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Oxidative stress is a condition caused by the high intracellular concentrations of reactive oxygen species (ROS)
that includes superoxide anion radicals, hydroxyl radicals and hydrogen peroxide. Nanoparticles could cause
rapid generation of free radicals by redox reactions. ROS can react directly with membrane lipids, proteins and
DNA and are normally scavenged by antioxidants that are capable of neutralizing; however, elevated concentra-
tions of ROS in bacterial cells can result in oxidative stress. The aim of this work was contribute to the knowledge
of action mechanism of silver nanoparticles (Ag-NPs) and their relation to the generation of oxidative stress in

Keywords: N L. . s .
Oxidative stress bacteria. We demonstrated that Ag-NPs generated oxidative stress in Staphylococcus aureus, Escherichia coli
Bacteria and Pseudomonas aeruginosa mediated by the increment of ROS and this increase correlated with a better antimi-

crobial activity. On the other hand, we showed that the oxidative stress caused by the Ag-NPs biosynthesized was
associated to a variation in the level of reactive nitrogen intermediates (RNI). Oxidative stress in bacteria can re-
sult from disruption of the electronic transport chain due to the high affinity of Ag-NPs for the cell membrane.
This imbalance in the oxidative stress was evidentiated by a macromolecular oxidation at level of DNA, lipids
and proteins in E. coli exposed to Ag-NPs. The formation of ROS and RNI by Ag-NPs may also be considered to ex-
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Antimicrobial activity

plain the bacterial death.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The antibiotic-resistant pathogens pose a threat to the treatment of a
wide range of severe infections and have demonstrated great success in
its ability to develop resistance mechanisms, often transferable against
virtually all antibiotics in clinical use (Gopal Rao, 1998). The emergence
of bacterial strains resistant to many antibiotics currently used empha-
sizes the need for new approaches to treating infections.

It is increasingly common to hear the terms nanotechnology,
nanomaterials, nanoparticles, etc., the impact is undeniable that the
study of nanoscience and nanotechnology developments have on social,
cultural and economic spheres of our daily life (Sharma et al., 2009).
Due to the countless individuals and physicochemical properties, the
metal nanoparticles have received attention for their multiple applica-
tions in different economic sectors, including electronics, pharmacy,
medicine, energy, agriculture, etc. In this sense, silver nanoparticles
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could be used to increase the contrast of objects of interest in living sys-
tems, furthermore could be improved the design of the silver contrast
agent to promote its biocompatibility and excretion (Karunamuni et
al., 2016). On the other hand, it has been found that gold-silver alloy
nanoparticles have potential for both blood pool imaging and breast
cancer screening (Naha et al.,, 2016).

Thus, a key breakthrough that has experienced nanoscience and
nanotechnology in recent year's aspect is the development of experi-
mental synthesis protocols for obtaining fast and reliable way to
nanoparticles range of chemistries, sizes and high monodispersity
(Komarneni et al., 2002).

Silver nanoparticles have proven effective against antibiotic resistant
bacteria (Quinteros et al., 2016). The antimicrobial properties of silver
are attributed to their high reactivity with proteins, structural changes
in the cell wall and the membrane, resulting in inhibition and cell
death. Additionally they attach them high reactivity with bacterial
DNA replication by inhibiting (Duran et al., 2016; Gambino and
Cappitelli, 2016).

Metal nanoparticles could cause rapid generation of free radicals by
redox reactions in which reacts with oxygen or water and free Fe? ™"
which then generates reactive oxygen species (ROS) via the Fenton
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Fig. 1. UV-vis spectrum of Ag-NPs biosynthesized. The nanoparticles were obtained of P. aeruginosa ATCC 27853 supernatant.

