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Facile fabrication of polyethylene/silver nanoparticle nanocomposites
with silver nanoparticles traps and holds early antibacterial effect
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ABSTRACT: Antibacterial polyethylene (PE)/silver nanoparticle (AgNP) nanocomposites containing AgNPs at concentrations of
5X 107> 5X 107 % and 5X 10~> wt % were fabricated and tested. Transmission electron microscopy revealed an even dispersion of
surface AgNPs in the PE/AgNP nanocomposites. No AgNP agglomeration was observed. The tensile strength, elongation at break, and
Young’s modulus of these PE/AgNP nanocomposites were similar to those of neat PE. Differential scanning calorimetry demonstrated
that the PE/AgNP nanocomposites and neat PE had similar melting and crystallization temperatures of 126 = 0.5 and 109 = 0.6°C,
respectively. The heats of fusion of the PE/AgNP nanocomposites containing AgNPs at concentrations of 5X 10~> and 5% 10~ * and
of 5X 107> wt % were lower than those of neat PE by 5 and 7%, respectively. These PE/AgNP nanocomposites were immersed in
shaking liquid cultures of the potential pathogenic bacteria Escherichia coli, Bacillus subtilis, and Salmonella typhimurium in the lag
phase. The results show that the growth rates of all of the tested bacteria were restricted effectively after 1.5, 3, and 6 h of cultivation,

respectively. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43331.
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INTRODUCTION

Silver nanoparticles (AgNPs) contained in polymer nanocompo-
sites have been widely investigated to improve health care with
their antibacterial properties in a variety of polymers.”* The
antibacterial packaging that can be made from these materials
may contribute as promisingly powerful tools for alternative
community health care by early prevention of many occasionally
pathogenic bacteria in several regions, for example, South East
Asia, where people have face anomalous disasters, such as
drought or flooding, that can lead to certain serious plagues via
the contaminated environment.” AgNPs have been reported to
kill pathogenic bacteria through the release of Ag™® ions; this
may inhibit bacterial cell processes and gene expression,”'° but
usefully, they are not hazardous to human cells."""'* The incor-
poration of AgNPs in polymers such as plastics [e.g., polyethyl-
ene (PE),"” polypropylene (PP), polystyrene,'* and poly(vinyl
chloride)'®] to form nanocomposites is always interesting
because of their possible antibacterial activity in combination
with the mechanical properties of conventional plastics.'®
Various silver nanocomposites have been reported as suitable

© 2016 Wiley Periodicals, Inc.
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for antimicrobial packaging.'”'® However, the development of
techniques for producing AgNPs with enhanced antibacterial
activity with the aim of mass production in some countries is
still challenging. There are three basic methods for producing
nanocomposites: (1) melt compounding, (2) solution blending,
and (3) in situ polymerization."” Melt compounding is suitable
for producing PE or PP silver nanocomposites with raw high-
density polyethylene (HDPE)*
(LDPE)'® or PP materials®' in which the final nanocomposites

and low-density polyethylene

will be produced by compression-molding equipment. A bottle-
neck for this type of silver nanocomposite production is the
introduction of AgNPs into the PE or PP matrix. This influen-
ces the antibacterial activity of the nanocomposites and is criti-
cal. AgNPs can be first immobilized on SiO, or TiO, to form
colloidal SiO,/AgNPs and TiO,/AgNPs, and then, these are
mixed with LDPE granules to form AgNPs/PE nanocomposites
after melting/blending.'® In case of an AgNPs/PP nanocompo-
sites, the colloidal AgNP solution is diluted with ethanol and
directly mixed with PP granules and extruded to give the
product.*! A common feature of these AgNP nanocomposites is
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Figure 1. (a) AgNP traps in a round aluminum mold, (b) specimens of a PE/AgNP disc (left side) and PE/AgNP squares for antibacterial testing (right

side), and (c) mixed tested bacterial cultures with PE/AgNP nanocomposites.

wileyonlinelibrary.com.]

