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This paper presents a study on biocidal effect of polymer nanocomposite films of gamma irradiated polypropyl-
ene (PP) and silver nanoparticles. The modified polypropylene was obtained from isotactic polypropylene (iPP)
in pellets form by irradiation with gamma rays in the presence of acetylene. A new morphology with long chain
branching of PP and distinct rheology is obtained by this process. The blend of 50/50 wt% neat PP and PP modified
by gamma radiation were further mixed using a twin screw extruder. The AgNPs were infused into this polymer
blend at different concentrations of: 0.1%; 0.25%; 0.5%; 1.0%; 1.0% (PVP), 2.0% and 4.0% by wt%. These polymer
nanocomposites were characterized by Raman spectroscopy, scanning electron microscopy (SEM), energy dis-
persive spectroscopy (EDS), thermogravimetric analysis (TG), differential scanning calorimetry (DSC), X-ray dif-
fraction (XRD), transmission electron microscopy (TEM), cytotoxicity test and Kirby-Bauer disk diffusion
techniques. The bactericidal effect of Pseudomonas aeruginosa (P. aeruginosa) and Staphylococcus aureus

(S. aureus) were assessed in detail.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Polypropylene (PP) has emerged as an environmentally friendly
polymeric material because its low cost and high chemical resistance
coupled with ease of fabrication, high versatility in applications and
recycling [1,2]. PP is the fastest growing commodity resin in the thermo-
plastic polymers world market [3].

PP has low melt strength, low elasticity, and a narrow processing
window because of its linear macromolecular architecture and semi-
crystalline nature. As a result, upon heating PP to its melting tempera-
ture, it undergoes sharp transition from a semi crystalline solid to a
melt that has no appreciable rubbery plateau. Hence, PP cannot be easily
used in melt processing operations such as deep draw thermoforming,
upward film blowing and extrusion coating, which involve free surfaces
undergoing extensional deformation [3-5].

An effective approach to achieve high-melt-strength-polypropylene
(HMSPP) is to add long-chain-branches (LCB) into linear PP, onto back-
bone, using gamma radiation and acetylene. The grafting and branching
result from macroradicals combinations during the irradiation process
[6-9]. The strain hardening effect of the HMSPP represents an important
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role in many processing operations like film blowing, blow molding,
foam expansion, fiber spinning and thermoforming [10].

Extrusion process has been one of the important basic processing
technologies for producing polymer based compounds. The extrusion
technology has been divided into two major streams. The first stream
goes towards higher efficiency using lager scale processing lines, and
the other towards the production of functional products with special
properties, such as nanocomposites and/or polymer blends with speci-
fied nanoscale morphology [11].

The modification of polypropylene with inorganic nanoparticles
(AgNPs) nanocomposites prepared by melt mixing may provide some
functionality to the polymer. Applications such as household, automo-
tive, and packaging materials depend on the properties of the inorganic
nanoparticles. The presence of Ag nanoparticles increases the crystalli-
zation temperature of iPP even at very low Ag content, which represents
a high efficiency of the heterogeneous nucleation [12,13]. The disper-
sion of particle agglomerates is a key processing step in many industrial
applications. Solid particle clusters are subjected to shearing forces
while flowing through the process streams. They are broken down
into smaller components and are distributed [14]. Although the proper-
ties of the dispersing fluid and the particulate material can be very di-
verse, depending on the application, the same fundamental principles
are apply to control the dispersion process and the properties of the
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Table 1
Samples of PP-nanocomposites with addition AgNPs (wt%).

Sample A B C D E F G H
PPAgNPs/wt% PPO PPO0.1
*HMSPP obtained at 12.5 kGy was used as control: PPO.

PP0.25 PPO.5 PP1.0 PP1.OPVP PP2.0 PP4.0

final product [15]. In spite of antimicrobial activity, active substances
can be incorporated directly into polymeric materials or previously en-
capsulated by organic coating for follow polymer incorporation.

Thermal processing such as melt blending, extrusion and injec-
tion molding have also been applied to incorporate the antimicro-
bials into polymers. The thermal stability of active component and
chemical compatibility of polymer matrix and antimicrobials should
be considered in order to evenly distribute antimicrobial substance
[16]. Silver is particularly attractive because its high toxicity against
bacteria at exceptionally low concentrations and a very low toxicity
for humans [17,18].

