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ABSTRACT: A layer of a polyethylene-silver nanopar-
ticles composite was deposited on a five layer barrier film
structure. Different methods were used for the nanocom-
posite layer deposition: laminating, casting, and spraying
over the multilayer structure. For the casting and spraying
methods, the silver nanoparticles were previously dis-
persed in the polymer solution, with the assistance of
ultrasound energy. The effect of silver nanoparticles and
deposition method on the barrier, mechanical, and optical
properties of the multilayer films was evaluated. The effi-
ciency of silver ion release from the PE-Silver nanocom-

posite deposited on the multilayer films and their
antimicrobial characteristics were investigated and dis-
cussed. The silver ion release and biocide effect of the
multilayer films was found to be dependant on the silver
nanoparticle content and on the deposition method used.
The observed results could be helpful in the design of
industrial films for packaging. © 2008 Wiley Periodicals, Inc.
J Appl Polym Sci 111: 953-962, 2009
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INTRODUCTION

Nanocomposites are a novel class of composite mate-
rials that have received special attention because of
their improved properties at very low loading levels
compared with conventional filler composites.
Among these improved properties are mechanical,
dimensional, barrier to different gases, thermal stabil-
ity, and flame retardant enhancements with respect
to the bulk polymer.'~

During the last few years, the spread of emerging
infectious diseases, especially those caused by drug-
resistant pathogens, has become a growing global
concern.® Polymeric materials play an important role
in the transmission of infections because microor-
ganisms often have strong abilities to survive on
ordinary polymeric materials, making the polymers
a potential source of contamination.”® The develop-
ment of biocidal polymers, that is, polymers that can
inactivate infectious pathogens upon contact, has
attracted considerable research interest.””'
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Recently, silver-based antimicrobial materials have
attracted significant interest.'’ ! Metallic silver is con-
sidered to be a nonreactive material, but it has been
demonstrated that in aqueous environments, it can
release silver ions and inhibit the microbial activity.**

Silver has been used as an additive in various
polymers®> to generate antimicrobial properties.
Some silver-containing fillers commercially available,
such as zirconium phosphate or titanium dioxide, as
well as some zeolites have been used as silver car-
riers. Silver-substituted zeolites are one of the most
widely used antimicrobial additives in food packag-
ing materials. Sodium ions present in zeolites are
substituted by silver ions. These zeolites have been
incorporated into many commercial polymers, such
as polypropylene, polyethylene (PE), and polyamide,
commonly at levels of around 1-5%.%

Some examples of silver applications are the inor-
ganic composites with a slow silver release rate that
are currently used as preservatives in a variety of
products; another current application includes com-
pounds composed of silica gel microspheres, which
contain a silver thiosulfate complex, that are mixed
into plastics for long-lasting antibacterial protection.””
Silver compounds have also been used in the medical
field to treat burns and a variety of infections.”®

The bactericidal effect of silver ions on microorgan-
isms is very well known; however, the bactericidal
mechanism is only partially understood. It has been
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proposed that ionic silver strongly interacts with thiol
groups of vital enzymes and inactivates them.?*>° The
silver ions avidly bind to negatively charged compo-
nents in proteins and nucleic acids, thereby causing
structural changes in bacterial cell walls, membranes,
and nucleic acids that affect viability.”! In particular,
silver ions are thought to interact with a number of
functional groups; a few of them have been identified
as thiol groups, carboxylates, phosphates, hydroxyls,
imidazoles, indoles, and amines.*? Hence, silver ions
that bind to DNA block transcription, and those that
bind to cell surface components interrupt bacterial
respiration and adenosine triphosphate (ATP) synthe-
sis.*® Experimental evidence suggests that DNA loses
its replication ability once the bacteria have been
treated with silver ions.”® Other studies have shown
evidence of structural changes in the cell membrane
as well as the formation of small electron-dense gran-
ules formed by silver and sulfur.?®*

It has been demonstrated that the prolonged and
steady release of silver ions, and hence the antimi-
crobial properties, are enhanced in an aqueous envi-
ronment. Hence, water diffusion characteristics of
the silver composites system are important parame-
ters of the antimicrobial properties. The filler can
improve the water permeation characteristics of
composites either by reducing the polymer crystal-
linity> or by generating more free voids within the
specimen to allow the entry of more water mole-
cules. The silver ion release from the composites
depends on the polarity of the matrix that affects
water uptake, crystallinity, and the presence of cer-
tain fillers that can improve the water diffusion.”

