption of Arlacel P135, and transferred
from aqueous phase to monomer phase. The mixture was
then ultrasonificated at room temperatures for 5 min.
Because a small amount of water was introduced into the
monomer phase during the addition of silver nanoparticles,
water in oil emulsion was formed in the presence of Arlacel
P135. The above W/O emulsion was poured into a 250-ml
round flask equipped with a two-bladed Teflon impeller and
a condenser filled with 90 ml of 5% PVA—water solution.
Due to the synergistic effects of oil-soluble surfactant
Arlacel P135 and water soluble dispersing agent PVA, a
W/O/W suspension was formed, and silver nanoparticles
were dispersed in the monomer phase (confirmed by
scanning electron microscope [SEM] picture of the final
polymer particles, as shown later). The polymerization of
MMA in the presence of aqueous silver nanoparticle
dispersion was conducted at different temperatures under
N,. After predetermined times, the reaction mixture was
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Table 1 Suspension polymerization conditions of MMA

Conditions

Type of initiator ADMVN

Type of suspending agent PVA

Initiator concentration 0.0001, 0.0005, 0.001 mol/mol
of MMA

Suspending agent concentration 0.15, 0.5, 0.9 g/l of water

MMA /water 0.5, 1.0 11

Rpm 500

Temperature 30, 40, 50°C

Silver nanoparticles
dispersion content
Surfactant concentration

5, 10 wt% of MMA

0.01, 0.03, 0.06, 0.09 wt%
of MMA

cooled and kept for 1 day to separate the PMMA/silver
spheres. The final PMMA/silver spheres were filtered and
washed with warm water, and finally dried to remove
monomer residue.

Conversion was calculated by measuring the weight of
the final PMMA/silver microspheres. In the case of
calculating of conversion, the weight of silver was ignored
because the ratio of silver nanoparticles in the PMMA
microsphere is less than 0.1%. Conversions were averages
of three determinations. The detailed polymerization con-
ditions are given in Table 1.

Characterizations

The molecular weights of PMMA were calculated using Eq.
1 [50].

[n] = 5.5 x 107°[M,]°7° (in benzene at 25°C) (1)

where [7] is intrinsic viscosity. The number-average degree
of polymerization (Pn) of PMMA was calculated from Mn.
To precisely obtain the Pn of PMMA, in each case, the
PMMA/silver spheres were purified by reprecipitation and
centrifuged (20,000 rpm) from a benzene/hexane mixture,
finally dried in a vacuum oven at 60 °C.

The surface morphology of the PMMA/silver micro-
spheres was examined using a Hitachi S-570 scanning
electron microscope (SEM). To confirm the successful
incorporation of silver nanoparticles into PMMA micro-
spheres, wide-angle X-ray diffraction (XRD) measurements
were performed at room temperature with a Rigaku (D/Max
[IB) X-ray diffractometer using Ni-filtered CuKo radia-
tion. The antibacterial performance was investigated to
examine the biological function of PMMA/silver nano-
particle microspheres by KSM 0146 (shake flask method)
using ATCC 6538 (Staphylococcus aureus) and ATCC
25922 (Escherichia coli).

Results and discussion

Suspension polymerization behavior of PMMA/silver
microspheres

In the current study, ADMVN was used to prepare PMMA/
silver nanocomposite microspheres at room temperature.
Figure la presents the conversion—time relationship at
different polymerization temperatures with an initiator
concentration of 0.0001 mol/mol of MMA in the presence
of modified silver nanoparticles. Although a low initiator
concentration was used, the conversion increased steadily
with the reaction time at a reaction temperature of 30-50 °C
until ca. 85-95% of conversion. The high conversion
suggests that the chain transfer and termination reactions
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Fig. 1 Conversion of MMA into PMMA/silver suspension polymer-
ization (a) with different polymerization temperatures (b) with
different ADMVN concentrations at 40 °C. (ADMVN concentration:
0.0001 mol/mol of MMA; concentration of suspension agent PVA:
0.15 g/l of water; surfactant concentration: 0.09 wt% of MMA; silver
nanoparticles dispersion content: 10 wt% of MMA)
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Table 2 Molecular weights of pure PMMA and PMMA/silver