Colloidal silver and silver nanoparticles are increasingly used as an-
timicrobial agents, stimulated by its depot function for silver ions and its
high specific surface area [19].

Recently, silver nanoparticles (AgNPs), metallic silver obtained in
nanosize are stabilized with different surfactants such as, polyvinyl pyr-
rolidone (PVP) or oleic acid (OA) for better dispersion [20].

These polypropylene-AgNPs compounds were prepared by melt
mixing, and the effects of the processing conditions on nanoparticles
dispersion were investigated, as well as, antimicrobial properties of
polypropylene filled with coated AgNPs [20].

The mechanisms behind the activity of nano-scaled silver on bacte-
ria are not fully elucidated yet. The three most common mechanisms
of toxicity proposed to date are: (1) uptake of free silver ions followed
by disruption of ATP production and DNA replication, (2) silver nano-
particles and silver ion generation of ROS, and (3) direct damage to
cell membranes by silver nanoparticles [21-23].

In our recent study we developed a method for branched PP, based
on the grafting of long chain branches on PP backbone using acetylene
as a crosslink promoter under gamma radiation process [24]. In the cur-
rent study we extended the branched PP to incorporate AgNPs. Films of
polypropylene nanocomposite with silver nanoparticles were obtained
by extrusion process and evaluated for biocidal effect of bacteria
P. aeruginosa and S. aureus.

2. Experimental

2.1. Materials

The isotactic Polypropylene (iPP) with MFI = 1.5 dg min~ ! and
Mw = 338,000 g mol ™' from Braskem - Brazil, was supplied in pellets.
Acetylene 99.8% supplied by White Martins. Silver nanoparticles
(AgNPs) was purchased from Sigma Aldrich, reference 576832, lot
MKBF5701V. The AgNPs particle sizes are in the range of 26-41 nm
with 99.9% of purity originally coated with 0.1 wt% of PVP as a
surfactant. The PVP (K90) (average molecular weight =
1,300,000 g mol '), was purchased from Plasdone.

Antioxidant Irganox®B215 ED, 67% tris(2,4-ditert-
butylphenyl)phosphite and 33% pentaerythritol tetrakis|[3-[3,5-di-tert-
butyl-4-hydroxyphenyl|propionate] from BASF.

2.2. Methods

2.2.1. Radiation process

The irradiation process of the polymer pellets was carried at room
temperature and at dose rate of 5 kGy h™!, using a multipurpose %°Co
gamma irradiator. The polypropylene irradiation was performed at
12.5 kGy dose monitored by a Harwell Red Perspex 4034 dosimeter.
After irradiation, the samples were heated for 1 h at 90 °C to promote
the recombination and annihilation of residual radicals [25,26].

2.2.2. Preparation of the nanocomposites

The blend of iPP and PP 12.5 kGy (50/50 wt%) were mixed with
Irganox® B 215 ED, long-term thermal stabilizer, in a rotary mixer for
12 h. The PP-nanocomposites were prepared by addition of AgNPs at
different concentrations of 0.1%; 0.25%; 0.5%; 1.0%; 1.0% (PVP), 2.0%
and 4.0% in wt%. The sample with 1.0% of AgNPs added with PVP as sur-
factant was mixed with ultrasonic mixer equipment, Quimis - Brazil, at
2000 rpm for 20 min. The polypropylene composite was processed in a
twin-screw extruder (Haake co-rotating, Model Rheomex PTW 16/25),
with the following processing conditions: the temperature profile (feed
to die) was 180 to 195 °C, with a speed of 100 rpm. After mixing, the
nanocomposites were granulated in a granulator Primotécnica W-702-
3. The PP-AgNPs nanocomposite films were obtained by compression
molding at 190 °C for 10 min without pressure and 5 min at a pressure
of 80 bar, after that these films were cooled at room temperature before
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Fig. 1. Raman spectrum of polypropylene films with AgNPs: B) PP0.1% AgNPs; C) PP 0.25% AgNPs; D) PP 0.5% AgNPs; E) PP 1.0% AgNPs; F) PP 1.0% AgNPs PVP; G) PP 2.0% AgNPs;

H) PP 4.0% AgNPs.
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removing from the mold. Eight different samples of PP-nanocomposites
were prepared and described in Table 1.