Silver ions have been demonstrated to be useful
and effective in bactericidal applications, but
because of the unique properties of nanoparticles,
nanotechnology presents a reasonable alternative for
the development of new bactericides. There are sev-
eral reports on multilayer films containing nano sil-
ver via layer by layer assembly of a chitosan-silver
complex with antimicrobial activity but mainly
focused to medical applications.**™

This work reports mainly the silver ion release
capability of PE nanocomposites deposited by several
methods on a multilayer film structure. A compari-
son of their silver ion release efficacies and antimicro-
bial properties, at different periods, is discussed. The
effect of silver nanoparticles and deposition method
on barrier, mechanical, and optical properties of the
multilayered films was also discussed.

EXPERIMENTAL
Materials

The polymers used for the preparation of the multi-
layer film were linear low density polyethylene
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(LLDPE, Dowlex 2045), supplied by Dow chemical
with a melt index of 1.0 g/10 min, a graft copolymer
of maleic anhydride onto polyethylene (PE-g-MA),
Bynel 4107 from Du Pont, and a polycaprolactam
(PA6), Ultramid B4 from BASF with a melt index of
17.5 g/10 min. Prior to processing, PA6 was dried in
a vacuum oven for 10 h at 85°C.

Nanotechnologies, Inc. synthesized elemental sil-
ver nanoparticles used in this work. The final prod-
uct is a powder of foamy carbon-coated silver
nanoparticles that were used without further treat-
ment. These nanoparticles are embedded in a foamy
carbon matrix, which prevents coalescence during
their synthesis. These nanoparticles have an average
size of 25 nm and a specific surface area (SSA) of
23 m®/g. The interactions between the silver nano-
particles and the foamy carbon-matrix are very weak
so that the nanoparticles need very low energy to be
released from this carbon matrix.

Preparation of the multilayer film

The five layer film used as a substrate was prepared
by coextruding PE as the external layers with PA6
as the central layer and PE-g-MA as tie layers, in a
five-layer 75 £ 2 um thick flat film: PE/tie/PA6/tie/
PE, using three-single-screw extruders (L/D = 24,
KTS-100 from Davis Standard, USA) connected to a
multilayer feed block fitted with a flat die, with tem-
perature of 250°C at the die. Seventy seven weight
percent of this film was PE, 17% PA6, and 6% adhe-
sive. The five layer film was used as a substrate to
study the effect of the silver nanoparticles directly
on a multilayer structure similar to those used in the
packaging industry.

A thin layer, around 10 + 2 pm, of the silver-PE
nanocomposite was deposited over the described
five-layer film by different methods:

Laminating method

The silver-PE nanocomposite was melt blended in a
300-cm”® mixing chamber, coupled to a Brabender
Torque Rheometer (Brabender PL-2000, USA), with
nitrogen flux, preheated to 150°C, using two sigma
rotors at a roller speed of 60 rpm. The silver nano-
composite was laminated at the desired silver con-
tent by extrusion and melt cast to form a layer of
around 10 £ 2 pm over the five-layer film substrate.
This is called the laminating method.

Casting method

A homogenous suspension of specific silver nano-
particle content in a solution of PE and xylene at
120°C was obtained with and without the assistance
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of a Sonicator ultrasonic processor (Industronic
AMCR-5118, Mexico).

