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Silver ions are widely used as antibacterial agents, but the basic molecular mechanism of this effect is still poorly understood.
X-ray absorption near-edge structure (XANES) spectroscopy at the Ag LITI, S K, and P K edges reveals the chemical forms of sil-
ver in Staphylococcus aureus and Escherichia coli (Ag* treated). The Ag LIII-edge XANES spectra of the bacteria are all slightly
different and very different from the spectra of silver ions (silver nitrate and silver acetate), which confirms that a reaction oc-
curs. Death or inactivation of bacteria was observed by plate counting and light microscopy. Silver bonding to sulfhydryl groups
(Ag-S) in cysteine and Ag-N or Ag-O bonding in histidine, alanine, and pL-aspartic acid was detected by using synthesized silver-
amino acids. Significantly lower silver-cysteine content, coupled with higher silver-histidine content, in Gram-positive S. aureus

and Listeria monocytogenes cells indicates that the peptidoglycan multilayer could be buffering the biocidal effect of silver on
Gram-positive bacteria, at least in part. Bonding of silver to phosphate groups was not detected. Interaction with DNA or pro-
teins can occur through Ag-N bonding. The formation of silver-cysteine can be confirmed for both bacterial cell types, which
supports the hypothesis that enzyme-catalyzed reactions and the electron transport chain within the cell are disrupted.

Silver has been used as an inorganic antibacterial agent for cen-
turies. Its antimicrobial effects are currently used in a variety of
biological, medical, and hygienic applications, for example, as an
antifungal agent, in antibacterial agents for antibiotic-resistant
bacteria, in silver-based antiseptics, etc. (1-4). Silver ions (Ag™)
and several compounds containing silver ions are highly toxic to
microorganisms and exhibit strong biocidal effects on many spe-
cies of bacteria. Their toxicity to bacterial cells varies widely
among bacteria. Kim and coworkers, for example, reported that
low concentrations of silver nanoparticles strongly inhibit the
growth of Escherichia coli, whereas the growth-inhibitory effects
on Staphylococcus aureus are mild (5). Some bacteria even exhibit
complete resistance to silver, as seen in E. coli mutants displaying
active efflux of silver ions (6) and efflux-mediated heavy metal
resistance in general (7). Reducing the particle size of the corre-
sponding materials, i.e., using silver nanoparticles instead of bulk
silver, yields increased antibacterial activity (5). Although silver
ions (e.g., silver nitrate) and silver nanoparticles are already widely
used for various antibacterial purposes, the exact antibacterial
mechanism has not yet been elucidated. Within the last 30 years,
quite a number of attempts have been made to interpret the anti-
microbial mechanism of silver ions and silver nanoparticles.
These hypotheses can be summarized as (i) bonding of Ag to
amino acids in proteins and enzymes, especially via sulfur or via
nitrogen; (ii) bonding to nucleic acids and phosphates in DNA or
RNA; and (iii) oxidation catalyzed by Ag. These bonding reactions
can cause, e.g., structural changes in the cell wall and bacterial
membrane, disruption of enzyme-catalyzed reactions, or disrup-
tion of the electron transport chain of the cell (8—11). On the basis
of chemical and microbiological experiments with Pseudomonas
aeruginosa, it has been proposed that the mechanism of the anti-
bacterial activity of silver closely correlated with the interactions
of silver with thiol (S-H) groups (12), although other targets, such
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as amine (N-H) groups, have also been discussed (3, 13, 14). In
their experiments observing the growth inhibition of silver com-
pounds containing thiol groups versus silver compounds not con-
taining thiol groups, it was found (5, 12) that compounds contain-
ing thiol groups (e.g., in cysteine) neutralize the antibacterial
activity of silver completely; i.e., these compounds do not show
any antibacterial effect. L-Cystine dimethyl ester (not containing
thiol groups) did not neutralize the antibacterial activity of silver
(12). Together with the observation that silver bonding to sulfur is
stronger than silver bonding to nitrogen (9), these examples indi-
cate that silver prefers sulfur bonding only when delivered by non-
sulfur-containing agents; in such cases, silver compounds can be-
come effective antibacterial agents. Besides biochemical or
physiological experiments, morphological data on cell disruption
caused by silver ions were published (3). However, in all of the
studies performed so far, direct experimental evidence is lacking
on a molecular level for the binding of silver in bacteria and po-
tential differences in the chemical environment of the silver ions
interacting with various microorganisms. To analyze the molecu-
lar reactions of silver ions, an in situ tool for analysis of the chem-
ical forms of silver on an atomic or molecular level such as X-ray
absorption near-edge structure (XANES) spectroscopy is the
method of choice to address these open questions. XANES allows
not only the determination of the valence of an excited atom but
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TABLE 1 LCF results for silver LIII-edge XANES spectra of silver ion-treated bacteria with silver reference compounds silver-cysteine, silver-

