Materials Science and Engineering C 49 (2015) 58-65

Contents lists available at ScienceDirect MATERIALS

SCIENCE &
ENGINEERING

e
¥ Y

Materials Science and Engineering C

journal homepage: www.elsevier.com/locate/msec

Review

In situ sonochemical synthesis of ZnO particles embedded in a @CmssMark
thermoplastic matrix for biomedical applications

Yendry Regina Corrales Urefia ad* Gjlyia Helena Prado Bettini ¢, Pablo Riveros Muiioz ¢, Linda Wittig d
Klaus Rischka ¢, Paulo N. Lisboa-Filho P

¢ Programa de Pés-Graduagdo em Ciéncia e Tecnologia de Materiais POSMAT, Universidade Estadual Paulista (UNESP), Av. Eng. Luiz Edmundo Carrijo Coube 14-01, 17033-360 Bauru, Sdo Paulo,
Brazil

b Departamento de Fisica, Faculdade de Ciéncias, Universidade Estadual Paulista (UNESP), Av. Eng. Luiz Edmundo Carrijo Coube 14-01, 17033-360 Bauru, Séo Paulo, Brazil

€ Departamento de Engenharia de Materiais, Universidade Federal de Sdo Carlos UFSCAR, Rodovia Washington Luis 310, 13565-905 Séo Carlos, Sdo Paulo, Brazil

94 Fraunhofer Institute for Manufacturing Technology and Advanced Materials (IFAM), Wiener StrafSe 12, 28359 Bremen, Germany

ARTICLE INFO ABSTRACT

Article history: Zinc oxide particles were synthesized and dispersed in situ in a polystyrene (PS) matrix using ultrasound. PS
Recefved }9JUT}E 2014 ultrasonic degradation was investigated at different polymer concentrations in organic solvent in contact with
Received in revised form 28 September 2014 aqueous media prior to the particle synthesis. Decrease in weight-average molecular weight (Mw) was strongly
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Available online 9 December 2014 dependent on polymer concentration in organic solvent and sonication time: degradation occurred less at higher

polymer concentration, yet increased with longer times of more than 30 min. The ZnO particles with a 800 nm
flower-like morphology were dispersed in the polystyrene matrix in situ; the composite presented both a

ﬁi{r‘::ggsn'd lower average molecular weight (M) and lower number average molecular weight M, when compared to
Polystyrene pristine polystyrene, however thermal degradation temperature and Young's modulus were similar to the pris-
Degradation tine polystyrene. The composite prepared in situ presented lower particle aggregation in comparison with ZnO
Zinc oxide commercially dispersed with ultrasound under the same conditions. Antibacterial activity of the ZnO/PS coating
In situ was tested against Escherichia coli (Gram-negative bacteria; DMS No. 10290) by evaluating bacterial growth
Antibacterial activity inhibition after 20 h on contact with the film surface. The results indicated that bacterial growth was inhibited
in the medium in contact with the composite prepared in situ compared to the film of composite prepared by
mixing and the pristine PS. This study showed the potential use of ZnO/PS composite prepared in situ as antibac-

terial coatings.
© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

The use of coatings made up of polymers and inorganic particles
such as ZnO has recently been studied as a strategy to reduce the bacte-
rial growth on such interfaces that could be applied to medical devices,
medical implants and wound dressings [1-4]. The bioapplications of
ZnO are usually associated with nontoxic effects in low concentrations
and being environmentally friendly [5], making ZnO a good substitute
for other filler materials such as Ag [6]. In general, the mechanisms
responsible for ZnO antibacterial activity are not fully understood; its
antimicrobial properties have been associated with the release of
Zn?* which can interact with the microbial membrane causing struc-
tural changes and permeability and also with microbial nucleic acids
to prevent microbial replication. In addition there is the production of
radicals which can disrupt the bacterial membrane [7].

Zn0 polymer composite materials have been prepared using tech-
niques such as simple mixing, sol cast method and blending using poly-
mers such as poly(N-isopropylacrylamide) [5], chitosan [6] and
polyurethane and polyamide coatings [7,2] as a matrix. The properties
of these materials are certainly affected by many factors, including filler
size, aspect ratio, orientation in the matrix, adhesion at the filler-matrix
interface and degree of dispersion [8].

