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Proteomic Analysis of the Mode of Antibacterial Action of Silver
Nanoparticles
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Silver nanoparticles {nano-Ag) are potent and broad-spectrum antimicrobial agents. In this study,
spherical nano-Ag (average diameter = 9.3 nm) particles were synthesized using a borohydride reduction
method and the mode of their antibacterial action against E. coli was investigated by proteomic
approaches (2-DE and MS identification), conducted in parallel to analyses involving solutions of Ag*
ions. The proteomic data revealed that a short exposure of E. coli cells to antibacterial concentrations
of nano-Ag resulted in an accumulation of envelope protein precursors, indicative of the dissipation of
proton motive force. Consistent with these proteomic findings, nano-Ag were shown to destabilize the
outer membrane, collapse the plasma membrane potential and deplete the levels of intracellular ATP.
The mode of action of nano-Ag was also found.to-be similar to that of Ag* ions'(e.g., Dibrov, P. et al,
Antimicrob. Agents Chemother. 2002, 46, 2668—2670); however, the effective concentrations of nano-
Ag and Ag' ions were at nanomolar and micromolar levels, respectively. Nano-Ag appear to be an
efficient physicochemical system conferring antimicrobial silver activities.

Keywords: silver nanoparticles « silver ions » antibacterial agents » E, coli « outer membrane proteins « membrane

potential « ATP

Introduction

It has been known since ancient times that silver and its
compounds are effective antimicrobial agents.!™® Legendary
examples include the use of diluted solution of silver salts in
the prophylactic treatment of newborn eye infections and in
the treatment of burn wounds. Currently, silver-containing
agents are regularly used in clinical wound dressings (e.g., silver
sulfadiazine) as well as in the coatings of biomedical materials
(e.g., silver impregnated catheters).

A number of chemical forms of silver are known to exhibit
antimicrobial activities. Ag" ions in the form of a silver nitrate
solutien-is the prototypical antimicrobial silver species. The
biocidal effect of Ag*, with its broad spectrum of activity
including bacterial, fungal, and viral agents, can be achieved
at submicromolar concentrations.! In addition, tarnished bulk
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silver has also been reported to be antimicrobial, ascribed to
its surface oxide layer and/or release of Ag (I) species. * Novel
composite materials for the delivery of biocidal Ag* ions are
continuously being developed.®

Another antimicrobial silver species that has been known
for a long time, but has received little attention, is the
nanometer-sized silver particles (silver nanoparticles, nano-
Ag).® However, the recent advances in research on metal
nanoparticles appears to revive the use of nano-Ag in various
biomedical applications. nano-Ag prepared by a variety of
synthetic methods have been shown to be effective anti-
microbial agents.”"!! For example, wound dressings based on
sputtered nano-Ag are employed in clinical practice to suppress
microbial infection in burn wounds.!? Recently, our group also
demonstrated that nano-Ag synthesized by borohydride reduc-
tion exhibit cytoprotective activities toward human immuno-
deficiency virus-1 infected cells.'?

The antimicrobial modes of action of Ag" ions have been

known in some details. Micromolar levels of Agt ions have been
reported to_uncouple respiratary electron transport from

.gxidatjve phosphorylation,!*15- inhibit respiratory chain en-

zymes,'"17 or interfere with the membrane permeability to
protons and phosphate.'®!® In addition, higher concentrations

‘of Ag" jons have been shown to_interact with 1 cytoplasmic

components and nucleic acids.%* As for nano-Ag, recent
electron microscopic studies have revealed that the majority
of nano-Ag were localized in the membranes of treated E. coli




cells, while some penetrated into the cells.' However, the
biochemical and molecular aspects of the actions of this
distinct silver species have never been directly addressed.

In this study, we employed a proteomic approach (two-
dimensional electrophoresis and proteins identification by
mass spectrometry) to investigate the mode of antibacterial
action of nano-Ag against E. coli, with parallel analyses
conducted with solutions of Ag* ions. Tegether with supporting
biochemical studies, our results reveal, for the first time, several
primary actions of nano-Ag in E. coli cells, namely in envelope
protein processing, outer membrane permeability, plasma
membrane potential and energization

Materials and Methods

Synthesis of Nano-Ag. Nano-Ag particles were synthesized
by the borohydride reduction of AgNQ; in the presence of
citrate as a stabilizing agent as previously described. 2! Briefly,
NaBH; (50 mg) was added to a vigorously stirred AgNO;
solution (16 mg in 1 L) and sodium citrate (0.7 mM) at room
temperature. A golden yellow solution was formed, showing a
surface plasmon resonance (SPR) absorption peak at ~400 nim.
The solution was concentrated further to 100 mL under
vacuun, Nanoparticles were examined using Philips Tecnai 20
transmission electron microscope (TEM) equipped with energy
dispersive analysis of X-ray. TEM micrographs revealed that
nano-Ag were spherical with diameter of 9.3 £ 2.8 nm (Figure
1A), based on the measurement of 300 particles measurement
at five sites selected at random.

