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oxidative stress and
macromolecular damage in pathogenic bacteria†
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The inactivation mechanism of bacterial growth by Photodynamic Antibacterial Chemotherapy (PACT)

employing gold nanoparticles and gold core/silver shell aspartame stabilized bimetallic nanoparticles was

studied. Reactive oxygen species were detected and quantified, using fluorescent probes, in the first 4 h

of PACT treatment on a reference strain (Staphylococcus aureus ATCC 29213) and two clinical isolates

(an extended-spectrum b-lactamase-producing Escherichia coli and Pseudomonas aeruginosa). At the

same time, damage of essential molecules such as proteins and lipids was found by spectrometric

techniques and TEM images analysis. Overall, these results suggest that the oxidative stress caused by

the photothermal effect of plasmon excitation leads to irreversible macromolecular damage and

therefore to bacterial death. No signals of resistance to PACT with AuNP was found after a total of 31

passages of S. aureus treated with lower doses of the photosensitizer. All this facts support this therapy

as a promising antibacterial alternative to antibiotic-resistant microbes.
Introduction

The fast rise of “superbugs” is a main challenge among current
social health issues.1–3 In depth practical research is urgently
needed to deal with antibiotic-resistant bacterial strains (ARBS).
It is not new that some kind of nanoparticle are very useful to
eradicate bacterial infections.4,5 Particularly, photodynamic
antibacterial chemotherapy (PACT) has the potential to inacti-
vate ARBS using nanoparticles which have special properties
when their plasmon are excited;6,7 however, it was just recently
depicted that irradiated gold nanoparticles (AuNP) were able to
completely inhibit the in vivo bacterial growth in just a few
hours8,9. Interestingly, AuNP are chemically stable, size-
controllable, easily modiable with the desired molecules,
and nontoxic to mammalian cells or animals.10 In fact, we
previously described the biocompatibility with eukaryotic cells
(MTT assay).9 As recently noted in the literature, it has been an
undeniable fast progress of plasmon induced therapies in
biomedicine; in contrast, their mechanism of action, pharma-
cokinetics, pharmacodynamics and toxicity remains poorly
understood.11 Several reports on antimicrobial photo-thermal
properties of different nanoparticle could be found, but only
a few studies on the process have been conducted. Oen, the
oxidative stress is suggested as the cause of the bacterial death
without sufficient evidence.
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In the present study, the mechanism of bacterial death
through PACT using AuNP was deepened. The AuNP studied
were synthesized by reduction of Au3+ with NaBH4, without any
further functionalization of the surface in order to investigate
the AuNP's self-antibacterial activity in the dark and under
irradiation at its plasmon peak at 525 nm. On the other hand,
aspartame stabilized gold core/silver shell nanoparticles were
also tested, given the fact that they have shown to need shorter
irradiation time and less concentration compared to AuNP to
achieve the bactericidal effect. A table comparing the values could
be found at Fasciani et al. (2015).12 Bearing inmind that plasmon
excitation of AuNP could produce chemical reactions (such as
a formation of radicals) in their close aqueous environment,13

reactive oxygen species (ROS) and reactive nitrogen species (RNS)
were expected to be formed in the mechanism of action. These
radicals have already proved to be responsible for bacterial death
caused by other nanoparticles.14 Fluorescence Microscopy (FM)
with 20,70-dichlorodihydrouorescein (DCFH2-DA) probe was
performed for qualitative detection of this reactive species, while
its quantication was carried out through uorescence intensity
measurement using 1,2,3-dihydrorhodamine (DHR). Moreover,
the macromolecular damage was evaluated by measuring
Advanced Oxidation Protein Products (AOPP) and oxidized
lipids.15