histidine, silver-alanine, and silver—pL-aspartic acid

% contributions to different chemical forms of silver®

Silver-histidine

Silver-alanine Silver—pL-aspartic acid

Sample Silver-cysteine

E. coli + silver nitrate 24 10
S. aureus + silver nitrate 10 47
L. monocytogenes + silver nitrate 14 47

37 29
40 3
26 13

“ The percentage contributions of different silver species to the chemical forms of silver are shown; there was less than +10% error.

also gives information about the type of neighboring atoms (15).
This information about the actual binding of silver can often be
deduced by comparing the XANES spectrum of the sample of
interest with the spectra of suitable model (reference) compounds
(“fingerprint” analysis). This technique using synchrotron radia-
tion is generally a powerful tool to probe the chemical forms of an
element in complex (biological) materials, e.g., determination of
the chemical forms of sulfur in biological samples (16-19), deter-
mination of the chemical forms of silver in silver silicate gels (20),
or determination of the chemical forms of phosphorus in soils
(21). Various Ag L-edge XANES spectra of silver oxides have been
reported by Behrens et al. (22). They show that the oxidation state
is reflected in the XANES spectra. The key advantages are that
XANES spectroscopy is nondestructive and that measurement can
be performed in situ (e.g., aquatic environmental samples and
cultured bacteria in liquid media) (23 and references therein). It
was the aim of this study to analyze the basic mechanism of silver
ions as antibacterial agents and to investigate the “most likely el-
emental bonding partners” of silver ions through the application
of XANES spectroscopy at the silver LIII edge, sulfur K edge, and
phosphorus K edge on bacteria treated with silver ions. These
XANES spectra should give information about the interaction of
silver ions with cells and about the determination of the chemical
forms of silver that are present after the reaction.

Two questions were the focus in this study, i.e., (i) what is the
preferred bonding target of the silver ion when reacting with bac-
teria and (ii) which of the hypotheses regarding the reactions of
silver discussed in the literature can be corroborated or ruled out?
The human-pathogenic Gram-positive bacteria S. aureus and Lis-
teria monocytogenes and Gram-negative E. coli were chosen as
model organisms because they have been widely used as test or-
ganisms in other investigations related to the antibacterial activity
of silver ions or silver nanoparticles (23). Furthermore, Gram
staining characteristics, i.e., the peptidoglycan multilayer, may
have an effect on the interaction of silver ions.

MATERIALS AND METHODS

Bacterial strains, media, cultivation, and sample preparation. S. aureus
DSMZ 2569, E. coli DSMZ 1103, and L. monocytogenes DSMZ 20600 were
grown in a shaker for 24 to 48 h at 30°C in yeast-peptone-dextrose broth

(10 g yeast extract, 20 g peptone, and 20 g dextrose [YPD broth from Difco
Becton Dickinson, Franklin Lakes, NJ] without sodium chloride). Bacte-
ria were washed and centrifuged twice. The bacteria were diluted to 10°
CFU/ml with sterile deionized water (to avoid chemical reactions of silver
ions with medium contents), and then 50 pl of a 0.1 M silver nitrate stock
solution or 50 pl of a 0.1 M silver acetate stock solution, respectively (both
powders from Sigma-Aldrich, St. Louis, MO), was added to 1 ml cell
culture (about to 10° CFU/ml). The samples were incubated at 20°C for 10
min in darkness and then washed again with 0.5 ml water to remove
unreacted silver compounds. About 20 .l cell material was put on filter
paper and attached to Kapton tape. These samples were dried in darkness
for 1 to 2 h. A control set was prepared as described above without adding
Ag-containing solutions. Samples for XANES analysis were prepared and
handled according to Prange et al. (18).

