‘," frontiers
in Microbiology

ORIGINAL RESEARCH
published: 12 August 2021
doi: 10.3389/fmicb.2021.731564

OPEN ACCESS

Edited by:
Jana Seifert,
University of Hohenheim, Germany

Reviewed by:

Jan-Ulrik Dahl,

linois State University, United States
Elisabeth Grohmann,

Beuth Hochschule fir Technik Berlin,
Germany

*Correspondence:
Haike Antelmann
haike.antelmann@fu-beriin.de

Specialty section:

This article was submitted to
Antimicrobials, Resistance and
Chemotherapy,

a section of the journal
Frontiers in Microbiology

Received: 27 June 2021
Accepted: 21 July 2021
Published: 12 August 2021

Citation:

Linzner N and Antelmann H (2021)
The Antimicrobial Activity of the
AGXX® Surface Coating Requires a
Small Particle Size to Efficiently Kill
Staphylococcus aureus.

Front. Microbiol. 12:731564.

doi: 10.3389/fmicb.2021.731564

Check for
updates

The Antimicrobial Activity of the
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Nico Linzner and Haike Antelmann*

Freie Universitat Berlin, Institute for Biology-Microbiology, Berlin, Germany

Methicillin-resistant Staphylococcus aureus (MRSA) isolates are often resistant to multiple
antibiotics and pose a major health burden due to limited treatment options. The novel
AGXX® surface coating exerts strong antimicrobial activity and successfully kills multi-
resistant pathogens, including MRSA. The mode of action of AGXX® particles involves
the generation of reactive oxygen species (ROS), which induce an oxidative and metal
stress response, increased protein thiol-oxidations, protein aggregations, and an oxidized
bacillithiol (BSH) redox state in S. aureus. In this work, we report that the AGXX® particle
size determines the effective dose and time-course of S. aureus USA300JE2 killing.
We found that the two charges AGXX®373 and AGXX®383 differ strongly in their effective
concentrations and times required for microbial killing. While 20-40 pg/ml AGXX®373 of
the smaller particle size of 1.5-2.5 pm resulted in >99.9% killing after 2 h, much higher
amounts of 60-80 pg/ml AGXX®383 of the larger particle size of >3.2 um led to a >99%
killing of S. aureus USA300JE2 within 3 h. Smaller AGXX® particles have a higher surface/
volume ratio and therefore higher antimicrobial activity to kill at lower concentrations in a
shorter time period compared to the larger particles. Thus, in future preparations of AGXX®
particles, the size of the particles should be kept at a minimum for maximal
antimicrobial activity.

Keywords: Staphylococcus aureus, AGXX®, metal particles, antimicrobial activity, contact killing

INTRODUCTION

The increasing prevalence of antibiotic resistant strains in hospitals and the community poses
a major burden to human health and limits treatment options of life-threatening bacterial
infections (Christaki et al., 2020). Of particular importance are ESKAPE pathogens, such as
multi-resistant Staphylococcus aureus isolates, which can cause severe systemic infections and
acquire quickly new resistance elements through horizontal gene transfer (Mulani et al., 2019;
De Oliveira et al., 2020). Promising alternative antimicrobial compounds could be reactive
oxygen species (ROS) producing antimicrobials, which target rather non-specifically multiple
cellular targets, such as proteins, lipids, and nucleic acids and therefore can eliminate drug-
resistant bacteria (Lewis, 2013; Vatansever et al., 2013).
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Metals, like silver (Ag®) and copper (Cu**), have been used
since ancient times for medication of bacterial infections and
were shown to exert their microbicidal activity via ROS generation
and protein and membrane damage (Lemire et al., 2013;
Mijnendonckx et al., 2013). ROS generated from Ag* has been
shown to damage the bacterial cell envelope by disruption of
the peptidoglycan cell wall, lipoteichoic acids, and the
phosphatidylethanolamine membrane lipids (Gunawan et al.,
2020). Furthermore, silver condensed the DNA and caused
protein damage via its interaction with protein thiols, the
release of Fe** from FeS clusters, or by mismetallation of
Zn**-containing proteins (Barras et al., 2018). However, the
widespread use of silver in the treatment of wounds and burns
has selected for various silver resistance mechanisms (Gupta
et al, 1999; Silver, 2003; Atiyeh et al, 2007; Mijnendonckx
et al, 2013). To circumvent the problem of silver resistance,
silver nanoparticles were produced, which act as antimicrobials
via the release of silver ions (Xiu et al., 2012). The application
of silver ions and nanoparticles has raised concerns due to
their toxic effects in eukaryotic cells (Mijnendonckx et al,
2013). Silver was shown to precipitate in various tissues and
organs in the mice, including the kidney, liver, jejunum, colon,
and the brain (Boudreau et al.,, 2016; Recordati et al., 2021).
Neurotoxic effects of silver have been reported, including argyria,
which are rare cases of irreversible gray pigmentations of the
skin and the eyes due to silver sulfide precipitates (Lansdown,
2010; Mijnendonckx et al., 2013; Recordati et al., 2021).