that the agglomeration of AgNPs release fewer Ag™ ions than
when the AgNPs remain separate.*>*’ Hence, this can reduce
the antibacterial properties of these products. Therefore, we
propose a new technique for incorporating AgNPs into the PE
matrix. AgNPs with sizes from 2 to 20 nm were first captured in
a dry disc trap based on PE. The dishes were ground into a
mild powder and mixed with massive PE granules for melt/
blending to form PE/AgNP nanocomposites. The presence of
AgNPs on these PE/AgNP nanocomposites, the tensile proper-
ties, and the melting temperature (7T,,) and crystallization tem-
perature (T,) values were investigated. Antibacterial activity
tests with the potentially pathogenic bacteria Escherichia coli,
Bacillus subtilis, and Salmonella typhimurium in liquid cultures
were performed, and effective bacterial growth restriction was
observed.

EXPERIMENTAL

Materials

Chemicals. Silver nitrate (AgNOs;), sodium borohydride
(NaBH,), and poly(vinyl pyrrolidone) were purchased from
Sigma-Aldrich (Germany). The other chemicals that we used
were analytical grade. White granules of film-grade HDPE resin
for bag production was provided by Union J. Plus Co., Ltd.
(Thailand). Luria—Bertani, Mueller—Hinton II broth powder,
and Sueoka’s high-salt media were obtained from Sigma-Aldrich

(Singapore).

Bacterial Samples. E. coli DH50 was obtained from Novagen.
B. subtilis BCC 6327 was purchased from BIOTEC Culture
Collection (Bangkok, Thailand), and S. typhimurium was a gift
from the Institute of Biotechnology, Vietnam Academy of Sci-
ence and Technology.

Methods

Synthesis of the AgNP Traps. The AgNPs were synthesized and
characterized by chemical reduction with poly(vinyl pyrroli-
done) as a colloidal stabilizer with the method described by
Dumri and Anh.** For AgNP trap fabrication, a 50-mL volume
of colloidal AgNP solution was mixed with 250 mL of toluene,
and the mixture was heated at 75°C for 45 min under vigorous
stirring. After this, the AgNPs were located in the toluene phase,
where they were present as an upper black layer in the reaction
mixture. This black layer was collected though a 500-mL separa-
tory funnel. Then, 5g of PE granules was added, and the
mixture was heated at 100°C for 25min, during which the PE
granules melted completely. The mixture was then ultrasonicated
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[Color figure can be viewed in the online issue, which is available at

for a further 45min at the same temperature, and afterward,
the liquid mixture was cast in aluminum round trays 5cm in
diameter and approximately 5mm in thickness [Figure 1(a)].
The trays were kept at an ambient temperature of 30°C for 12h
in a ventilating fume hood cabinet to evaporate the toluene
completely. Dry, white, solid, round discs 1 mm in thickness
(described here as AgNP traps) formed; these contained a high
amount of AgNPs. Each final AgNP trap contained approxi-
mately 50 mg of AgNPs.

Synthesis of the PE/AgNP Nanocomposites. An appropriate
number of AgNP traps were weighed first, ground into a mild
powder, mixed with 50g of PE granules at different ratios, and
then finally blended in an internal mixer (Haake Rheomix Lab
Mixers 610, Germany) at 60rpm and 170°C for 8min to
extrude the final PE/AgNP nanocomposites with three different
amounts of AgNPs at +5X 107>, 5X 10 % and 5X 10 ° wt %.
These samples were designated in this study as PE/AgNPs
5X 1077, PE/AgNPs 5 X 10~ %, and PE/AgNPs 5 X 10™>, respec-
tively. These nanocomposites were cooled to ambient tempera-
ture and were used to fabricate discs 30cm in diameter and
2mm in thickness [Figure 1(b)] by a compression-molding
machine (Toyo Seiki, Japan) at 180°C with 160kg/cm?® of pres-
sure. PE discs without AgNPs were prepared as the control.

Characterization of the PE/AgNP Nanocomposites
Morphological Analysis by Transmission Electron Microscopy
(TEM). The size of the AgNPs and their dispersal in the PE/
AgNP nanocomposites were analyzed by TEM (JEM 1010,
JEOL, Japan) at 80-kV operation (resolution =3 A). Ultrathin
PE/AgNP specimens with a thickness of about 80 nm were cut
by glass blades with an ultramicrotome Ultracut E (Leica,
Germany) at —130°C in liquid nitrogen to prevent the deforma-
tion of the samples.

