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Pyocyanin Production by Pseudomonas aeruginosa Confers Resistance
to Ionic Silver

Michael Muller, Neil D. Merrett
Department of Surgery, School of Medicine, University of Western Sydney, Campbelltown, NSW, Australia

Silver in its ionic form (Ag™), but not the bulk metal (Ag®), is toxic to microbial life forms and has been used for many years in
the treatment of wound infections. The prevalence of bacterial resistance to silver is considered low due to the nonspecific nature
of its toxicity. However, the recent increased use of silver as an antimicrobial agent for medical, consumer, and industrial prod-
ucts has raised concern that widespread silver resistance may emerge. Pseudomonas aeruginosa is a common pathogen that pro-
duces pyocyanin, a redox toxin and a reductant for molecular oxygen and ferric (Fe>*) ions. The objective of this study was to
determine whether pyocyanin reduces Ag™ to Ag®, which may contribute to silver resistance due to lower bioavailability of the
cation. Using surface plasmon resonance spectroscopy and scanning electron microscopy, pyocyanin was confirmed to be a re-
ductant for Ag™", forming Ag® nanoparticles and reducing the bioavailability of free Ag* by >95% within minutes. Similarly, a
pyocyanin-producing strain of P. aeruginosa (PA14) reduced Ag* but not a pyocyanin-deficient (AphzM) strain of the bacte-
rium. Challenge of each strain with Ag™ (as AgNO;) gave MICs of 20 and 5 jrg/ml for the PA14 and AphzM strains, respectively.
Removal of pyocyanin from the medium strain PA14 was grown in or its addition to the medium that AphzM mutant was grown
in gave MICs of 5 and 20 pg/ml, respectively. Clinical isolates demonstrated similar pyocyanin-dependent resistance to Ag™. We
conclude that pseudomonal silver resistance exists independently of previously recognized intracellular mechanisms and may be

more prevalent than previously considered.

ilver serves no known biological function, and while the bulk

metal (Ag°) is relatively inert, in the ionic state (Ag™), it is
highly toxic to most microbial life forms. With its broad-spectrum
antimicrobial properties, silver has been employed extensively in
various forms over many years for the topical treatment of in-
fected wounds and burns. Ag™ toxicity arises from nonspecific
binding to DNA and the inactivation of enzymes and membrane
proteins, including those associated with electron transport (1).
This ability to target multiple cellular sites suggests that microbial
resistance to Ag " should be low (2), although its occurrence is well
recognized (3—6). The current view of bacterial resistance to silver
is that it is genetically determined and requires silver-binding pro-
teins and associated efflux pumps to export the bound cation from
the cell (4, 5). Recently, concern has been raised that the increased
use of silver products for clinical, industrial, and domestic antimi-
crobial use may give rise to widespread silver resistance due to
horizontal gene transfer (6).

Several reports have identified the reduction of soluble Ag™ to
colloidal or nanoparticulate Ag® by various bacterial species (7—
10), including Pseudomonas aeruginosa (11), although in all cases
the specific reductive mechanisms involved remain unknown
(12). We postulated that bacterial reduction of Ag " may represent
a novel resistance mechanism, as it removes Ag™ from the bacte-
rial environment before it enters the cell and decreases depen-
dence on intracellular silver-binding proteins and efflux systems.
P. aeruginosa is a common wound pathogen that produces the
redox-active phenazine derivative pyocyanin, substantial amounts of
which have been identified in burn wound exudates of infected
patients (13). Pyocyanin acts as an extracellular electron carrier
with NADH as the initial endogenous reductant and molecular
oxygen acting as the terminal electron acceptor (14). Pyocyanin is
also well recognized for its ability to reduce ferric (Fe’*) ions to
the ferrous (Fe® ™) state, a soluble form that can readily be taken up
by P. aeruginosa for nutritional requirements (see Fig. SI in the
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supplemental material) (15, 16). In aqueous solution (at 25°C),
the standard electrode potential (E°) for the iron redox couple
(Fe>*/Fe*™) is 770 mV, whereas for the silver redox couple (Ag™/
Ag®), it is 800 mV. We therefore further postulated that the very
similar standard electrode potentials of these metal redox couples
predict that Ag™ should be reducible by reduced pyocyanin (E° =
—34.0 mV) (17). Consequently, this study was undertaken to de-
termine whether pyocyanin reduces Ag* to Ag’, resulting in a
lowering of the Ag* concentration consistent with the survival of
P. aeruginosa.