Recently, metal-based nanoenzymes, such as the oxidase-
like silver-palladium bimetallic alloy nanocage AgPd, ;s were
shown to produce ROS at the surface and selectively kill
drug-resistant bacteria, but did not show toxicity in
mammalian cells (Gao et al., 2021). In addition, very promising
metal-based antimicrobial surface coatings were developed,
including AGXX® and the combination of functionalized
graphene oxide (GOX) with AGXX®, termed as GOX-AGXX®
(Landau, 2013; Guridi et al, 2015; Vaishampayan et al,
2021). AGXX® is composed of Ag® and ruthenium (Ru),
which form an electric field via two redox cycles, leading
to electron transfer to molecular oxygen and ROS generation
(Figure 1; Guridi et al., 2015; Clauss-Lendzian et al., 2018).
In the first cycle, elementary Ag® is oxidized to Ag*, which
is regenerated by bacterial reducing pathways, such as the
thioredoxin (Trx)/ thioredoxin reductase (TrxR) system. In
the second cycle, higher valent Ru**' is reduced to Ru*, and
re-oxidized to Ru*"' with subsequent ROS formation, such
as superoxide anion, H,0,, and the highly toxic OHe. These
redox cycles lead to a constant regeneration and ensure
longevity and sustainability of the antimicrobial metal coating
(Landau, 2013; Guridi et al.,, 2015). Moreover, AGXX® is
predicted to cause low toxicity in human cells, since it
releases only small amounts of 0.1-0.2 mg/l of silver ions
after 12 weeks of exposure in distilled water (Guridi et al.,
2015), although detailed toxicity studies are lacking.

The novel combined GOX-AGXX® coating acts via a “catch
and kill” mechanism to facilitate bacterial killing (Vaishampayan
et al, 2021). GOXs are oxidized graphite sheets, which are
grafted with polycationic polymer chains and bind the

negatively-charged cell envelope of bacteria (Vaishampayan
et al, 2021). Thus, GOX captures bacteria via electrostatic
attractions, leading to inhibition of bacterial proliferation as
bacteriostatic effect (Vaishampayan et al,, 2021). The second
material AGXX® kills the GOX-captured bacteria via the
described ROS formation.

AGXX® can be electroplated on various materials, including
plastics, steel, glass, ceramics, fleeze, and cellulose fibers. AGXX®
coatings are used for sterilization of medical implants, catheters,
and plasters as well as in industrial water pipelines to successfully
eradicate bacteria, which are in close contact with the AGXX®
surface by a process termed as “contact killing” (Maillard and
Hartemann, 2013; Guridi et al., 2015; Villaptin et al., 2016;
Clauss-Lendzian et al.,, 2018; Vaishampayan et al., 2021).

AGXX® acts as promising broad-spectrum antimicrobial and
revealed strong bactericidal effects against various multidrug
resistant pathogens, such as S. aureus, Staphylococcus epidermidis,
Escherichia coli, Enterococcus faecalis, Enterococcus faecium, and
Legionella erythra (Landau, 2013; Guridi et al, 2015; Heiss
et al.,, 2017; Clauss-Lendzian et al.,, 2018; Loi et al., 2018;
Vaishampayan et al, 2018). In addition, AGXX® and
GOX-AGXX® both inhibit biofilm formation, which was
supported by the downregulation of virulence factor regulons
(e.g., SaeRS and Agr) and genes for biofilm formation in
S. aureus (Vaishampayan et al., 2018, 2021). RNAseq analyses
further revealed that AGXX®373 causes an oxidative and metal
stress response as well as proteotoxic effects in S. aureus (Loi
etal., 2018). AGXX® treatment leads to protein-S-bacillithiolation
of GapDH, increased protein aggregations and an oxidative
shift in the bacillithiol (BSH) redox potential, supporting ROS
generation as its main mode of action (Figure 1; Loi et al,
2018). We have further shown that the low molecular weight
thiol BSH and the HypR-regulated flavin disulfide reductase
MerA function in the defense against AGXX® in S. aureus
(Loi et al., 2018; Linzner et al., 2021). Furthermore, the inductions
of heat-shock specific proteases and chaperones and antioxidant
responses were observed after AGXX® and GOX-AGXX®
treatment in E. faecium and S. aureus (Clauss-Lendzian et al.,
2018; Vaishampayan et al., 2021).

