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Silver nanoparticles (Ag NPs) are commonly added to various consumer products and materials to impair bacterial growth. Recent studies suggested that
the primary mechanism of antibacterial action of silver nanoparticles is release of silver ion (Ag™) and that particle-specific activity of silver nanoparticles is
negligible. Here, we used a genome-wide library of Escherichia coli consisting of ~4000 single gene deletion mutants to elucidate which physiological
pathways are involved in how E. coli responds to different Ag NPs. The nanoparticles studied herein varied in both size and surface charge. AgNO; was used
as a control for soluble silver ions. Within a series of differently sized citrate-coated Ag NPs, smaller size resulted in higher Ag ion dissolution and toxicity.
Nanoparticles functionalized with cationic, branched polyethylene imine (BPEI) exhibited equal toxicity with AgNO;. When we used a genome-wide
approach to investigate the pathways involved in the response of E. coli to different toxicants, we found that only one of the particles (Ag-cit;o) exhibited a
pattern of response that was statistically similar to that of silver ion. By contrast, the pathways involved in E. coli response to Ag-BPEI particles were more
similar to those observed for another cationic nanoparticle that did not contain Ag. Overall, we found that the pathways involved in bacterial responses to
Ag nanoparticles are highly dependent on physicochemical properties of the nanoparticles, particularly the surface characteristics. These results have
important implications for the regulation and testing of silver nanoparticles.
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olloidal silver, including formulations
C now known to contain silver nanopar-

ticles (Ag NPs), has been used commer-
cially for almost 100 years, typically as a biocide.
However, registration of biocidal silver and
nanosilver products has increased dramatically
over the last 10 years," most likely as a result
of improved capabilities in nanoscience and
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engineering that allow Ag NPs to be formul-
ated to confer increased durability and/or sus-
tained antibacterial action, even under harsh
environmental conditions* As is the case for
many other types of nanoparticles, a controversy
has arisen about whether the Ag NPs should be
subjected to increased regulatory scrutiny com-
pared to macroscale or “bulk” silver.
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TABLE 1. Selected Characteristics of Nanomaterials Used in This Study

primary size (nm) G-potential in

as prepared DI water (mV)

hydrodynamic diameter in bacterial growth media® (nm)

hydrodynamic diameter

in DI water (nm)” 0h 24h

A. Ag NPs with variable primary size but similar surface properties

Ag-cit;o 9.1+42 —263 + 26 17.0 £+ 6.0 255482 32+1

Ag-cityy 19.1 £ 6.0 —338+22 0N0+19 450 + 18 48 +4

Ag-citqg B5+12 —369+18 655 & 35 66.5 + 25 3+6
B. Ag NPs with variable surface coating

Ag-PVP 179 £70 —107 £18 855+ 70 167.8 £ 85 166 + 86

Ag-BPEI 233+15 +333+15 85+ 4 85.5 £ 52 87+ 4

“Based on intensity measurements. ® LB media with 5% FBS.

Indeed, Ag NPs have been demonstrated to exhibit
toxic effects in plants and bacteria at environmentally
relevant concentrations.* The EPA's current position,
based on the recommendations of an independent
peer-reviewed scientific panel, is that silver nanoma-
terials should be evaluated on a case-by-case basis.®
This recommendation was based on the conclusion
made by the panel that effects of nanosilver are
dependent upon their physicochemical properties,®
which in turn was based on a number of reports in
the literature that demonstrated a correlation between
toxicity of Ag NPs and their size, shape, and/or surface
properties;” ~° several studies since the time that the
panel met have also supported this conclusion.'®~'?
Although several authors have argued that dissolution
of Ag ions from Ag nanoparticles (and the correspond-
ing toxicity of Ag") is the main mechanism of the
toxicity for Ag NPs,>'3>™"7 some biological effects,
including formation of reactive oxygen species (ROS)'*'®
and extensive membrane damage,'” %' have been
observed more severely for Ag NPs than for ionic
AgT>'37'% Recently, Alvarez and co-workers have ar-
gued that the physicochemical properties of Ag NPs
influence the magnitude of their toxicity primarily be-
cause these properties alter the degree of dissolution
and delivery of silver ions.2? One of the reasons that this
controversy has persisted is because most prior reports
have typically focused on one or a few basic toxicologi-
cal end points (e.g., bacterial growth or generation of
reactive oxygen species) and/or on a limited number
and type of Ag NPs. Whether the physicochemical
properties of Ag NPs also influence the mechanisms of
toxicity has not been systematically explored for a broad
range of different types of Ag NPs. To address this issue,
mechanism-independent studies are needed to deter-
mine whether the physicochemical properties of Ag NPs
influence how organisms respond to the particles and
whether these responses are the same as or different
from those observed for Ag™. We recently reported the
application of a genome-wide toxicity assay in the
bacterium E. coli that allows the pathways by which the
organism responds to nanoparticles to be determined.”®
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This approach is ideally suited for addressing the
question of whether Ag NPs exhibit particle-specific
toxicity. In this experiment, a library of nonessential
single gene deletion strains of E. coli** is screened to
determine their fitness in the presence of a toxicant
compared to the parent strain. Similar approaches
have been used to study the mechanisms of action of
a wide range of antimicrobial agents, including nano-
particles, in E. coli*®> 28 and to elucidate the mechanisms
by which both E. coli and Saccharomyces cerevisiae
respond to different environmental stressors.2”2%3° Un-
like most toxicological assays, which test for the pre-
sence or absence of a particular end point (and hence
mechanism or pathway), this high-throughput screen-
ing approach simultaneously reveals all statistically sig-
nificant toxicological pathways and allows researchers
to uncover previously unanticipated mechanisms. Here,
we report the application of this approach to the
investigation of a diverse series of Ag NPs of different
sizes and surface coatings/charge.

