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Surface-modified silver nanoparticles (NAg) were encapsulated into a polystyrene (PS) matrix by in situ miniemulsion
polymerization. Silver nanoparticles were modified with 3-aminopropyltrimethoxysilane (APTMS) that acts as a coupling agent
and costabilizer in the polymerization reaction. The PS-Nag nanocomposites synthesized via miniemulsion polymerization were
made at two different concentrations of the initiator (0.7 and 2.5 g/L in H2O); at higher concentration of the initiator the
conversion and efficiency of encapsulation increases, and the average particle size decreases. The PS-NAg composites showed
excellent antimicrobial performance toward bacteria such as Escherichia coli and Staphylococcus aureus.

1. Introduction

Polymer nanocomposites represent a new alternative to
conventionally filled polymers. Nanocomposites exhibit
markedly improved properties when compared to the pure
polymers or their traditional composites. These properties
include better mechanical properties, barriers to different
gases, thermal stability, and flame retardant enhancements
[1–5]. Recently, nanoparticles as Ag, TiO2, and ZnO have
shown excellent antimicrobial properties [6, 7]. The antibac-
terial potential of silver nanoparticles has attracted great
interest in the last years [8]. However, nanoparticles cannot
be directly used for antimicrobial purposes without any
modification. The application of nanoparticles varies widely
based on their physical properties like apparent density,
surface area, and morphology, which are strongly related to
the preparation method.

Polymers are found to be very effective support for
stabilization of nanoparticles. Inorganic-polymer hybrid
microspheres have attracted great attention due of the
different characteristics that the material can exhibit such

as chemical resistance and mechanical behavior [9–12]. The
properties of nanocomposites are greatly influenced by the
dispersing degree of nanoparticles in the polymer matrix
and the interfacial adhesion between components. There
are several heterophase processes that allow the formation
of polymeric nanoparticles in water; the most well-known
method is the emulsion polymerization technique, which is
used in many industrial applications. However, this tech-
nique is not well suited to the encapsulation of preformed
polymeric or inorganic materials. In contrast, miniemulsion
polymerization process is a very versatile technique for the
formation of a broad range of polymers and structured
materials in confined geometries [13]. This technique is a
particularly attractive way to obtain polymer nanoparticles
with uniform size [14, 15]. Miniemulsions consist of small,
stable, and narrowly distributed droplets in a continuous
phase, usually obtained by applying high shear, either by
ultrasonication or high-pressure homogenizers. The high
stability of the droplets is ensured by the combination
of the amphiphilic component, the surfactant, and the
costabilizer, which is soluble and homogeneously distributed
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in the droplet phase. The costabilizer has a lower solubility
in the continuous phase than the rest of the droplet phase
and, therefore, builds up an osmotic pressure in the droplets
(it is, therefore, also called an osmotic pressure agent)
counteracting the Laplace pressure [16]. Such small droplets
can then act as nanocontainers in which reactions can take
place, either inside the droplets or at the interface of the
droplets, resulting in most cases in the formation of polymer
nanoparticles [17–19]. The interaction between the polymer
and inorganic component plays an important role in the
inorganic-polymer hybrid microspheres preparation [20].
An effective route to enhance this compatibility is by selecting
the right agent to modify the surface properties of nanopar-
ticles. In order to increase the encapsulation, efficiency of
the hydrophilic nanoparticles is important to improve the
hydrophobicity of the particle surface, which is obtained
throughout the functionalization using a coupling agent.
Tang and Dong used aminopropyltriethoxy silane (APTES)
in the surface modification of silver nanoparticles to improve
the dispersion and adhesion, when they were incorporated
into a polymer matrix achieving affinity with the monomer
[10]. Furthermore, according to Landfester [16], silanes can
act as costabilizers in the miniemulsions formulation.