A probe of ultrasonic oscillation with a maximum
power output of 300 W and a frequency of 20 kHz
was used for the homogeneous dispersion of the sil-
ver nanoparticles in the polymer solution. This nano-
composite suspension was deposited by solution
casting, forming a layer of around 10 + 2 pm over
the previously described five-layer structure. All the
samples were vacuum dried at near 80°C for 8 h to
evaporate the remaining solvent. The deposition pro-
cess was controlled trying to obtain the desired and
most homogeneous thickness controlling the amount
of deposited nanocomposite suspension. This is
called the casting method.

Spraying method

This nanocomposite suspension was also deposited
by spraying, using a metallic sprayer to form a layer
of around 10 £+ 2 pm over the five-layer film struc-
ture. All the samples were vacuum dried at near
80°C for 8 h to evaporate the remaining solvent.
Controlling the number of sprayed layers, it was
possible to obtain the desired and most homogene-
ous thickness. This is called the spraying method.

Characterization of multilayer films

The mechanical properties of the resulting multilayer
films were measured according to ASTM D 882 with
an Instron Model 4301, USA. UV-visible spectros-
copy (HP 8452 spectrophotometer, USA) was used
to determine the optical properties of the silver
nanocomposites. Light transmission and haze were
determined according to ASTM D1003, using a
Hazegard Plus from BYK Gardner, USA. Film surfa-
ces of average specimens were analyzed by scanning
electron microscope (SEM), Model Top Con 510 SM,
USA. The TEM observations were performed for the
thin sections of thin films with a Jeol-2000EX micro-
scope (Jeol, USA) with a field emission gun at an
accelerating voltage of 200 kV. The average nano sil-
ver particle distribution was calculated from the
TEM images using an image analyzer software
“Image Plus.” The oxygen barrier properties were
evaluated in films according to ASTM D3985 using
100% oxygen in an Oxtran 2/20-MH from MOCON,
USA. Water vapor transmission was determined at
38°C and 90% relative humidity (R.H.) according to
ASTM R-96 in a Permatran W 3/31 MA, PERMA-
TRAN, USA. Reported permeability results are the
average of at least six specimens per sample.

To monitor the silver ion release and antimicrobial
characteristics, the composites were stored in bottles
containing water (distilled and deionized) and con-
tinuously shaken. The analytes collected under these

conditions were used for the experiments to quantify
the silver ion released by the composites at various
time intervals using an IPC spectrophotometer
Thermo Jarrel ASH, Advantage, USA.

The antimicrobial tests were performed by using
ASTM E 2149-01 method. The samples were tested
against microorganisms supplied by American Type
Culture Collection (ATCC) a bacteria Pseudomonas
oleovorans (ATCC 29347) and a fungus Aspergillus ni-
ger (ATCC 6275). The strains were grown and multi-
plied in peptone-agar and PDA media at 30 and
28°C, respectively.

The test was made by inoculating the bacteria
P. oleovorans in peptone-agar and the A. niger in
PDA, then a film of 2.5 cm diameter previously steri-
lized with ethanol was placed in a Petri dish that
was immediately incubated at an optimum tempera-
ture for 24 h for P. oleovorans and 72 h for A. niger.
After this period of time, the samples were visually
analyzed (qualitatively) for the inhibition of bacteria
and fungi growth. Three replications were main-
tained for every treatment of this study.

For the test in media broth, an autoclave (Tuttnauer
BRINKMANN 2540E) at 121°C for 15 min was used
for sterilization process. The films formulated with
silver nanoparticles were sterilized with ethanol. For
all the strains, a concentration of 10°® CFU/mL was
used in the antimicrobial assays in this study. The
antimicrobial activity was evaluated by inoculating P.
oleovorans in peptone broth (30°C) and A. niger in
potato—dextrose broth (28°C), followed by the addi-
tion of each one of the films. The flasks were then im-
mediately incubated in a rotary shaker (at 150 rpm)
at an optimum temperature for 24 h for P. oleovorans,
and the samples were withdrawn at 3 h intervals to
check for bacterial growth. Five replications were
carried out for every treatment of this study.