Determination of the particle concentration of nano-Ag
preparations were based on calculations using silver density
(10.5 g/cm? at 300K). The particle concentrations in the stock
was ~40 nM, corresponding to 108 ug Ag/ml. The concentra-
tions of nano-Ag indicated in this paper are quoted as the
number of moles of nanoparticles per unit volume in nM.

To show that it was the nano-Ag in our preparations were
the principal antibacterial agent, nano-Ag diluted in assay
medium (Hepes buffer and M9 medium) were passed through
a centricon membrane with a molecular weight cut off at 3
kDa (YM-3, Millipore). The filtrates obtained, which contained
about 0.1% of the total silver loaded as determined by inductive
coupled plasma-mass spectrometry (ICP-MS, Agilent, 7500), did
not exhibit antibacterial activity. There was no loss of antibac-
terial activities in the retained concentrates, which mainly
contained the nanoparticles.

Bacterial Culture and Sample Preparation for 2-DE. E. coli
cells (wild-type K12 strain, MG1655) were obtained from the
E. coli Genetic Stock Center, Yale University. E. coli cells were
grown at 35 °C with shaking to early exponential phase (O. D.gs0
= 0.15) in M9 defined medium (47 mM Na,HPO,, 22 mM
KH;PQy, 8.6 mM NaCl, 18 mM NH,4Cl, 2 mM MgCl;, 0.1 mM
CaCl,, supplemented with 0.4% glucose). Nano-Ag are known
to aggregate in medium of high salt content?? and lose their
antibacterial activities. To stabilize the nanoparticles, bovine
serum albumin (BSA) was premixed with nano-Ag before
adding to the medium (0.1% final).'*** The antibacterial
concentrations of nano-Ag or AgNO; were determined by
monitoring the 0. D.gso of the bacterial culture turbidity. For
sample preparation for 2-DE, 20 mL of the growing bacteria
culture (0. D.gso = 0.15) were treated with antibacterial
concentrations of nano-Ag or AgNO; for 30 min. Cells were
collected by centrifugation and suspended in lysis buffer (8 M
urea, 4% CHAPS, 20 mM dithiothreitol). The lysates were
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Figure 1. (A) Images of transmission electron microscopy (TEM)
and high-resolution transmission electron microscopy (HRTEM,
insert) of nano-Ag prepared using the borohydride reduction
method. (B) Antibacterial activities of nano-Ag and AgNOs. E. coli
cells were grown at 35 °C to the early exponential phase (O. D.gso
= 0.15) in M9 defined medium. Nano-Ag (0.4 and 0.8 nM,
stabilized with BSA) or AgNOj3 (6 and 12 gM) was added at the
time indicated by the arrows and the O. D.gso was monitored
continuously.

clarified by centrifugation and the supernatants were stored
at —80 °C before analysis by 2-DE.

2-DE. 2-DE was performed with the IPGphor IEF and
electrophoresis system (GE Health Care). Protein lysates (50
pg of total proteins) were mixed with rehydration solution
containing 8 M urea, 4% CHAPS, 20 mM dithiothreitol to obtain
a final volume of 250 uL and PG buffer was added to 0.5%.
The rehydration step was carried out with IPG strips (13 cm,
pH range 4—7) for 10 h at 30 V. IEF conditions were: 500 and
1000 V for 1 h each and 8000 V for 10 h with a total of 56 KVh.
After IEF, the strips were incubated for 15 min in equilibration
buffer (6 M urea, 30% glycerol, 2% SDS, 50 mM Tris-HCI, pH
6.8) containing 1% dithiothreitol (w/v), and then another 15
min with equilibration buffer containing 2.5% w/v iodo-
acetamide. For second-dimension SDS-PAGE, the strips were



transferred onto 12.5% polyacrylamide slab gels containing
0.1% SDS and electrophoresed. All gels were visualized by silver
staining and scanned with ImageScanner (GE Health Care).
Protein spots on the image files were detected and quantified
using ImageMaster 2D Elite software (GE Health Care). Experi-
ments were performed twice and protein spots exhibiting
consistent differences between samples were excised from the
gels. After in-gel tryptic digestion, the resulting peptides were
identified by MALDI-TOF MS.