In this work, we studied the encapsulation of silver
nanoparticles into a polystyrene matrix using miniemul-
sion polymerization. The effect on polymerization kinetics
with 2,2′-azobisisobutironytrile (AIBN) as initiator and
cetyltrimethyl ammonium bromide (CTAB) as surfactant
was studied. In addition, the antimicrobial activity of the PS-
Nag nanocomposites against Escherichia coli and Staphylococ-
cus aureus strains was evaluated.

2. Experimental

2.1. Materials. Commercial (NAg) silver nanoparticles with
an average particle size less than 30 nm (99.5% pure),
from SkySpring nanomaterials, were used in this study. 3-
aminopropyltrimethoxy silane (APTMS) (97% pure) was
used as a coupling agent, and octane with a 98% of purity
was used as dispersion media. Cetyltrimethyl ammonium
bromide (98% pure) from Aldrich, which was previously
recrystallized in an ethanol-acetone mixture, was used as
surfactant. Also, hexadecane (HD) (99% pure) was used
as costabilizing agent. Styrene (St), methacrylic acid (99%
pure), and 2,2-azobisisobutironytrile (AIBN) from Aldrich
Co. were used as monomer, comonomer, and initiator,
respectively. Deionized water was used as solvent.

2.2. Surface Modification of Silver Nanoparticles. Surface
modification was carried out using a weight ratio of 1 : 0.5
of NAg : APTMS. The reaction was made as follows: NAg
and APTMS were added into 50 mL of octane, and the
mixture was refluxed at 80◦C for 6 h with stirring. The result
solution was separated by decantation, and the solid was
dried overnight at 80◦C for its subsequent characterization.

2.3. PS-Nag Nanocomposites Preparation. The modified sil-
ver nanoparticles were encapsulated by miniemulsion poly-
merization using HD as costabilizing agent and varying

the surfactant and initiator contents. The polymerization
was performed in a 100 mL glass reactor; a surfactant/water
(CTAB/H2O) micellar solution was prepared by stirring for
30 min. A mixture of initiator, modified NAg nanoparticles,
and styrene monomer was dispersed using ultrasound for
3 min and then was added into the glass reactor with the
micellar solution The solution was sonicated for 2 min
in order to achieve a stable miniemulsion and better
NAg nanoparticles dispersion. Polymerization reaction was
conducted under N2 atmosphere at 80◦C and 430 rpm of
agitation. Methacrylic acid was added to improve the stability
and compatibility of the solution. Samples were taken at
different times in order to determine the reaction kinetic,
using hydroquinone as an inhibitor. These samples were
lyophilized for further characterization. The conversion rate
(%C) was calculated using the following equation:

Conversion rate (%) = Polymer fraction
Monomer fraction

∗ 100. (1)

The encapsulation efficiency (%EE) was calculated according
to the procedure described by Tang et al. [21]. This
involves the latex particle precipitation by centrifugation at
12,000 rpm for 30 min. The solution was carefully separated
from the residue, and the stable compound particles were
washed with deionized water and toluene. This operation
was repeated until a relatively clear solution was obtained.
The encapsulation efficiency was calculated according to the
following equation:

Encapsulation efficiency (%) = D

E
∗ 100, (2)

where D is the weight of the PS-Nag nanocomposite, and
E is the amount of polymer. The amount of polymer was
determined by weight loss using thermogravimetric analysis.

2.4. Characterization. FTIR spectra of the modified sil-
ver nanoparticles and the PS-Nag nanocomposites were
recorded in KBr pellets on Nicolet Magna-IR Spectrometer
550. The size and morphology of the nanocomposites
were determined in a JEOL JSM7104F scanning electron
microscope (SEM) with a STEM modulus.