The AOPP are currently used as markers of oxidative stress in
plasma, due to the vulnerability of proteins to ROS and RNS. For
instance, the oxidation of tyrosine (an amino-acid residue),
leads to the formation of dityrosine, protein aggregation, frag-
mentation and crosslinking. In the presence of potassium
iodide, these products can be measured spectrophotometrically
at 340 nm.
RSC Adv., 2016, 6, 100203–100208 | 100203
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Lipid peroxidation is usually measured by the detection of its
by-products: thiobarbituric acid-reactive substances.16 This
assay quanties malondialdehyde (MDA) generated from lipid
hydroperoxides. However, the disadvantage of this technique is
that MDA is not a substance generated exclusively through lipid
peroxidation, and besides, only certain lipid peroxidation
products generate MDA. To overcome these issues, uorescent
probe carboxyuorescein (CF) was employed. The use of
liposome-entrapped CF was introduced by Weinstein et al.
(2000) and applied by Makrigiorgos et al. (1997) to eukaryotic
cells.17,18 In the present work, CF was used as an indicator of
membrane disruption and lipid oxidation/degradation. This
method is based on the principle that CF uoresces strongly
when its concentration is reduced. Therefore, a critical amount
of CF that is non-uorescent inside the cell but uorescent
without self-quenching aer release should be used. The 1 mM
CF solution that was used is completely self-quenched, but the
released CF levels are proportional to the loss of membrane
integrity.

Transmission Electron Microscopy (TEM) images of bacteria
treated with PACT using AuNP were taken to corroborate the
overall structural consequence of PACT.
Results and discussion
Reactive oxygen species detection by uorescence microscopy

Through FM, the maximum ROS levels were detected at 2 and
3 h for S. aureus and ESBL-producing E. coli, respectively,
although aer just 1 h, signicant uorescence was observed in
the treated samples. The uorescent intensity was remarkably
higher in the treated samples, as shown in Fig. 1; however,
quantitative measure was not possible through this method,
Fig. 1 FM images of (A) ESBL-producing E. coli treated with Asp@A-
g@AuNP (B) ESBL-producing E. coli control without nanoparticles, (C)
S. aureus treated with Asp@Ag@AuNP, (D) S. aureus control without
nanoparticles, after 3 h of PACT. Scale bar is 1 mm.
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though some soware could make an estimate from the
pictures.19 For this reason, a different uorescent probe DHR
was used to measure ROS in the same samples.

Quantication of reactive oxygen and nitrogen species

Maximum ROS production was quantied with CF in S. aureus,
E. coli and P. aeruginosa suspensions (106 CFU mL�1) treated
with Asp@Ag@AuNP (6.25 mM) and AuNP (2 mM). The
trend was similar for the three strains, although P. aeruginosa
(Fig. 1 – ESI†) showed higher total production of radicals in
comparison to S. aureus and ESBL-producing E. coli (Fig. 2). The
excited Asp@Ag@AuNP induced approximately twice the
amount of ROS and RNS compare to excited AuNP and almost
three times more than ciprooxacin (CIP), even though it is
known that this antibiotic is responsible for a large ROS
generation, as was previously described by Becerra et al.
(2004).20 The slight increase in radical levels founded in the
control (non-irradiated bacterial suspensions containing the
core–shell nanoparticles) could be due to the effect of silver
shell.21 Nanometric silver have proved to be even more anti-
bacterial than the bulk element, and its action it is not limited
to the release of silver ions.

Detection of advanced oxidation protein products

The total increase on AOPP were similar in irradiated bacterial
suspensions with AuNP and core–shell nanoparticles (around
70%), but the Asp@Ag@AuNP needed less time to induce
protein damage. Fig. 3 shows the maxima amount of AOPP
generated by AuNP aer 6 h and Asp@Ag@AuNP aer 4 h.
These times are similar to those reported previously for
antibiotics.22

It is fair to mention that the battle between bacteria and ROS
it is not new under the sun. In fact, microorganisms have been
ghting with them since the advent of O2 in the atmosphere and
its reaction with iron (very abundant in the early reducing
atmosphere), which resulted in the formation of harmful
Fig. 2 ROS production after 4 h of PACT in (A) ESBL-producing E. coli
and (B) S. aureus treated with Asp@Ag@AuNP (6.5 mM), AuNP (2 mM)
and CIP (0.5 mg mL�1). Controls without nanoparticles (PBS), without
irradiation (dark) and blank of the fluorescent probe (DHR) are shown.

This journal is © The Royal Society of Chemistry 2016



Fig. 3 Percent (%) of increase of AOPP in samples of (A) ESBL-
producing E. coli and (B) S. aureus treated with PACT compare to non-
irradiated ones. Control of irradiated samples without nanoparticles
(PBS) are shown.