While global transcriptomic analyses revealed insights
into the mode of action of these metal coatings in bacterial
pathogens, the question arises how the efficiency can
be improved for complete killing. Previous studies revealed
that the antimicrobial activity of metal nanoparticles depends
on the particle size (Raghupathi et al.,, 2011; Kadiyala et al.,
2018). In our studies, we found that the two charges,
AGXX®373 and AGXX®383, differ strongly in their
antimicrobial activities, which correlates with their particle
sizes and affects the efficient concentrations and times for
S. aureus killing. While 20-40 pg/ml AGXX®373 with particle
size of 1.5-2.5 pum Kkills S. aureus completely within 2 h,
2-3-fold higher amounts of 60-80 pg/ml AGXX®383 with
particle size of >3.2 pm were required for the same extent
of S. aureus killing. Thus, small AGXX® particles with a
higher surface area are more efficient antimicrobials and
kill bacteria at lower concentrations compared to larger
size particles.
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FIGURE 1 | The proposed mode of action of AGXX® and the responses in Staphylococcus aureus. AGXX® is composed of silver (Ag*) and ruthenium (Ru¥), which
are connected by two redox cycles and form an electric field, leading to electron transfer to molecular oxygen (O,), with subsequent reactive oxygen species (ROS)
generation, such as superoxide anion O,e~, hydrogen peroxide (H,O,), and hydroxy! radicals (OHe). First, Ag° is oxidized to Ag*, which is back-reduced to Ag®
possibly by electrons from cellular donors, such as the thioredoxin (Trx)/thioredoxin reductase (TrxR) system. Second, Ru*' is reduced by electrons from Ag°, leading
to formation of Ru*, which is re-oxidized to Ru**'. ROS are generated in the AGXX® redox cycles upon oxidation of Ag® and Ru*. Furthermore, Ag* ions and O,
have been described to damage FeS clusters and release Fe?*, which potentiates OHe generation via the Fenton chemistry. In S. aureus, AGXX® induces antioxidant
enzymes, such as catalases, peroxiredoxins, and superoxide dismutases for detoxification of ROS (Loi et al., 2018). AGXX® leads to thiol-oxidation of the HypR
repressor, resulting in upregulation of the HypR-controlled flavin disulfide reductase MerA, which probably detoxifies OHe. In addition, AGXX® exposure resulted in
increased protein S-bacillithiolation of GapDH and an oxidative shift of the BSH redox potential, supporting an impaired thiol-redox homeostasis.

GapDH-SSB can be de-bacillithiolated in the Brx/BSH/YpdA redox pathway to regenerate GapDH. Consequently, BSH and MerA were shown to protect S. aureus
against AGXX® toxicity (Loi et al., 2018). In addition, AGXX® causes oxidative protein unfolding and protein aggregates, which are degraded by the Clp protease
complex. The figure is modified from (Guridi et al., 2015) including previous results from (Loi et al., 2018).
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MATERIALS AND METHODS

Preparation of AGXX® Microparticles

The AGXX®373 and AGXX®383 particles were produced by
Largentec GmbH (Berlin, Germany) using different silver powders
with the particle sizes of 1.5-2.5 pm (MaTecK, Germany) and
>3.2 pm (Toyo, Japan) as described previously (Loi et al., 2018).
Briefly, both silver powders were chemically coated with
ruthenium in alkaline medium, where the Ru(III) ions were
first oxidized by NaOCl to RuO, (Guridi et al, 2015; Heiss
et al., 2017). Reduction of RuO, to Ru or RuOx was performed
by addition of NaNO, as described (Chen et al., 2010). The
black AGXX® powder was further conditioned with 50 mM
ascorbic acid for 2 h, followed by filtration, washing with
deionized water and drying.

Bacterial Cultivation and Survival Assays

The multi-resistant S. aureus USA300JE2 strain (Fey et al,
2013) was used for the AGXX® survival experiments and
cultivated in RPMI medium as described (Fritsch et al., 2020).
For survival assays under AGXX® stress, S. aureus USA300JE2
was grown in RPMI medium to an optical density at 500 nm
(ODsg) of 0.5 and exposed to 10-40 pg/ml AGXX®373 and
40-100 pg/ml AGXX®383 microparticles as indicated in the
figure legends. Ten microliter of serial dilutions of the cultures
was spotted onto Luria Bertani (LB) agar plates and colony

forming units (CFUs) monitored after overnight incubation at
37°C. For quantification, 100 pl of serial dilutions was plated
onto LB agar plates and CFUs counted after overnight incubation.
The survival rates were calculated of the treated cultures in
comparison to the untreated control culture at an ODs of
0.5. The survival of the untreated control was set to 100%.