RESULTS AND DISCUSSION

Ag Nanoparticles Varied in Their Size and Surface Properties.
The silver nanoparticles studied herein varied in their
primary size and surface coating. A series of three Ag
NPs with the same shape and surface coating but
different primary sizes were examined (Table 1). All
three of these Ag NPs were spherical (Figure S1 in the
Supporting Information) and had a negative {-potential
(Table 1) due to the citrate that was used as stabilizing
and coating material in the synthesis process. The
as-prepared citrate Ag NPs had primary sizes of 9 nm
(Ag-citio), 19 nm (Ag-cityo), and 43.5 nm (Ag-Citso)
(Table 1). In addition, we investigated the properties
of two additional types of Ag NPs, where polyvinyl-
pyrrolidone (PVP; ¢-potential —10.7 mV) and branched
polyethyleneimine (BPEl; {-potential +33.3 mV) were
used as surface stabilizing agents for Ag NPs (Table 1;
Figure S1 in the Supporting Information).

When dispersed in DI water, the hydrodynamic
diameter of all the nanoparticles increased compared
to their primary size, but the average diameter of Ag
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TABLE 2. Dissolution, Bioavailability, and Bacterial Toxicity of Ag Nanomaterials

in DI water

in bacterial growth media

% intracellular

(bioavailable)® Ag™ in bacterial

Abs max (nm)” % dissolved Ag” Abs max (nm)” % dissolved Ag” growth media 1C5o (mg Ag/L)* 1C;o (mg Ag/L)
Ag-cityo 390 3.5 404 7 238 6.4 1.8
Ag-cityy 404 37 408 57 7.1 15.7 8.0
Ag-cityg 412 42 40 47 43 409 18.5
Ag-PVP 402 50 406 44 38 55 3.8
Ag-BPEI 420 6.2 426 269 110 2.2 14
AgNO; 100 100 100 2.0 0.7

“ Dissolved Ag was calculated from the difference in UV—vis spectrum (area under the curve, see Figure S2 in Supporting Information) of Ag NPs (12.5 mg Ag/mL) at 0 and
24 h. For the purposes of this analysis, data were normalized to AgNO; (i.e., AgNO;) and considered to be “100% dissolved” even though Ag™ clearly undergoes additional
speciation in complex media (.., Ag™ interacts with CI ™). This normalization was based on the assumption that further speciation of Ag™ would be the same for any silver
jons generated from the particles studied as that of silver ions generated from AgNO,. ® Intracellular bioavailable Ag from Ag NPs was calculated from the induction of Ag
biosensor by the Ag NPs. AgNO; was considered 100% bioavailable for the given test conditions; induction results are shown in Figure S3 in the Supporting Information.  The
24 h ICsg and 1Cyq values for BW25113(pACYC117), the parent strain of the library of gene deletion strains in growth inhibition assay.

NPs remained under 100 nm (Table 1) in all cases.
When the particles were dispersed in bacterial growth
(LB) media, their hydrodynamic diameter increased
even further (Table 1). This was most likely due to
proteins attaching on the surface of Ag NPs and coat-
ing the particles.' Despite some aggregation in LB
media, the average size of the NP agglomerates re-
mained below 200 nm under these conditions (Table 1)
and remained stable for at least 24 h, which was the
time period used for the toxicity studies.