MATERIALS AND METHODS

Chemicals and reagents. All chemicals and reagents were purchased from
Sigma-Aldrich (Sydney, Australia). AgNO; was used as the source of Ag™
for all of the studies described.

Bacterial strains and culture media. Clinical isolates of P. aeruginosa
were obtained from the Sydney South West Pathology Service (Liverpool
Hospital, Liverpool, NSW, Australia), and their antibiotic sensitivities are
presented in Table S1 in the supplemental material. In addition, we com-
pared two strains of P. aeruginosa, strain PA14, a wild-type producer of
pyocyanin, and an isogenic mutant, PA14 AphzM (AphzM), which is un-
able to produce the toxin due to a deficiency in methyltransferase produc-
tion, which is required to methylate position 5 of the phenazine ring.
However, the AphzM strain does produce substantial amounts of phena-
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zine-1-carboxylic acid (PCA), a precursor in the biosynthesis of pyocya-
nin (see Fig. S2 in the supplemental material), which exhibits redox
activity (E° = —116 mV) (15). Although several PA14 pyocyanin-null
mutants exist (e.g., AmvfR and AphnAB mutants), the AphzM mutant
was chosen for this study, as the lesion is close to the final step in
pyocyanin biosynthesis, whereas the lesions for other mutations are
sufficiently distal as to cause additional phenotypic changes that may
confound the interpretation of our results. The wild-type PA14 strain
and isogenic mutant AphzM strain were maintained on Mueller-Hin-
ton (II) agar (MHA) slopes, and all incubations were conducted in
Mueller-Hinton (II) broth (MHB) at 32°C with agitation at 80 rpm for
24 h. Stock cultures of the P. aeruginosa strains and all subsequent incu-
bations were undertaken in the dark, as pyocyanin is light sensitive (18).
Preliminary experiments were undertaken to ensure that the growth
characteristics of the two strains were equivalent. Initial cultures of
each strain were set up by inoculating one loop (10 pl) of the PA14 or
AphzM strain into MHB (20 ml) and incubating for 24 h. A 2% inoc-
ulum of each strain was then subcultured in MHB (20 ml) for a further
24 h. Before use, low-speed supernatants of these early stationary-phase
cultures were prepared by centrifugation at 200 X g for 10 min to remove
cell debris and aggregated material.

Extraction of phenazines. Pyocyanin and PCA were extracted from
the bacterial low-speed supernatants by liquid/liquid phase partitioning
three times with equal volumes of chloroform followed by volume reduc-
tion of the organic phase under nitrogen. Quantitation of the phenazines
was achieved by spectrophotometry in methanol at 690 nm for pyocyanin
using an extinction coefficient of 5,816 and for PCA at 368 nm using an
extinction coefficient of 3,020 (19). The identity of PCA was confirmed by
tandem mass spectroscopy.

Synthesis of pyocyanin. Chemically pure pyocyanin was prepared by
photolysis of phenazine methosulfate as described previously (20). The
crude material was purified by high-performance thin-layer chromatog-
raphy (silica gel G; Merck, Sydney, Australia), and the structure and purity
were confirmed by tandem mass spectroscopy (21).

Surface plasmon resonance (SPR) spectroscopy. Mie theory de-
scribes the behavior of light interacting with particles of nanometer scale
dimensions. On excitation by light, localized surface plasmons arise from
the coherent oscillation of conduction band electrons at the interface of
metal nanoparticles and the medium in which they are embedded (22).
The extinction of light (Qg,,) by nanoparticles is due to absorption (Q ;)
and scattering (Qg,,) effects of incident light, i.e.,

Ext — QAbs + QSca (1)

From Mie theory, for a particle of radius R (where 2R << \ [\ is the
wavelength of light]) and a frequency-dependent complex dielectric func-
tion such that

ge=¢ +ig” (2)
where €’ and €” are the real and imaginary parts, respectively, of the di-

electric function of the particle embedded in a medium of dielectric con-
stant €, , the extinction cross section (Cg,,) can be expressed as follows:

o 241 R3] g 3)
Ext ™ N (8/ +28m)2 + 8//2

If €” is small, when

g =- 28, (4)

the SPR condition is met, i.e., a localized surface plasmon resonance oc-
curs and as

CExt
wR?