RESULTS

The Smaller AGXX®373 Particles Show
Higher Antimicrobial Activities Toward

S. aureus USA300JE2 in Comparison to
Larger Sized AGXX®383 Particles

Previously, we analyzed the oxidative mode of action of
AGXX®373 in S. aureus using 5 pg/ml AGXX® as sub-lethal
concentration, which inhibits the growth (Loi et al, 2018). In
this study, we were interested in the applied aspects of the AGXX®
coating. We investigated the time-course required for S. aureus
killing upon challenge with the two different charges AGXX®373
and AGXX®383, which varied in their particle size. These AGXX®373
and AGXX®383 charges were generated from different silver
powders obtained from the companies MaTeck (Germany) and
Toyo (Japan), respectively. While AGXX®373 particles had a small
particle size of 1.5-2.5 pm, the size of AGXX®383 particles was
in the range of >3.2 pm.
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To investigate the impact of the particle size and the exposure
time, we performed various survival assays of S. aureus cultures
exposed to 10-40 pg/ml of AGXX®373 and 40-100 pg/ml
AGXX®383, respectively, a time-dependent manner
(Figures 2, 3). The spotted survival assays revealed that 20-40 pg/
ml AGXX®373 were highly toxic, resulting in microbial killing
after 2 h, while 50-100 pg/ml AGXX®383 were required to
kill S. aureus to a similar extent within 3 h (Figures 2A,B).
For comparison, a similar CFU reduction was observed after
treatment of S. aureus with 30 pg/ml AGXX®373 for 2 h as
with 60 pg/ml AGXX®383 for 3 h, pointing to a >2-fold
increased efficiency of the smaller AGXX®373 particles. In
addition, the S. aureus viability rate decreased continuously
over time with both AGXX® charges, leading to almost
complete killing after 4 h with 20-40 pg/ml AGXX®373 and
60-100 pg/ml AGXX®383 (Figures 2A,B). These data indicate
that the AGXX® particle size and the exposure time affect
significantly its antimicrobial activity.

Next, the survival rates of S. aureus cells were quantified
after different times of exposure to AGXX®373 or AGXX®383 in
more detail using CFU counting. In agreement with the above
results, treatment of S. aureus with 20-40 pg/ml AGXX®373
resulted in a time-depending killing of 99.9% cells within 2 h
and almost 99.999% of cells lost their viability after 4 h
(Figures 3A,B; Supplementary Table S1). However, much
higher concentrations of 60-100 pg/ml AGXX®383 were required
to achieve a >99% Kkilling efficiency after 3 h and >99.99%

in

after 4 h (Figures 3C,D). While only 0.02% of S. aureus cells
survived after 2 h exposure to 30 pg/ml AGXX®373, the survival
was only slightly reduced to ~60% after 2 h treatment with
60 pg/ml AGXX®383 (Figures 3A,C). Furthermore, the decrease
in bacterial viability was significant with 10-40 pg/ml AGXX®373
over the entire 1-4 h time course, whereas 50-60 pg/ml
AGXX®383 did not show significant effects on S. aureus survival
within 1-2 h. However, long-term exposure of S. aureus to
60-100 pg/ml AGXX®383 for 8-24 h led to a nearly 100%
killing of cells (Figures 3C,D). Starting with a cell count of
~10® of the log phase bacteria, the CFU dropped to ~10° after
6 h, was further decreased to 23-63 colonies after 12 h and
to 0-140 colonies after 24 h of exposure to 60-100 pg/ml
AGXX®383 (Figure 3D; Supplementary Table S2). Importantly,
almost complete killing of S. aureus was observed after exposure
to 50-60 and 100 pg/ml AGXX®383, while the CFUs were
slightly higher after treatment with 80 pg/ml AGXX®383 for
unknown reasons.

In conclusion, our results confirmed that both AGXX®373
and AGXX®383 charges act strongly bactericidal and kill
S. aureus USA300JE2 efficiently and nearly complete in a time-
and dose-dependent manner. However, the concentrations and
exposure times required for complete killing of S. aureus cultures
were 2-3-fold higher for the larger size AGXX®383 particles
compared to AGXX®373. Thus, the increased particle size of
AGXX®383 led to a decreased antimicrobial activity compared
to the smaller AGXX®373 particles. Taken together, our results