MALDI-TOF MS and MS/MS. MS spectra were recorded at
the Genome Research Centre or the Department of Chemistry,
the University of Hong Kong, using a MALDI-TOF mass
spectrometer (Voyager-DE STR, Applied Biosystems). Full scan
mass spectra from 800 to 2500 m/z were collected in the
reflection mode with an acceleration voltage of 20 kV. At least
100 MS spectra were accumulated for data processing. NCBI
database searching was performed manually using the Mascot
(htip:/ /www.matrixscience.com) or MS—Fit programs (http://
prospector.ucsf.edu) with a mass tolerance setting of 50 ppm.

Peptides of interest were further analyzed by MS/MS on a
hydrid quadrupole-time-of-flight mass spectrometer (QSTAR-
XL, Applied Biosystems), equipped with a MALDI source and
laser (Nz, 337 nm, 20 Hz) with an energy adjustable collision
cell filled with pure argon. Experimental fragment masses were
used to search the NCBI database for protein identifications
using the Mascot program. Peptides with a minimum of four
consecutive b- and y-ions were considered as an acceptable
match,

Immunoblots. For 1D immunoblots, 10 xg of protein lysates
were mixed with SDS loading buffer (40 mM Tris HCI, pH 6.8,
2% SDS, 20 mM dithiothreitol, 10% glycerol, 0.1% bromophenol
blue), heated at 70°C for 3 min and electrophoresed on a 12.5%
polyacrylamide gel containing 0.1% SDS. The proteins on the
gel were then transferred to PVDF membranes by semidry
blotting units (GE Health Care). For 2D-immunoblots, proteins
on the 2D gels were transferred in the same manner. The blots
were blocked with 4% skim milk in Tris-buffered saline
supplemented with 0.1% Tween 20. OmpA proteins were
detected with polyclonal rabbit antibodies raised against E. coli
OmpA (obtained from Prof. Arnold Driessen, University of
Groningen, Netherlands) followed by horseradish peroxidase
conjugated goat anti-rabbit IgG antibodies. Immunoreactivities
were visualized by ECL chemiluminescence detection (GE
Health Care).

Outer Membrane Destabilization Assays. The effects of
nano-Ag or AgNO; on the outer membrane were studied by
examining their sensitization to detergent mediated bacteri-
olysis.?® Exponentially growing E. coli cells were suspended to
an 0. D.gso of 0.1 in 50 mM sodium Hepes buffer (pH 7.0)
containing 5 mM glucose, and then treated with nano-Ag or
AgNO; at room temperature for 5 min. The mixtures were
centrifuged and the medium was removed. The cell pellets were
resuspended in the same volume of assay buffer without silver,
then SDS (0.1% final concentration) was added and the O. D.gs0
was continuously monitored.

Membrane Potential Assays. Membrane potential assays
were performed according to the established procedures using
the membrane potential probe 3,5-dipropylthiadicarbocyanine
iodide (diSCs(5), Molecular Probes).?*"?® To allow uptake of
diSCs(5), exponentially growing E. coli cells were first washed
with 0.1 M Tris HCI (pH 8.0), and resuspended in the same
buffer to an O. D.gsp of 10. Then cells were treated with 1 mM
EDTA for 90 s at 35 °C, After that, cells were washed and added

to a buffer containing 50 mM potassium Hepes (pH 7.0), 5 mM
glucose and 0.2 uM diSC;(5) to an O. Dso of 0.1. After
stabilization of the fluorescence signals, nano-Ag or AgNO3; was
added. The fluorescence was recorded with excitation at 620
nm and emission at 670 nm using Hitachi fluorescence
spectrophotometer F-4500.

Determination of Cellular Potassium Content. E. coli cells
were resuspended in 50 mM sodium Hepes buffer (pH 7.0)
containing 5 mM glucose to an ODgse of 0.1, After treatment
with nano-Ag or AgNO; treatment, cells were washed and the
cell pellets were digested with nitric acid. The potassium
contents were determined by flame atomic emission spectros-
copy (FAES) (Perkin-Elmer, 3110).