Fig. 4 Lipid oxidation on ESBL-producing E. coli with AuNP (2 mM)
exposed to light (4 h) and kept in the dark (4 h). The fluorescence
intensity of the probe CF (1 mM) is proportional to the lipid
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superoxide and hydroxyl radicals. This reactive species has
affected all biological macromolecules (DNA, lipids and
proteins), which is why living organisms had to build mecha-
nisms to protect themselves against the oxidative stress.
Although effective in normal conditions, functionality of the
cell is lost when the amount of ROS produced becomes high.
For this reason, novel ways to produce irreversible intracellular
oxidation is still a key focus of research. In this work, two
different nanomaterials demonstrate to be able to produce
enough ROS to cause important protein oxidation. To the best
of our knowledge, it is the rst report of AOPP produced in
bacteria by PACT with nanoparticles, which means the tech-
nique was adapted from the test performed in eukaryotic cells
to evaluate oxidative damage.

According to previous reports, oxidized macromolecules
were found in three strains (S. aureus, E. coli, and P. aeruginosa)
treated with ceazidime (CAZ), piperacillin, chloramphenicol,
and CIP22. Another work describes how ROS produced by CIP in
S. aureus could oxidize lipids. Moreover, it was found that lipid
peroxidation products could interfere with superoxide dis-
mutase (SOD), and disrupt cellular antioxidant mechanisms.
This reduction in defense against oxidative stress subsequently
leads to a pro-oxidant environment.23 Furthermore, once
formed, both lipid oxidized products and AOPP could cause pre-
mutagenic DNA damage with serious consequences for the
cells. In this case, macromolecular damage indicator measured
(AOPP) was more than twice the obtained for the untreated
samples, for both an antibiotic-sensitive strain and a resistant
one (Fig. 3). This suggests that defense mechanisms were
sufficiently outweighed by ROS generated during PACT. These
results proved the advantage of this therapy against antibiotic-
resistant bacteria. There was denitively a direct relationship
between the production of ROS caused by PACT with nano-
particles, the oxidation of macromolecules and the bactericidal
This journal is © The Royal Society of Chemistry 2016
effect, because the total growth inhibition in ESBL-producing
E. coli and S. aureus was observed aer 2 h of detecting the
maximum AOPP amount. Clearly, antioxidant response must be
activated at the very beginning of PDT treatment, which sus-
tained the bacterial population during a few hours. However,
not one of them seemed to be able to prevent major protein
oxidation aer large quantities of ROS were produced.
Lipid oxidation quantication

The ATCC strains exposed to AuNP presented a signicant
amount of oxidized lipids aer only 4 h of PACT (967� and 7458�
compare to non-irradiated samples) for S. aureus and ESBL-
producing E. coli, respectively, while the clinical P. aeruginosa
reached similar levels of lipid peroxidation at 8 h (6577�
compare to non-irradiated samples). Results for E. coli could be
found in Fig. 4 and data for the two other strains are available in
Fig. 2 and 3 – ESI.†

The experimental results showed lipid peroxidation both in
Gram negative bacillus (E. coli and P. aeruginosa) and in a Gram
positive coccus (S. aureus). However, not all the strains had the
same sensitivity to PACT. The trend found showed higher lipid
peroxidation in S. aureus, followed by E. coli and P. aeruginosa,
in that order. This result was expected because the rst one is
a reference strain, more sensitive to outer stress factors than the
other two clinical isolates, which most likely had developed
more antioxidant strategies.

Apparently, antioxidant mechanisms were overwhelmed by
ROS. Indeed, other authors found that lipid peroxidation
products might react and interfere with SOD, one of the key
antioxidant enzymes, resulting in oxidative modications and
perturbation of cellular antioxidant mechanisms. This reduc-
tion of defenses against oxidative stress subsequently leads to
a pro-oxidant condition.24 The role of ROS in the lethal action of
some antimicrobials was described in detail by Zhao et al.
(2014).25 Another possible cause is the fast oxidation of O2

� to
other ROS with a consequent oxidation of lipids before SOD can
be effective. Once lipids are highly oxidized, serious alteration
in S. aureus is unavoidable, as Becerra et al. (2006) depicted
before.26
peroxidation.