A
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control [ M ] .. & %
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1h 2h 3h
B
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FIGURE 2 | The charges AGXX®373 (A) and AGXX®383 (B) cause different antimicrobial effects in S. aureus USA300JE2. Survival assays of S. aureus USA300JE2
cells were performed at an ODs, of 0.5 after exposure to 10-40 pg/ml AGXX®373 (A) or 40-100 pg/ml AGXX® 383 (B). Serial dilutions of the cultures were spotted
after 1-6 h of AGXX®exposure onto Luria Bertani (LB) agar plates to observe colony forming units (CFUs) after 24 h incubation. The presented results are
representatives of three biological replicates. The results indicate that AGXX®373 particles have a stronger killing effect compared to AGXX®383 particles in
S. aureus.
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FIGURE 3 | Survival assays indicate 2-3-fold increased killing efficiencies of smaller AGXX®373 versus larger AGXX®383 particles in S. aureus. S. aureus
USA300JE2 was exposed to 10-40 pg/ml AGXX®373 particles (A,B) and 50-100 pg/ml AGXX®383 particles (C,D) at an ODsq, of 0.5. After 1-24 h of AGXX®
treatment, CFUs were determined from serial dilutions plated overnight on LB agar plates. The survival ratios of the CFUs after AGXX® stress were calculated relative
to the untreated control (co), which was set to 100%. Mean values of 3-5 biological replicates are presented, and error bars represent the SD. For statistical
analyses of the killing effect, the 100% survival of the untreated control (co) was compared to 10, 20, 30, and 40 pg/ml AGXX®373 (A) or 50, 60, 80, and 100 pug/ml
AGXX®383 (C), respectively, and the calculations were performed using a Student’s unpaired two-tailed t-test by the graph prism software. Symbols are ns > 0.05,
**p <0.01, and **p < 0.001.

indicate that a low particle size and long exposure time are
crucial for maximal killing efficiency of the AGXX® powder.

DISCUSSION

In the present study, we have quantified the killing effect
of different particles sizes of the AGXX® antimicrobial surface
coating in S. aureus. We used the smaller AGXX®373 and
larger AGXX®383 particle charges to analyze time-dependent
killing effects in survival assays. Our results showed that
both AGXX® particles had strong antimicrobial activities,
which were dependent on the particle size, exposure time,
and the concentration. Overall, the antimicrobial efficiency
of AGXX® particles was most efficient with high
concentrations, long exposure times, and smaller particles
sizes. In comparison, we would suggest to use charge
AGXX®373 for future applications, due to its small particle
size of 1.5-2.5 pm and its strong killing effect with low
concentrations of 20-40 pg/ml. Much higher concentrations
of 60-100 pg/ml were required to obtain the same Kkilling
efficiency with AGXX®383, which had a particle size of
~3.4 pm. Thus, the particle size has a strong impact on
the antimicrobial activity and efficiency of the AGXX®

coating. Similar connections between the particle size and
the antimicrobial activity were previously obtained for other
metal nanoparticles, such as 4,6-diamino-2-pyrimidine thiol
(DAPT)-capped gold nanoparticles, zinc oxide, and silver
nanoparticles (Raghupathi et al., 2011; Lu et al., 2013; Zheng
et al., 2021). The antimicrobial activities of the larger gold
nanoparticles with the size of >5.5 nm toward E. coli,
Pseudomonas aeruginosa, and Klebsiella pneumoniae were
significantly lower compared to nanoparticles of 1.8-5.5 nm
(Zheng et al,, 2021). Furthermore, the antibacterial activities
of smaller zinc oxide and silver nanoparticles were higher
against S. aureus and Streptococcus mutans, respectively,
compared to larger size nanoparticles (Raghupathi et al.,
2011; Lu et al, 2013). The impact of the particle size on
the antimicrobial activity can be explained by the higher
surface/volume ratio of smaller particles, which provide an
increased surface for “contact killing” of microbes by the
metal coating. The term “contact killing” indicates that
bacteria and yeast cells are rapidly killed on metallic surfaces,
such as copper and silver alloys by their close contact with
the metal surface, causing damage of the cellular envelope
and macromolecules (Grass et al.,, 2011; Quaranta et al.,
2011). The probability that bacteria come in close contact with
the metal particles increases with a larger surface/volume
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ratio, leading to an increased antimicrobial activity (Kadiyala
et al., 2018). Thus, our results support previous data on
other metal nanoparticles and their antimicrobial activity,
which strongly depend on the particle size. Given the wide
range of applications of the AGXX® surface coating in
medicine, agriculture, and industries, it is very important
to keep the size of metal particles as low as possible and
reproducible to achieve efficient antimicrobial activities.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material; further inquiries can
be directed to the corresponding author.

AUTHOR CONTRIBUTIONS

NL designed and performed the experiments, analyzed the
data, and wrote the manuscript draft. NL and HA revised and
approved the manuscript. All authors contributed to the article
and approved the submitted version.