The use of ultrasound irradiation has been shown to be a good meth-
od of dispersing particles [9] and it has recently been employed for the
in situ preparation of different polymer nanocomposites [2] such as:
amorphous magnetite nanoparticles embedded in polyvinyl alcohol,
where the particles are synthesized in aqueous media [10]; synthesis
of silver nanowires and polymerization of aniline for the preparation
of silver nanowire/polyaniline nanocomposite [ 11]; and polymerization
of methylacrylate with various amounts of amorphous cobalt [12] and
amorphous iron nanoparticles [13]. Therefore, fibers and fabrics have
previously been coated by the synthesis of particles in situ. Moosavi
et al. studied the growth of silver bromide nanoparticles on polyester fi-
bers by sequential dipping steps in alternating baths of potassium bro-
mide and silver nitrate under ultrasound irradiation without using
high temperatures during the reactions [14]. Perelshtein et al. synthe-
sized ZnO nanoparticles and deposited them on the surface of cotton
fabrics to improve antibacterial properties, irradiating the yarns in the
presence of reagent solution for 30 min without significant damage to
the structure of the yarns [15].

The use of ultrasound has the advantage of achieving good particle
dispersion on the polymer matrix, however it can induce the cleavage
of the polymer molecules [9]. Theoretical models and experimental
data have been generated to explain the ways in which frequency [9],
type of solvent, temperature [16], dissolved gases, intensity, external
pressure, solution concentration and solvent vapor pressure [17,18],
pH [16], polymer-solvent interaction, initial molecular weight and dis-
tribution influence the resultant molecular weight of the polymer. In
this contribution the degradation conditions which could decrease
polymer degradation are studied.

In addition, mechanical, rheological and structural properties of the
composite material are discussed.

The growth mechanism of ZnO particles prepared with ultrasound
using zinc nitrate hexahydrate (Zn(NOs),-6H,0) as a precursor and

hexamethylenetetramine (HMT) was previously studied by [19]. The
symbol))) denotes ultrasonic irradiation:

(CH, )N, + 6H,0—4NH, -+ 6HCHO
4NH, + 6H,0—NH; + OH ™
Zn*" + 40H” —Zn(OH);~
Zn(OH)2~ —>Zn0 + H,0 + 40H~

3

Zn** +2.0; 212no+§or

The objective of this study is the in situ synthesis and dispersion of
ZnO particles for application as antimicrobial coating.

2. Materials and methods
2.1. Materials

Styrene (Aldrich, 99%) was rinsed with 10% NaOH to remove 4-tert-
butylcatechol; the monomer was polymerized using benzoyl peroxide
(Fluka, 97%) as an initiator at 90 °C. The polymer was dissolved in tolu-
ene and precipitated using cold methanol under stirring three times.
Subsequently the precipitate was collected and dried under vacuum at
40 °C.

2.2. Ultrasonic polystyrene degradation study

Solutions of 0.14, 0.28 and 0.40 g/mL PS (Mw = 90,000, polydisper-
sity = 5.4) were prepared in toluene. A half-inch titanium tip was used
in the sonochemistry apparatus; the tip was immersed directly in the
reaction vessel; 200 mL of distilled water was added, and samples
were withdrawn at certain irradiation times (30, 45 and 60 min). The
frequency used was 20 kHz and the amplitude was 40%; a constant
level of the solution was maintained by adding solvent (if necessary)
to account for vaporization. The application of ultrasound was initiated
by subjecting the samples to continuous sonication cycles of 5 min and
2 min of rest with 6, 9 or 12 sonication cycles depending on the length of
the study period. A cold water bath was used to maintain the tempera-
ture at 40-50 °C. The aqueous phase and the organic phase were sepa-
rated by placing the sample in a cold water bath and decanting the
upper organic phase. Next, the polymer was precipitated and washed
free of the organic phase with cold methanol under stirring.