RSC Adv., 2016, 6, 100203–100208 | 100205
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TEM images of S. aureus with AuNP

According to TEM pictures, the AuNP were attached to the
coccus peptidoglycan membrane. The S. aureus that have been
in contact 4 h in the dark with AuNP still maintained their
normal shape and membrane integrity (Fig. 5A–D); whereas the
ones with nanoparticles that have been irradiated for 4 h
showed important structural damage (Fig. 5E–H). Cui et al.
(2012) and Zhao et al. (2010) found some bactericidal effect of
similar gold nanoparticles per se, but at higher concentrations
or with polymeric coating, different from the ones used in these
experiments with ESBL-producing E. coli.27,28On the other hand,
the membrane disruption is comparable to the one induced by
cationic antibiotics such as polymyxin and gentamicin.29,30 In
addition, it is presumable that bacteria cell wall should attract
positive charged AuNPs due to its total negative charge.31 In
contrast, the Asp@Ag@AuNP studied in another group's work
were found inside the cell and they seemed to produce some
membrane damage aer just 1 h.12 This could be explained for
Fig. 5 Images of TEM of S. aureus ATCC 29213 treated with AuNP (2
mM), kept in the dark for 4 h (A–D) and exposed to light for 4 h (E–H).
Scale bar is 0.1 mm.
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the silver shell bactericidal effect before irradiation,32 which
helped shorter the treatment time from 9 to 6 h. Overall, both
kinds of nanoparticle showed to successfully disrupt the
membrane.
PACT resistance development analysis

Samples of S. aureus treated with PACT and low concentrations
of AuNP did not show any resistance to further treatment with
2 mM AuNP. By contrast, the same inoculum quickly developed
resistance to CIP, acquiring 10-fold the original Minimal
Inhibitory Concentration (MIC) (5 mg mL�1) aer just 10
passages. Neither control did display signicant changes along
the 31 passages. Bacteria usually evolve strategies for resistance
against antibiotics aer a few dozens of new generations and
drugs which could avoid or delay resistance are much more
suitable for clinical use.33 We believe that the strong photo-
thermal effect of PACT with AuNP and the large amount of ROS
generated make it difficult for bacteria to employ existing
strategies for resistance compared to small molecule
antibiotics.34
Experimental section
Bacterial strains and controls

The experiments were performed testing S. aureus ATCC 29213,
S. aureus ATCC 25923, an extended-spectrum beta-lactamase-
producing (ESBL) E. coli and P. aeruginosa; these last two were
clinical strains provided by the Bacteriology Service of Sanatorio
Aconcagua from Córdoba, Argentina. Stock cultures were
maintained in trypticase soy broth and stored frozen in 10%
glycerol. Ciprooxacin (CIP), a commercial antibiotic, was
always used as a positive control for bactericidal effect and
oxidative stress.35,36
Synthesis of AuNP and Asp@Ag@AuNP

AuNP and Asp@Ag@AuNP used in this work were synthesized
as in previous works with Scaiano's group.9,12 Spectra of
colloidal AuNP were recorder employing an Agilent 8243 spec-
trophotometer with DAD detector, using a cell with an optical
path length of 1 cm, to select same size, shape and concentra-
tion for all batches.
Reactive oxygen species detection by uorescence microscopy

As a rst approach, ROS production was detected qualitatively
by FM (Axiovert 135M-Carl Zeiss). A drop of bacterial suspen-
sion (109 CFU mL�1 of S. aureus and ESBL-producing E. coli)
treated with Asp@Ag@AuNP (6.25 mM) and AuNP (2 mM) and
irradiated at 525 nm for 1, 2, 3 and 4 h was placed on a micro-
scope glass without any xation procedure. In order to observe
the ROS production through the FM in the fresh sample, the
uorescent probe DCFH2-DA (1 mM) was added immediately.
CIP (0.5 mg mL�1) was used as a positive control. Proper non-
irradiated and not-treated controls were run. All the samples
were analyzed in triplicates, and the experiment was repro-
duced in two different weeks.
This journal is © The Royal Society of Chemistry 2016
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Quantication of reactive oxygen and nitrogen species

The pre-uorescent probe DHR was chosen for its high sensi-
tivity to quantify total ROS and RNS.37 This dye diffuses
passively through most of cell membranes, where cationic
(DHR) generates a uorescent green signal at 536 nm when
oxidized. Radical indicators of oxidative stress were measured
with DHR (1 mM) in bacterial suspensions (109 CFU mL�1)
treated with a 1 : 1 ratio with Asp@Ag@AuNP (6.25 mM) and
AuNP (2 mM). Samples were incubated for 2, 4 and 6 h at 37 �C
(in darkness and under irradiation at 525 nm). CIP (0.5 mg mL�1)
was used as a positive control.