reaction (Keenan and Sedlak, 2008). High concentrations of ROS in the
cell can result in the generation of oxidative stress (Arce Miranda et
al.,, 2011; Paez et al., 2011). Oxidative stress is a condition caused by
the high intracellular concentrations of ROS that microbial cells are ca-
pable of neutralizing (Wang et al., 2004; Paez et al., 2009). ROS include
superoxide radicals, hydroxyl radicals and hydrogen peroxide, among
others. For example, ROS are normally produced during the metabolism
of prokaryotic and eukaryotic mitochondria, chloroplasts, peroxisomes
or in the cytosol, mainly as a byproduct of aerobic respiration (Arce
Miranda et al., 2011; Asada, 2006). ROS production is initialized mainly
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extracellular sources such as ultraviolet light or transition metals, in-
cluding iron (Villegas et al., 2013). It was found that when Fe,03 nano-
particles to a cell culture were added ROS levels increased 50-fold
(Limbach et al., 2007). Cells subjected to oxidative stress have various
dysfunctions in the lipid membrane, protein and DNA which could re-
sult in death of the microorganisms (Davies, 2000). Hydroxyl radicals
have the most deleterious impact on cell viability. To counteract oxida-
tive stress, organisms have developed various protective mechanisms.
The system response involves the production of repair enzymes and an-
tioxidants (Thammavongs et al., 2008; Angel Villegas et al., 2015).

}.

Fig. 2. Morphology characterization of Ag-NPs with TEM. (A and B) Silver nanoparticles biosynthesized. (C, D and E) S. aureus ATCC 29213 incubated with Ag-NPs for 0, 1 and 6 h,

respectively.
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Table 1
Antimicrobial activity shown by Ag-NPs, CIP and AgNO5 against test bacteria.
Strains Ag-NPs CIP AgNO;
MIC (pM) MBC (pM) MIC (uM) MBC (uM) MIC (uM) MBC (uM)
Staphylococcus aureus 0.203 0.203 13 13 78 78
ATCC 29213
Escherichia coli 0.101 0.101 0.3 03 78 78
ATCC 25922
Pseudomonas aeruginosa 0.016 0.016 0.6 13 10 10
ATCC 27853

The aim of this work is i) to contribute to understanding of the
mechanism of Ag-NPs action as generators of oxidative damage in dif-
ferent bacterial genera by assessing oxidative and nitrosative stress,
and ii) to extend the existing scant information in the literature on
Ag-NPs/bacteria interaction (Quinteros et al.,, 2016), as part of ongoing
in our laboratory regarding the oxidative stress involved in the antibac-
terial action. We considered, based on the above background, the
hypothesis that silver nanoparticles obtained by biosynthesis could
interact with the bacterial membrane and altering the respiratory me-
tabolism leading to cell to a condition of oxidative stress which lead to
bacterial death of several species.

2. Materials and methods
2.1. Chemicals and reagents

H,-DCFDA (6-carboxy-2’,7'-dichlorodihydrofluorescein diacetate
diacetoximetil ester), and N-(1-naphthyl)ethylenediamine
dihydrochloride were all obtained from Sigma-Aldrich (St. Louis, MO,
USA). Other chemicals used were sulfanilamide (Merck, Darmstadt,
Germany), Luria Bertani broth (MP Biomedicals, France), ciprofloxacin
(CIP) (Prarfarm, Argentina), AgNOs (Ciccarelli, Argentina) and Mueller
Hinton medium (Britania, Argentina).

2.2. Bacterial strains

Staphylococcus aureus ATCC 29213, Escherichia coli ATCC 25922,
Pseudomonas aeruginosa ATCC 27853.

2.3. Biosynthesis of Ag-NPs

The Ag-NPs were prepared according to the described by Ahmad et
al. (2003) with slight modifications. Luria Bertani broth was prepared,
sterilized, and inoculated with a fresh growth of test strain. The cultured
flasks were incubated at 37 °C for 24 h. After the incubation time, the
culture was centrifuged at 10,000 rpm and the supernatant was used
for the synthesis of Ag-NPs. P. aeruginosa culture supernatant was sepa-
rately added to the reaction vessels containing silver nitrate at a concen-
tration of 10 mM. The bioreduction of the Ag™ ions in the solution was
monitored by sampling the aqueous component (2 mL) and measuring
the ultraviolet-visible (UV-vis) spectrum of the solution. UV-vis spectra
of these samples were monitored on a Biotek Synergy 2 multimode
microplate reader, operated at a resolution of 1 nm. Furthermore, the
Ag-NPs were characterized by transmission electron microscopy
(TEM) using a TEM Jeol, JEM1200 EXII, USA.

2.4. Susceptibility to Ag-NPs

Minimum inhibitory concentration (MIC) and bactericidal concen-
tration (MBC) were determined by using the standard tube dilution
method on Mueller Hinton (MH) broth in accordance with standards
established by the Clinical and Laboratory Standards Institute (CLSI,
2011). An overnight culture of each microorganism was diluted to
achieve a cell density in the range from 10° to 107 colonies forming
units per milliliter (CFU/mL) and incubated for 10 min at 37 °C. The
Ag-NPs, AgNOs or CIP were then added in serial dilutions. Bacterial
growth was observed at 18 h of incubation. The cell suspension
(0.5 mL) was inoculated into each tube to give a total volume of 1 mL.