2.3. Procedure for ZnO/polystyrene composite synthesis

All chemical reagents, of chemical grade (Aldrich), were used with-
out further purification. Zinc nitrate hexahydrate (Zn(NOs), - 6H,0, 98%,
Aldrich) and hexamethylenetetramine (HMT, (CH;)gNy4, 99%, Junsei)
were used as zinc cation and hydroxide anion precursors, respectively,
for the synthesis of ZnO particles. A solution containing Zn(NOs),
(0.05 M) and HMT (0.05 M) in deionized water was prepared at room
temperature. A solution of 0.40 g/mL PS in toluene was added to the re-
action vessel, and the reaction mixture was then irradiated for 30 min; 6
sonication cycles. The application of ultrasound was initiated by subject-
ing the samples to continuous sonication cycles of 5 min of sonication
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and 2 min of rest; a cold water bath was used to maintain the tempera-
ture at 40-50 °C. The organic phase was separated and washed with
water and ethanol to remove traces of precursors.

2.4. Coating preparation for antibacterial test

Glass substrates were dip coated in the composite or polystyrene so-
lution and left to dry for 7 days under normal environmental conditions,
avoiding fast drying as this could precipitate a breakdown of the film.
After this time the samples were put into a vacuum oven (Heraeus
Instruments Vacutherm, Thermoscientific) at 70 °C for 2 h.

2.5. Material measurement techniques

2.5.1. Molecular weight determination

The M, and M,, were determined by size exclusion chromatography
(SEC) using a HT-GPCModule 350 A at 150 °C, equipped with a
refractive-index detector. The samples were solubilized in 1,2,4-
trichlorobenzene, stabilized with 0.05 g/mL 2,6-bis(1,1-dimethylethyl)-
4-methylphenol to reduce thermo-oxidative degradation, and the flow
rate was 1 mL/min. The molecular weight distribution (MWD) curves,
M,, and M, were calculated using the software Omni SEC 4.7.0. The col-
umns were calibrated using polystyrene standards from 1000 to 4 mil-
lion g/mol (UCS-200 polycal HT-UCS_PS standards).

2.5.2. Viscosity measurements

The intrinsic viscosity measurements were performed using a
Brookfield DV-III Ultra rheometer; the temperature was maintained at
25 °C £ 0.1 °C. The specific viscosity (sp) and intrinsic viscosity (1)
were calculated using Egs. (1) and (2) respectively:

n=n

Nsp = nOO (1)
M

e = lim =2 @

where c is the concentration of the polymer in the solvent, 1 is the
solvent viscosity, and 7 is the viscosity of the polymeric solution [20].

For the viscosity measurements the PS (after the ultrasound treat-
ment time) was dried in a vacuum oven at 70 °C; the PS was re-
dissolved in toluene at the studied concentration. The intrinsic viscosity
of the solutions was calculated by extrapolating the ), as a function of
concentration to zero concentration; a minimum of five concentration
levels was measured (linear regression with R? > 0, 98, data not
shown).

2.5.3. Dynamic mechanical analysis (DMA)

The temperature dependence of the Young modulus (E) was evalu-
ated using a DMA 25 (Metravib-01-dB). The samples were heated at a
rate of 2 °C/min from room temperature to 75 °C in compression
mode at 1 Hz frequency and E was calculated (compression testing is
used more for pure polymers in general, while tension tests are more
characteristic of flawed materials) [21]. Three samples of each specimen
were tested and the average values were plotted. The dimensions of test
specimens were: 10 mm long, 9 mm wide and about 3 mm thick.

2.5.4. Scanning electron microscopy (SEM) and energy dispersive X-ray
analysis (EDX)

The samples were coated with gold at approximately 10 nm thick-
ness prior to SEM and EDX studies. The morphology and dispersion of
the particles in the polymer matrix were investigated by SEM using an
XL30 FEG, an ultra-high-vacuum system with a base pressure of 1 x
107 Pa and an acceleration voltage of 25 kV and 20 kV for SEM and
EDX respectively.

2.5.5. X-ray diffraction (XRD)

The XRD patterns were recorded in a Rigaku D/MAX 2100PC diffrac-
tometer using Cu-Ko radiation in the range of 5-90° (26) in steps of
0.02°.

2.5.6. Fourier transform infrared spectroscopy

Fourier transform infrared spectra were obtained with a Bruker
spectrometer. Attenuated total reflection (ATR) FTIR spectra were
taken in the range of 4000-400 cm ™' wavenumbers. Each scan was

an average of 32 scans obtained at a resolution of 4 cm™ .