Mechanical Property Measurement. The tensile strength and
elongation at break were measured according to ASTM D 638.
The Young’s modulus was measured according to DIN 53503
with a universal tensile tester (Zwick Z 2.5, Zwick GmbH & Co,
Ulm, Germany) at a crosshead speed of 50 mm/min. Dumbbell-
shaped specimens prepared with dimensions of
9 X 1.2 mm? with a thickness of about 2 mm, a distance between

were

shoulders of 4.5cm, and a gauge length of 2.5 X 0.5 cm”.

Differential Scanning Calorimetry (DSC). DSC measurements
were carried out with a DSC 7 (PerkinElmer). Specimens of
approximately 10mg of different PE/AgNP samples were cut
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Figure 2. TEM micrographs of the PE/AgNP nanocomposites: (a) 5 X 1072, (b) 5X 10 % and (c) 5X 10> wt %.

and kept at room temperature for 10 min before heat treatment.
Each sample was heated to 170°C with a 10°C/min heating step
for 3min. It was then cooled at 10°C/min to 25°C and main-
tained at this temperature for 3 min. The temperature of the
sample was then raised to 170°C with a 10°C/min heating step.
These second cooling step and third heating step were run to
melt the crystalline content in the sample completely and to
discard the thermal history of the first run. The T,,, T, heat of
fusion (AHy), and heat of crystallization of the nanocomposite
samples were obtained from the thermograms. The crystallin-
ities of the samples were calculated from the ratio of the AH;
values to the reference value of 100% crystallization HDPE
from the following formula:

0Hy of PE/AgNPs

C of PE/AGNPS(6)= 5" oF 100% HDPE

where C is percentage crystallinity of the PE/AgNP samples and
AHy of 100% HDPE was the reference value of 100% crystalline
HDPE (293 J/g).”

Influence of the PE/AgNP Nanocomposites on the Lag-Log
Phases of the Bacterial Growth Rate

Preparation of the Materials. Media for the tested bacteria. E
coli and S. typhimurium were cultured in Luria—Bertani and
Mueller-Hinton II broth media, respectively. B. subtilis was
grown in a high-salt medium (665 mL of distilled water, 100 mL
of 10 X Spizizen’s salt, 25mL of 20% w/v glucose, 50 mL of
0.1% w/v L-tryptophan, 10 mL of 2% w/v casein, 50 mL of 10%
w/v yeast extract, 100 mL of 8% w/v arginine, and 0.4% w/v of
histidine).

Precultures of the tested bacteria. A volume of 100 L of stock
culture in glycerol of each bacterium was pipetted into 3 mL of
a compatible liquid medium in a 15-mL test tube and shaken
overnight at 200 rpm and 37°C. Afterward, a 500-puL aliquot of
preculture was inoculated into 100 mL of a compatible medium
in a 500-mL Erlenmeyer flask and shaken at 200 rpm and 37°C
until the ODgq absorbance value reached 0.1. These precultures
were used promptly for bacterial grow rate testing.

Preparation of PE/AgNP samples for bacterial growth rate
testing. The PE/AgNPs and the PE discs used as controls
were cut into square pieces with dimensions of 1 X 1.cm® [Fig-
ure 1(b)], washed with acetone to remove all impurities on the
surface, and autoclaved at 121°C for 20 min before use.

Monitoring of the Bacterial Lag-Log Growth Phases in the
Presence of the PE/AgNP Nanocomposites. The monitoring
test for the evaluation of the bacterial growth was adapted from
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the procedure in ASTM E 2149-10. Ten square pieces of auto-
claved PE/AgNP nanocomposites or PE were placed into each
100-mL bacterial preculture in a 500-mL Erlenmeyer flask (as
described previously) in which the ODggo had reached 0.1, and
shaking was continued at 200rpm and 37°C [Figure 1(c)].
From this point in time, the ODgq value of each bacterial cul-
ture was monitored every 30 min until it reached 2.0. The rela-
tive ODgqo values were standardized to evaluate the influence of
the PE/AgNP nanocomposites on the growth rate of the bacte-
ria. Mixed bacterial cultures with neat PE square pieces and
pure bacterial cultures were used as controls.