2.3. Characterization

2.3.1. Raman spectroscopy
Raman spectroscopic characterization were performed using the
Raman laser microscope DXR ™ 720 nm, Thermo Scientific.

2.3.2. Scanning electron microscopy and energy-dispersive spectroscopy

The as prepared specimens were examined using a Hitachi TM3000,
coupled with a Bruker Quantax 70 for the collection of energy dispersive
X-ray (EDS) spectroscopic data. The EDS analysis was carried out at
15 keV and the acquisition period was 120 s.

2.3.3. Transmission electron microscopy

The morphology of the samples was examined with a JEOL JEM-
2100 transmission electron microscope operating at voltage of 80 kV.
Ultrathin sections (80 nm) were prepared with a Leica EM FC6 ultrami-
crotome with a diamond knife.

2.34. Differential scanning calorimetry

Thermal properties of specimens were analyzed using a Mettler To-
ledo DSC 822e differential scanning calorimeter. The thermal behavior
of polymer nanocomposite films was obtained by: (1) heating from
—50 to 280 °C at a heating rate of 10 °C min~ ! under nitrogen atmo-
sphere; (2) holding for 5 min at 280 °C, and (3) then cooling to
—50 °C and reheating to 280 °C at 10 °C min~!. Melting enthalpy
value for 100% crystalline PP is 209 k] kg~ [27,28]. The percentage crys-
tallinity of the polymer and polymer nanocomposite was calculated
using the following Eq. (1):

AH; x 100

Xe(%) = =5 (1)

2.3.5. Thermogravimetry analysis

Thermogravimetry curves were obtained with an SDTA 851
thermobalance (Mettler-Toledo), using samples of about 10 mg in alu-
mina pans, under nitrogen atmosphere of 50 mL min~', in range from
25 up to 600 °C, at a heating rate of 10 °C min~ .
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Fig. 2. SEM images and EDS mapping of Ag dispersed in the PP films: A) PP 0; B) PP 0.1% AgNPs; D) PP 0.5% AgNPs; E) PP 1.0% AgNPs; F) PP 1.0% AgNPs PVP; G) PP 2.0% AgNPs; H) PP 4.0%

AgNPs.

2.3.6. X-ray diffraction

X-ray diffraction (XRD) measurements were carried out in the re-
flection mode on a Rigaku diffractometer Mini Flex II (Tokyo, Japan) op-
erated at 30 kV voltage and a current of 15 mA with CuKa radiation
(N = 1.541,841 A). Specimens were prepared with dimensions of
(2.5 x 2.5 cm?) and fixed on glass slides.

2.3.7. Mechanical test

The tensile tests were carried out on Zwick/Roell Z2.5 materials test-
ing system equipped with TestXpert data acquisition system at 2.5 kN
load. Thin films were cut according to the ASTM D882 standard in rect-
angular strip of 70 mm x 10 mm. Film thickness were ranged between
10 and 50 pm and was measured by the optical microscope. Samples at
about, ten replicates, were tested for each film using separation grips of
50 mm. The cross-head speed was set at 0.01 mm s~ .. The tensile
strength, modulus and toughness were determined by the TextXpert
software.

2.3.8. Cytotoxicity test

The cytotoxicity assay, according to ISO 10993-5:2009 [29] was car-
ried out with the exposure of NCTC L929 cell cultured in a 96 wells mi-
croplate to the extract obtained by the immersion of samples in cell

culture medium, MEM (minimum Eagle's medium, Sigma Co., Sdo
Paulo, Brazil), for 24 h at 37 °C in a CO, humidified incubator. After
this period, the medium was discarded and replaced with 0.2 mL of se-
rially diluted extract of each sample (50; 25; 12.5; 6.25%). The cell line
was acquired from American Type Culture Collection (ATCC) bank.
The cytotoxicity effect was evaluated by neutral red uptake (NRU)
methodology adapted according to previous work [30]. Samples of
films in the square dimension of 2x2cm? were tested. Negative control
used was non-toxic PVC pellets and positive control used was 0.02%
phenol solution. Positive and negative controls were necessary to con-
firm the performance of the assay. Negative results implies in no cyto-
toxicity effect on human cells [31].