2.5.7. Thermal analysis

Thermogravimetric analysis of the composite and pristine polymer
films was conducted in a NETZSCH STA 409C/CD instrument at up to
750 °C, using a scan rate of 10 °C/min under nitrogen gas (N;).

2.5.8. Antibacterial activity

The antibacterial activity of ZnO/PS coatings against Escherichia coli
was investigated. Substrates coated with PS and composite with a size
of 2 cm? were used. The bacteria were grown in 5 mL of Luria Bertani
(LB) broth overnight at 37 °C, to stationary phase (10° colony-forming
units (CFU)/mL). Next, the overnight culture was centrifuged and the
supernatant was discarded. The pellet was suspended in minimal medi-
um (1 mL LB broth in 99 mL of sterile phosphate-buffered saline (PBS)).
This step was repeated 3 times. Finally, the bacteria were diluted in min-
imal medium to a concentration of 10° CFU/mL. The substrates were
placed in sterile petri dishes, and 200 L of bacterial suspension (106
CFU/mL) was dropped on the films. The suspension was covered with
a sterile coverslip (18 x 18 mm), and sterile water was pipetted onto
the edges of the petri dishes to avoid evaporation. The carrier films
were incubated at 30 °C for 20 h, and the coverslips were removed
from the samples. The bacteria were removed from the surface by rins-
ing the samples with 200 L of PBS with pipetting up and down. The re-
suspended bacteria were transferred to a 96-well microplate, and 50 pL
of LB broth was added to the wells. The microplate was covered with a
sealing membrane and placed in a microplate reader (Mithras LB 940,
Berthold Technologies, Germany). Bacterial growth was followed online
for 24 h by optical density measurements at 620 nm using the kinetic
detection mode.
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Fig. 1. Relationship between intrinsic viscosity and sonication time at different PS concen-
trations (frequency 20 kHz, power 50 W, temperature 40-50 °C, organic phase:aqueous
phase ratio 1:10, solvent: toluene).
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Fig. 2. Average molecular weight distribution as a function of sonication time, for 0.40
g/mL sample (frequency 20 kHz, power 50 W, temperature 40-50 °C). a. Organic phase:
aqueous phase ratio 1:10. b. Organic phase:aqueous phase ratio 2:10.

3. Results and discussion
3.1. Ultrasonic degradation of polystyrene

Intrinsic viscosity was calculated to correlate the changes in molec-
ular weight due to the ultrasonic irradiation. According to Mark-
Houwink-Sakurada the changes to viscosity average molecular weight
are proportional to the intrinsic viscosity; the relation is shown in
Eq. (3); whereby K and a are constants which are dependent on the
temperature, polymer and solvent [22,23].

e = KMj. 3)
Fig. 1 shows the variation in intrinsic viscosity at different sonication

times for different polymer concentrations in the organic solvent. The
results indicate that intrinsic viscosity decreased with longer sonication

Table 1

times and was lower in the samples that had a higher concentration of
polystyrene. Increasing the solution concentration increases the viscos-
ity of the solution which decreases the mobility of polymer molecules,
reducing the shear gradients around the collapsing bubbles and thus in-
creasing the energy required for cavitation to occur. Furthermore, the
entanglements at high concentrations could influence the energy trans-
fer processes between solvent and polymer, reducing the rate of degra-
dation [24,16]. The results also indicated that the extent of degradation
was more pronounced after 30 min for different solution concentra-
tions. There is no evidence of direct interaction between sound waves
and the polymer chains because the acoustic wavelengths are much
larger than the molecular dimensions. The cleavage of the polymer is as-
sociated with the frictional and impact forces that arise during bubble
cavity collapse and the release of shock wave energy [20].