Qexe = (5)
an extinction maximum can be detected spectroscopically. For Ag’, this
condition occurs in the visible wavelength range. The theoretical SPR
spectrum for a single silver nanosphere was calculated using the following
parameters: wavelength range = 300 to 800 nm at a resolution of 1 nm for

September 2014 Volume 58 Number 9

Pyocyanin Confers Silver Resistance

a nanoparticle of 60-nm diameter in water at 32°C. The theoretical Qg
values are expressed in arbitrary units. Experimental SPR spectra due
to pyocyanin-mediated reduction of Ag* were determined by incubat-
ing AgNO; (100 pM) with pyocyanin (5 wM) and NADPH (100 pM)
as the source of reducing equivalents (23) in water (pH 7.0; 32°C; 18
MQ - cm ™) followed by scanning spectrophotometry to observe the
emergence of SPR bands associated with nanoparticulate Ag’ forma-
tion. The experimental Qp,, values are expressed in real units. To
obtain SPR spectra in the presence of bacteria, low-speed supernatants
(200 X gfor 10 min) of the PA14 and AphzM strains were prepared and
incubated with AgNO; (100 wM) and monitored for the emergence of
SPRbands at 32°C in MHB using a dual-beam spectrophotometer with
the reference cell containing an identical suspension of bacteria in
MHB in the absence of AgNO;.

Determination of Ag® nanoparticle size and composition. Following
the reduction of Ag™ by the pyocyanin/NADPH system described above,
drops (10 pl each) of the reaction mixture were placed on lacy carbon
copper grids (300 mesh; ProSciTech, Australia) and air dried for trans-
mission electron microscopy (TEM). Similarly, drops (10 pl each) of the
reaction mixture were placed on aluminum stubs, air dried, and examined
by scanning electron microscopy (SEM). The elemental composition of
the nanoparticles was determined using energy dispersive X-ray (EDX)
analysis of the nanoparticles in spot mode. All analyses were performed
using a field emission scanning electron microscope (JEOL JSM-7001F;
JEOL, Japan). To determine the nanoparticle size range, 300 particles were
measured from 4 independent SEM fields using image analysis software
(Image], version 1.46; NIH).

Assay for free Ag*. The concentration of free Ag™ was determined
using the sensitive dimethylaminobenzylidene rhodanine method, as de-
scribed previously (24). Ag® nanoparticles were removed prior to assay of
Ag™ by centrifugation at 5,000 rpm for 5 min using an Eppendorf micro-
centrifuge.

MIC and MBC assays. MIC and minimum bactericidal concentration
(MBC) assays were performed using low-speed supernatants diluted to an
optical density at 600 nm (ODy,) of 0.3 with MHB. This dilution ensured
equivalent numbers of bacteria of each strain, verified by determining the
number of CFU, while maintaining adequate pyocyanin concentrations.
Bacterial suspensions of each strain (3 X 10® CFU/ml) were incubated at
32°C for 24 h with serial dilutions of AgNO; (0 to 40 p.g/ml). Prior to the
addition of AgNO;, the suspensions were incubated for a minimum of 30
min to allow for bacterial reduction of pyocyanin, as it is readily oxidized
by dissolved oxygen (21) during preparation procedures. Aliquots were
subsequently plated onto MHA plates and incubated for a further 24 h at
37°C, the number of CFU was counted, and the MIC, MBC, and percent
survival were determined.

Time course of bacterial killing by Ag™. To determine the time
course for killing of the PA14 strain by Ag* in the absence of pyocyanin,
the bacterial suspension (OD of 0.3) was centrifuged at 2,500 X g for 10
min, and the subsequent supernatant was discarded. The bacterial pellet
was reconstituted in fresh MHB (1 ml) containing AgNO; (10 pg/ml) and
incubated at 32°C at 80 rpm. Aliquots were removed at intervals, and the
number of CFU was determined by serial dilution.