ATP Assays. Exponentially growing E. coli cells were resus-
pended in 50 mM sodium Hepes buffer (pH 7.0) containing 5
mM glucose to an O. D.gsq of 0.1, and treated with nano-Ag or
AgNOj; at room temperature. To determine the total ATP levels
in the bacteria culture, aliquots were withdrawn and the ATP
was extracted with 1% trichloroacetic acid in the presence of 2
mM EDTA. After incubation on ice for 30 min, the samples were
neutralized with 2 volumes of 0.1 M Tris acetate (pH 7.8).
Extracellular ATP levels were determined for the supernatants
after centrifugation of the bacterial culture. ATP levels of the
samples were determined by a luciferase-luciferin enzymatic
assay kit from Molecular Probes.

Bacteria Colony Counting Assays. Minimum inhibitory
concentration (MIC) of nano-Ag or AgNO; was used in the outer
membrane destabilization, membrane potential, and ATP
assays. The MIC was defined as the lowest concentration that
inhibited bacterial colony formation by 2 orders of magnitude
after a 5-min incubation. Exponentially growing E. coli cells
were suspended in 50 mM sodium Hepes buffer (pH 7.0)
containing 5 mM glucose to an O. D. gso of 0.1, After treatment
with nano-Ag or AgNOs,, aliquots were taken, diluted ap-
propriately and spread on LB agar plates. Colonies were
counted after incubation overnight at 37 °C. The use of Hepes
buffer in the colony counting, outer membrane destabilization,
membrane potential and ATP assays enabled stable dispersion
of nano-Ag,"* and consequently no BSA was added in these
assays.

Results

Determination of Antibacterial Activities of Nano-Ag for
Proteomic Analysis. For the proteomic analyses, E. coli cells
were grown in M9 culture medium to the exponential phase
for optimal levels of growth and protein metabolism. The
antibacterial activities of nano-Ag or AgNO; against the growth
of E. coli cells in M9 medium are shown in Figure 1B. Both
silver species were found to elicit an immediate and sustained
inhibition of E: coli cell proliferation. The concentrations of
nano-Ag and. AgNO; at- which the inhibition of bacterial -

proliferation became -apparent were 0.4 nM and 6 xM, respec- =

tively.

Proteomic Analysis of E. coli Cells Treated with Nano-Ag,.
Exponentially growing E. coli cells cultured in M9 medium were
treated with antibacterial concentrations of nano-Ag (0.4 and
0.8 nM) or AgNO;3 (6 and 12 M) for 30 min. The proteomes
were then analyzed by 2-DE followed by silver staining.
Representative 2D gel images are shown in Figure 2A. There
was no dramatic global changes between the proteomes of the
nano-Ag treated and untreated cells, However, the expressions
of at least eight proteins were specifically stimulated in the
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Figure 2, 2-DE analysis of protein samples from E. coff cells treated with nano-Ag or AgNOs. E. coli cells were grown at 35 °C to the
early exponential phase {O. D. g5 = 0.18) in M9 medium, treated with nano-Ag (0.4 and 0.8 nM, with 0.1% BSA} or AgNO;3 (6 and 12
#M} for 30 min, then subjected to 2-DE analysis. {A) 2D gel images of E. coli celis treated with nano-Ag or BSA as a control. Squared
areas (I-VII}) represent areas of interest containing the silver induced protein spots and are enlarged in (B}.

nano-Ag treated cells (Figure 2B). Similar protein expression
profiles were also found in E. coli cells treated with AgNQ,.
The identification of proteins whose expressions were stimn-
lated by nano-Ag was performed using MALDI-TOE MS and
MS/MS on the tryptic digests of the protein spots of interest,
with the results summarized in Table 1. These proteins include
the outer membrane proteins A, C, and F (OmpA, OmpC and
OmpF), periplasmic oligopeptide binding protein A (OppA),
p-methionine binding lipoprotein (MetQ), inclusion body
binding proteins A and B (TbpA and TbpB), and 308 ribosomat
subunit $6. The essence of our proteomic data is that the
expressions of a number of the cell envelope proteins {OmpaA,

OmpC, OmpF, OppA and MetQ) were apparently stimulated
by nanoc-Ag treatment. Upon closer inspection, the observed
pf and Mr values of these stimulated proteins were consistent
with those of their precursor forms, which generally contain a
positively charged N-terminal signal sequence of around
2 kDa (Table 2). For example, the outer membrane protein A
{OmpA) identified in the present study has a Mr of 37 kDa and
p!{ of 6 that are consistent with the theoretical values of the
full length OmpA precursor {proOmpA), but deviate from the
calculated as well as documented values of the matured form
(Mt 35 kDa and pl = 5.5) (SWISS-2DPAGE database,
http://ca.expasy.org/ch2d and references therein).