In the case of A. niger, the flasks were incubated
for 72 h and the samples were withdrawn at 24 h
intervals to check the fungi growth. Five replications
were carried out for every treatment of this study. In
all the cases, a control sample (media broth) and a
reference multilayer film without silver nanopar-
ticles were tested as reference samples.

The growth of bacterial strains was measured by
determining the total proteins (biomass production)
using the Peterson method at 750 nm in a UV-vis
spectrophotometer (GENESYS; Model 10UV, USA).

The inhibition percentage (%) was evaluated by
comparing the count of biomass (mg/mL) between
the tests and control sets after 24 h of incubation for
bacteria and after 72 h for the fungi.

RESULTS AND DISCUSSION

Figures 1 and 2 present the TEM images and the sil-
ver particle size distributions of the cast thin layer of
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Figure 1 TEM image and particle size distribution of the multilayer sample with a cast thin layer of PE-silver nanocom-
posite (0.6 wt % of silver), prepared without using ultrasonic irradiation.

the PE-silver nanocomposite prepared with and
without the assistance of ultrasonic irradiation. It
can be seen in both figures that the silver nanopar-
ticles had spherical shapes and that the ultrasonic
irradiation had a significant effect on the particle
size dispersion. In Figure 1, the sample without ul-
trasonic irradiation shows silver particle aggregates
of more than 100 nm and a broad size distribution
with an average size between 50 and 60 nm. On the
other hand, the sample shown in Figure 2, in which
ultrasonic irradiation was used, showed smaller par-
ticles with an average particle size around 26 nm,
less particle aggregates and a more homogenous
particle size distribution. This suggests that the ul-
trasonic oscillations improve the dispersion of silver
nanoparticles in PE matrix by exposing them to
alternate compression and expansion modes of the
fluid that would fragment the silver agglomerates.*’

These results are in agreement with those reported
by several authors that ultrasound could disperse
nanoclay uniformly as well as improve the direct
dispersion of fillers during melt mixing.*'™**

UV-visible spectroscopy is a valuable tool for
structural characterization of silver nanoparticles. It
is well known that the optical absorption spectra of
metal nanoparticles are dominated by surface plas-
mon resonances (SPR), which shift to longer wave-
lengths with increasing particle size.*> In general,
the number of SPR peaks decrease as the symmetry
of the nanoparticle increases*® and the SPR peak
wavelength increases with particle size.

Figure 3 presents UV-vis spectra of the multilayer
sample with a cast thin layer of PE-silver nanocom-
posite at different silver contents. The sample with
0.4 wt % of nano silver exhibited the value of A max
at the lowest wavelength (370 nm) indicating that at
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Figure 2 TEM image and particle size distribution of the multilayer sample with a cast thin layer of PE-silver nanocom-
posite (0.6 wt % of silver), prepared using ultrasonic irradiation.
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Figure 3 UV-visible spectrum of the multilayer sample
with a cast thin layer of PE-silver nanocomposites at
different silver contents: (a) Reference film, (b) 0.4 wt %,
(c) 0.6 wt %, (d) 1.0 wt %.

this silver content the Ag particle size was the small-
est. The samples with higher nano silver particle
contents show a shift in the value of A max to higher
wavelengths (440 and 560 nm), which suggests an
increase in the degree of nanoparticle aggregation at
these contents. This suggests that at higher contents,
there is a tendency of the particles to form aggre-
gates. Although some aggregation occurred as a
result of the very small particle size, the antimicro-
bial properties remained, as will be seen later.