Fig. 2a shows the changes in the MWD curve of the sample with
higher concentration (0.40 g/mL) in toluene after different sonication
times (Table 1). The MWD curve shifts to the high molecular weight
side at 30 min, showing the presence of a high molecular weight frac-
tion. However, after 45 min a downward shift occurs. If there are mono-
mer molecules present, the extreme conditions produced by ultrasound
are believed to act as an initiator, resulting in the breakdown of covalent
bond and the production of radicals, which could enhance polymeriza-
tion [24]. Biggs and Grieser studied the polymerization of a styrene in
water (o/w) emulsion at 30 °C under ultrasonic irradiation in the ab-
sence of any added chemical initiator, and found that radical polymeri-
zation of styrene monomers occurred as a consequence of cavitation
[25] with or without a chemical initiator [26]. Nevertheless, PS was pu-
rified after polymerization and consequently there was a lack of high
concentrations of residual monomer for chain initiation to occur. In gen-
eral, when degradation is predominantly through chain scission, the
shift of the MWD curve to higher molecular weights is due to grafting,
branching and crosslinking of the polymer chains [27-30]. Moreover,
the ultrasonic degradation process is distinguished from other tech-
niques such as thermal, photochemical and radiation by the tendency
of larger molecules to degrade faster, and at a certain limiting molecular
weight no significant degradation occurs [24]. The shifting of the curve
to higher molecular weights after 30 min was associated with the cleav-
age of polymer chains generating macroradicals that could recombine
to produce larger molecules [29], but with longer sonication, chain scis-
sion caused by the frictional and impact forces have a greater influence
on molecular weight.

The toluene to water volume ratio was increased from 1:10 to 2:10,
keeping the total volume in the reaction vessel constant. The results are
shown in Table 1. Fig. 2b shows a more pronounced degradation when
the organic phase proportion was increased with respect to the aqueous
phase. This effect could be associated with the absorption and dissipa-
tion of ultrasonic waves by water, limiting the degradation of the poly-
styrene molecules [18]. In a “good solvent” the polymer can present in
an extended open coil structure [24], but the presence of water causes
the collapse of polymer chains, resulting in a coiled conformation, re-
ducing the polymer scission rate of the polymer chains.

According to the results showed in Fig. 2, a reaction time of 30 min,
polystyrene in toluene concentration of 0.40 g/mL and an organic
solvent to water ratio of 1:10 were chosen as optimal conditions in
which the degradation effect of ultrasound can be reduced.

Average molecular weight, number average molecular weight and polydispersity depending of sonication time, for a 0.40 g/mL polystyrene solution in toluene (frequency 20 kHz, power

50 W, temperature 40-50 °C, organic phase:aqueous phase ratio 1:10 and 2:10).

Sonication time (min) M, (g/mol) M, (g/mol) M, M, Polydispersity Polydispersity
Ratio 1:10 Ratio 2:10 Ratio 1:10 Ratio 2:10 Ratio 1:10 Ratio 2:10

0 90,000 90,000 16,648 16,648 54 54

30 101,000 75,000 36,000 21,000 2.8 3.6

45 70,000 58,000 18,000 20,000 39 29

60 69,000 75,200 28,000 24,000 25 3.1
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Fig. 3. SEM micrographs of ZnO particles synthesized in situ.

3.2. Synthesis in situ and film composite characterization

The particles were synthesized in situ from the respective precur-
sors. The liquid (aqueous/organic phase) was irradiated with ultra-
sound, creating the alternating expansive and compressive acoustic
waves which produce bubbles that oscillate and collapse, releasing the
concentrated energy stored [31], thus generating free radicals which
can participate in the particle synthesis. [19] During ultrasound irradia-
tion the liquid media is also under constant stirring and it is possible to
produce an emulsion of the organic phase and liquid phase; the ultra-
sonic irradiation can promote the migration of formed particles close
the interface between the aqueous and organic phase and the formed
particles can be stabilized by the polymer which could prevent their ag-
gregation [32,33].

Det WD Exp f——— &um
BSE 11.0 1 UFSCar - DEMa - LCE - FEG

AccV Spot M;;qn
25.0kV 4.0 5000x

T
10 15 20
Energy (keV)

Fig. 4. a) SEM micrographs: dispersion of ZnO particles synthesized in situ. b) EDX analysis
on the surface.
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Fig. 5. ZnO commercial powder dispersion by ultrasound.

Fig. 3 shows a representative image of the in situ synthesized parti-
cles, which has a flower-like morphology with an average size of
800 nm. Fig. 4a shows well-dispersed particles in the polymeric matrix.
Fig. 4b shows the EDX spectra of the composite in situ films, indicating
that Zn and O elements are present. Fig. 5 shows the dispersion of com-
mercial powder in polystyrene using the same conditions as the synthe-
sis in situ. The particles display a good dispersion in the matrix, but
there is the presence of larger-sized agglomerates (around 2.5 um) com-
pared with the sample prepared in situ.