TFable 1, List of ldentified E. coli Proteins Whose Expressions Were Stimulated by Nano-Ag (> 1.8 fold)

no, of . .,

peptides observed migration

protein no. protein description accession no, matched® M, (kDa) pd
1 Outer Membrane Protein A precursor (OmpA) P02934 10 37 6.0
I Outer Membrane Protein C precursor {(OmpC) PO6996 12 40 4.6
111 Outer Membrane Protein F precursor (OmpF) P02331 12 40 4.8
v Periplasmic Oligopeptide binding protein precursor {(OppA) P23843 17 60 6.1
\4 p-Methionine binding lipoprotein precursor (MetQ) P28635 6 29 5.1
Vi Inclusion body binding protein A (IbpA) P29209 9 16 5.6
VII Inclusion body binding protein B (IbpB) P29210 6 16 5.2
VI 308 ribosomal subunit 56 02358 10 15 53

@ See Supporting Information (Table 15—98),

Tabie 2, Comparison hetween the Calculated (theoretical), Documented and Observed Values of Several E. coli Envelope Proteins
Whose Expressions Were Stimulated by Nano-Ag

Bl Mr (kDa)
calculated? 2D gel calcutated” 2D gel
mature precursor abserved documented® mature precursor observed docunented®
OmpA 5.61 5.99 6.0 5.3—5.5 352 37.2 37 28-34
OmpF 4.64 4,76 4.8 46—4.7 37.1 39.3 40 3637
OppA 5.85 6.05 6.1 54-59 58.3 60.9 60 54-57
Met() 493 513 5.1 4.9 27.2 294 28 27

@ From SWISS-2DPAGE dalabase (hitp://ca.expasy.org/ch2) and references therein.

A nang-Ag (nM) AgNO; (M) enhanced. This is consistent with the stimulated expression of
the OmpA spot (37 kDa} in nano-Ag treated cells, as shown on
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Figure 3. Immunoblot analysis of the OmpA expression in nano-
Ag or AgNQ; treated E. coff cells. (A) 1D-immunobiot. The
positions of OmpA (mature forms) and proOmpA (precursor
form) are indicated. (B} 2D-immuncblots. Spots A and B cor-
respond to mature forms of OmpA, whereas spots C and D
correspond to OmpA precursors {proOmpA). (C) 2D gel images
corresponding to the 2D-immunoblots shown in (B).

Immunoblots of OmpA. The accuwmnulation of precursor
forms of the envelope proteins in the nano-Ag treated E. coli
cells was further investigated. Attempts to identify the N-
terminal signal sequences of the precursors in tryptic digests
of the envelope proteins by MS were not successful, presumably
due to insufficient peptide mass coverage. Instead, we exam-
ined the expression of OmpA by immunoblots in detail. Figure
3A shows that three protein bands were detected on the 1D
immuncblot probed with polyclonal antibodies raised against
the OmpA protein. The observed expression pattern was very
similar to those reported previously:*"~* mature GmpA appears
in both heat-modified (35 kDa) and unmodified forms (30 kDa),
whereas proOmpA appears in a higher molecular weight form
(37 kDa) on SDS-PAGE. In nano-Ag treated cells, the expression
of the 37 kDa band, corresponding to proOmpA, was markedly

the 2D gels (Figure 2B).

2D immunocblots were also performed to further locate the
OmpA precursors and its mature forms (Figure 3B). In both
conirol and nano-Ag treated samples, two protein spots, A and
B, of the same pl (5.6) but different Mr (30 and 35 kDa) were
identified, These two spots most probably correspond to the
unmaodified {30 kDa) and heat-modified forms of mature OmpA
{35 kDa), which were also shown in the 1D immunoblot blot
{Figure 3A). However, in nano-Ag treated cells, additional
protein spots with pi = 5.7—6.0 were identified. Spot C (p/ =
6, Mr = 37 kDa) could be aligned with the nano-Ag induced
OmpA spots appearing on the silver stained 2D gels (Figure 2,
area I, and Figure 3C). Taking its pf (pH 6) and Mr (37 kDa}
into consideration, this spot most probably corresponds to the
denatured form of proOmpA (Table 2). Another protein spot,
D, had the same pi as proOmpA, but increased gel mobility.
This presumably relates to a previously described partially
denatured form of proOmpA, which appeared to have similar
mobility.?? A number of minor spots were also arranged in a
close array between the precursor and mature forms, most
likely corresponding to processing intermediates and/or post-
translationally modified species. The expression of OmpA was
found to be similarly altered in the AgNO; treated cells,

It is alsp noteworthy that the outer membrane protein
precursors are known to have extremely short celiular half-lifes
(3—5 81, and are nat normally detected under normal
conditions.?”~33 This was the case for the untreated samples in
our experiments (Figure 2B and 3B). Thus, our proteomic
analysis and immunoblot assays demonstrated that nano-Ag
treatment resulted in an accumulation of precursor forms of
OmpA, apparently due to an inhibition of their processing into
shorter, mature forms.