ODg,

Time (min)

Fig. 3. Growth curves of S. aureus, E. coli and P. aeruginosa. The tree bacterial species assayed were inoculated to 150 min (arrow) with or without Ag-Nps 0.6 pM. S. aureus ATCC 29213 (4),
E. coli ATCC 25922 (M), P. aeruginosa ATCC 27853 (A), S. aureus ATCC 29213 treated with Ag-NPs ({), E. coli ATCC 25922 treated with Ag-NPs (00), P. aeruginosa treated with Ag-NPs (A).
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The lowest concentration of the antimicrobial agent that prevented bac-
terial growth was considered to be the MIC. Viable bacterial counts were
obtained for samples without visible bacterial growth by plating on MH
agar plates, followed by aerobic incubation at 37 °C for 18 h. The antimi-
crobial agent concentration that produces the death of 99.9% of initial
inoculum was considered the MBC. To quantify the effect of Ag-NPs on
the bacterial growth, a time-response growth curve was obtained in
the presence of nanoparticles. In brief, a single CFU of each reference
strain was diluted in MH broth and grown for 18 h at 37 °C with con-
stant agitation at 140 rpm. Then, each culture was adjusted to 0.5
index in McFarland scale and inoculated at a cell density of 10 CFU/
mL in 2 mL of MH broth. For each strain culture was divided in two
new cultures of 1 mL each. One culture received the antimicrobial com-
pound and the control received phosphate buffer solution (PBS). The
bacterial cultures were then incubated at 37 °C with constant agitation
at 140 rpm. In different times, an aliquot of the broth was collected
and the optical density at 600 nm (ODggp) Was determined.
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2.5. Determination of ROS by spectrofluorometry

Bacterial suspension (100 pL) were incubated with 100 pL of Ag-NPs
(1.29 to0 12.9 pM) at different times (1, 2,3 and 4 h) at 37 °C. Then, 20 pL
of H,-DCFDA 20 uM aqueous solution were added. The fluorescence in-
tensity was measured 30 min later with a spectrofluorometer Biotek
Synergy HT with the excitation and emission wavelengths at 480 and
520 nm, respectively. Fluorescent microscopy was used as a monitor
of intracellular ROS generation by using H,-DCFDA using a NIKON TE-
2000U microscope, (excitation, 490 nm; emission, 519 nm; mirror,
500 nm; emission, LP 515 nm) Japan (Peralta et al., 2015).

2.6. Quantification of reactive nitrogen intermediates (RNI) using the
Griess's reaction

Nitric oxide (NO) is rapidly converted to nitrite in aqueous solutions
and, therefore, the total nitrite can be used as an indicator of NO
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Fig. 4. Reactive oxygen species determined by spectrofluorometry with H,-DCF in S. aureus (A), E. coli (B) and P. aeruginosa (C).
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concentration. This was measured using a spectrophotometric analysis
of the total nitrite performed by using Griess's reagent according to
the methodology described by Kobayashi et al. (Galera et al., 2016;
Baronetti et al., 2011). The bacterial suspension (100 pL) were incubated
with 100 pL of Ag-NPs (2.1 to 21 pM) at different times (1, 2,3 and 4 h)
at37 °C.Then, 50 pL of 2% sulfanilamide in 5% (v/v) HCl and 50 pL of 0.1%
N-(1-naphthyl)ethylenediamine dihydrochloride aqueous solution
were added. The formation of the azo dye was measured 15 min later
by spectrophotometry at 540 nm. The OD was directly proportional to
the nitrite content of the standard solution. Results were expressed re-
spect to control without Ag-NPs.

2.7. DNA oxidation

The bacterial suspension (ODggg = 1) was incubated with 0.5 mL of
Ag-NPs 15 pM by 4 h. Then, the DNA was purified according to the
methodology described by Becerra et al. (2006) and oxidation of nucle-
oside dG was quantitated by HPLC. 1 mM of dG and 8-OHdG were
applied as standards of non-oxidized and oxidized nucleoside, respec-
tively. Results were expressed by the 8-OHdG/dG ratio.