Time course of pyocyanin production by the PA14 strain. The time
course for pyocyanin production by the PA14 strain was determined by
centrifuging bacterial suspensions (OD of 0.3) at 2,500 X g for 10 min.
The supernatants were discarded, and the bacterial pellets were reconsti-
tuted in fresh MHB (1 ml) and incubated at 32°C at 80 rpm. Pyocyanin
was extracted and quantified at intervals as described above. Prior to ex-
traction, aliquots were removed for determination of CFU.

Statistics. Statistical analyses were performed using Prism 6 software
(GraphPad Software, San Diego, CA, USA). Student’s ¢ test was used for
comparison of Ag™ availability. Analysis of variance (ANOVA) with Dun-
nett’s posttest comparison was used to determine significance values for
the MIC studies. Spearman’s correlation was used to determine the cor-
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FIG 1 Reduction of Ag* to Ag® by pyocyanin. (A) SPR spectra were obtained
by incubating Ag" (as AgNO5; 100 uM) with pyocyanin (5 wM) and NADPH
(100 wM) in water (pH 7.0; 32°C). Scans were repeated at 2-min intervals, and
the arrow indicates the direction of increasing time (data are representative
scans of experiments performed in triplicate with Qp,, values in real units). (B)
Theoretical SPR spectrum of a single Ag® nanoparticle of 60-nm diameter in
water calculated using Mie theory with Qg,, values in arbitrary units.
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relation coefficient between pyocyanin production by clinical isolates and
Ag" resistance.

RESULTS

Reduction of Ag* by pyocyanin. On incubation of Ag " with pyo-
cyanin in the presence of NADPH, SPR spectra indicating reduc-
tion of Ag* to Ag” were obtained (Fig. 1A). The experimental SPR
spectra were consistent with the theoretical SPR spectrum for Ag’
generated using Mie theory (Fig. 1B). NADPH alone did not re-
duce Ag™ (data not shown). Ag° nanoparticle formation was con-
firmed by TEM and SEM imaging (Fig. 2A and B) and, using
image analysis, were found to be polydisperse with diameters
ranging from approximately 10 to 140 nm with a mean diameter
of 60 nm (Fig. 2C). Using energy-dispersive X-ray analysis, we
observed emission peaks at approximately 3 keV, a characteristic
of metallic silver, and determined the composition of the nano-
particles to be greater than 98% elemental silver (Fig. 2D).

We next quantified the extent of reduction of Ag™ by the pyo-
cyanin/NADPH system. The data from Fig. 1A indicated that the
reaction was rapid, going to completion within 12 min of initia-
tion. We therefore determined the Ag™ concentration at the ini-
tiation and termination of the reaction using the sensitive and
specific dimethylaminobenzylidene rhodanine method after re-
moval of the Ag® nanoparticles by centrifugation. A reduction of
approximately 95% in the available Ag™ concentration was
achieved 12 min after initiating the reaction (Fig. 3).

Reduction of Ag* by P. aeruginosa is mediated by pyocyanin.
Although reduction of Ag™ to Ag® by P. aeruginosa (11) and other
bacterial species has been reported (7-10), the mechanism re-
mains unexplained. To determine whether pyocyanin partici-
pated in the reduction of Ag" by P. aeruginosa, we compared its

Counts x 10°
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FIG 2 Ag’nanoparticle analysis by electron microscopy. (A and B) Representative images of Ag® nanoparticles (white arrow) by TEM (A) (on lacy carbon copper
grid [300 mesh]) and by SEM (B). The Ag” nanoparticles were prepared by the reduction of Ag* (as AgNO5; 100 M) by pyocyanin (5 M) with NADPH (100
M) in water (pH 7.0; 32°C). Bars, 100 nm (A) and 200 nm (B). (C) Histogram indicating the size distribution of the nanoparticles (300 particle measurements
from four independent preparations with histogram bin width set at 20 nm). (D) Energy dispersive X-ray analysis of Ag® nanoparticles to determine elemental
composition. The analysis was undertaken in spot mode and is representative of four independent samples.
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FIG 3 Bioavailability of Ag* following reduction by pyocyanin. A solution of
Ag" (100 uM) was reduced in the presence of pyocyanin (5 .M) and NADPH
(100 wM) in water (pH 7.0; 32°C), and the concentration of Ag* was deter-
mined at the commencement (0 min) and conclusion (12 min) of the reaction
(values are means plus standard deviations [error bars] from three indepen-
dent experiments).