Effects of Nano-Ag on Membrane Preperties of E. coli.
Observing an accumulation of envelope protein precursors in
the nano-Ag treated cells provides clues to elucidate a possible
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Figure 4. Effects of nano-Ag and AgNOj on E. coli membrane properties. (A) Outer membrane destabilization assays. Exponentially
growing E. coli cells were resuspended to an O. D.gso of 0.1 in 50 mM sodium Hepes buffer (pH 7.0) containing 5 mM glucose, and
treated with nano-Ag (1 nM) or AgNOQ3 (1 4M) at room temperature for 5 min. Cells were then centrifuged and the cell pellets were
resuspended in the same volume of assay buffer without silver. SDS (0.1% final)} was then added and the degree of bacteriolysis was
determined by measuring the O. D.gso. (B) Membrane potential assays. Exponentially growing E. coli cells were treated with EDTA to
facilitate uptake of the membrane potential probe, diSCs(5). Cells were resuspended to an O. D.gsp 0of 0.1 in a buffer containing 50 mM
potassium Hepes (pH 7.0), 5 mM glucose and 0.2 M diSCs(5), before recording the fluorescence at room temperature. The fluorescence
tracings of diSCs(5) are shown, with arrows indicating the addition of E. coli cells and nano-Ag (1 nM), AgNQ3; (1 M) or valinomycin
(1 uM). (C) Cellular potassium content. Exponentially growing E. coli cells were resuspended to an O. D.gso of 0.1 in a buffer containing
50 mM sodium Hepes (pH 7.0) and 5 mM glucose, and treated with nano-Ag (1 nM) or AgNOs (1 M) at room temperature for 5 min.
Cells were harvested, washed, and the cell-associated potassium content was determined by FAES. The potassium content in untreated
cells was 600 nmol/ mg cell protein and was set at 100%. (D) ATP levels of the bacteria culture. Exponentially growing E. coli cells were
suspended to an Q. D.gso of 0.1 in a buffer containing 50 mM sodium Hepes (pH 7.0) and 5 mM glucose, and treated with nano-Ag (1
nM} or AgNO3 (1 #M) at room temperature. Aliquots of the bacteria culture were taken at timed intervals and the ATP levels were
determined using a luciferase-luciferin enzymatic assay. The ATP level in untreated bacterial culture was 3 nmol/ mg cell protein and
was set at 100%.

mode of action of nano-Ag, It has previously been established membrane within E. coli cells. Destabilization of the outer

that the translocation of envelope protein precursors across
the inner (cytoplasmic) membrane, and their subsequent
conversion to mature forms (i.e., cleavage of N-terminal signal
sequence) require a functional plasma membrane having a
transmembrane electrochemical potential, or membrane po-
tential.3 .Agents that dissipate the membrane potential are
known to induce an accumulation of envelope protein precur-
sors in the cytoplasm 27283233 Insaddition, the translocation of
the envelope protein precursors also requires ATP.2%323435 We
reasoned that the accumulation of these protein precursors in
nano-Ag treated cells were perhaps mediated by the putative
membrane destabilization and deenergization properties of
nano-Ag. To assess such possibility, the effects of nano-Ag on
bacterial membrane and ATP levels were investigated.

In E. coli cells, the outer membrane serves as a barrier to
hydrophobic substances and macromolecules.’® We first de-
termined whether nano-Ag affected the integrity of the outer

membrane leads to an increased susceptibility to the bacterio-
lytic action of amphiphilic molecules such as detergents, which
cannot penetrate an intact outer membrane.?>*® Figure 4A
shows that pretreatment of the E. coli cells with nano-Ag (1
nM, the MIC) sensitized the cells to rapid lysis by 0.1% SDS, as
indicated by a decrease in the bacteria turbidity (0. D.gs0),
whereas SDS alone had no effect. Similar results were obtained
when cells were treated with AgNO; (1 4M). Neither nano-Ag
nor AgNO; affected the bacterial turbidity in the absence of
SDS.