RESULTS AND DISCUSSION

Characterization of the PE/AgNP Nanocomposites

TEM Analysis. Typical surfaces of the three types of PE/AgNP
nanocomposites with AgNP contents of 5X 1072, 5X 10~ %, and
5X 1077 wt % were analyzed by TEM, as shown in Figure 2(a—
¢), respectively. Five random samples of each PE/AgNP nano-
composite (i.e., with AgNP contents of 5X 1077, 5% 10~*% and
5X107°) were chosen for analysis, and their TEM images
revealed that (1) the AgNP distributions on all of the PE/AgNP
surfaces were generally uniform (Figure 2), and (2) at the same
magnification (100,000X), the AgNP densities on the surfaces of
the samples followed the order PE/AgNPs 5 X 10> > PE/AgNPs
5X 10 %> PE/AgNPs 5 X 10> (Figure 2). The uniform distribu-
tion of the AgNPs on the surfaces of these PE/AgNP nanocom-
posites met the uniformity requirement for the further
production of field testing bags. The TEM images showed that
the sizes of the AgNPs ranged from approximately 2 to 20 nm,
and the densities of the AgNPs in these PE/AgNP nanocompo-
sites were proportional to the AgNP content. Figure 2(a) shows
the significantly higher density of the AgNPs at 5X 10 wt %,
whereas the densities of the AgNPs at 5 X 107* [Figure 2(b)] and
5X 107 wt % [Figure 2(c)] were obviously lower. The agglom-
eration of AgNPs in these PE/AgNP nanocomposites was not
observed. However, in some previous research, AgNPs agglomer-
ated during the synthesis of chitosan and poly(styrene-co-acrylic
acid) or ceramsite nanocomposites.** In this study, the practi-
cal synthesis of AgNPs, according to our previous work (Dumri
et al**), prevented the agglomeration of AgNPs (data not
shown). The AgNPs were captured in the PE matrix to mold
AgNP traps with given sizes and with quantitative amounts of
AgNPs. The ground AgNP traps were mixed with raw PE gran-
ules to form PE/AgNP nanocomposites. Noticeably, two solid
phases could be mixed well, and they may have contributed to
the uniform dispersion of AgNPs in the PE matrix (Figure 2).
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The introduction of AgNPs into a certain plastic matrix can be
performed by diverse methods, from loading techniques to the
control of the weight ratios between the raw plastic material
and AgNPs. In previous reports, AgNPs in a toluene mixture
were added directly into the in situ polymerization of ethylene.
However, TEM analysis showed clusters of AgNPs on the sur-
face of the end product.'” SiO,/AgNP and TiO,/AgNP com-
plexes were synthesized as AgNP carriers and mixed with
melting LDPE and extruded to a plain film.'® Eventually, AgNPs
were agglomerated in the matrix because the AgNPs were first
deposited on the SiO, and TiO, particle surfaces, and these par-
ticles tended to cluster in their colloidal solutions.”*** This
AgNP agglomeration depressed their functional toxicity by
reducing the release of Ag" ions*>?’; this reduced the antibacte-
rial properties of the relevant nanocomposites. In another study,
an LDPE film was treated by corona air plasma to increase the
adhesion of the AgNPs; then, the AgNPs were coated onto the
LDPE film by the immersion of the film into an AgNP colloidal
solution under continuous stirring and heating at 80°C. This
technique, however, was sophisticated, and only AgNPs with a
size of 70 nm were mounted on the film surface.’® In terms of a
bacterial killing agent, AgNPs were reported to kill both Gram-
negative bacteria, such as Acinetobacter, Escherichia, Pseudomo-
nas, Salmonella, and Vibrio species, and Gram-positive bacteria,
such as Bacillus, Clostridium, Enterococcus, Listeria, Staphylococ-
cus, and Streptococcus species.”>® The mechanism of bactericide
by AgNPs is the bacterial toxicity of Ag" ions,”* and a smaller
AgNP size will release Ag” ions faster.”>** Hence, the PE/AgNP
nanocomposites with AgNPs with diameters of 2-20 nm in this
study were presumed to kill the selected bacteria in a similar
manner to AgNPs with diameters in the range 3-30 nm, as pre-
viously reported.*"*?