Detection of advanced oxidation protein products

In order to evaluate protein oxidation aer PACT, the AOPP
generation using Asp@Ag@AuNP (6.25 mM) and AuNP (2 mM)
was studied on bacterial suspensions. These oxidized products,
in the presence of potassium iodide were measured spectro-
photometrically at 340 nm. The measurements were performed
aer 1, 2, 4, 6 and 8 h. The calibration curve was performed
using chloramine T and total proteins were detected with
Bradford reagent. Once more, CIP (0.5 mg mL�1) was used as
a positive control. The results were expressed as a percentage
(%) of increase in the irradiated samples AOPP (4 h) compare to
the ones kept in the dark.24

Lipid oxidation quantication

Lipid oxidation was quantied kinetically during 24 h of irra-
diation in the same samples mentioned above using the highly
sensitive uorescent probe CF (1 mM). All the conditions were
tested in triplicate and SD calculated was never above 5%.16

TEM images of S. aureus with AuNP

Suspensions of S. aureus ATCC 29213 (109 CFU mL�1) in
phosphate saline buffer (PBS) were incubated with aqueous
AuNPs (2 mM) in a 50 : 50 ratio for 4 h. One wellplate was
irradiated with a 525 nm LED panel (Fig. 3 – ESI†) and the other
one was kept in the dark. Well content was then collected and
centrifuged for 15 min at 1000 rpm. The pellets were washed
four times and nally xed in 2% glutaraldehyde and 4%
formaldehyde solutions in 0.1 M cacodylate buffer for 2 h at
room temperature, and then post-xed with osmium tetroxide
at 1% in the same buffer, dehydrated and embedded in Araldite.
Thin sections were cut with a diamond knife on a JEOL JUM-7
ultramicrotome, mounted on nickel grids and examined in
a Zeiss LEO 906E electron microscope. The quality of the
pictures was optimized to analyze in detail the nanoparticles
localization, the cell shape and membrane state by an improved
sample preparation.9 Cropping on pictures was performed.
Original brightness and contrast were not modied. Selected
images are representative of the total bacteria population.

PACT resistance development analysis

The development of resistance was tested in a total of 31 sus-
tained passages of S. aureus ATCC 25923. Briey, an inoculum
of 106 was incubated in a 50 : 50 ratio with 6.66 mM (2/3 of
This journal is © The Royal Society of Chemistry 2016
2.00 mM, the concentration needed to achieve complete pho-
toinhibition) in M9 medium at 37 �C for 18 h under irradiation
(525 nm).33 Aer each passage, the sample was treated with
PACT using 2 mM AuNP and CFU mL�1 counting was per-
formed aer additional 18 h. Non-irradiated, nanoparticles-free
and antibiotic-treated S. aureus suspensions were cultured as
well as a control in every passage. The antibiotic used was CIP at
2/3 of its MIC (0.16 mM).

Conclusion

This study focused mainly on understanding the effect of nano-
photosensitizers on the structure and physiology of prokaryotic
cell treated with PACT. Presumed ROS and RNS production and
their effect on bacterial proteins and lipids were conrmed.
These results support the proposed mechanism for PACT with
AuNP. According to this experimental data, bacterial death is
caused as the result of macromolecular damage by large
amounts of radicals produced aer plasmon excitation of AuNP
(attached to the membrane) and excitation of the gold core of
bimetallic nanoparticles (located inside the cell). Additionally,
the silver on core–shell nanoparticles have probed to increase
the oxidative stress, reducing the PACT treatment time. More-
over, PACT treated bacteria did not show any development of
resistance; this would be a major advantage to small molecules
antibiotics. We hope these ndings will stimulate further
research on the eld.
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I. Albesa, J. Photochem. Photobiol., B, 2004, 76, 13–18.

21 S. Mukherjee, D. Chowdhury, R. Kotcherlakota, S. Patra,
B. Vinothkumar, M. P. Bhadra, B. Sreedhar and
C. R. Patra, Theranostics, 2014, 4, 3.
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