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ABSTRACT
Silver has antimicrobial properties and when implemented on the stainless steel surface can inactivate microorgan-

isms and consequently prevent biofilm formation and cross-contamination of food. Therefore, in this study we evalu-
ated the antibacterial properties of silver ions implanted on AISI 304 stainless steel surfaces using low-energy doses
against Salmonella Enteritidis and Listeria monocytogenes, two foodborne pathogens. AISI 304 stainless steel cou-
pons were treated using energy of 2 and 4 keV for silver implantation and simulations were performed to estimate its
dose distribution. Coupons containing silver ions were contaminated with S. Enteritidis and L. monocytogenes and
incubated at 25 °C for 1 and 24 h. Results demonstrated that 4 keV treatment were able to reduce S. Enteritidis, but
not L. monocytogenes. However, the 2 keV treatment showed significant reductions of both pathogens and the depth
profiles of surfaces treated with 2 keV of energy showed 3.5x10'¢ silver atoms/cm? implanted in up to 5 nm from the
stainless steel surface. Silver implanted on stainless steel using low-energy doses demonstrated antimicrobial proper-
ties against foodborne pathogens and this strategy can be used to reduce adhered cells and biofilm formation in food
industries.
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INTRODUCTION

Foodborne illnesses are considered an important
health concern worldwide [1,2], consequently, strate-
gies to reduce microbial contamination of food re-
main an important challenge in food industries.
Equipment surfaces have been identified as sources
of microbial contamination [3,4] and, among the most
important foodborne pathogens able to adhere and
form biofilms on stainless steel surfaces of food
equipment and utensils are Salmonella spp. and L.
monocytogenes [5-7]. Inside biofilms, these bacteria
became more resistant to disinfectants and can cross-
contaminate foods [8,9], increasing the risk of food-
borne diseases.

Many equipment surfaces and utensils used in food
processing are made of AISI 304 stainless steel due to
its resistance to corrosion, ease of cleaning and low
cost [10,11]. However, AISI 304 stainless steel sur-
faces do not have antibacterial properties [12,13],
allowing the formation of biofilms, which can con-
taminate food. Silver is a well-known chemical ele-
ment with antimicrobial properties [14,15], and when
implemented on stainless steel surface can inactivate
microorganisms and prevent biofilm formation. Stud-
ies using high and intermediate energy (>30 keV) to
ion implementation showed that silver can be imple-
mented in the first few micrometers of the stainless
steel surface and this did not change any property of
this material [16-19]. However, silver implementation
studies using low-energy systems (0.1 to 10 keV) are
few or unexplored. According to Echeverrigaray et
al. [20] and Soares et al. [21], silver implanted with
lower energy is capable of assuming equilibrium po-
sitions near the surface allowing spontaneous ioniza-
tion. It facilitates ionic leaching through a shorter tra-
jectory, making silver much more effective against
bacterial agents. Furthermore, this technology can be
carried out in industrial scale and can be more feasi-
ble than high-energy implantation.

Therefore, the aim of this study was to evaluate the
effect against S. Enteritidis and L. monocytogenes of
silver implanted on AISI 304 stainless steel surfaces
using 2 keV and 4 keV energy doses.
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2. MATERIALS AND METHODS

2.1. Preparation of stainless steel coupons

AISI 304 stainless steel coupons were provided by
Metalurgica Ralf Winter industry (Alvorada, Brazil).
The coupons were cut in square shapes (2.0 cm x 2.0
cm X 0.2 cm) and were mechanically brushed and
polished. After that, the stainless steel squares were
immersed in acetone PA, treated by ultrasound for 30
min, and autoclaved at 121 °C for 15 min. Finally,
coupons were dried at 60 °C for 2 h [22] and submit-
ted to surface modification treatment.

2.2. Silver-ion implantation

Silver-ion implantation method used in this study was
previously described by Echeverrigaray et al. [20]
using an lon Plating Diversified equipment. The main
advantages of using this equipment are the possibility
of ionic dose control, use of low temperatures, short-
time duration, high reproducibility and low-energy
implantation. Silver ions were implanted on all sides
of the coupon surfaces. Briefly, stainless steel cou-
pons were inserted in the vacuum reactor which was
pumped down to a pressure of 1 x 10° Pa with a
work pressure of 5 x 10 Pa. The silver implantation
used was the pellet form with a purity of 99.9% pro-
vided by Kurt J. Lesker Company (United States).
The process conditions of silver-ion implantation
were 6 kV of voltage, 25 mA of emission current and
15.1 A of filament current during 60 min. Two treat-
ments with different energy levels (BIAS) were test-
ed: Treatment [ with 4 keV and Treatment II with 2
keV.