reduction by the PA14 and AphzM strains. In preliminary exper-
iments, we established that the growth characteristics of the two
strains were identical in Mueller-Hinton (II) broth (data not
shown). Using liquid/liquid phase partitioning of 24-h culture
supernatants with chloroform, we quantified the amount of pyo-
cyanin and PCA produced by the two strains. The mean concen-
tration of pyocyanin produced by the PA14 culture was 16.1 = 4.7
M with no detectable PCA (Fig. 4A). The inability of the AphzM
strain to produce pyocyanin was confirmed, although it secreted
appreciable quantities of PCA (290.0 = 45.3 nM). On incubation
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oflow-speed bacterial culture supernatant with Ag* (100 uM), we
found that the cation was rapidly reduced to Ag® within minutes
by the PA14 strain (Fig. 4C), whereas reduction did not occur with
the AphzM strain (Fig. 4D). Therefore, although PCA is redox
active and is reduced by NADH (data not shown), this close ana-
logue of pyocyanin is unable to reduce Ag™ under the conditions
indicated. The SPR spectra shown in Fig. 4C are consistent with
those produced by purified pyocyanin (Fig. 1A) and the theoreti-
cal SPR spectrum generated using Mie theory (Fig. 1B). These data
demonstrate that P. aeruginosa can use AgJr as a terminal electron
acceptor. Moreover, the reduction of Ag™ by the PA14 strain oc-
curred within a time frame comparable to that under cell-free
conditions (Fig. 1A), indicating that the bacterium is able to re-
duce toxic levels of Ag™ within minutes and at pyocyanin concen-
trations found under clinical conditions (13).

Correlation of silver resistance with pyocyanin production
by clinical isolates of P. aeruginosa. To determine whether pyo-
cyanin production is an important determinant for avoiding Ag™
toxicity, we examined the survival of 12 clinical isolates of P.
aeruginosa in the presence of AgNO; (0 to 40 pg/ml) with differ-
ing capacities for pyocyanin production. We observed that the
pyocyanin-deficient clinical isolates were more sensitive to
AgNO; with MBCs of 5 to 10 pg/ml, whereas those able to pro-
duce the toxin exhibited higher MBCs (20 to 40 pg/ml; Fig. 5). The
correlation between pyocyanin production and resistance to Ag"
was positive and highly significant (P < 0.0001; correlation coef-
ficient = 0.9456; n = 12) by Spearman’s test.

Pyocyanin confers resistance by P. aeruginosa to Ag*. The
conversion of toxic Ag* to insoluble nontoxic Ag’ by pyocyanin
effectively reduces the bioavailable concentration of Ag™ (Fig. 3),
suggesting that the PA14 strain should be resistant to higher Ag™
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FIG 4 Pyocyanin and PCA production and reduction of Ag™ to Ag® by P. aeruginosa strains. (A and B) Recovery of pyocyanin and PCA from 24-h low-speed
supernatants (200 X g for 10 min) of the P. aeruginosa PA14 (A) and AphzM (B) strains after three sequential extractions with chloroform and quantitation by
spectrophotometry (ND, not detected). (Cand D) SPR spectra produced by incubating the low-speed supernatants of PA14 (C) and AphzM (D) strains with Ag™
(100 pM) at 32°C. Scans were repeated at 2-min intervals, and arrows indicate direction of increasing time (data are representative scans of experiments

performed in triplicate).
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FIG 5 Correlation of pyocyanin production and Ag™ resistance by clinical iso-
lates. Pyocyanin production by 12 clinical isolates of P. aeruginosa was deter-
mined by sequential chloroform extractions with quantitation by spectropho-
tometry. Suspensions of clinical isolates containing equivalent numbers of
CFU were exposed to serial dilutions of AgNO; (0 to 40 pg/ml) for 24 h. The
surviving bacteria were transferred to MHA plates, the number of CFU was
counted, and the minimum bactericidal concentration (MBC) was deter-
mined. The data were analyzed using the Spearman correlation method (P <
0.0001; correlation coefficient = 0.9456; n = 12). Each symbol represents the
value for a clinical isolate of P. aeruginosa, and each bar represents the mean for
a group of isolates.