2.5. Antimicrobial Test. Antimicrobial properties of PS-Nag
nanocomposites were tested against Escherichia coli and
Staphylococcus aureus strains. The test organisms were grown
on nutrient agar plates by evenly spreading over the entire
surface of the agar plates. The plates were incubated at 37◦C
for 24 h. After the incubation process, 100 µg of the PS-
Nag nanocomposite was placed on each bacterial growth
plate. Antimicrobial activity was determined by measuring
the diameter of the zone of inhibition (in mm) surrounding
the PS-Nag nanocomposites. Each experiment was repeated
three times. The antimicrobial activities were based on per-
centage inhibition calculated by using the average diameter
of the bacterial colony on the growth medium compared
with their respective control as follows:

% inhibition = (A− B)
A

∗ 100, (3)
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Figure 1: FTIR spectra for the pure and modified silver nanoparti-
cles.

whereA is the average diameter of growth of organisms in the
control, and B is the average diameter of growth of organisms
in the test plates.

3. Results and Discussion

To appreciate the binding mechanism of the surface modifi-
cation of the silver nanoparticles, FTIR spectra of the pure
silver and modified silver nanoparticles were examined as
shown in Figure 1. For the pure silver nanoparticles, a band
was observed at 3500 cm−1 that correspond of the stretching
of the N–H bond and two other shoulder peaks at 1600 cm−1

and 1200 cm−1 related to the stretching of the C=O bond
and the flexion of the N–H bond. Similar results can be
observed in the modified silver nanoparticles; in addition,
bands at 1100–1050 cm−1 correspond to the Si–CH3 bond
that appears and also at 960 cm−1, a band corresponding to
the Si–OH, and Si–O stretching bonds are observed, and the
presence of these bands confirms that the silver is effectively
covered with the aminosilane. These results are in good
agreement with those reported previously by Rodrı́guez et
al. [22], who made the surface modification of magnetic
nanoparticles with a similar silane compound using a molar
ratio of 1 : 0.5 (nanoparticles : silane).

To achieve the encapsulation of inorganic nanoparti-
cles, such as calcium carbonate, titanium dioxide, mag-
netite, silica, and silver, among others, in a hydrophobic
matrix (organic), it is necessary that the nanoparticles
surface becomes hydrophobic, either before or during their
incorporation into the monomer phase [23]. Considering
this, APTMS/surface-modified NAg nanoparticles in 1 : 0.5
weight ratio were used in order to promote the encapsulation
process. The silane allows the grafting of polymer during
the initial stages of polymerization [24]. Methacrylic acid
(MMA) was added to obtain a surface with defined amounts
of carboxylic acid groups that will allow the copolymeriza-
tion process with the styrene monomer. Also it has been
reported that the carboxylic groups provide stability to the
polymeric particles and good interaction with the modified
NAg particles [25–27].
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Figure 2: Conversion-time curves of miniemulsion polymerization
of styrene at two different concentrations of the initiator.

Figure 2 shows the conversion curves of the polymeriza-
tion reaction at two different concentrations of the initiator;
as expected, the % conversion increases with increasing
initiator concentration [I]. The polymerization rate at 2.5 g/L
of AIBN was higher than that at 0.7 g/L. In both cases the
conversion of styrene reached over 75% after 90 min of
reaction. The miniemulsion polymerization rate depends on
the rate of radical entry into the monomer droplets. Under
the experimental conditions, the increment in the entry rate
of radicals into the monomer droplets may have had a large
effect on the polymerization rate, so the polymerization rate
at 0.25 g/L of the initiator was higher.

Table 1 summarized the results of encapsulation effi-
ciency (%EE), conversion rate (%C), and average parti-
cle diameter for both polymerizations systems. The %EE
increases proportionally with the %C, due to the higher
polymer content in the nanoparticles, which is corroborated
by the results shown in Figure 2, indicating that a high
efficiency of polymerization has been achieved. On the other
hand, particle size distribution, it can be seen a decrease in
the particle size as monomer conversion increases. According
to the results, this effect contributes to the increase in %EE
and %C. When the costabilizing agent was added in the
reaction system and initiator concentration increases, the
efficiency of encapsulation and conversion are improved due
to that secondary nucleation is avoided by the desorption of
radicals into the aqueous phase.