2.3. Bacterial strains

We used two bacterial strains from the Laboratory of
Food Microbiology and Food Control of the Institute
of Food Science and Technology of Federal Universi-
ty of Rio Grande do Sul (ICTA/UFRGS), in Porto
Alegre city, Southern Brazil. The first microorganism
was S. Enteritidis (SE86), a gram-negative foodborne
pathogen isolated from a cabbage responsible for a
foodborne outbreak occurred in Rio Grande do Sul
(RS). This microorganism was responsible for more
than 90% of salmonellosis occurred in RS State from
1999 to 2013 [23]. The second microorganism was L.
monocytogenes (J11), a gram-positive pathogen iso-
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lated from a bovine slaughterhouse in RS State, Bra-
zil.

Before each experiment, S. Enteritidis was grown in
Brain Hearth Infusion broth (BHI; Oxoid, Basing-
stoke, England) at 37 °C for approximately 18 h and
L. monocytogenes in BHI supplemented with 0.6%
yeast extract (Oxoid, Basingstoke, England) incubat-
ed at 37 °C for approximately 30 h. After incubation,
both microorganisms were diluted using 0.1% pep-
tone water (Oxoid, Basingstoke, England) until the
final concentration of 10° CFU/mL and the bacterial
suspension was used to artificially contaminate AISI
304 stainless steels coupons implanted with silver.

2.4. Surface cleaning treatment

Before microbiological testing, coupons were subject-
ed to a surface cleaning treatment in order to remove
contamination and reduce oxygen action. Stainless
steel coupons with and without (controls) silver ion
implanted were immersed in a cleaning solution (15%
acetone PA and 85% solution NaOH 0.1 M), heated
at 100 °C during 15 min and dried at ambient temper-
ature.

2.5. Artificial contamination of coupons and evalu-
ation of bacterial adhesion

Artificial contamination was carried out by immers-
ing AISI 304 stainless steel coupons (Treatment I,
Treatment II and controls) in 100 mL of bacterial sus-
pensions containing 10° CFU/mL of S. Enteritidis or
L. monocytogenes, separately. Coupons were kept in
the bacterial suspension at 25 &= 1 °C under conditions
of 1 and 24 h, to estimate the antimicrobial effect of
silver on initial bacterial adhesion and on biofilm for-
mation, respectively [24].

After each incubation time, the coupons were washed
with 1 mL of sterile distilled water in order to remove
the weakly adhered cells. After that, the coupons
were immersed in 25 mL of 0.1% peptone water and
treated in an ultrasonic bath for 10 min to detach ad-
hered cells from AISI 304 coupon surfaces [25]. Dec-
imal dilutions were carried out and 20 pL of each
dilution were plated on agar plates using the drop
method [26,27]. Triptic Soy Agar plates (TSA, Ox-
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oid, England) were used to enumerate S. Enteritidis
after incubation of 37 °C/18 h and TSA supplemented
with 0.6% yeast extract to enumerate L. monocyto-
genes after incubation at 37 °C/30 h [7]. The reduc-
tion of initial bacterial adhesion (1 h) and the biofilm
formation (24 h) were determined as antibacterial rate
(AR) using the following equation [28]:
AR (%) = 100 (N1-N2)

N1 (Eq. 1)
where N1 is the number of bacteria adhered on un-
treated samples and N2 is the number of bacteria ad-
hered on silver treated coupons.

2.6. Depth profile determination of treated surfac-
es

Simulation of trajectories and energy losses of im-
planted silver ions were carried out in stainless steel
coupons using the software Stopping and Range of
Ion in Matter (SRIM 2013) by Monte Carlo method
(http://www.srim.org). The simulations were adjusted
by low-energy standards of self-bias voltage accelera-
tion of the silver ion beam with 2 keV (treatment that
presented the highest AR for both tested bacteria) in
stainless steel surface.