Mechanical and Thermal Properties

The tensile strength of the neat PE was determined to be
approximately 25.8 1.7 MPa and was slightly higher than the
tensile strengths of the PE/AgNPs 5X107°, 5X 10 % and
5X107% these 249%20, 238+22, and
23.1 * 1.8 MPa, respectively [Figure 3(a)]. The elongation at
break of the neat PE was 113.9 + 13.0%, whereas its values were
109.7 £20.0, 99.2*+15.0, and 96.6 =17.9% for PE/AgNPs
5%X107° 5X10°% and 5X 107, respectively [Figure 3(b)].
Figure 3(c) presents the Young’s modulus values of the neat PE
and PE/AgNPs 5X 1072, 5X 10~*% and 5X 1077 of 200 *+ 25.0,
151 £19.0, 170 = 20.0, and 190 = 22.0 MPa, respectively. Appa-
rently, the addition of AgNPs at 5X107° 5X107% and
5X107° wt % in the PE/AgNP nanocomposites slightly
reduced the tensile strength, elongation, and Young’s modulus
in comparison to neat PE. Figure 3(a,b) shows that the tensile
strength and elongation at break of PE/AgNPs 5X 107> were
nearly equal to those of neat PE and were higher than those of
PE/AgNPs 5X 10" * and 5X107°. On the other hand, the
Young’s modulus values of PE/AgNPs 5X 107> were 10 and
20% higher than those of PE/AgNPs 5X 10~ * and 5X 107>,
respectively [Figure 3(c)]. In this study, the incorporation of
AgNPs into the PE matrix apparently decreased the homogene-
ity of the PE polymer. We assumed that the AgNPs disrupted
the PE molecular interaction and led to a decrease in the tensile

values were
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Figure 3. (a) Tensile strength, (b) elongation at break, and (c) Young’s
modulus values of the PE and different PE/AgNP nanocomposites. The
data points represent the means of five measurements (standard
deviation < 10%).

strength and elongation of the PE/AgNP nanocomposites as the
AgNP concentration increased [Figure 3(a,b)]. However, the
AgNPs could hypothetically bond with the PE molecules via
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Figure 4. DSC thermograms of the PE/AgNP nanocomposites and neat PE. The thick, black line represents neat PE. The thin, dotted, and dashed—dotted
lines represent the PE/AgNP nanocomposites with concentrations of 5X 107>, 5X 10~ %, and 5 X 10> wt %, respectively.

possible intermolecular forces; for example, Van der Waals
forces and these bonds might have transferred applied stress
and energy between the PE molecules and the AgNPs. Hence,
this might have contributed to the increase in the Young’s mod-
ulus of the PE/AgNP nanocomposites [Figure 3(c)] when the
concentration or density of AgNPs increased. In addition, the
decrease in the crystallinity after the incorporation of AgNPs
into the PE matrix (discussed later) might have also contributed
to the decrease in the tensile strength and the increase in
Young’s modulus. Overall, AgNP contents in the range 5X 107>
to 5X 107> wt % of the bulk PE influenced the tensile strength
and elongation at break. However, these values were comparable
to those of common PE plastic."’ Therefore, these PE/AgNP
nanocomposites are expected to be usable in food packaging
applications.