REFERENCES

Atiyeh, B. S., Costagliola, M., Hayek, S. N., and Dibo, S. A. (2007). Effect of
silver on burn wound infection control and healing: review of the literature.
Burns 33, 139-148. doi: 10.1016/j.burns.2006.06.010

Barras, E, Aussel, L., and Ezraty, B. (2018). Silver and antibiotic, new facts to
an old story. Antibiotics 7:79. doi: 10.3390/antibiotics7030079

Boudreau, M. D., Imam, M. S., Paredes, A. M., Bryant, M. S., Cunningham, C. K,,
Felton, R. P, et al. (2016). Differential effects of silver nanoparticles and
silver ions on tissue accumulation, distribution, and toxicity in the Sprague
Dawley rat following daily oral gavage administration for 13 weeks. Toxicol.
Sci. 150, 131-160. doi: 10.1093/toxsci/kfv318

Chen, J.-Y., Wang, L.-Y., and Wu, P.-W. (2010). Preparation and characterization
of ruthenium films via an electroless deposition route. Thin Solid Films
518, 7245-7248. doi: 10.1016/j.tsf.2010.04.086

Christaki, E., Marcou, M., and Tofarides, A. (2020). Antimicrobial resistance
in bacteria: mechanisms, evolution, and persistence. . Mol. Evol. 88, 26-40.
doi: 10.1007/s00239-019-09914-3

Clauss-Lendzian, E., Vaishampayan, A., De Jong, A., Landau, U, Meyer, C.,
Kok, J., et al. (2018). Stress response of a clinical Enterococcus faecalis
isolate subjected to a novel antimicrobial surface coating. Microbiol. Res.
207, 53-64. doi: 10.1016/j.micres.2017.11.006

De Oliveira, D. M. P, Forde, B. M., Kidd, T. J., Harris, P. N. A., Schembri, M. A.,
Beatson, S. A, et al. (2020). Antimicrobial resistance in ESKAPE pathogens.
Clin. Microbiol. Rev. 33, e00181-e00119. doi: 10.1128/CMR.00181-19

Fey, P. D,, Endres, J. L., Yajjala, V. K., Widhelm, T. ], Boissy, R. J., Bose, J. L.,
et al. (2013). A genetic resource for rapid and comprehensive phenotype
screening of nonessential Staphylococcus aureus genes. MBio 4, €00537-e00512.
doi: 10.1128/mBi0.00537-12

Fritsch, V. N., Loi, V. V,, Busche, T, Tung, Q. N, Lill, R., Horvatek, P, et al.
(2020). The alarmone (p)ppGpp confers tolerance to oxidative stress during
the stationary phase by maintenance of redox and iron homeostasis in
Staphylococcus aureus. Free Radic. Biol. Med. 161, 351-364. doi: 10.1016/j.
freeradbiomed.2020.10.322

Gao, E, Shao, T, Yu, Y, Xiong, Y., and Yang, L. (2021). Surface-bound reactive
oxygen species generating nanozymes for selective antibacterial action. Nat.
Commun. 12:745. doi: 10.1038/s41467-021-20965-3

Grass, G., Rensing, C., and Solioz, M. (2011). Metallic copper as an antimicrobial
surface. Appl. Environ. Microbiol. 77, 1541-1547. doi: 10.1128/ AEM.02766-10

FUNDING

This work was supported by an ERC Consolidator grant (GA
615585) MYCOTHIOLOME and grants from the Deutsche
Forschungsgemeinschaft (AN746/4-1 and AN746/4-2) within the
SPP1710, by the SFB973 project C08 and by the SFB/TR84 project
B06 to HA.

ACKNOWLEDGMENTS

We are thankful to C. Meyer and U. Landow (Largentec GmbH,
Berlin, Germany) for providing the AGXX®373 and AGXX®383
particles and for discussion of the results. We further acknowledge
support by the Open Access Publication Initiative of Freie
Universitit Berlin.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.731564/
full#supplementary-material

Gunawan, C,, Faiz, M. B, Mann, R., Ting, S. R. S,, Sotiriou, G. A., Marquis, C. P,,
et al. (2020). Nanosilver targets the bacterial cell envelope: the link with
generation of reactive oxygen radicals. ACS Appl. Mater. Interfaces 12,
5557-5568. doi: 10.1021/acsami.9b20193

Gupta, A., Matsui, K., Lo, J. E, and Silver, S. (1999). Molecular basis for
resistance to silver cations in salmonella. Nat. Med. 5, 183-188. doi:
10.1038/5545