concentrations compared to the AphzM strain. To demonstrate
this, we exposed equivalent numbers of each strain (3 X 10® CFU/
ml) to serial dilutions of AgNO; (0 to 40 g/ml) for 24 h. The MIC
for the PA14 strain was 20 pg/ml (Fig. 6A), whereas the MIC for

PAl4

Survival (%)
[*2]
e

@

120+
PA14
- Pyo

100

80+
60
404

Survival (%)

;

0 T T T T T
0 5 10 20 40

AgNO; (ug/ml)

20+

the AphzM strain was 5 pg/ml (Fig. 6B). The mean pyocyanin
concentration of the control PA14 samples was 10.4 = 1.1 uM
(n = 5). To confirm that pyocyanin is essential for resistance, we
centrifuged the PA14 culture, removed the supernatant, and resus-
pended the bacterial pellet in an equal volume of fresh medium de-
void of pyocyanin. After the bacteria were challenged with AgNO; for
24 h, we observed a 4-fold increase in sensitivity to Ag™ with a MIC
comparable to that of the AphzM strain (Fig. 6C). Conversely, the
addition of pyocyanin (final concentration of 20 wM) to the AphzM
strain resulted in greater resistance to higher Ag* concentrations with
the MIC increasing to 20 pg/ml (Fig. 6D).

Time course of pyocyanin production and bacterial killing
by Ag*. We further examined the relationship between de novo
pyocyanin production by the PA14 strain following reconstitution
in fresh medium and Ag™-dependent bacterial killing. In the ab-
sence of pyocyanin, the PA14 strain was susceptible to Ag™ (10
pg/ml) with no survival at 2 h (Fig. 7A). In contrast, and in the
absence of AgNOj, detectable levels of pyocyanin were not ob-
served until after 2 h of incubation following reconstitution in
fresh medium (Fig. 7B).

DISCUSSION

Within the clinical setting, the genes considered responsible for
bacterial silver resistance (the sil genes) are widely viewed to be the
key determinants for resistance, and several studies have consid-
ered their absence as sufficient evidence for Ag™ sensitivity (1-5).
One study found sil-positive bacterial strains to have MIC values
(for AgNO;) of =5 pg/ml, while for sil-negative strains, the MIC
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FIG 6 Pyocyanin confers resistance to Ag" toxicity by P. aeruginosa. Suspensions of the PA14 and AphzM strains containing equivalent numbers of CFU were
exposed to serial dilutions of AgNOj; (0 to 40 g/ml) for 24 h. The surviving bacteria were transferred to MHA plates, the number of CFU was counted, and the
percent survival was determined. (A) The MIC for the PA14 strain was 20 pg/ml. (B) In contrast, the MIC for the AphzM strain was 5 pg/ml. (C) Removal of
pyocyanin from the PA14 strain by centrifugation and resuspension in fresh MHB (devoid of pyocyanin [— Pyo]) resulted in increased sensitivity to Ag™. (D)
The addition of pyocyanin (20 uM) to the AphzM strain increased the MIC to 20 pg/ml. Data represent means plus standard deviations from five independent
experiments> Values that are significantly different (P < 0.001) from the value for no AgNO; by ANOVA with Dunnett’s multiple-comparison test are indicated

by an asterisk.
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FIG 7 Time course for bacterial killing by Ag" and pyocyanin production by
strain PA14. (A) The time course for killing of the PA14 strain by Ag™, in the
absence of pyocyanin, was determined by centrifugation of a 24-h culture,
discarding the supernatant and resuspending the pellet in fresh MHB (1 ml;
OD of 0.3) containing AgNO; (10 pg/ml) and incubating at 32°C at 80 rpm.
Aliquots were removed at intervals, and the number of CFU was determined
by serial dilution. (B) The time course for pyocyanin production, in the ab-
sence of AgNO;, by the PA14 strain was determined by centrifuging a 24-h
culture, discarding the supernatant, and resuspending the pellet in fresh MHB
(1 ml; OD of 0.3) followed by incubation at 32°C at 80 rpm. Pyocyanin was
extracted and quantified at the indicated intervals. Results represent means
plus standard deviations from three independent experiments.