Figure 3 shows the FTIR spectra of PS and PS-Nag
nanocomposites synthesized. The C–H aromatic stretching
vibration at 3060 and 3025 cm−1, the C–H stretching
vibration at 2924 cm−1, and the phenyl ring stretching
vibration were at 1602, 1494, 1450, 700, and 760 cm−1 where
the typical absorption bands for polystyrene were clearly
observed [10], indicating that the silver nanoparticles have
been successfully encapsulated within the polystyrene using
miniemulsion polymerization. The methacrylic acid added
to minimize interactions between the polymer particles and
give colloidal stability is physically absorbed onto the surface
of the polymer particles; besides, there are also chemical
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Table 1: The encapsulation efficiency, conversion, and average particle diameter for the polymerizations systems.

Sample [I] (g/L of H2O) [S] (g/L of H2O) [HD] (g/L of H2O) %EE %C D (nm)

1 0.7
6.25 6.25

13.73 79 75.73 ± 4.83

2 2.5 14.15 88 64.17 ± 1.27
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Figure 3: FTIR spectrum of PS and PS-Nag nanocomposite.

interactions in styrene molecules forming covalent bonds
that result in a graft copolymer. The nanocomposite of
PS/modified Nag shows a band in 1700 cm−1, this can
be attributed to carbonyl stretching of carboxyl group
indicating the copolymerization of MAA and St.

Figure 4 shows a typical SEM image of the PS-Nag
nanocomposites. All particles show spherical morphology.
The silver nanoparticles are visible as dark spots inside the
polystyrene particles with sizes in the range of approximately
50 and 100 nm. The SEM image shows that the encapsulation
of the NAg into the polymer matrix is complete; no free NAg
was observed. The particle size distribution (Figure 5) was
obtained by measuring the diameter of a number of particles
close to 300. The particle size for the sample obtained using
[I] = 0.7 g/L was 75.73 nm and 64.17 nm when [I] was 2.5 g/L.
From this figure it can be concluded that when the initiator
concentration [I] is increased, a significant change in particle
size of the PS-Nag nanocomposite can be distinguished. This
could be attributed to the higher stability achieved during the
polymerization reaction.

The antimicrobial activity of the PS-Nag nanocomposites
was studied against E. coli and S. aureus as given in Table 2.
The growth of E. coli and S. aureus was affected significantly
by PS-Nag nanocomposites compared to that of the control.
The inhibitory zone around the control could not be
observed. However, inhibitory zones could be seen clearly
around the PS-Nag nanocomposites. Moreover, according
to Table 2, the antibacterial activity of both nanocomposites
against E. coli and S. aureus improved with increasing the
amount of initiator. The inhibitory zone increased from
17% to 21% for E. coli and from 9% to 13% for S. aureus
as the amount of initiator increased from 0.7 to 2.5 g/L.
The nanocomposite with a higher concentration of initiator
showed a higher % inhibition for both microorganisms, this

Figure 4: STEM micrograph of the PS-Nag nanocomposite.
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Figure 5: Particle size distribution of the PS-Nag nanocomposite.

behavior can be attributed to the size of particles as well as
the % of silver in the nanocomposite. This means that the
decrease in the number of colonies produced an increase in
the biocide effect of the microorganisms.

4. Conclusions

In this work, the encapsulation of silver nanoparticles in
a polymer matrix by miniemulsion polymerization was
studied. The nanocomposites showed spherical morphol-
ogy with diameters sizes ranged between 50 and 100 nm.
Importantly, the synthesized PS-Nag nanocomposites had
an excellent biocidal potential against E. coli and S. aureus.
According to these results, these nanocomposites can be used
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Table 2: The antimicrobial activity of the PS-NAg nanocomposites against E. coli and S. aureus.

Sample [I] (g/L of H2O)
Inhibition (%) Colony formation units (CFU) (ml−1) E − 07

%Ag
E. coli S. aureus E. coli S. aureus

1 0.7 17 9 2 1.68 0.17

2 2.5 21 13 1.2 1.54 1.23

in different applications such as clinical paints and coatings
of biomedical materials.
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