2.8. Advanced oxidation protein products (AOPP)

0.5 mL of bacterial suspensions of E. coli ATCC 25922 cultured over-
night in TSB at 35 °C were incubated with 0.5 mL of Ag-NPs 15 pM or
phosphate saline buffer for 4 h. 0.1 mL of the samples was taken at 0
and 4 h of incubation. Then, 50 pL of IK (1.16 M) and 50 pL of acetic
acid were added. The final product of the reaction was read at
340 nm, with chloramine-T (50 uM) being used as the standard. The
concentrations of AOPP were expressed as chloramine-T equivalents
per mg of proteins (Paez et al., 2011).

2.9. Lipid peroxidation
0.5 mL of bacterial suspension samples were incubated for 4 h with

0.5 mL of 15 pM Ag-NPs, or phosphate saline buffer (control). These in-
cubations were stopped by employing 1 mL of trichloroacetic acid (TCA)

35% (p/v) in the absence of light. After, 1 mL of 0.5% thiobarbituric acid
(TBA) was added and the samples were heated to 80 °C for 30 min. An
ice bath was then used to cool the samples, after which, they were cen-
trifuged and the absorbance of supernatant was determined at 535 nm.
A calibration curve of MDA solutions was applied to estimate the lipid
oxidation, with MDA levels expressed per mg of protein (nmol MDA/
mgP) (Paez et al., 2011).

2.10. Statistical analysis

The assays were performed at least in triplicate in three independent
assays. Data were expressed as means 4+ SD and analyzed by the
Student's t-test. P < 0.05 was used as the level of statistical significance.

3. Results
3.1. Biosynthesis of Ag-NPs

Nanoparticles exhibited an absorption peak around 390 nm after
24 h of reaction (Fig. 1), which is a characteristic plasmon resonance
surface of the band (SPR) of silver nanoparticles possibly due to excita-
tion of longitudinal vibrations plasmon in nanoparticles silver in the so-
lution. As visualized by TEM, Ag-NPs suspension appeared as a mixture
of homogeneous particles by size and shape Fig. 2(A and B). Most parti-
cles were spherical, but the sporadic presence of regular polygonal
particles was also observed. The Fig. 2(C, D and E) shows too the bacte-
ricidal activity of Ag-NPs in S. aureus. It can be seen how nanoparticles
adhere to the wall of S. aureus after 1 h incubation while after 6 h incu-
bation lysis of the bacteria was observed.

3.2. Susceptibility assays

MIC and MBC of Ag-NPs for the three bacterial species studied were
ranged from 0.016 to 0.203 pM. The values of MIC and MBC for CIP were
in order 0.3 to 1.3 pM while the values obtained for AgNO5 were from 10
to 78 uM (Table 1).

Fig. 5. Fluorescent microscopy obtained after incubation with Ag-NPs. (A) S. aureus control, (B) S. aureus after 1 h of incubation with Ag-NPs. (C) E. coli control, (D) E. coli after 4 h of

incubation with Ag-NPs. Magnification 40x and scale bar is 10 um.
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Fig. 3 shows that the Ag-NPs reduced drastically the OD of the bacte-
rial suspension over 5 h of incubation after adding Ag-NPs in the three
bacterial genera studied respect to control. The ODggp With Ag-NPs
treatment was about 4.5-fold lower than the control (without treat-
ment) for S. aureus and E. coli, while 6-fold lower for P. aeruginosa.

3.3. Generation of oxidative stress by Ag-NPs

ROS generation induced by Ag-NPs was time and concentration de-
pendent in the three bacterial species studied (Fig. 4). The increased
ROS production in S. aureus was observed after 1 h incubation with
Ag-NPs (1.29-12.9 pM) (Fig. 4-A) while at 2 h at the highest concentra-
tion of nanoparticles tested was reduced 20%. In E. coli, ROS generation
was time-dependent with the maximum stimulation observed at 4 h
of incubation with Ag-NPs (Fig. 4-B). Fig. 4-C shows the increase in ROS
in P. aeruginosa until 3 h incubation with 17 pM of Ag-NPs, then a decline
in ROS levels was observed at all concentrations of nanoparticles studied.
These results were confirmed by fluorescence microscopy (Fig. 5).
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3.4. Determination of RNI by Griess's reaction

Similarly to the determination of ROS production, the levels of RNI
were time and dose-dependent when the bacterial strains tested were
incubated with Ag-NPs (Fig. 6). In S. aureus (Fig. 6-A), the maximum
stimulus was obtained after 2 h while the RNI generation in E. coli was
lower at this time of incubation with the nanoparticles (Fig. 6-B).
Fig. 5-C shows that in P. aeruginosa, the RNI values decreased with
time a 20% until 2 h and then, remain constants.