2.3.9. Antimicrobial susceptibility testing disk diffusion - Kirby-Bauer
method

The objective of the test is to evaluate the AgNPs diffusion results
contained in the polypropylene film, using standard procedures by
NCCLS - National Committee for Clinical Laboratory Standards and
ANVISA [32]. Bacteria and preparation of inoculum: Bacterial samples
for testing were P. aeruginosa (Gram - negative) ATCC 25923 and
S. aureus (Gram - positive) ATCC 27853. The colonies were suspended
in nutrient medium (Mueller-Hinton) to obtain a concentration of 0.5
McFarland scale (1 x 108 CFU mL™1). Agar was dispersed in the surface
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Fig. 3. TEM of polypropylene film with AgNPs PVP.

of a plate using a sterile cotton swab. After dried, samples with silver
and the control (without silver) were individually added over the sur-
face. The plates were incubated in bacteriological incubator at 37 °C
for a period of 18 to 24 h. For a positive control we used the antimicro-
bial susceptibility testing of the same strains with antibiotic disc (CIP
5) Ciprofloxacin, when P. aeruginosa and S. aureus possess sensitivity.
This methodology was used in polypropylene films with AgNPs. Test
of bacteria proliferation was done with drops of bacteria solution
(400 pL at 10° cell mL™") in contact with disks and after that dropped
material is collected and tested for proliferation on Agar.

3. Results and discussion
3.1. Raman spectroscopy

The Fig. 1 shows the Raman spectrum of the nanocomposite films
PP@AgNPs.

Raman spectroscopy of AgNPs was used in order to verify the
functionalization groups associated with the stability of AgNPs. The
Fig. 1 show a strong and sharp band at 237 cm™ ' which was attributed
to the stretching vibrations of Ag-O bond [33]. According to the litera-
ture [33,34], the range between 200 and 500 cm ™! is characterized by
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Fig. 4. DSC curves in the melting of the second heating run of films PP-AgNPs at different
silver mass percentages: A) PP 0; B) PP0.1%AgNPs; C) PP 0.25% AgNPs; D) PP 0.5%AgNPs;
E) PP 1.0%AgNPs; F) PP 1.0%AgNPsPVP; G) PP 2.0%AgNPs; H) PP 4.0%AgNPs.

Table 2

DSC data of PP films during the second run of melting.
PP films T/°C Timp/°C Tina/°C Xc/%
A) PPO 116.5 - 161.8 50.6
B) PP0.1%AgNPs 120.6 - 160.5 50.1
C) PP0.25%AgNPs 125.4 - 163.4 48.4
D) PP0.5%AgNPs 117.2 - 159.7 50.8
E) PP1%AgNPs 117.0 143.7 159.6 50.1
F) PP1%AgNPsPVP 1209 148.5 161.6 47.5
G) PP2%AgNPs 116.7 145.0 159.5 50.2
H) PP4%AgNPs 116.5 148.0 163.3 442

a broad band in which it is possible to define Raman shifts at
397 cm™ ! spectrum attributed to Ag lattice vibration modes.

The broad and intense peaks at 1358 cm ™' and 1589 cm~ ! were at-
tributed to the enhancement of Raman lines by carbon polymeric seg-
ments absorbed on silver oxide [35,36]. The peak appearing at
659 cm™ ! was attributed to the presence of PVP stabilized silver nano-
particles, as described by [37].

3.2. Scanning electron microscopy and energy dispersive spectroscopy

The Fig. 2 shows the SEM images and EDS data for PP films with dif-
ferent percentages of silver nanoparticles. Semi-quantitative analysis of
EDS data shows the increase of AgNPs content in the film, according to
the formulation.

For elemental analysis of AgNPs were used in films with thickness
ranging from 0.39 to 0.56 mm. The micrographs of the Fig. 2(A-H)
showed red dots referring to carbon and green dots are clusters of silver
nanoparticles. Fig. 2(A-H) also shows the EDS spectra in which peak ob-
served at about 3.40 keV corresponds to the energy bands of AgL
[38-42], which confirms the presence of silver. It was found on the sur-
face of the films, homogeneous distribution of AgNPs and the presence
of silver clusters in different regions. As semi quantitative determination
of silver were found films with the following proportions: (0.1, 0.1, 0.2,
0.4, 1, 0.4, and 0.8%) of AgNPs in selected regions.

The use of PVP as surfactant showed better dispertion of the AgNPs
and a more reliable result of Ag content.

3.3. Transmission electron microscopy

The TEM image of silver nanoparticles in polypropylene film is show
in Fig.3.