Figure 4(a—d) shows the SEM micrographs of the
multilayer sample surfaces with the layer of PE-sil-
ver nanocomposite deposited by different methods.
The reference multilayer film without the silver
nanocomposite extra layer [Fig. 4(a)] shows a very
smooth surface, whereas the sample with the nano-
composite layer deposited by lamination [Fig. 4(b)]
shows a bit rough surface, in which only a few silver
nanoparticle aggregates can be observed. The sam-
ples in which the silver nanocomposite was depos-
ited by casting [Fig. 4(c)] show a much rougher
surface with a few tiny pores, and it is possible to
see few dispersed aggregates of silver particles. This
surface roughness is caused by the solvent evapora-
tion. The formation of these silver aggregates may
be attributed to the very small silver particle size
that forms aggregates when the solvent is evaporat-
ing. The sample in which the silver nanocomposite
was deposited by spraying [Fig. 4(d)] shows also a
very rough surface with more visible tiny pores and
with more visible and dispersed silver particles on
the surface. These tiny pores observed in the casting
and spraying methods could permit the entry of
water molecules into the composites and enhance
the microbial activity of the silver particles. These
pores are inherent channels that may facilitate the
diffusion and migration of the chemical entities
within the matrix. It can be surmised that the thin
silver nanocomposite layer application method has

Figure 4 SEM micrographs of surfaces of: (a) multilayer reference film, (b) laminating method, (c) casting method, and

(d) spraying method.
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958

3o

—— MULTILAYER REF.
= LAMINATING,1.0% Ag
25 = CASTING, 0.6% Ag

= CASTING,1.0% Ag
- SPRAYING, 0.6% Ag

-+ SPRAYING, 1.0% Ag

20

15

STRESS, MPa

101

0

0 50 100 150 200 250 300 350 400 450 500
STRAIN, %

Figure 5 Strain-stress behavior for the multilayer films.

an influence on the surface topography of the multi-
layer film.

Figure 5 exhibits the strain—stress behavior for the
multilayer films. It can be seen that all films show a
well-defined yield point. After this point, a mini-
mum value of stress is attained, while necking is
occurring, characteristic of the PA6 polymer, and
then an increase in strain as the stress increases until
the sample breaks, characteristic of PE polymers.
The same behavior can be seen in all the samples.
The strain is slightly reduced when using higher sil-
ver nanoparticles contents and the strain-stress
behavior is quite similar to the multilayer reference
film. The mechanical properties for these films are
shown in Table I. The strain—stress values at break
for the reference multilayer film were 460%-27 MPa.
The values for the laminated sample at 1.0 wt % Ag
were 445%-24 MPa. Those for the cast samples at
0.6 and at 1.0 wt % Ag were 495%-25.5 MPa and
450%-23 MPa, respectively. And, those for the
sprayed samples at 0.6 and at 1.0 wt % Ag were
480%—26 MPa and 465%-24 MPa. Because the maxi-
mum difference in stress from the reference film is
of only around 14% and the maximum difference in

SANCHEZ-VALDES ET AL.

TABLE I
Mechanical Properties of Multilayer Films
Tensile
Sample strength (MPa) Strain (%)
Reference multilayer
film 27 £5 460 + 10
Laminated film,
1.0 wt % Ag 24 + 4 (—11%) 445 + 11 (-3.2%)
Cast film,
0.6 wt % Ag 255+ 6 (—=5.5%) 495 £ 7 (+7.6%)
Cast film,
1.0 wt % Ag 23 4+ 6 (—14%) 450 + 9 (~2.1%)
Sprayed film,
0.6 wt % Ag 26 +£7(=3.7%) 480 + 8 (+4.3)
Sprayed film,
1.0 wt % Ag 24 + 6 (—11%) 465 + 10 (+1%)

strain is only near 8%, these lie within the experi-
mental error, as shown in Table I. This suggests that
the deposited thin layer of nanocomposite has a
minimum effect on the mechanical properties of the
multilayer film.

In some applications, like in food packaging and
medical applications, permeability to water vapor
and gases, particularly oxygen, is critical to the pro-
tective properties of the plastic film. Varied perme-
abilities are also desired in certain applications like
modified atmosphere packaging. Water vapor trans-
mission rate (WVTR) and oxygen transmission rate
(OTR) values obtained for the multilayer films are
presented in Table II.