3.5. Macromolecular oxidation generated by Ag-NPs

An important augment in the oxidation of ADN, lipids and protein
was observed in E. coli incubated with Ag-NPs as a consequence of
ROS increment. Table 2 shows an increment of 60% in the oxidation of
the three macromolecules evaluated respect to control without
nanoparticles.
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Fig. 6. Reactive nitrogen intermediates determined by Griess's reaction in S. aureus (A), E. coli (B) and P. aeruginosa (C).
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Table 2
Macromolecular oxidation generated by Ag-NPs in E. coli.

OH-dG/dG nmol MDA/mgP meq chloramine-T/mgP
Control 0.87 15.5 2.8
Ag-NPs 1.39" 248" 45"

* P <0.05 respect to control without Ag-NPs.

4. Discussion

Continuous selections of bacteria that are resistant to a wide range of
antibiotics have determined the necessity to discover new unconven-
tional sources of antimicrobials (Cardozo et al., 2013). The generation
of new compounds obtained by biosynthesis, ecofriendly, effective and
inexpensive against these resistant bacteria may be a solution to this
global problem. The results obtained in this work suggest that P.
aeruginosa-produced Ag-NPs have bactericidal effects against S. aureus,
E. coli and P. aeruginosa and may be an alternative treatment to the in-
fections caused by these microorganisms. It has been found that many
compounds of biological (Cardozo et al., 2013; Comini et al., 2011;
Nhiem et al.,, 2010) and chemical (Paez et al.,, 2013) synthesis have an-
timicrobial activity against various microorganisms of clinical impor-
tance. In this sense, we have achieved a biosynthetic product with the
advantages that this represents, which has a significant bactericidal ac-
tivity against S. aureus, E. coli and P. aeruginosa. The antibacterial activity
of Ag-NPs obtained by biosynthesis was in the order of pM and repre-
sents a concentration well below that those concentrations of antibi-
otics clinically used against these microorganisms.

Auffan et al. (Auffan et al., 2008) examined the effect of 1 h exposure
to a type of mutants of E. coli for Fe;03 nanoparticles. In that study, TEM
showed morphological changes of bacterial cells and also changes the
shape of the nanoparticle. The authors suggest that nanoparticles
could cause oxidative stress through the generation of ROS and the
Fenton reaction, as demonstrated using a mutant strain of E. coli without
protection SOD. We show that Ag-NPs biosynthesized produced an in-
crease of ROS in the three bacterial species assayed respect to control
by spectrofluorometry and fluorescent microscopy.

In general, ROS and RNI can interact with numerous targets, includ-
ing thiols, metal centers, tyrosine residues in proteins, nucleotide bases,
and lipids. NO directly affects the activity of enzymes that inhibit bacte-
rial respiration, growth arrest in E. coli and the suppression of DNA syn-
thesis. Bacteria have specific and general defense strategies to counter
environmental changes, including detoxification of stressors, as well
as protection mechanisms and repair systems (Hochgréfe et al., 2008).
The oxidative stress generated by Ag-NPs was associated to a reduction
in the levels of RNI which is similar to the effect of different antibiotics in
bacteria (Angel Villegas et al., 2015; Galera et al., 2016). Given that
nanoparticles could exert their toxic effect on bacterial structures and
various antibiotics act by oxidative mechanisms which lead to an oxida-
tion of macromolecules like lipids, DNA and proteins and consequently,
the bacterial death (Quinteros et al., 2016; Kohanski et al., 2007). Similar
results were demonstrated by Naha et al. with polymeric nanoparticles
which produce DNA damage dependent of intracellular ROS level (Naha
and Byrne, 2013).

We were able to show that the Ag-NPs biosynthesized generated ox-
idative stress in S. aureus, E. coli and P. aeruginosa mediated by the incre-
ment of ROS and a reduction of RNI. The modification in the oxidative
and nitrosative stress was too associated with a different antibacterial
activity of the Ag-NPs against the three bacterial species tested.
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