(A) 3%
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300 320 340 360 380 400 420 440 460 480 500 520 540 560 580
Temperature / °C

Fig. 5. TG decomposition curves of the AgNPs-polypropylene films. A) PPO; D) PP
0.5%AgNPs; G) PP 2.0%AgNPs and H) PP 4.0%AgNPs.
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Fig. 6. X-ray diffraction in polypropylene nanocomposite films with AgNPs. A) PP 0; B) PP
0.1%AgNPs; C) PP 0.25%AgNPs; D) PP 0.5%AgNPs; E) PP 1.0% AgNPs; G) PP 2.0%AgNPs;
H) PP 4.0%AgNPs.

TEM image of the silver nanoparticles from the polypropylene film
matrix illustrates that spherical shapes of the silver nanoparticles with
average size between 26 and 41 nm were measured in the polymer
films.

3.4. Differential scanning calorimetry

The DSC reports are presented in Fig. 4. The curve corresponding to
the PP films showed one melting peak, whereas two peaks are observed
for AgNPs-polypropylene-films with percentages equal to or higher
than that 1%AgNPs, samples E, F, G and H.

The DSC evaluated the crystallization temperature (Tc), temperature
of second melting (T,,»), and the degree of crystallinity (Xc), and the re-
sults are presented at Table 2.

The nanocomposite shows, in Fig.4 a small peak in the region
143.7-148.5 °C followed by a strong peak in the region
159.5-163.4 °C. These two peaks represent the melting of the 3-form
and the a-form respectively. According to the literature [43-45] the
melting temperature of the 3-form is observed at around 145-150 °C.
Compared to PP without AgNPs, the nanocomposites had, in some
cases, one increase in crystallization temperature [45,46].

- —— A(PPO)
D (PP0.5%AgNPs)
—— F (PP1.0%AgNPs PVP)

Stress / MPa

T T T T T T T T T T T
0 2 4 6 8 0 12 14 16 18 20 22 24 26

Strain/ %

Fig. 7. Tensile strength test: comparison between the samples PPO; PP0.5%AgNPs and
PP1.0%AgNPs PVP.
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Fig. 8. Cell viability curves of polypropylene films containing: B) PP 0.1% AgNPs; E) PP 1.0%
AgNPs; and F) PP 1.0%2AgNPs PVP.

3.5. Thermogravimetry analysis

The TG results indicated decomposition of the samples, Fig. 5.

Thermograms of Fig. 5 show the decomposition of four polypropyl-
ene silver nanoparticles films. The PPO film without AgNPs has 1.3% of
residue since the PP film which 0.5% AgNPs was 2.9%, followed by PP
film which 2%AgNPs was 4.3% and finally the film PP 4%AgNPs the resid-
ual value obtained was 5.3%.

The results confirm the presence of silver oxide residue in the films.
However silver located internally in the films does not manifest the bio-
cide activity, as evidenced in the tested samples of PP and PP 2%AgNPs,
PP 4%AgNPs.

3.6. X-ray diffraction

Fig. 6 shows the XRD patterns of the nanocomposite films PP@
AgNPs.

The crystal structure and nature of AgNPs formed were analyzed by
XRD. The XRD profiles show, in Fig. 6, characteristics peaks of scattering
angles (26) of 38.1 and 44.3, 64.5 and 77.3 corresponding respectively to
the (111), (200), (220) and (311) crystallographic planes. These diffrac-
tion peaks represent the face centered cubic (fcc) crystalline structure of
metallic silver [47], respectively (JCPDS file n°. 00-004-0783). The in-
tensity of the XRD peaks increases with silver nanoparticles (wt%)
concentration.

120

100
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—=— PPO

v PP 2.0% AgNPs
“— PP 4.0% AgNPs

Cell Viability / %

T T T T T T T T
1] 10 20 30 40 50 60 70 80 80 100

Extract Concentration / %

Fig. 9. Cell viability curves of polypropylene films containing: A) PPO; G) PP 2.0% AgNPs;
and H) PP 4.0% of AgNPs.
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Fig. 10. Antimicrobials susceptibility test by diffusion disk in PP film 1%AgNPs specimen:
a) Control with antibiotic (Ciprofloxacin) for Pseudomonas aeruginosa (P. a.) (left) and
Staphylococcus aureus (S. a.) (right), both positive test; b) S.a test for PP 1%AgNPsPVP
(left) and PPO control without Ag (right); c) P. a. test for PP 1%AgNPsPVP (left) and PP
control without Ag (right).