OTR of the multilayer films with the thin silver
nanocomposite layer shows an increase with respect
to the reference film. It can be observed that this
increase is more significant for the cast (45%) and
sprayed (50%) samples, and in all cases, there is a
small increase in the oxygen transmission with the
silver content. This could be related to the micro
voids observed for the cast and sprayed samples by
SEM analysis and to the lack of interactions between
the PE chains and the silver aggregates that might
lead to the formation of even more pronounced
voids in the structure, which would boost the gas
diffusivity.

TABLE II
Oxygen Permeability and Water Vapor Transmission Results
for the Multilayer Films

Oxygen permeability,
25°C (em®* m~2d ™)

Sample

H,O vapor transmission
rate, 38°C, 90% RH (g m 2d %)

Reference multilayer film
Laminated film, 0.6 wt % Ag
Laminated film, 1.0 wt % Ag
Cast film, 0.6 wt % Ag

Cast film, 1.0 wt % Ag
Sprayed film, 0.6 wt % Ag
Sprayed film, 1.0 wt % Ag

30 £ 0.7
33 + 0.3 (+10%)
34 + 02 (+13%)

415 + 0.5 (+38%)

435 + 1 (+45%)

425 £ 0.5 (+42%)

45.0 £ 0.2 (+50%)

6.0 + 0.3
3.2 + 0.4 (—46%)
3.5 + 0.6 (—41%)
43 £ 0.5 (—28%)
4.8 + 0.6 (—20%)
54 + 0.4 (—10%)
5.6 + 0.2 (—7%)

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
Optical Properties of Multilayer Films
Sample Transmittance (%) Haze (%)
Reference multilayer film 92.0+£0.2 10.6 + 0.1

Laminated film, 1.0 wt % Ag
Cast film, 1.0 wt % Ag
Sprayed film, 0.6 wt % Ag
Sprayed film, 1.0 wt % Ag

91.0 + 0.3 (—1%)
88.5 + 0.4 (—3.8%)
91.5 + 0.1 (—0.5%)
89.5 + 0.3 (—2.7%)

11.9 + 0.4 (+12%)
13.8 4 0.5 (+30%)
11.3 + 0.7 (+6.6%)
12.7 + 0.3 (+19%)

The WVTR of the multilayer films with the silver
nanocomposite layer shows a reduction with respect
to the reference film. It can be seen that this reduc-
tion is more significant for the laminated samples
(46%) in which no micro voids were seen by SEM.
The reduction in WVTR could be related to the
increase in the thickness of the PE layer, which is a
barrier to water vapor. The difference observed
between the different applications methods could be
related to the voids observed in the casting and
spraying methods (confirmed by SEM) that would
have permitted the entry of more water molecules
into the composites and have led to an increase in
the WVTR values.

The optical properties, e.g., percent transmittance
and haze, of the laminated, cast, and sprayed multi-
layer films are reported in Table IIl. The percent
transmittance of multilayer films decreased from 92
to 88% with the incorporation of the silver-PE nano-
composite layer. It is also observed that the haze
values lie in the range of 11.9-13.8 for films incorpo-

rating the silver nanocomposite layer. The increase
in haze after incorporation of nanocomposite layer
may be due to the scattering of light by the silver
nanoparticles and aggregates.”’

Figure 6(a—c) shows the antibacterial effect, in
media broth, for 24 h, of multilayer films with the
silver-PE nanocomposite applied using the three dif-
ferent methods. In all these figures, a typical behav-
ior of bacterial growth with time can be observed. It
can also be seen that at cero time, which corre-
sponds to the moment the first biomass determina-
tion was carried out, which was in time performed
10 min after the sample preparation, all the silver-
treated films show less biomass content than the
control and reference samples, specially the films
whose silver nanocomposite layers were deposited
by casting and spraying, which could be related
with a fast initial antimicrobial effect of the silver
against this bacteria. Figure 6(a) corresponds to the
sample where the silver nanocomposite layer was
laminated, in which the number of P. oleovorans cells
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Figure 6 Count of bacteria as biomass (mg/mL) versus time (h), expressing the antibacterial effect of multilayered films
with the different silver nanocomposite application methods: (a) laminating, (b) casting, (c) spraying.
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Figure 7 Photographic image of the incubation of fungus
A. Niger, after 72 h on: (a) reference multilayer film and
different methods: (b) laminating, (c) casting, (d) spraying.