Typical thermograms for the PE/AgNP nanocomposites and
neat PE samples are shown in Figure 4. The T,, values of the
different PE/AgNP nanocomposites and neat PE were similar at
126 £ 0.5°C. The T, values of the PE/AgNP nanocomposites

110 ~52
) ° 3
b Py .
T 108 - o o
|t - ]
£ -50 g
© 106 L =
8. o,
£ —49 8
Q —_
= 104 r 5
8 = = L48 =
8 L=
- [(=]
B 02 47 =
o Jug
5 L

100 : ; , : 46

Neat PE 5x10% 5x10% 5x10°

AgNPs concentration (wt. %)
Figure 5. Influence of the AgNP concentration on the (@) T, and (m)
AHjy values of the PE/AgNP nanocomposites and neat PE. The value of
AHy was normalized to the AgNP concentrations. The data points repre-
sent the means of five measurements (standard deviation < 10%).
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and neat PE were also similar, but at 109 = 0.6°C. This revealed
that the addition of AgNPs at 5 X 1075, 5% 10 % and 5% 103
wt % at AgNP diameters of 2—20 nm did not change the behav-
ior of the PE matrix in terms of T,, and T.. On the other hand,
the peak areas representing AH; for PE/AgNPs 5x 10 > and
5% 10~% were both 5% lower, and the value for PE/AgNPs
5% 1077 was 7% lower in comparison to that of neat PE with-
out AgNPs (Figure 5). The crystallinity of neat PE was 51%,
whereas the crystallinity was 48% for both PE/AgNPs 5X 107>
and 5X107% and it was 46% for PE/AgNPs 5X 107>, These
values reflected the influence of the AgNP content on the crys-
tallinity of the PE/AgNP nanocomposites. Herein, the higher
AgNP content in the PE/AgNP nanocomposites lowered the
crystallinity. This phenomenon was in agreement with studies

Relative growth rate due to ODg,., (%)

Time (h)

Figure 6. Influence of the PE/AgNP nanocomposites on the growth rate
of the E. coli liquid cultures: (O) pure E. coli, (®) mixed cultures with
PE, ([J) mixed cultures with PE/AgNP nanocomposites (5X 107> wt %),
(A) mixed cultures with PE/AgNP nanocomposites (5 X 10~* wt %), and
(%) mixed cultures with PE/AgNP nanocomposites (5 X 102 wt %). The
data points represent the three (standard
deviation < 15%).

means of cultures
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Figure 7. Influence of the PE/AgNP nanocomposites on the growth rate
of the B. subtilis liquid cultures: (O) pure B. subtilis, (@) mixed cultures
with PE, ([J) mixed cultures with PE/AgNP nanocomposites (5 X 1077 wt
%), (A) mixed cultures with PE/AgNP nanocomposites (5 X 107* wt %),
and (k) mixed cultures with PE/AgNP nanocomposites (5 X 1077 wt %).
The data points represent the means of three cultures (standard

deviation < 15%).

where the AgNP content was varied in other types of PE and
poly(vinylidene fluoride)/AgNP nanocomposites.'****>

Influence of the PE/AgNP Nanocomposites on the Lag-Log
Phase Growth of the Tested Bacteria

Bacterial precultures were prepared with the aim of generating
the subcultures of bacterial populations in a large scale in the
lag phase so that the number of bacterial cells was constant
before the log phase or exponential growth phase.*® By this
means, the growth rate of the bacterial cultures due to the pres-
ence of PE/AgNP nanocomposites was evaluated accurately over
time. The ODg values in the range 0.1-2.0 for cell densities of
E. coli, B. subtilis, and S. typhimurium cultures indicated the
bacterial growth rates.

In the case of E. coli cultures, the growth rates after 1h began
to be differentiated (Figure 6). The log phase of the pure cul-
tures and the mixed cultures with neat PE occurred exponen-
tially and were clearly higher than those of all of the other
mixed cultures with PE/AgNP nanocomposites during cultiva-
tion. The mixed cultures with neat PE had similar growth rates
as pure cultures, and only a minor difference of 3% was
observed after 6h. The growth rate of mixed cultures with PE/
AgNPs 5% 107 reached 70% after 6 h, whereas the growth rate
was 80% for the mixed cultures with PE/AgNPs 5% 10~ * and
5X107°. The growth rates in the mixed cultures with PE/
AgNPs 5X 10~ * and 5 X 107 were almost similar during 6 h of
cultivation and 10% higher in comparison to the mixed cultures
with PE/AgNPs 5 X 10",