Experimental XANES spectroscopy. Silver LIII edge, sulfur K edge,
and phosphorus K-edge XANES spectra were recorded at the double-
crystal monochromator (DCM) beamline of the Center for Advanced
Microstructures and Devices (CAMD), Louisiana State University, Baton
Rouge, LA (24). The monochromator was equipped with InSb(111) crys-
tals. Measurements of the bacterial samples at the silver LIIT edge, sulfur K
edge, and phosphorus K edge were performed in fluorescence mode with
a Vortex silicon drift detector (SII Nano Technology Inc.) to record the
fluorescence photons and an ionization chamber for the incident photons
with 90 mbar nitrogen pressure at the Ag LIII edge, 60 mbar nitrogen
pressure at the S K edge, and 27 mbar nitrogen pressure at the P K edge
inside the ionization chambers and sample chambers. For energy calibra-
tion of the silver spectra, the spectrum of elemental silver (made from
silver flake powder) was used as a “secondary standard,” setting the max-
imum of the first peak in the derivative of the spectrum to an energy of
3,351 eV. According to the minimum step width, the energy value is re-
producible within +0.2 eV. Silver spectra were scanned with step widths
of 1 eV in the pre-edge region between 3,300 and 3,330 eV; 0.2 eV between
3,330 and 3,400 eV, the main region of interest; and 0.5 eV between 3,400
and 3,500 eV with an integration time of 1 s per point. Measurements of
the silver reference compounds (see Fig. 2) were performed with the same
step sizes and parameters in transmission mode. For the synthesis of sil-
ver-amino acids, high-purity L-histidine, pL-aspartic acid, L-alanine, and
L-cysteine were purchased from Sigma-Aldrich. Ag-histidine was pre-
pared by the method reported by Nomiya et al. (25). Ag—bL-aspartic acid
was prepared by the method reported by Nomiya and Yokoyama (26).
Ag-cysteine was prepared by the method reported by Pakhomov et al.
(27). Ag-alanine was prepared by the method reported by Demaret and
Abraham (28). X-ray diffraction and Fourier transform infrared spectros-

TABLE 2 LCF results for sulfur K-edge XANES spectra of silver ion-treated bacteria with sulfur reference compounds silver-cysteine, silver-

glutathione, L-cysteine, L-glutathione, methionine, and zinc sulfate

% contribution to different chemical forms of silver?

L-Cysteine L-Glutathione Methionine Zinc sulfate

Sample Silver-cysteine Silver-glutathione
E. coli + silver nitrate 63 —
S. aureus + silver nitrate 63 —

37
37

“ The percentage contributions of different sulfur species to the chemical forms of sulfur are shown; there was less than =10% error. —, contribution of <3%.
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FIG 1 Silver LIII-edge XANES spectra of silver nitrate solution (solid line) (a),
silver acetate solution (solid line) (b), E. coli cells treated with silver nitrate
(dotted line) or silver acetate (broken line) (c), S. aureus cells treated with silver
nitrate (dotted line), and S. aureus cells treated with silver acetate (broken line)
(d); LCF of E. coli cells treated with silver nitrate according to Table 1 (broken
line) and the experimental results (solid line) (e); LCF of S. aureus cells treated
with silver nitrate according to Table 1 (broken line) and the experimental
results (solid line) (f); and LCF of L. monocytogenes cells treated with silver
nitrate according to Table 1 (broken line) and the experimental results (solid

line) (g). a.u., arbitrary units.

T T T T T T
3340 3350 3360 3420

copy confirmed the reported structures. Data were normalized and ana-
lyzed with the ATHENA program of the IFFEFIT package (29). The error
of the percentage contributions for the compounds in the linear combi-
nation fitting (LCF) results (Tables 1 and 2) can be estimated to £10%
(according to reference 18).