ranged from 1 to 2.5 pg/ml, at least a 2- to 5-fold difference in
sensitivity (25). While differing test conditions do not permit di-
rect comparisons, we identified a 4-fold difference between the
MIC values for the PA14 strain and the same strain without pyo-
cyanin, indicating that pyocyanin-mediated resistance provides a
survival benefit against Ag” comparable to that of the sil-based
genetic mechanisms. Thus, our data demonstrate that further re-
sistance mechanisms can be operative and independent of the sil
genes and the silver-binding proteins and efflux pumps they en-
code. Moreover, our data indicate that P. aeruginosa does not need
to acquire Ag™ resistance, as those clinical isolates that produce
pyocyanin already possess intrinsic or constitutive resistance. It
follows that the resistance of P. aeruginosa to Ag" can be variable
due to the greater or lesser availability of pyocyanin, as indicated
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in Fig. 5, and the extent that pyocyanin is in the reduced state in
order to subsequently reduce Ag™. The equilibrium between the
reduced and oxidized forms of the toxin will depend on the intrin-
sic reductive capacity of the bacterium and the availability of com-
peting electron acceptors, such as molecular oxygen, in the extra-
cellular environment. The sensitivity of P. aeruginosa strains to
Ag™ (as AgNO;) is reported to range from MICs of 8 to 70 pg/ml
(26, 27) with resistance considered to be unstable on repeated
subculture (28), consistent with variable pyocyanin production.

We found a highly significant positive correlation between
pyocyanin production by clinical isolates and resistance to Ag™.
Furthermore, the MIC for the PA14 strain for Ag" ranged from 5
to 20 wg/ml and was directly dependent on pyocyanin availability
(Fig. 6). Therefore, we conclude that the sensitivity of a bacterial
strain to Ag™ is determined not only by the bacterium but also by
the immediate extracellular environment modified by the bacte-
rium due to secretion of redox-active metabolites. At present,
there remains a lack of consensus as to procedures for silver sen-
sitivity testing. Current testing methods frequently require prep-
aration of bacterial samples that result in loss of extracellular com-
pounds, such as pyocyanin, that may confer resistance. By using
these methods, P. aeruginosa would appear to exhibit greater sen-
sitivity to silver than it otherwise would. Our data suggest silver
testing protocols need to be reconsidered to take extracellular re-
sistance mechanisms into account. SPR spectroscopy represents a
simple yet effective screening methodology to identify bacterial
species capable of the reductive inactivation of Ag™ and thus po-
tentially for the identification of Ag*-resistant strains when used
in conjunction with the MIC assay. However, the wavelength at
which SPR maxima occur, and corresponding extinction coeffi-
cients, are variable and dependent on the dielectric constant of the
incubation medium (g,,,) and the cross-sectional area of the resul-
tant nanoparticles (equation 3). Indeed, our data demonstrate this
to be the case with polydisperse nanoparticle formation (Fig. 2B
and C), resulting in a substantial red-shift (approximately 10 to 20
nm) in the maximal wavelength over time (Fig. 1A and 4B), as
predicted by equation 3, even though our value for €,, remained
constant.