In the case of B. subtilis cultures (Figure 7), the log phases of
the pure cultures and mixed cultures with neat PE were 20%
after 3h of cultivation, whereas this was 10% in the cases of
mixed cultures with PE/AgNPs 5X 107> and both PE/AgNPs
5X107* and 5X 107°. The growth rates of the pure cultures
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and mixed cultures with neat PE were almost identical at all of
the sampling time points and differed only approximately 2% at
the end point (after 7h) of cultivation. The growth rates of the
cultures were 80 and 90% after 7h in the presence of PE/AgNPs
5X107? and both PE/AgNPs 5X 10™* and 5X 107>, respec-
tively. Bacterial growth was similarly restricted in the presence
of PE/AgNPs 5X 10" * and 5X 10>,

In the case of the S. typhimurium cultures (Figure 8), the log-
phase curves of the pure cultures and mixed cultures with neat
PE almost coincided. The log-phase curves of the mixed cul-
tures with the PE/AgNP nanocomposites and pure culture
started to separate after 6h of cultivation. The log-phase curves
of the mixed cultures with PE/AgNPs 5X10™* and 5% 107°
were identical during 10h of cultivation and the growth rates of
relevant cultures were similar. The growth rate of the mixed
bacterial cultures with PE/AgNPs 5 X 10~ and both PE/AgNPs
5X107* and 5X107° were 70 and 90%, respectively. The
mixed cultures with PE/AgNPs 5X 10 * and 5X 10 had
growth rates that were 20% higher than those of the mixed cul-
ture with PE/AgNPs 5 X 10 after 10 h of cultivation.

In all of the mixed bacterial cultures with PE/AgNPs 5 X 10>,
the growth rates in the lag-log phases were restricted 30% for
both E. coli (Figure 6) and S. typhimurium (Figure 8) and 20%
for B. subtilis (Figure 7) in comparison to the pure bacterial
and mixed bacterial cultures with neat PE. By means of this, the
AgNPs in the PE/AgNP nanocomposites revealed their antibac-
terial activity by killing bacterial cells in the early growth stages
of bacteria. The lower restriction of B. subtilis (a Gram-positive
bacterium) growth compared to those of E. coli and S. typhimu-
rium (Gram-negative bacteria) was explained by the lower sensi-
tivity of the B. subtilis to the AgNPs. This phenomenon was
also observed in case of the poly(vinyl alcohol)/AgNP

100

Relative growth rate due to ODg,,,, (%)
D
o
|

Time duration (h)

Figure 8. Influence of the PE/AgNP nanocomposites on the growth rate
of the S. typhimurium liquid cultures: (O) pure S. typhimurium, (@)
mixed cultures with PE, ([J) mixed cultures with PE/AgNP nanocompo-
sites (5X 107> wt %), (A) mixed cultures with PE/AgNP nanocomposites
(5% 10" * wt %), and (Jk) mixed cultures with PE/AgNP nanocomposites
(5X 107 wt %). The data points represent the means of three cultures
(standard deviation < 15%)).
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nanocomposites, which showed a moderate antibacterial activity
to B. subtilis in comparison to E. coli.*’ In general, the Gram-
positive B. sublitis has a thick peptidoglycan cell wall, and it has
evolved as a protective mechanism against antibiotics.”® This
cellular structure might have been a factor in our study.
Although the production technique of the other PE/AgNP types
were different, those other nanocomposites also showed antibac-
terial activity to both Gram-positive bacteria, such as Bacillus
species, Listeria monocytegenes, and Staphylococcus aureus,'>”!
and Gram-negative bacterial, such as E. coli and Klebsiella
pneumoniae.'>*®