For energy calibration of the sulfur and phosphorus spectra, the
spectrum of zinc sulfate was used as a “secondary standard,” setting the
maximum of the white line of the sulfur K-edge spectrum to an energy
of2,481.4 eV. According to the minimum step width, the energy value
at both edges is reproducible within *£0.1 eV. Bacterial sulfur (phos-
phorus in parentheses) spectra were scanned with step widths of 0.5 eV
in the pre-edge region between 2,440 and 2,468 (2,100 and 2,140) eV;
0.1 eV between 2,468 and 2,485 (2,140 and 2,160) eV, the main region
of interest; and 0.3 eV between 2,485 and 2,520 (2,160 and 2,200) eV
with an integration time of 1 s per point. Measurements of the sulfur
reference compounds (see Fig. 3) and phosphorus reference com-
pounds (see Fig. 5) were performed with the same step sizes and pa-
rameters in transmission mode. The reference compounds (ATP as
adenosine-5'-triphosphate-disodium salt hydrate, calcium hydrogen
phosphate, silver phosphate, and aqueous phosphoric acid) were pur-
chased from Sigma-Aldrich (St. Louis, MO).

RESULTS AND DISCUSSION

The antibacterial effect of silver ions was determined by conven-
tional plate counting (repeated three times). After 10 min of treat-
ment with silver ions, the count for each type of bacterial cells, S.
aureus, E. coli, and L. monocytogenes, was below the detection limit
(<1 CFU/ml). In control samples (not treated with silver ions),
10° to 10° CFU/ml were determined. After treatment of bacterial
cells with silver ion solutions, light microscopic investigations
showed that some bacterial cells were visibly destroyed or inacti-
vated (E. coli was not motile anymore), which agrees with the
results of conventional plate counting of treated bacteria and is in
accordance with the results reported by Jung et al. (3). The results
of the silver LIII-edge XANES measurements of silver ion-treated
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FIG 2 Silver LIII-edge XANES spectra of silver reference compounds silver
phosphate (a), silver—pL-aspartic acid (b), silver-alanine (c), silver-cysteine
(d), silver-histidine (e), and silver metal (f). a.u., arbitrary units.

E. coli, S. aureus, and L. monocytogenes versus the spectra of silver
nitrate solution and silver acetate are shown in Fig. 1. Untreated S.
aureus, E. coli, and L. monocytogenes cells were also measured at
the Ag LIII edge. As expected, no silver was detected (data not
shown). The Ag LIII-edge XANES spectra of E. coli treated with
both starting materials, AgNO; and aqueous Ag [Ag(ac)], are
identical. Also, S. aureus and L. monocytogenes show nearly iden-
tical Ag LIII-edge XANES spectra after treatment with AgNO,
solution or aqueous Ag(ac) solution, respectively. However, the
Ag LIIT-edge XANES spectra of all three types of bacteria are
slightly different from each other and very different from the spec-
tra of AgNO, and Ag(ac) solutions. Differences in the Ag LIII-edge
XANES spectra are the prominent peak at 3,352 eV and the shift of
the so-called “white line” (22) for silver nitrate (silver acetate) to a
higher energy (3,353 eV) for the bacterial samples, indicating a
change in the electronic environment. The peak around 3,350 eV
is experimentally and theoretically connected to the 2p — 4d tran-
sition (22). The intensity at this peak reflects the density of unoc-
cupied states in the Ag 4d band. There is a significant difference in
the structure of the bacterial spectra in the range of the shape
resonances at about 3,372 eV with the silver nitrate solution and at
about 3,380 eV with the silver acetate solution (Fig. 1). The bac-
terial spectra show an absorption feature (shoulder) at about
3,360 eV that is not present in both solution spectra (Fig. 1). The
bacterial samples show significant differences. The intensity of the
peak at 3,353 eV is higher for S. aureus and L. monocytogenes than
for E. coli, while no energy shift is observed. Further, the intensity
of the shoulder at 3,360 eV is higher for S. aureus and L. monocy-
togenes than for E. coli. These spectral differences point to differ-
ences in the chemical environment of the silver ions in the bacte-
ria, which are a first indication of a different biological interaction.
In order to understand the character of the bonding of silver in the
bacterial environment, organic silver compounds that should be
models for the hypothesis described above were measured under
the same conditions as those described for the bacterial samples.
Inorganic reference compounds (not shown) are not adequate for
a fingerprint analysis at the Ag LIIT edge because the XANES spec-
tra are sensitive beyond the second coordination shell (30). Figure
2 shows Ag LIII-edge XANES spectra of the organic silver refer-
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FIG 3 Sulfur K-edge XANES spectra of cysteine (a), E. coli cells not treated with
silver (b), S. aureus cells not treated with silver (c), E. coli cells treated with silver
nitrate (d), and S. aureus cells treated with silver nitrate (e); LCF of E. coli cells
treated with silver nitrate according to Table 2 (broken line) and the experimental
results (solid line) (f); and LCF of S. aureus cells treated with silver nitrate accord-
ing to Table 2 (broken line) and the experimental results (solid line) (g). a.u.,
arbitrary units.