Guridi, A., Diederich, A. K., Aguila-Arcos, S., Garcia-Moreno, M., Blasi, R,,
Broszat, M., et al. (2015). New antimicrobial contact catalyst killing antibiotic
resistant clinical and waterborne pathogens. Mater. Sci. Eng. C Mater. Biol.
Appl. 50, 1-11. doi: 10.1016/j.msec.2015.01.080

Heiss, A., Freisinger, B., and Held-Fohn, E. (2017). Enhanced antibacterial
activity of silver-ruthenium coated hollow microparticles. Biointerphases
12:05G608. doi: 10.1116/1.5003803

Kadiyala, U., Kotov, N. A., and Vanepps, J. S. (2018). Antibacterial metal oxide
nanoparticles: challenges in interpreting the literature. Curr. Pharm. Des.
24, 896-903. doi: 10.2174/1381612824666180219130659

Landau, U. (2013). AGXX - Eine nachhaltige Losung fiir die Entkeimung
wiassriger Losungen. Galvanotechnik 11, 2169-2184.

Lansdown, A. B. (2010). A pharmacological and toxicological profile of silver
as an antimicrobial agent in medical devices. Adv. Pharmacol. Sci. 2010:910686.
doi: 10.1155/2010/910686

Lemire, J. A., Harrison, J. J., and Turner, R. J. (2013). Antimicrobial activity
of metals: mechanisms, molecular targets and applications. Nat. Rev. Microbiol.
11, 371-384. doi: 10.1038/nrmicro3028

Lewis, K. (2013). Platforms for antibiotic discovery. Nat. Rev. Drug Discov. 12,
371-387. doi: 10.1038/nrd3975

Linzner, N., Loi, V. V,, Fritsch, V. N., and Antelmann, H. (2021). Thiol-based
redox switches in the major pathogen Staphylococcus aureus. Biol. Chem.
402, 333-361. doi: 10.1515/hsz-2020-0272

Loi, V. V,, Busche, T., Preuss, T., Kalinowski, J., Bernhardt, J., and Antelmann, H.

(2018). The AGXX® antimicrobial coating causes a thiol-specific oxidative
stress response and protein S-bacillithiolation in Staphylococcus aureus. Front.
Microbiol. 9:3037. doi: 10.3389/fmicb.2018.03037

Lu, Z., Rong, K., Li, J., Yang, H., and Chen, R. (2013). Size-dependent
antibacterial activities of silver nanoparticles against oral anaerobic
pathogenic bacteria. J. Mater. Sci. Mater. Med. 24, 1465-1471. doi: 10.1007/
s10856-013-4894-5

Frontiers in Microbiology | www.frontiersin.org

August 2021 | Volume 12 | Article 731564


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.frontiersin.org/articles/10.3389/fmicb.2021.731564/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.731564/full#supplementary-material
https://doi.org/10.1016/j.burns.2006.06.010
https://doi.org/10.3390/antibiotics7030079
https://doi.org/10.1093/toxsci/kfv318
https://doi.org/10.1016/j.tsf.2010.04.086
https://doi.org/10.1007/s00239-019-09914-3
https://doi.org/10.1016/j.micres.2017.11.006
https://doi.org/10.1128/CMR.00181-19
https://doi.org/10.1128/mBio.00537-12
https://doi.org/10.1016/j.freeradbiomed.2020.10.322
https://doi.org/10.1016/j.freeradbiomed.2020.10.322
https://doi.org/10.1038/s41467-021-20965-3
https://doi.org/10.1128/AEM.02766-10
https://doi.org/10.1021/acsami.9b20193
https://doi.org/10.1038/5545
https://doi.org/10.1016/j.msec.2015.01.080
https://doi.org/10.1116/1.5003803
https://doi.org/10.2174/1381612824666180219130659
https://doi.org/10.1155/2010/910686
https://doi.org/10.1038/nrmicro3028
https://doi.org/10.1038/nrd3975
https://doi.org/10.1515/hsz-2020-0272
https://doi.org/10.3389/fmicb.2018.03037
https://doi.org/10.1007/s10856-013-4894-5
https://doi.org/10.1007/s10856-013-4894-5

Linzner and Antelmann

Antimicrobial Activity of AGXX®

Maillard, J. Y., and Hartemann, P. (2013). Silver as an antimicrobial: facts and
gaps in knowledge. Crit. Rev. Microbiol. 39, 373-383. doi:
10.3109/1040841X.2012.713323

Mijnendonckx, K., Leys, N., Mahillon, J., Silver, S., and Van Houdt, R. (2013).
Antimicrobial silver: uses, toxicity and potential for resistance. BioMetals
26, 609-621. doi: 10.1007/s10534-013-9645-z