Dissolution and Bioavailability Can Be Used To Predict the
Magnitude of Antibacterial Activity of Different Ag Nanoparticles
Compared to That of lonic Ag* (AgNO;). Because silver ions
released upon dissolution of Ag nanoparticles have
been proposed to be the primary contributor to the
antibacterial activity of Ag NPs,>'*'*?? we performed
toxicity and dissolution tests in parallel. The dissolution
of the Ag NPs was analyzed using UV—vis absorption
spectroscopy (Table 2 and Figure S2 in the Supporting
Information), which is particularly useful because the
surface plasmon resonance of Ag NPs in solution
allows both the amount of NPs in solution (via the
absorption) and the average size and size distribution
of the particles in solution (via the wavelength corre-
sponding to the absorption maximum and peak width)
to be assessed.>? According to UV—vis spectra, 3—7%
of Ag NPs were dissolved in DI water while the
dissolution of Ag NPs in LB media was generally higher
(4—27%). Very similar results were obtained using
atomic absorption spectroscopy (Table S1 in the Sup-
porting Information) for all of the particles except Ag-
Cityo. In the case of Ag-cit,o, the nanoparticles are too
small to be effectively separated from solution using
centrifugation. As a result, the AAS values for the
percent of dissolved silver for Ag-cit;o using the atomic
absorption spectroscopy method (which relies upon
centrifugation for separation) were anomalously high
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(see Table S1 in the Supporting Information). There-
fore, the values obtained for the percent dissolution for
all of the species using the UV—vis method (which does
not rely upon centrifugation) was considered to be
more reliable and was used for the purposes of normal-
izing the data reported in the article.

Higher dissolution of NPs in media rich in organic
compounds compared to that observed in blank water
has been reported previously not only for Ag NPs*3 but
also for Cu0** and Zn0O* nanoparticles. The reason
that nanoparticles dissolve more completely in organic-
rich media could be due to formation of metal ion
organic complexes. Recent studies have shown that Ag
NP dissolution can also be enhanced in chloride- or
sulfide-rich media.*® In LB media, a correlation between
the primary size of the citrate-coated particles and their
dissolution was observed, with the smaller citrate-coated
particles solubilizing slightly more than the larger ones
(Table 2) (presumably due to larger surface area to
volume ratios), similar to prior reports.>’

For the Ag NPs studied herein, both the size and
surface coating were observed to have a significant
effect on the magnitude of the antibacterial activity
(24 h ICsp values based on E. coli growth inhibition
assay are in Table 2). Within the series of citrate-coated
Ag nanomaterials, increasing the size significantly
decreased their toxicity toward Escherichia coli bacteria
(Figure 1a). With a 2-fold increase in Ag nanomaterial
particle size, the antibacterial activity of these particles
decreased by a factor of 2.5 (Figure 1b). To investigate
whether the observed differences in ICsq values were
due to dissolved Ag ions, as suggested by several
previous studies, >~ "> we normalized the E. coli ICs,
values for differentially sized Ag-cit particles to the
percent of dissolved Ag (as determined by UV—vis
spectroscopy) for each type of particle (Figure 1,
bottom). Even when normalized for dissolved silver,
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Ag-cit,, Ag-cit,, Ag-city, Ag-PVP Ag-BPEI AgNO,
IC5o, mg of dissolved Ag/L 0.49 0.89 1.92 0.242 0.59 2
IC5o, mg of bioavailable Ag/L 1.52 1.2 1.8 2.1 2.4 2

Figure 1. Bacterial toxicity of Ag NPs with different size and surface coating. Growth of Escherichia coli after 24 h of exposure
to Ag NPsor Ag™ (in the form of AgNO5) as amount of Ag added: (a) 24 h IC5, values based on E. coli growth inhibition (from (a))
as amount of added Ag or (b) 24 h IC5, values normalized to dissolve or bioavailable Ag are shown in the table at the bottom of
this figure. The percent dissolution and percent bioavailable Ag™ for each of the Ag NPs are provided in Table 2.

the ICsq values for these particles increased monoto- were quite different both for the primary particles and
nically with size. A reasonable conclusion based on this for the particles dispersed in solution (see Table 1 and
analysis is that there may be other size-dependent Figure S1 in the Supporting Information). The ICsq
properties in addition to dissolution in bacterial media values observed for Ag-BPEI and Ag-PVP were 2.2
that makes smaller Ag-cit particles more toxic. and 5.5 mg/L, respectively (Table 1 and Figure 1b). As