Sample P,

3.56x107*
3.27x107*

Pure PMMA
PMMA/silver 5%

were not significant under the conditions used in this study.
The molecular weights of pure PMMA and PMMA/silver
microspheres are given in Table 2. Pure PMMA and PMMA/
silver nanocomposite microspheres used for calculating
molecular weight were prepared in the same conditions. As
shown in Table 2, the molecular weight of PMMA/silver 5%
nanocomposite microspheres is similar to that of pure
PMMA. Conversions at different initiator concentrations
with or without modified aqueous silver nanoparticles at
40 °C are shown in Fig. 1b. The polymerization rate was
increased with increasing the initiator concentration, which
coincided well with the theoretical predictions [51].

In our previous study [47], the rates of polymerization
with hydrophilic silver nanoparticles dispersed in water are
slightly lower than those without silver nanoparticles, while
all cases in this study, the rates of polymerization with
modified silver nanoparticles are slightly higher than these
without silver nanoparticles. The actual reason for the
increase in the polymerization rate when the silver nano-
particles were dispersed in the water phase, but the decrease

Fig. 2 a SEM photographs of
pure PMMA microspheres and
(b) PMMA/silver nanocompo-
site microspheres with silver
nanoparticles concentration of
10 wt%. (ADMVN concentra-
tion: 0.0001 mol/mol of MMA;
concentration of suspension
agent PVA: 0.5 g/l of water;
surfactant concentration:

0.09 wt% of MMA)

in the polymerization rate when the silver nanoparticles
were dispersed in monomer phase is not clear and more
work is needed.

Morphology of PMMA/silver nanocomposite microspheres

Scanning electron microscope photographs of PMMA and
PMMA/silver microspheres with 10 wt% silver nano-
particles and 0.5 g/l PVA (based on water phase) are
presented in Fig. 2. As expected, the surface of pure
PMMA microspheres shown in Fig. 2a is smooth and clean.
In Fig. 2b, the surface of PMMA/silver nanocomposite
microspheres reveal the round form shadings appeared by
inner hollow structures. To further study the hollow
structure in the PMMA/silver nanocomposite microspheres,
the cross-section and inner surface of the PMMA/silver
nanocomposite microspheres were investigated. As shown
in Fig. 3, pure PMMA microspheres have smooth and clean
cross-section, while PMMA/silver nanocomposite micro-
spheres have multihollow structures and silver nanopar-
ticles were well-dispersed in the matrix of PMMA without
any aggregation. The hollow structure of the PMMA
microspheres indicates the presence of W/O/W emulsion
during the polymerization. It is believed that the synergic
effect of hydrophobic surfactant Arlacel P135 and mono-
mer dispersion agent PVA played an important role in the
formation of W/O/W emulsion. In other words, the low

30 um
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Fig. 3 SEM photographs of
cross-section and inner surfaces
of a pure PMMA microspheres
and b PMMA/silver nanocom-
posite microspheres with silver
nanoparticles concentration of
10 wt%. (ADMVN concentra-
tion: 0.0001 mol/mol of MMA;
concentration of suspension
agent PVA: 0.5 g/l of water;
surfactant concentration:

0.09 wt% of MMA)

30 um

30 um

HBL surfactant Arlacel P135 functions as both W/O Various hollow structures of PMMA/silver nanocompo-
emulsifier and silver nanoparticle modification agent, and  site microspheres are shown in Fig. 4. The structure of the
PVA functions as an O/W emulsifier. As a result, a W/O/W  pores inside the PMMA microspheres is dependent on the

suspension was formed.

Fig. 4 Various hollow struc-
tures of PMMA/silver nano-
composite microspheres with

a 0.01 wt%, b 0.03 wt%,

¢ 0.06 wt%, and d 0.09 wt%
surfactant concentration of
MMA. (ADMVN concentration:
0.0001 mol/mol of MMA; con-
centration of suspension agent
PVA: 0.5 g/l of water; silver
nanoparticles dispersion content:
10 wt% of MMA)