ence compounds together with silver phosphate (to represent
ATP) and silver metal. The position of the pre-edge feature at
3,353 eV and a shoulder at 3,360 eV are the main characteristics of
silver-histidine. This agrees very well with the bacterial spectra,
which is an indication that Ag-N bonding is the dominant inter-
action. LCF (Table 1 and Fig. 1) was performed with Ag-Cys,
Ag-His, Ag-Ala, and Ag-DL-Asp. Represented here is silver bond-
ing to (i) nitrogen (Ag-N) in the form of Ag-histidine, (ii) to sulfur
(Ag-S) in the form of Ag-cysteine, and (iii) to oxygen (Ag-O) in
the form of Ag-DL-Asp. Ag-alanine represents mixed bonding to
both nitrogen and oxygen. For E. coli, all four silver-amino acids
contribute to the fit with ca. 10 to 40%. For S. aureus, on the other
hand, silver-histidine and silver-alanine clearly are the domi-
nant contributions (40 to 50%). These fits also show a signifi-
cant difference in the silver-cysteine contribution between S.
aureus and E. coli (10 versus 24%, respectively). These percent-
ages of silver-cysteine bonds agree with reports on cytoplasmic
cysteine levels between 2 and 15% for facultative anaerobic bacteria
suchas E. coliand S. aureus (31). Keeping the experiments performed
by Kim and coworkers (see introduction above) (5) in mind, addi-
tional experiments were performed. Ag ions (from silver nitrate)
were added to a mixture of histidine and cysteine solutions (in a 1:1
ratio). Here the ions showed a higher affinity for sulfur than for ni-
trogen (data not shown) with the formation of Ag-cysteine. In a sec-
ond experiment, cysteine solution was added to Ag-histidine solution
(Ag-His redissolved in water), which again resulted in Ag-cysteine
formation. These experiments show clearly that silver bonds first to
all of the sulfur available and only then bonds to nitrogen and oxygen.

In order to confirm Ag-S bonding, XANES measurements at
the sulfur K edge were also carried out. Figure 3 shows the spectra
of treated and untreated bacterial samples together with cysteine
and the LCF results. Figure 4 shows the set of sulfur reference
compounds used for the LCF at the S K edge. The S K-edge XANES
spectra of treated bacteria are different from those of untreated
samples. The spectra of the untreated samples of S. aureus and E.
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FIG 4 Sulfur K-edge XANES spectra of sulfur reference compounds zinc sul-
fate (a), methionine (b), cysteine (c), glutathione (d), silver-cysteine (e), and
silver-glutathione (f). a.u., arbitrary units.

coli are, as expected, very similar to that of cysteine (Fig. 3). They
show a white line maximum at 2,472.7 eV and a prominent shape
resonance at about 2,477 eV. This shape resonance is absent from
the spectra of S. aureus and E. coli treated with silver ions. The
results of the LCF with cysteine, silver-cysteine, glutathione, sil-
ver-glutathione, methionine, and zinc sulfate show clearly a dom-
inant contribution of silver-cysteine. This strongly supports the
hypothesis of Ag-S bonding.