XRD analysis indicated the formation of ZnO particles, Fig. 6 shows
the ZnO crystallographic planes and crystalline peak intensities. Fig. 6
shows a broad noncrystalline peak (10-30) referring to the amorphous
polymer. The XDR patterns of the composite showed highly intense
peaks corresponding to ZnO. The diffraction peaks corresponded to
the hexagonal phase of ZnO (PDF: 89-7102); peaks at (26) 31.74,
34.55, 36.21, 47.64, 56.69, 62.83 and 67.95° were assigned to the
(100), (002), (101), (102), (110), (103) and (112) reflection lines of
hexagonal ZnO particles, respectively. During the formation of the par-
ticles, growing units derived from the precursor Zn(NH;3)5 " and other
complexes could be present as intermediates, indicating the need for
more ultrasonic treatment or better purification [19]. No peaks charac-
teristic of any impurities were detected.

The interface affinity between PS and ZnO was evaluated by FTIR.
Fig. 7 shows the FITR spectra of pristine polystyrene and the composite.
Both spectra showed absorption bands ranging from 3200 to
2900 cm ™', which were assigned to polystyrene aromatic C-H stretching.

Composite
- PS pristine

(101)

Arbitrary units (a.u)
(102)
(110)
(103)

- (112)

10 20 30 40 50 60 70
20 (degrees)

Fig. 6. X-ray diffraction analysis: PS film and PS/ZnO film samples.
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Fig. 7. FITR spectra of pristine PS and composite samples.

The characteristic vibrational bands of aromatic C=C of styrene units
were observed at 1601, 1493, and 1452 cm™'; the bands at 759 and
698 cm™ ! indicated that a monosubstituted ring was present. No sharp-
ening or shift differences in the absorption bands of the polymer and
the composite were detected.

3.3. Ultrasonic degradation of PS from the composite

Fig. 8 shows the MWD curve of the PS from the composite and the
pristine polystyrene. The MWD curve is shifted to the low molecular
weight side, showing the presence of a low molecular weight fraction.
The degradation is higher than for the PS irradiated for 30 min in similar
conditions. This effect could be attributed to the surface particle being a
suitable nucleation site for the cavitation, causing an increase [34]. Fur-
thermore it could be related to additional mechanical stress due the in-
terparticle collisions [35] (Table 2).

3.4. Mechanical and thermal properties

One of the parameters that influence the polymer mechanical prop-
erties is the molecular weight [36]. The E was measured to determine
the effect of ultrasonic degradation on mechanical properties. Fig. 9
shows that after 30 min of ultrasound, there was an increase in E and

—— PS pristine
—— PS from composite

100

dwid(log M, )

o
=}
1
JETeT

LogM

Fig. 8. Average molecular weight distribution as a function of sonication time, for 0,40
g/mL sample (frequency 20 kHz, power 50 W, temperature 40-50 °C, organic phase:aque-
ous phase ratio 1:10).

Table 2
Average molecular weight, number average molecular weight and polydispersity depend-
ing of sonication time, for a 0.40 g/mL polystyrene solution in toluene (frequency 20 kHz,
power 50 W, temperature 40-50 °C, organic phase:aqueous phase ratio 1:10) and PS
pristine.

Sample M, (g/mol) M, PD
Pristine PS 90,000 16,648 54
Composite 48,200 9,310 5.17

that after 45 min no large difference with respect to the pristine polysty-
rene is detected. The increase in E could be associated with the increase
in M, and M,, (Table 1). For 30, 45 and 60 min M, is higher than in the
pristine PS which indicates that even with a lower M,, there is a higher
number of molecules with a medium size than the PS. The cleavage was
preferential towards the high molecular weight molecules. Fig. 2a
shows no pronounced changes to the small size and medium size mol-
ecule fraction; thus no pronounced changes are expected on the E.

The M, and M, of the polymer from the composite made in situ de-
creases but the E increases (average 279 MPa) with respect to pristine
polystyrene (average 231 MPa); the enhancement of E is associated
with the dispersion of the ZnO particles which act as reinforcement
for the polymeric matrix [37].