concentration of surfactant Arlacel P135. This result

30 um

30 um
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Fig. 5 XRD patterns of pure PMMA microspheres and PMMA silver
nanocomposite microspheres; a pure PMMA, b PMMA/silver with
5 wt% silver nanoparticles, and ¢ PMMA silver with 10 wt% silver
nanoparticles. (ADMVN concentration: 0.0001 mol/mol of MMA;
concentration of suspension agent PVA: 0.5 g/l of water; surfactant
concentration: 0.09 wt% of MMA)

indicates the hollow structured PMMA microspheres, either
with or without silver nanoparticles, could be synthesized
and controlled by an in situ suspension polymerization
method as reported in this study. For example, the inner
morphology of PMMA/silver nanocomposite microspheres
could be changed from single hollow to multi-hollow by
increasing of Arlacel P135 concentration. It is well-known
that the size of liquid droplets in an oil phase is dependent
on the surfactant concentration.

Therefore, it is reasonable to believe that at low Arlacel
P135 concentration, one large water droplet was formed
inside the monomer suspension, resulting in a large and
single hollow polymeric microspheres, as shown in Fig. 4a.
However, as Arlacel P135 concentration was increased,
many small water droplets were formed and encapsulated
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inside the oil droplet, resulting in the formation of multi-
hollow morphology as shown in Fig. 4b—d. It was also
noted that the size of the hollow microspheres decreased as
the surfactant concentration increased, which agrees well
with the general theory [52-55].

The PMMA microspheres and PMMA/silver nanocom-
posite microspheres with silver nanoparticle contents of 5
and 10 wt% were characterized by XRD, and the results are
shown in Fig. 5. The XRD pattern of PMMA/silver
nanocomposite microspheres shows diffraction peaks at 26
of ca. 38.2°, 44.6°, 64.1°, and 77.5°, respectively. Because
PMMA is a typical amorphous polymer, the diffraction
peaks in the XRD pattern should be ascribed to the crystal
structure of silver. The XRD pattern clearly indicates that
PMMA //silver nanocomposite microspheres were successful-
ly prepared with modified silver nanoparticles. According to
the results of reference [56], these peaks are corresponding to
the 111, 200, 220, and 311 planes of the silver nanocrystals
with cubic symmetry.

In order to evaluate the biological function in the
PMMA/silver nanocomposite microspheres, the antibacte-
rial test was conducted and the results are shown in Fig. 6.
In the absence of silver nanoparticles (PMMA micro-
spheres), the number of bacteria remained constant.
However, by adding silver nanoparticles to the PMMA
microspheres, the number of bacteria decreased dramatical-
ly. Moreover, as the concentration of silver nanoparticles
increased, the number of bacteria decreased more sharply.
Within 1 week, most of the initially inoculated bacteria
disappeared. From this result, it is evidenced that the
PMMA/silver nanocomposite microspheres have powerful
antibacterial ability. Even though the silver nanoparticles
were entrapped in the internal voids of the microspheres,

107

—&— PMMA microspheres
—— PMMA/Ag(5%) microspheres

106 —w— PMMA/Ag(10%) microspheres

108

10

108

[bacteria] | (cfu/g)

102

10! | |
0 5 10 15 20 25 30 35

Incubation time (day)

Fig. 6 Preservation performance of PMMA/silver nanocomposite
microspheres. (ADMVN concentration: 0.0001 mol/mol of MMA;
concentration of suspension agent PVA: 0.5 g/l of water; surfactant
concentration: 0.09 wt% of MMA)
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the ionization of silver metals seems to happen effectively
through the nanosized pore channels of the polymer wall
[21]. Hereby, it is verified that a high antibacterial ability of
silver nanoparticles can be achieved by immobilizing the
silver nanoparticle in a polymer matrix.

Conclusions

In this work, PMMA/silver nanocomposite microspheres
with multihollow morphology were successfully prepared
by suspension polymerization of MMA in the presence of
modified silver nanoparticles and a low HBL surfactant.
High conversion of the polymerization (85%) was achieved
when low temperature initiator (ADMVN) was used. The
hollow structure can be controlled by the concentration of
Arlacel P135, and the suspension particle size is affected by
silver nanoparticle addition. In the case of using the
modified silver nanoparticles, the rate of polymerization
increased slightly. Preservation test indicates the PMMA/
silver nanocomposite microspheres with multihollow struc-
ture showed a powerful antibacterial ability.
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