3.7. Mechanical test

A representative stress-strain-curve of nanocomposite films of the
PPAgNPs is illustrated in Fig. 7.

An introduction of AgNPs into PP led to significant decrease of its
tensile strength at nanoparticles content of 1%. However, polymer com-
posite containing 0.5% of AgNPs showed similar value to the neat PP.

3.8. Cytotoxicity test

In this study, all the tested samples were noncytotoxic even at 100%
extract concentration. They demonstrated similar behavior to negative
control with non-cytotoxicity index (ICsox), as showed in Figs. 8 and 9.

Cell viability curves were obtained in a graphic with cell viabilities
percentages against extract concentration. The cytotoxicity index ICsgy
is obtained in the graphic and means the extract concentration which
injures 50% of the cell population in the assay. The sample with cell vi-
ability curve above ICsqy line is considered noncytotoxic and under
ICs0% line is considered toxic.

The cytotoxicity index was obtained by projecting a line from 50%
cellular viability axis to extract concentration. All the lines are upper
50% cellular viability therefore, the films of AgNPs-PP are characterized
as noncytotoxic by cell of mouse and in consequence noncytotoxic to
human cells.

Fig. 11. Proliferation test on agar medium in PPO (A) and 1%AgNPsPVP (F): d) dropped
material in contact with PPO surface tested for P. a. to agar; e) dropped material in
contact with PPO surface tested for S. a. to agar; f) in contact with PP1%AgNPsPVP tested
for P. a.; g) in contact with PP1%AgNPsPVP tested for S. a.

3.9. Kirby-Bauer disk diffusion

Using disks PP 1% AgNPs samples diffusion tests (method of Kirby-
Bauer) were done for P. aeruginosa and S. aureus in comparison with cip-
rofloxacin as positive control. As shown in Fig. 10 no halo formation was
observed, hence no death of bacteria occurred.

The result suggests that there was no diffusion of silver to the culture
medium. Test for proliferation were done for samples with drops of bac-
teria solution (400 pL at 10° cell mL™ ") in contact with disks of a) and f).
The dropped material were removed after 2 h and cultured in agar,
Fig. 11.

After the incubation time, the result shows the formation of colonies,
both as d) P. aeruginosa and e) S. aureus, in samples of dropped bacteria
solution taken from the PP surface. However material from disc surface
PP1%AgNPsPVP showed no growth of any colonies indicating that the
film with silver showed 100% biocide activity (f, g).

The mechanism for release of metal ions (Ag™) is the corrosion of
particles present in the bulk of the polymer owing to the diffusion of
water molecules coming from the bacteria medium into the surface of
particles [48].

Even highly non-polar matrices such as polyethylene or polypropyl-
ene allow the diffusion of water molecules and the polymer particle in-
terface can further increase water diffusion through holes or micron-
scale defects [49]. In the present results analyzed, the proliferation test
showed contact bactericide activity. Taking into account the absence
of clear zones of inhibition of test culture growth, is clear that the rate
of silver ions diffusion is too low or even absent. Therefore, it can be pro-
posed that PPAgNPs composites probably act as contact-active antimi-
crobial material without detectable biocide release.

4. Conclusion

This study was concentrated on the preparation of the films of
PPAgNPs nanocomposites obtained by extrusion process. The used
PVP surfactant, improves dispersion of nanosilver.

The TEM analysis verified the presence of silver nanoparticles clus-
ters with size between 26 and 41 nm in the film. An introduction of
AgNPs into PP led to significant decrease of its tensile strength at nano-
particles content of 1%. However, polymer composite containing 0.5% of
AgNPs showed similar value to the neat PP.

Proliferation test for material in contact with surfaces of sample
(F) (PP 1%AgNPsPVP) showed biocide activity to P. aeruginosa and
S. aureus with 100% death of bacteria. The investigations of the cytotox-
icity test in films were characterized as noncytotoxic by cell of mouse
and in consequence noncytotoxic to human cells. Therefore, the pres-
ence of surfactant-coated silver nanoparticles allows antibacterial pro-
tection in contact-active without detectable biocide release.
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