The TGA curves of PS and PS/ZnO composites are shown in Fig. 10.
The presence of the particles slightly increased the degradation temper-
atures of PS. Both curves first show a loss of weight at 90-235 °C, which
could be attributed to the evaporation of residual solvents and trapped
water. The second sharp drop in weight was attributed to the decompo-
sition of the polymer beginning at 269 °C and ending at 540 °C for pris-
tine polystyrene and beginning at 280 °C and ending at 533 °C for the
composite, to yield carbon and hydrocarbons. The percentage of inor-
ganic phase dispersed in the polymeric matrix was 2.9 wt.%; the volume
weight fraction of ZnO is 0.51%.

3.5. Antibacterial coating properties

The antibacterial activity of composite coatings was tested against
E. coli. The influence of the surface properties on microbial viability
was evaluated. The antimicrobial effect was measured by removing
the bacteria from the test surface after a certain contact time followed
by the evaluation of bacterial growth. Surfaces with antimicrobial prop-
erties were expected to display no or reduced bacterial growth in com-
parison with control surfaces. Fig. 11 shows a time-dependent growth
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Fig. 9. Variation in Young's modulus with temperature, for 0.40 g/mL polystyrene in tolu-
ene (frequency 20 kHz, power 50 W, temperature 40-50 °C, organic phase:aqueous phase
ratio 1:10) after 30, 45 and 60 min of ultrasonic irradiation and composite synthesized in
situ.
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Fig. 10. Effect of ZnO particles dispersed and synthesized in situ on the thermal stability of
PS.

curve of bacteria in the suspensions obtained from the substrates. Three
sample substrates coated with PS/Zn0O in situ, ZnO/PS mixture by ultra-
sound in the same conditions and substrates coated with the pristine PS
with the same dimensions were tested, and an average of 3 measure-
ments for each sample substrate was calculated and plotted. Absor-
bance at 620 nm of the bacterial suspensions was measured over 24 h.

The results indicated that bacterial growth was strongly inhibited on
contact with the surface of the composite film made in situ (3 sample
substrates). The composite film made by mixture using ultrasound
under the same conditions does not completely inhibit the bacterial
cell growth; a certain number of viable cells of E. coli remain after a pe-
riod of 20 h in contact with the surface; 2 substrate samples presented a
delay of the growth phase. The inhibition of the film prepared with the
composite prepared in situ is attributed to the better particle dispersion.
The higher surface area can enhance such processes as ion diffusion as
well as other properties of the ZnO such as bacteriostatic behavior
[38]. In comparison, bacterial growth was detected on the control sam-
ple (pristine polystyrene film). To make sure that the detected bacterial
growth was not due to contamination, the used solutions (LB, PBS, min-
imal medium) were tested in the same microtiter plate. For further
evaluation of the results, a bacterial culture (10° CFU/mL in minimal
medium) with no contact with the samples was included in the test.
The resulting growth curve was similar to that of the control samples

05
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E.colix10° CFU/mI
Composite mixture 1

—— Composite mixture 2
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Composite in situ 2
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T T T T N T T T T T
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Fig. 11. Time-dependent growth of E. coli bacteria after 20 h in contact with the surface

of PS and PS/ZnO film samples, compared with the growth of E. coli suspension of 10°
CFU/mL.

(see Fig. 11). These findings revealed that ZnO films made in situ have
great potential to be used as antibacterial coatings.

4. Conclusions

The data presented in this paper indicate that it is possible to synthe-
size and disperse ZnO particles in polystyrene in one simple step using
ultrasound. Ultrasonic treatment causes polymeric chain scission, but
it is possible to minimize the degradation effect by varying the polymer
concentration, the aqueous/organic solvent ratio and the sonication
time used. In general, degradation was less at a higher polymer concen-
tration in the organic solvent and increased with sonication time with-
out the presence of the precursors and particles. The cleavage of the
polymeric chains was higher, however the mechanical properties
were enhanced with the dispersion of ZnO particles. The composite
has a higher Young's modulus and similar thermal stability when com-
pared with pristine polystyrene. ZnO/PS composite prepared in situ
shows a good dispersion of the particles in the surface and inhibition
of E. coli (Gram-negative bacteria) growth after 20 h of contact. A poly-
styrene film with 2.9 wt.% ZnO prepared in situ has great potential for
use as antibacterial coatings.
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