In this study, all of the PE/AgNP nanocomposites (i.e.,
5% 1072 5% 10 % and 5X 10"°) showed significant antibacte-
rial activity during the early growth stage or lag-log phases of
the tested bacteria. The immersion of PE/AgNP square pieces
into the fresh bacterial liquid cultures under shaking conditions
was assumed to enhance the contact between the bacterial cells
and the AgNPs. Therefore, the suicidal probability of the cells
was higher. In much previous research, antibacterial activity
tests for various nanocomposites were performed on agar plate
cultures or immobilized cultures.
including those of E. coli, Bacillus species, and Salmonella spe-
cies, were carried out on the basis of the size of the bacterial
inhibition zones after an average time of 24h or even
72 h.19%9752 Herein, the restriction of E. coli (Figure 6), B. subti-
lis (Figure 7), and S. typhimurium (Figure 8) was noticed after
1.5, 3, and 6h, respectively. In terms of antibacterial packaging
applications, this may have been significant for the early preven-
tion of certain pathogenic bacteria with AgNP-containing nano-
composites. High amounts of AgNPs at 5 and 9 wt % in other
related PE and poly(3-hydroxybutyrate-co-4-hydroxybutyrate)/
chitosan nanocomposites prevented E. coli growth up to 99% in
comparison to the neat PE after 24 h.'>>® Salmonella and Bacil-
lus species were strongly inhibited in the presence of AgNP with
an amount of approximately 1.2 wt % in a gelatin film and
epoxy/clay nanocomposites.””>* Our results show that AgNPs at
5X 1077 wt % obviously restricted the growth of E. coli, B. sub-
tilis, and S. typhimurium by 30% after 6, 7, and 10h of cultiva-
tion, respectively. A poly(vinyl alcohol)/AgNP nanocomposite
containing similarly sized AgNPs (19nm) and with an AgNP
concentration of 4 X 107> wt % also strongly inhibited S. aureus
and E. coli*’ At the same concentration (2 wt %) in a polysul-
fone membrane for wastewater filtration, embedded AgNPs
30 nm in diameter were reported to inhibit the growth of E. coli
more effectively than AgNPs 70nm in diameter.”* Work else-
where showed that large AgNPs (80 nm) could kill E. coli but at
high concentrations, for example, 2 wt % in HDPE compo-
sites.”® The lower amounts of AgNPs used here (5X 10~* and
5X 107 wt %) also demonstrated antibacterial activity. Other
cellulose/AgNP nanocomposites also revealed antibacterial activ-
ity at 5X 10°* wt % AgNPs to both Gram-positive B. subtilis
and other Gram-negative K. pneumoniae.”® Natural rubber com-
posites containing 6 X 10°* wt % AgNPs 20nm in diameter
enhanced the antibacterial activity to E. coli and S. aureus.”’
The availability of AgNPs to kill bacteria at low concentrations
might be significant due to the use of AgNPs (although they
kill food and waterborne bacteria); however, they may cause

Antibacterial evaluations,
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oxidative stress that effects respiration rate of experimental ver-
. 23,58,
tebrate organisms, such as zebra fish and mouse embryos.*»**>

CONCLUSIONS

The fabrication of PE/AgNP nanocomposites with preparative
AgNP traps was simple, reproducible, and not time consuming
and could prevent the agglomeration of AgNPs on the material
surface. The capture of AgNPs in compact PE traps brought to
the PE/AgNP production the following advantages: (1) a reduc-
tion in the agglomeration of AgNPs, which restricted the anti-
bacterial activity of the AgNPs via the release of Ag"; (2) the
enhancement of the uniform distribution and control of the
amount of AgNPs in the final PE/AgNP nanocomposites; and
(3) the facilitation of the mixing between the raw PE granules
and the AgNPs because both were dry PE fractions.

The use of the AgNP trap pattern could be applied for other
nanocomposite type fabrications to enhance their possible anti-
bacterial activity with AgNPs. Because the agglomeration of
AgNPs on the PE/AgNP surface was prevented, the functional
AgNPs revealed effective antibacterial activities. Herein, the PE/
AgNP nanocomposites restricted common pathogenic bacteria
in their early developmental stage. On the other hand, the addi-
tion of AgNPs at low concentrations only slightly changed the
mechanical properties of the used commercial PE. With these
factors taken into account, these PE/AgNP nanocomposites are
highly promising for active packaging applications and produc-
tion, especially for low-income areas.
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