The silver quantitative chemical composition incorpo-
rated in stainless steel coupons was obtained by Ruth-
erford Backscattering Spectrometry (RBS) using a 3
MYV Tandem accelerator in order to produce a beam
of mono-energetic helium (He) ions of high energy at
2 MeV with normal incidence and angle detection of
backscattering of 165° [20]. Energy of backward scat-
tered particles rise to detect spectrum and elemental
composition of the material analyzed (atoms number).
The atomic densities of Ag peak areas were estimated
by standard Harwell bismuth (Bi) implanted into Si
with 1.44 x 10'® atoms/ cm®. The areal density of Ag
peak in the samples (atoms number per square centi-
meter) was calculated by Equation (2):

Asample Nstandard (Z° standard)
Nsample '~ Astandard = (Z2 sample) (E 2)
q.

Q sample = Q standard .

where Q is the amount of atoms/ cm” of element, 4 is
the area below the corresponding signal in the meas-
ured spectrum; N is the total number of incident ions
and Z is the atomic number.
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The surface chemical composition was obtained by
glow discharge optical emission spectroscopy (GD-
OES) using Horiba GD-Profiler 2 with a radio fre-
quency (RF) power source of 15 W and a pressure of
650 Pa [20].

2.7. Statistical Analysis

Values of bacterial counts (CFU/mL) were converted
to log CFU for statistical evaluation of the data ob-
tained in bacterial tests. Three independent experi-
ments were performed with duplicate repetitions. In
order to analyze the data obtained in bacterial tests,
variance analyses were performed using SPSS soft-
ware version 21.0. The Tukey’s test was used to com-
pare the averages and p<0.05 was considered signifi-
cant.

L. monocytogenes (A)

66.7%

Antibacterial Rate (%)
Antibacterial Rate (%)

1h 24h
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3. RESULTS AND DISCUSSION

3.1. Evaluation of bacterial reduction on AISI 304
stainless steel coupons

Coupons treated with 2 keV (Treatment II) demon-
strated 51.1% and 66.7% of L. monocytogenes anti-
bacterial rate (AR) in 1 and 24 h, respectively (Fig.
1A). However, the reduction of this pathogen was not
observed when coupons were treated with 4 keV of
energy (Treatment I). AISI 304 stainless steel cou-
pons submitted to both treatments demonstrated sig-
nificant reductions of S. Enteritidis. The AR for this
pathogen were similar after 1 and 24 h (Fig. 1B), i.e.
~45% for the Treatment I and 68% for the Treatment
II. The results demonstrated that Treatment I (2 keV)
presented higher antibacterial rates for both patho-
gens tested, when compared to Treatment I (4 keV).

S. Enteritidis (B)

68.6%

Treatment |
(4 keV)

B Treatment I
(2 keV)

1h 24h

Figure 1. Antibacterial rate (AR) after 1 and 24 h of L. monocytogenes (A) and S. Enteritidis (B) on AISI 304

stainless steel submitted to silver ion implantation at low-energies (2 and 4 keV).

The AR represents the percent reduction of bacterial cells adhered or inactivated on the silver treated coupons in relation to untreated

coupons. Values are the means of three independent experiments.

The slightly lower antibacterial rate of L. monocyto-
genes (mainly at 1h) can be explained by its cellular
composition. This microorganism is Gram-positive
and its cell wall is composed by a thicker peptidogly-
can layer, which can be more resistant against the
silver ion penetration when compared to the thin cell

wall of Gram-negative microorganisms as Salmonella
[29-33].