Mulani, M. S., Kamble, E. E., Kumkar, S. N., Tawre, M. S., and Pardesi, K. R.
(2019). Emerging strategies to combat ESKAPE pathogens in the era of
antimicrobial resistance: a review. Front. Microbiol. 10:539. doi: 10.3389/
fmicb.2019.00539

Quaranta, D., Krans, T., Espirito Santo, C., Elowsky, C. G., Domaille, D. W,,
Chang, C. ], et al. (2011). Mechanisms of contact-mediated killing of yeast
cells on dry metallic copper surfaces. Appl. Environ. Microbiol. 77, 416-426.
doi: 10.1128/AEM.01704-10

Raghupathi, K. R., Koodali, R. T., and Manna, A. C. (2011). Size-dependent
bacterial growth inhibition and mechanism of antibacterial activity of
zinc oxide nanoparticles. Langmuir 27, 4020-4028. doi: 10.1021/lal0
4825u

Recordati, C., De Maglie, M., Cella, C., Argentiere, S., Paltrinieri, S., Bianchessi, S.,
et al. (2021). Repeated oral administration of low doses of silver in mice:
tissue distribution and effects on central nervous system. Part. Fibre Toxicol.
18:23. doi: 10.1186/s12989-021-00418-x

Silver, S. (2003). Bacterial silver resistance: molecular biology and uses and
misuses of silver compounds. FEMS Microbiol. Rev. 27, 341-353. doi: 10.1016/
S0168-6445(03)00047-0

Vaishampayan, A., Ahmed, R., Wagner, O., De Jong, A., Haag, R., Kok, J,
et al. (2021). Transcriptomic analysis of stress response to novel antimicrobial
coatings in a clinical MRSA strain. Mater. Sci. Eng. C Mater. Biol. Appl.
119:111578. doi: 10.1016/j.msec.2020.111578

Vaishampayan, A., De Jong, A., Wight, D. J., Kok, J., and Grohmann, E. (2018).
A novel antimicrobial coating represses biofilm and virulence-related genes

in methicillin-resistant Staphylococcus aureus. Front. Microbiol. 9:221. doi:
10.3389/fmicb.2018.00221

Vatansever, E, De Melo, W. C., Avci, P, Vecchio, D., Sadasivam, M., Gupta, A.,
et al. (2013). Antimicrobial strategies centered around reactive oxygen species-
-bactericidal antibiotics, photodynamic therapy, and beyond. FEMS Microbiol.
Rev. 37, 955-989. doi: 10.1111/1574-6976.12026

Villapun, V. M., Dover, L. G., Cross, A., and Gonzalez, S. (2016). Antibacterial
metallic touch surfaces. Materials 9:736. doi: 10.3390/ma9090736

Xiu, Z. M., Zhang, Q. B., Puppala, H. L., Colvin, V. L., and Alvarez, P. J.
(2012). Negligible particle-specific antibacterial activity of silver nanoparticles.
Nano Lett. 12, 4271-4275. doi: 10.1021/n1301934w

Zheng, W, Jia, Y., Zhao, Y., Zhang, ], Xie, Y., Wang, L., et al. (2021). Reversing
bacterial resistance to gold nanoparticles by size modulation. Nano Lett.
21, 1992-2000. doi: 10.1021/acs.nanolett.0c04451

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product that may
be evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Copyright © 2021 Linzner and Antelmann. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

August 2021 | Volume 12 | Article 731564


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.3109/1040841X.2012.713323
https://doi.org/10.1007/s10534-013-9645-z
https://doi.org/10.3389/fmicb.2019.00539
https://doi.org/10.3389/fmicb.2019.00539
https://doi.org/10.1128/AEM.01704-10
https://doi.org/10.1021/la104825u
https://doi.org/10.1021/la104825u
https://doi.org/10.1186/s12989-021-00418-x
https://doi.org/10.1016/S0168-6445(03)00047-0
https://doi.org/10.1016/S0168-6445(03)00047-0
https://doi.org/10.1016/j.msec.2020.111578
https://doi.org/10.3389/fmicb.2018.00221
https://doi.org/10.1111/1574-6976.12026
https://doi.org/10.3390/ma9090736
https://doi.org/10.1021/nl301934w
https://doi.org/10.1021/acs.nanolett.0c04451
http://creativecommons.org/licenses/by/4.0/

	The Antimicrobial Activity of the AGXX® Surface Coating Requires a Small Particle Size to Efficiently Kill Staphylococcus aureus 
	Introduction
	Materials and Methods
	Preparation of AGXX® Microparticles
	Bacterial Cultivation and Survival Assays

	Results
	Discussion
	Data Availability Statement
	Author Contributions
	Supplementary Material

	References