Bonding of silver to ATP (phosphorus) was examined at the
phosphorus K edge. Figure 5 shows the P K-edge XANES spectra
of bacterial cells treated with silver ions and nontreated cells to-
gether with reference compounds. The spectral features are iden-
tical in the samples with and without the addition of silver ions.

2152.0 eV N 2152.4 eV

normalized Absorption (a.u.)
(\((
1 T T

e)
d) h
c) L
b)
a) T T T
2150 2155 2160 2165
Energy (eV)

FIG 5 Phosphorus K-edge XANES spectra of phosphorus reference com-
pounds and bacterial samples. Shown are results for calcium hydrogen phos-
phate (a), silver phosphate (b), aqueous phosphoric acid (c), ATP (d), E. coli
cells not treated with silver (e), E. coli cells treated with silver nitrate (f), S.
aureus not treated with silver (g), and S. aureus cells treated with silver nitrate
(h). a.u., arbitrary units.
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Further, the white line maxima of the spectra of bacterial cells are
significantly shifted to alower energy (2,152.0 eV) than the spectra
of the inorganic phosphate compounds (2,152.4 eV). P K-edge
XANES spectra are sufficiently sensitive to the chemical environ-
ment of P atoms (32). The identical spectral features in the bacte-
rial spectra (Fig. 5) and the significant shift of the white line indi-
cate that silver ions do not interact with or bind to phosphate
groups of ATP. Thus, most likely, there is no reaction with phos-
phate groups of bacterial DNA or any other phosphorus- or phos-
phate-carrying component.

Conclusions. Using the fingerprint approach for the interpre-
tation of XANES spectra, the present investigation of the antibac-
terial activity of silver provides some new and very fundamental
information about the reaction mechanism. For three types of
bacteria that are sensitive to Ag" treatment, there are differences
in the Ag LIIT XANES spectra of silver nitrate and silver acetate
solutions from those of bacteria treated with these solutions. This
is a clear indication that Ag™ ions, in fact, do react with bacterial
cells and that they do not stay Ag™ ions in the system. Our exper-
iments with suitable reference compounds show that the preferred
binding partner of Ag ions is sulfur, followed by nitrogen and
oxygen. The Ag LIII-edge spectra of Gram-positive and Gram-
negative bacteria treated with either a silver nitrate or a silver
acetate solution are different, indicating different interaction
mechanisms. The least-squares fitting analysis of the spectra indi-
cates a nondominant Ag-S interaction for all three bacteria, most
likely reflecting the fact that S-containing amino acids are not
very abundant in living organisms. This observation supports
the hypothesis that silver binds strongly to enzymes with sul-
fur-containing side chains. This bond causes an inhibition of
the electron transport chain of the cells (11 and references
therein). Ag-N is the dominant binding type in S. aureus, and
mixed Ag-N and Ag-O binding is dominant in E. coli. Both
types of bonds seem to be unspecific and might be assigned to
bond to the nucleic acids in DNA, resulting in a disturbance of
reproduction. On the basis of the XANES investigations at the
P K edge, bonding to the phosphate groups in ATP can clearly
be ruled out. Thus, our experiments indicate that the antibac-
terial effect of Ag™ ions is not due to a specific bond, e.g., Ag-S,
but that bonds to various sites (S, N, and O) are likely. Our
results also offer a possible explanation for the reported differ-
ence in sensitivity to Ag® ions between Gram-positive and
Gram-negative bacteria. Compared to E. coli, S. aureus and L.
monocytogenes have “additional protection,” a thick, multilay-
ered peptidoglycan sacculus with a high content of amine and
carboxyl groups. The high percentage of Ag-alanine and Ag-
histidine that was observed in S. aureus and L. monocytogenes is
notable. One can speculate that a significant portion of the Ag™
ions binds to the peptidoglycan multilayer in the cell wall or to
lipopolysaccharides on the cell wall and that only a smaller
portion enters the cell to react with amino acids or DNA.
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