The effects of nano-Ag or AgNO; at their respective MICs
on the cytoplasmic membrane potential of E. celi cells were
examined using a fluorescence technique. diSCs(5) is a mem-
brane potential probe whose fluorescence is quenched when
it partitions to the electrically polarized cell membrane. 2426
When the cytoplasmic membrane potential collapses, the probe
is released back into the medium, resulting in fluorescence



recovery. As shown in Figure 4B, upon its addition to E. coli
cells, the diSCs(5) fluorescence decreased gradually and stabi-
lized after 10 min. Subsequent addition of nano-Ag (1 nM) or
AgNO;3 (1 uM) at its MIC resulted in a rapid recovery of
fluorescence, indicative of a dissipation of the membrane
potential. Valinomycin, a K™ ionophore that equilibrates the
K* concentration across the cytoplasmic membranes and
dissipates the membrane potential, was used as a control for
the membrane potential assays. Upon its addition, there was
a rapid recovery of the diSCs(5) fluorescence similar to those
mediated by the silver spec1es
As.the membr argely maintained
by a high intracellular concentration of K* ions mediated by
inward flux,*547 we further examined the effects of nano-Ag on
cellular potassium contents. After a 5-min incubation, both
#nano-Ag and AgNO; added at their MIC elicited an_almost
éomplete Toss of intracellular potassium (Figure 4C).
" The ATP levels In E. coll cells after silver treatment were also
determined. Figure 4D shows that both nano-Ag and AgNOs;,
when added at their MIC, depleted the ATP content of the
bacterial cells in 5 min There was no evidence of ATP leakage
from the reated cells as revealed by measuring the ATP content
of The mediur.

Discussion

We employed a proteomic approach (2-DE and MS identi-
fication) to help elucidate the mode of antibacterial action of
nano-Ag, using E. coli as a model. Results from our proteomic
analyses revealed that just a short exposure of E. coli cells:to
nano-Ag resulted in alterations in the expressions of a panel

the latter being established by a transmembrane pH gradient
and transmembrane electrochemical potential (or membrane
potential).28323435 After the envelope protein precursors are
properly inserted into the inner membrane of E. coli cells
through a stepwise insertion mechanism, their positively
charged N-terminal signal sequences are cleaved by membrane
bound signal peptidases. Subsequently, the mature proteins
are translocated across the membrane to the periplasm or outer
membrane. In the absence of membrane potential or ATP, the
precursor proteins are not incorporated into the inner mem-
brane, and the signal sequences are not cleaved, *%2031-3%
Consequently, the precursor proteins accumulate in the cyto-
plasm under these conditions. We reasoned that the accumula-
tion of envelope proteins precursors in nano-Ag treated cells
was due to the effects of that nano-Ag had on the bacterial
membrane potential and/or ATP levels. In addition, we found
that the proteome of nano-Ag treated cells contained induced
proteins (proOmpC, proOmpF and IbpA) common to those
found in the proteome of cells treated with an agent that
uncoupled oxidative phosphorylation as well as an ATPase
inhibitor, * Therefore, we further examined the effects of nano-
Ag treatment on the properties of the bacterial membranes.
We fo i - ili r
membrane (Figure 4A)-This indicat - i
the.outer membrane barrier components such as lipopoly-

saccharide or porins,® culminating in the perturbation of the

cytoplasmic membrane. Although the detailed mechanism by
which nanoparticles with a diameter of 10 nm can-penetrate
-and disrupt the membranes remains to be determined, electron
microscopy and optical imaging results suggest that nano-Ag

of envelope proteins (OmpA, OmpC, OmpF, OppA, MetQ) and
heat shock proteins, (IbpA, IbpB and 308 ribosomal subunit
S6) (Figure 2 and Table 1).Most of these proteins have been
shown to_be induc [ stress conditions. The
envelope proteins (OmpA, OmpC, OmpF, OppA, and MetQ)
are_initegral ofiter membrane. or periplasmic components
guarding against the entry of foreign substances. Their expres-
sionis found to be sensitive to extreme osmolarity and pH.3~%
The 308 ribosomal subunit §6, IbpA, and IbpB are heat shock
proteins that have chaperone functions against stress induced
protein denaturation.*0-%3 In particular, the expression of IbpA
and IbpB is stimulated during the overexpression of heterolo-
gous proteins that are associated inclusion bodies. *1°3 It
remains to be investigated whether nano-Ag is detected
analogously as intracellular foreign bodies. Supporting this
argument, previous electron microscopic studies have provided
some evidence for nano-Ag penetration into the E. coli cells.'?