was reduced in the films with silver nanoparticles
compared with the control and reference film for all
the considered times. At the initial stage, 0-9 h, the
number of P. oleovorans cells was reduced in the
samples with higher silver content. After 24 h of ex-
position, the number of cells is quite similar for both
silver contents and is very close to the media and
reference film, reaching only a slight reduction on
bacteria growth of around 10%.

Figure 6(b) shows the antibacterial effect of the
sample where the silver nanocomposite layer was
cast deposited. The number of P. oleovorans cells was
reduced in the films with silver nanoparticles com-
pared with the control and reference film for all the
considered times. At the initial stage, 0-15 h, the
number of bacteria cells was lower in the samples
with both silver contents, and this reduction was
more noticeable than in the samples prepared by
lamination. After 24 h of exposition, the number of
cells was lower for the higher silver content sample,
reaching a reduction on bacteria growth of around
20%, whereas the lower silver content sample of
0.6% was very close to the media and reference film.

Figure 6(c) shows the antibacterial effect of the
sample where the silver nanocomposite layer was
sprayed, in which the number of bacteria cells at the
initial stages is more significantly reduced for both
silver contents, and after 24 h of exposition, the
number of bacteria cells is lower than the media and
reference film samples for both silver contents. It can
be observed that at higher silver content, a reduction
on bacteria growth of near 30% was achieved.

We can see that all three silver nanocomposite
layer application methods exhibited a reduction in

Journal of Applied Polymer Science DOI 10.1002/app
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the biomasss production against the P. oleovorans,
which was of around 30% with the higher silver
nanoparticle concentration. We can infer that the
spraying method would provide superior antibacte-
rial properties, which could be related to the more
visible nanoparticles and more visible voids on the
surface of the films, as was confirmed by SEM,
which may facilitate the diffusion and migration of
the chemical entities such as water or silver ions
within the matrix. This finding is in good accord
with the experimental results obtained by other
authors.*® However, the low reduction on bacteria
growth obtained in this work, when compared with
the reported results,® suggests that these films are
only partially effective in controlling the bacteria
growth, at least with this type of bacteria.

Figure 7(a—d) shows the photographs of the
incubation of fungus A. Niger, after 72 h, on the mul-
tilayer films with the three different silver nanocom-
posite application methods. It can be observed that
fungi cover the reference multilayer film [Fig. 7(a)].
In the laminating method, Figure 7(b), a slight
reduction in the fungus content can be observed,
and in the casting method [Fig. 7(c)], an even greater
reduction in the fungus content can be observed.
However, in the spraying method, [Fig. 7(d)], a sig-
nificant reduction in fungi growth can be observed.
This again suggests that the spraying method was
more efficient in fungus control and exhibit
enhanced antifungal properties.

Figure 8 shows the percent reduction against the
fungus A. Niger after 14 days, for the three multi-
layer samples with the silver nanocomposite layer
and the reference, which was a silver nanoparticles
water suspension, all at 1.0 wt % of silver content.
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Figure 8 Percent reduction against fungus A. Niger of so-
lution analytes of the silver nanoparticles and multilayer
film samples, collected after 14 days.
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The measurements were performed with analytes
collected after maintaining the samples in deionized
water for 14 days, with continuous shaking. It can
be seen that after 14 days, the biocide effect of the
samples is maintained. The silver nanoparticles sus-
pension, as expected, provided the highest percent
reduction, above 80%, and the spraying method
seemed to be the best for applying the silver nano-
composite layer and attaining the higher percent of
growth reduction against A. niger. These results sug-
gest that these films show a better biocide effect
against the fungus than against the bacteria, which
may be related to the different effect of the silver
nanoparticles on different types of micro organisms,
which has been reported by other authors.>**’