According to Chen et al. [34] and confirmed by the

present study, stainless steel implanted with silver can
exhibit antibacterial activity against Gram-negative
and Gram-positive bacteria. Chiang et al. [35] ob-
served that AISI 316 stainless steel surfaces implant-
ed with silver ions at a concentration of 0.03 %
weight, using a vacuum induction melting furnace at
1050 °C for 5 minutes, were able to reduce 89.9% of
an E. coli population. Liao et al. [36] found greater
antibacterial rates (99.9%) for E. coli and Staphylo-
coccus aureus, using 0.3 % wt Ag on AISI 304 stain-
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less steel prepared in air induction furnace under a
protective atmosphere at 1200 °C for 4 h. The lower
antibacterial rates found in our study can be explained
because we have tested other pathogens. Beyond that,
our method for the implantation of silver on the stain-
less steel surface used low temperatures, short times
and low energy than the methods used by Chiang et
al. [35] and Liao et al. [36]. Similar results were
found by Ni et al. [37] who observed good antibacte-
rial activity against E. coli on AISI 420 stainless steel
(77.7 %) using an ion implantation equipment with a
dose of 2 x 10" Ag/cm®. However, the antibacterial
activity for S. aureus was lower (50%). In another
study, Wan et al. [38] used an ion implantation equip-
ment to implant silver on two materials (AISI 317
stainless steel and titanium). At an ion dose of 0.5 X
10" Ag/cm?, the antibacterial effect for samples of
AISI 317 and titanium treated with silver was 80 and
83%, respectively. When the silver ions were in-
creased to 1.5 x 10'7 Ag/cm?, antibacterial rates of
99.9% and 100% were obtained on the stainless steel
and titanium samples, respectively. In the study of
Echeverrigaray et al. [20] AISI 304 stainless steel
coupons and AISI 316 stainless steel implanted with
silver showed an initial bacterial reduction > 95% in
comparison to the untreated samples for £. coli and S.
aureus (with 1 x 10'® Ag/cm?). The bacterial reduc-
tions can be explained by the fact that silver, when
released from the surface of stainless steel, acquires
the ionized form and is able to bind to proteins of the
bacterial cells. This process possibly damages the
structure of the cell wall, causing the death of cells.
However, some studies have shown that bacterial col-
onies can be formed on silver-treated surfaces during
longer incubation periods [35]. Therefore, if the treat-
ed stainless steel surface is used in food industries or
hospitals, it is also important to use appropriate clean-
ing and disinfection procedures to avoid the biofilm
formation and the presence of pathogenic bacteria on
the surfaces.

3.2. Depth profile of chemical composition using 2
keV of energy treatment

Figure 2 shows that the silver ionic implantation us-
ing 2 keV reached ions incorporation of up to 5 nm
from the surface and the highest concentration was

Zilio et al.

approximately 1.7 nm deep. Novello [39] also ana-
lyzed the implantation of silver ions using different
energy conditions. This author demonstrated that with
treatment of 200 keV, silver was implanted at a depth
of 25 nm from the surface, whereas in samples treated
with 70 keV, silver was implanted at 15 nm from the
surface. The surface at which the silver ions were im-
planted with 70 keV demonstrated higher antimicro-
bial affect, because the ions were implanted closer to
the surface, making possible a faster release of silver.
According to Echeverrigaray et al. [20], silver im-
planted with lower energy assumes position of equi-
librium close to the surface and ionizes spontaneous-
ly, facilitating the leaching of ions and making shorter
the trajectories.

6E+06 4

Ag+ / AISI 304
2 KeV

5E+06

4E+06 -

3E+06

Ag+ (lons)

2E+06

1E+06 4

0E+00

T T T

0 ) 2 4 6 8 10 12
Depth (nm)

Figure 2. Simulated ion ranges of the 2 keV silver
implanted on AISI 304 stainless steel.

With the results of the GD-OES analysis (Figure 3), it
was possible to observe that coupons presented a dose
of 3.5 x 10" Ag/em® (6.3 pg/cm?) in AISI 304 stain-
less steel after 24 hours. The GD-OES results demon-
strated that the elements of stainless steel were iron
and chromium. In addition, the curves of the elements
do not show an abrupt growth, which indicates that
the silver was implanted in the outermost layer of the
stainless steel surface. It was also verified the pres-
ence of oxygen on the stainless steel surface, which
corresponds to the oxide layer that is formed by expo-
sure to the environment.
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Figure 3. Chemical configuration profile in-depth by
GD-OED spectrum on AISI 304 with 2 keV.

4. CONCLUSION

The implant of silver on AISI 304 stainless steel was
effective in reducing S. Enteritidis and L. monocyto-
genes adhered and forming biofilms on the surfaces.
The silver implant on the surface using low energy (2
keV) reached only a few nanometers of the surface
and showed greater antimicrobial rates against the
pathogens tested when compared to the application of
4 keV of energy. This technique, besides being eco-
nomical due to low energy and small amounts of sil-
ver (6.3 pg/cm?) implemented, presents a high degree
of reproducibility. This demonstrates a potential use
on stainless steel surfaces, possibly bringing benefits
to food industries in preventing food contamination
by Salmonella and L. monocytogenes. However, it is
important to highlight that other food pathogens
should be tested, as well as other silver implementa-
tion systems on industrial scale should be further
studied in order to obtain further information about
antimicrobial properties of silver implanted on stain-
less steel.
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