The most significant finding in our proteomic analysis is the
identification of a number of envelope proteins (OmpA, OmpC,
OmpF, OppA, and MetQ) whose expression was apparently
induced by nano-Ag. These induced protein spots on the 2D
gels have Mr and pl consistent with their full length forms
(precursors); each of which contains an additional positively
charged signal peptide of around 2 kDa (Table 2). This was
confirmed by further immunoblot analysis on OmpA expression
(Figure 3). Although the functional role of envelope proteins
in the action of nano-Ag is not yet clear, the preferential
accumulation of the precursor forms of a number of envelop
proteins provide important hints to help identify the major
mode of action of nano-Ag. It has been well established that
the translocation of newly synthesized bacterial envelope
membrane proteins is mediated by preprotein translocase and
requires energy in the form of ATP and proton motive force;

penetrate the outer and inner membranes of the treated Gram-
negative bacteria, with some nanoparticles being found intra-
ce]:]_lgg-r_lyllﬂ,‘ﬁ

Nano-Ag elicited a rapid collapse of proton motive force
(Figure 4B). This was also indicated by the observation that
nano-Ag induced a massive loss of intracellular potassium
{Figure 4C)."%7 As expected, nano-Ag also decreased the cellular
ATP levels (Figure 4D), apparently resulting from the collapse
“of membrane potential.d The rapid and complete depletlon
of ATP may be also indicative of a stimulation of hydrolysis of
residual ATP., Previously, Ag" ions were reported to induce
efflux of phosphate in E. coli'® and stimulate rabbit mitochon-
drial ATP hydrolysis.*?

It is conceivable that this dissipation of bacterial membrane
potential-and reduction of ATP levels by nano-Ag may culmi-
nate in loss of the cell viability, We have also demonstrated
with proteomic and biochemical evidence that the pivotal
antibacterial action of Ag" ions also involves membrane
destabilization and deenergization in bacteria. This observation
is consistent with previous studies on bacterial membrane
vesicles, which revealed that Ag" ions induced a massive
leakage of protons and a collapse of membrane potential.'® The
most significant difference between nano-Ag and Ag' ions is
that_their_effective antibacterial concentrations lie_within
nanomolar and micromolar ranges; respectively: This suggests
that nano-Ag mediate their antibacterial effects i1l a far more
efficient physicochemical manner. However, further investiga-
tions are necessary to identify possible additional molecular
targets for these silver species..In general, Ag* ions have high
affinity for protein thiol groups,?” and-it-has been suggested
that thiol groups in Key respiratory enzymes are possible sites
for Ag® binding ™ In this respect, we have also found that the
antibacterial activities-of nano-Ag; like those of Ag™ ions, were

\



blocked by thiel containing agents (unpublished data). Alter-
natively, phospholipid portion of the bacterial membrane may
also be the site of action for the silver species, as has previously
been suggested for Ag" ions.'®

Conclusions

Through proteomic analyses, we have identified a possible
mode of action of underlying the antibacterial action of nano-
Ag. The proteomic signatures of nano-Ag treated E. coli cells
are characterized by an accumulation of envelope protein
precursors. This indicates that nano-Ag may target the bacterial
membrane, leading to a dissipation of the proton motive force.
The proteomic data are consistent with results from bio-
chemical studies into the nano-Ag. In addition,-nano-Ag and
Ag' ions in the form of AgNQs appear to share a similar
membrane-targeting mechanism of action. The effective con-
centrations of nano-Ag and Ag* ions are at nanomolar and
ﬁ&omolar levels; respectively. Nano-Ag appear to be sig-
nificantly more efficient than Ag™ ions in mediating their
antimicrobial activities.

Abbreviations. nano-Ag, silver nanoparticles; SPR, surface
plasmon resonance; TEM, transmission electron microscopy;
HRTEM, high-resolution transmission electron microscopy;
ICP—MS, inductive coupled plasma—mass spectrometry; 2-DE,
two-dimensional electrophoresis; IEF, isoelectric focusing;
CHAPS, 3[(3-cholamidopropyl) dimethylammonio]-1-propane-
sulfonate; MALDI-TOF MS, matrix assisted laser desorption/
ionization time-of-flight mass spectrometry; SDS, sodium
dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis;
diSCs(5), dipropylthiadicarbocyanine iodide; FAES, flame atomic
emission spectroscopy; MIC, minimum inhibitory concentra-
tion; OmpA, OmpC, and OmpF, outer membrane proteins A,
C, and F, respectively; OppA, periplasmic oligopeptide binding
protein A; MetQ, p-methionine binding lipoprotein; IbpA and
B, inclusion body binding proteins A and B.
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