The antimicrobial activity of silver is dependent
on the silver cation Ag®, which strongly binds to
electron donor groups in biological molecules con-
taining sulfur, oxygen, or nitrogen. The biological
performance of silver ions is dose-dependent. Low
concentrations <35 ppb are mainly bactericide,
whereas higher doses can be toxic to human cells,
ranging from low or high local toxicity to systemic
effects like argyria in high doses (>4-6 g total silver
content in the body).”* Hence, the silver-based anti-
microbial materials have to release Ag™ ions to be
effective. Figure 9 shows the characteristic nature of
the nanocomposite samples as a silver ion emitter in
an aqueous environment. These measurements were
performed with analytes collected at different times
of continuous shaking in deionized water, similar to
the procedure described earlier. From this figure, it
can be concluded that the samples are releasing the
Ag™ biocide and that its release increases with time.
However, the increase is found to be more signifi-
cant at higher times and the difference between 3
and 7 days is less notable compared with the differ-
ence observed between 7 and 14 days. It can be seen
that the silver nanoparticles suspension, as expected,
is the one with the highest Ag™ release, and that the
spraying method, used for applying the silver nano-
composite layer, is the one that produces the highest
Ag™ release. Even though we did not considered
determinations at exposure times longer than 14
days, we believe that these films will continue to
release silver ions, accordin7g with the similar results
reported by other authors.*” It can be seen that there
is a good agreement between the ion release content
and the fungicidal test results. In addition, these
results are in good agreement with the experimental
results from other authors.””*® To explain the differ-
ences observed in the method of silver nanocompo-
site application, we suggests that the rate of
diffusion is increased in the samples with tiny voids,
which facilitate the penetration of humidity through-
out this layer, and as a consequence, the migration
of silver ions and increases the rate of Ag™ release.
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Figure 9 Silver ion release as a function of immersion
time for solution analytes of the silver nanoparticles and
different multilayer samples.

As was seen by SEM, the samples with a sliver
nanocomposite layer deposited by lamination are
highly smooth with no apparent voids on its surface,
and because PE is a nonhygroscopic polymer, there
will be much lower water diffusion through the
polymer matrix. On the other hand, the samples in
which the layer was deposited by casting have some
visible voids, and the sample deposited by spraying
has even more noticeable voids that would facilitate
the diffusion of water and silver and enhance the
biocide properties.

The microorganism’s strains used in our test sys-
tem showed different sensitivities to silver ions.
Mechanistically, the mode of action at low silver
concentrations is an interference of Ag" with the
murein of the bacterial cell wall.*® Differences in
sensitivity are therefore very likely dependent on the
type of bacteria and the type of fungus.

CONCLUSIONS

The effect of a silver nanoparticles layer and the
method of deposition on the mechanical, barrier, op-
tical, and biocide properties of multilayered films
were investigated. From TEM images, we deter-
mined that the average silver particle size after an
ultrasonic irradiation process was around 26 nm. It
was found that the casting and spraying methods
used to apply the silver nanocomposite layer show
tiny pores on the surface that could increase the rate
of diffusion of chemical entities, such as water, gas,
and silver ions, into the composites and enhance the
microbial activity of the silver particles. The thin
layer of nanocomposite has only a minimum effect
on the mechanical and optical properties of the mul-
tilayer film. It was found that a superior effect of
these films on fungus control than their effect on
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bacteria growth control. The spraying method
showed superior biocide properties to control the
growth of the bacteria P. oleovorans and the fungus
A. Niger. This biocide effect is maintained even after
14 days of exposure. The antimicrobial properties
were enhanced in the samples with tiny voids,
which facilitate the migration of silver ions and
increase the rate of Ag™ release. A good agreement
was found between the ion release experiments and
antimicrobial test results.
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