The extracellular reductive mechanism adopted by P. aerugi-
nosa for eliminating Ag* from its immediate surroundings likely
contributes to the environmental success of the organism. The
biosynthesis and operation of specific silver-binding proteins and
efflux pumps result in a high metabolic cost for bacteria. In con-
trast, pyocyanin is a low-molecular-weight and efficient redox cy-
cling compound (23) that contributes to the maintenance of in-
tracellular redox homeostasis by transferring reducing equivalents
from the bacterium to molecular oxygen, or other acceptors, in
the extracellular environment (14). The ability of pyocyanin to
redox cycle using Ag™ as a terminal electron acceptor allows for
small amounts of the compound to detoxify relatively high con-
centrations of the cation, as evidenced by the data shown in Fig. 3,
and assist cellular respiration in an environment high in Ag™
where the cation is known to disrupt normal membrane-bound
electron transport systems (1). Our data (Fig. 7) indicate that
Ag ™" -dependent bacterial killing is a rapid process; therefore, the
ability of pyocyanin to neutralize Ag* within minutes would likely
confer a survival advantage in an environment high in Ag™. Al-
though our current data are specific to P. aeruginosa, other bacte-
ria may similarly minimize Ag™ toxicity, and heavy metal ion
toxicity in general, by the production of species-specific extracel-
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lular redox-active metabolites with suitable redox potentials, a
view supported by the large number of bacterial species known to
reduce Ag™ and other metal ions to nanoparticles (7-12). Indeed,
the reduction of Ag™ by extracellular polymeric substances of
Escherichia coli with reduced bactericidal activity has recently been
demonstrated (29).

Our findings have important clinical implications. P. aerugi-
nosa has been reported to account for greater than 50% of bacte-
rial species isolated from chronic wounds (30, 31) where it typi-
cally exists in biofilm communities (32), and it is a major cause of
infection for burn patients. Pyocyanin is considered to play an
important regulatory role in pseudomonal biofilm organization
and behavior (33), where it is actively maintained in the reduced
state (34), the active form required for Ag™ reduction. It has been
suggested that the concentration of free Ag" available from cur-
rent wound dressings is 1 to 10 orders of magnitude too low for a
bactericidal effect against P. aeruginosa (35). Similarly, others
found the concentrations of Ag™ produced by a range of silver
preparations to be inadequate against the bacterium (36). It is
apparent that different silver-containing products provide differ-
ent levels of antibacterial activity and specificity for various bac-
teria (37) with considerable controversy as to the benefits of top-
ical silver-containing creams (predominately silver sulfadiazine)
compared to silver dressings (nanoparticulate silver) in their an-
tibacterial activity (38, 39). Moreover, Ag™ bioavailability can be
greatly influenced by various factors, including solutes in biolog-
ical fluids such as chloride ion (3) and free sulthydryl groups (40).
Nevertheless, the efficacy of silver preparations is determined by
the amount of bioavailable ionic silver they release, not the total
amount of bound (sulfadiazine) or metallic (colloidal or nanopar-
ticulate) silver present (41). The solubility product of silver sulfa-
diazine is 8.12 X 107" at 25°C (42), and in a simple nonbinding
well-equilibrated medium at physiologic pH, the Ag™ concentra-
tion can be as low as 2.6 uM, although in the presence of human
serum, which better approximates wound fluid, it can rise to 145
WM (43). Thus, the Ag™ concentrations used in the present study
are relevant to the expected concentration of Ag™ available under
clinical conditions. Similarly, the concentrations of pyocyanin
shown to confer resistance in the present study are consistent with
concentrations of the virulence factor demonstrated to be present
in wound exudates (up to approximately 25 uM) from patients
(13). Therefore, the production of pyocyanin by P. aeruginosa may
enable the bacterium to survive various forms of silver therapy
and contribute to delayed wound healing (3) with resultant sub-
optimal patient outcomes.

Conclusions. In conclusion, while the current consensus is
that the prevalence of bacterial resistance to silver is low, our study
indicates that resistance may indeed be much more prevalent than
previously thought and can exist independent of the presence of
genes and plasmids generally considered necessary for resistance.
Our findings further suggest that bacterial silver sensitivity testing
protocols require reevaluation to accommodate extracellular re-
dox-mediated resistance mechanisms. Moreover, our study iden-
tifies the specific extracellular reductive mechanism by which a
common bacterium is able to biosynthesize high-purity metallic
nanoparticles. Little is known of the diversity and function of bac-
terial redox-active compounds. The ability of bacteria to use these
compounds for the extracellular reduction of toxic heavy metal
ions in their environment may prove to be a vital survival strategy
for many species with profound clinical implications.
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