As several previous studies have demonstrated that different coating/stabilizing polymers were used to
the fraction of metal that is bioavailable (ie., has produce these nanoparticles, we checked whether
actually entered the cells)—as opposed to the percent the coating materials were themselves toxic. No toxi-
dissolution—is the most relevant parameter influen- city was observed for citrate, PVP, or BPEI at concentra-
cing metal toxicity,333° we also measured the concen-  tions that corresponded to the highest concentrations
tration of bioavailable Ag inside the bacteria using a present in nanoparticle stock suspensions (Figure S4 in
genetically engineered biosensor bacterium in which the Supporting Information). Also, the coating/stabiliz-
bioluminescence is specifically induced by bioavailable ing materials had no effect on the toxicity of AgNOs.
Ag ions.*® These experiments (see Table 2 and  The most toxic nanoparticle, Ag-BPE, had an ICs value
Figure S3 in the Supporting Information) reveal that  almost similar to that of AGNO5 (Figure 1b), consistent
the increase in % bioavailable silver seen when going  ith an earlier report in a different bacterial species.’
from Ag-cityo to Ag-city (>7-fold) is significantly great- Because the percent dissolution of Ag-BPEI in bacterial
er than the corresponding increase in % dissolution media is significantly lower than that of AgNO;
(~1.5-fold). When the ICs, values of differentially sized (Table 2), it is not possible to explain the magnitude

Ag-cit particles were normalized for bicavailable Ag™, toxicity of Ag-BPEI NP with the amount of dissolved
the values all fall roughly within experimental error of silver.

each other and are roughly equivalent to that of AgNO; By analyzing bioavailable Ag inside bacterial cells
(Figure 1, bottom). These data support prior studies”**  ysing bacterial bioreporters, we showed that the re-
and suggest that the amount of bioavailable/intracellular  |ative concentrations of bioavailable silver for Ag-PVP
silver is a better predictor for the toxicity of a particular Ag and Ag-BPEI are substantially more than one would
NP than is the amount of (abiotic) dissolution of the NP.  predict based on the concentration of dissolved silver
This result is not surprising given that Ag" is expectedto  in these samples. As a result, when the ICs, values of
form complexes with various species (e.g., CI7) in biolo- Ag-PVP and Ag-BPEI were normalized for the concen-
gical media, which will effect the amount of Ag™ that is tration of bioavailable Ag™ (Figure 1, bottom), the 1Cso
available to the organism. values for the entire series of Ag NPs were roughly on

Similar to primary size, the surface coating of the Ag par with that of AgNOs (~2 £+ 1 mg/L). Again, these
NPs had a significant effect on the magnitude of their data suggest that the concentration of bioavailable/
toxicity. Here, we investigated the properties of Ag-PVP intracellular silver generated by a particular Ag NP is a
and Ag-BPElI particles which had different surface coat- better predictor for the toxicity of that NP than is the
ings. It should be noted that, although these particles amount of (abiotic) dissolution of the NP. Also, it is clear
had similar primary sizes to the Ag-cityo particle (ie., that both the size and the surface properties of Ag NPs
roughly 20 nm), the observed particle size distributions play an important role in delivery of Ag to bacterial cells
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(a): control cells  (b): cells+Ag-cit,,

(c): cells+Ag-PVP
' .

(d): cells + Ag-BPEI

Figure 2. Attachment of Ag nanomaterials onto the surface of E. coli cells. (a) Bacterial cells with no NPs treatment. (b—d)
Atomic force images of bacterial cells incubated with different Ag NPs (IC;, concentrations were used). (e—g) Abiotic
suspensions of NPs. Scale bar represents 1 um. Insets in (e—g) show the images at lower magnification.

via mechanisms that involve more than simply dissolu-
tion of Ag" in bacterial media. These data also high-
light an additional question, which is why is it that Ag-
PVP and Ag-BPEI deliver more Ag™ to the inside of the
bacterial cells compared to what one would expect
based solely on the amount of dissolved Ag that these
particles produce in bacterial media. Prior reports have
suggested that surface charge can play an important
role in how effectively NPs interact with the negatively
charged bacterial surface.*’ = Indeed, the ICs, values
for Ag-cityo, Ag-PVP, and Ag-BPEI correlate linearly (r =
0.89) with their Z-potentials (Table 1 and Figure S5 in
the Supporting Information), even though the primary
size distributions for these particles are not identical. In
addition, when 1 mg/L of Ag-BPEI NPs was added to
E. coli cells (which exhibit a negative ¢-potential), the ¢-
potential of the resulting mixture turned positive
(Figure S6 in the Supporting Information). In addition,
using atomic force microscopy (AFM), we were able to
observe Ag-BPEI NPs adhered to the bacterial surface,
while almost no such attachment was observed for
negatively charged particles (Figure 2). Likewise, TEM
visualization of Ag-BPEl-exposed cells showed that
some of the positively charged Ag-BPEI NPs had fused
with the bacterial cell wall (Figure S7 in the Supporting
Information). Despite earlier reports of intracellular-
ization of Ag nanoparticles,** no internalized Ag nano-
particles were observed under the conditions in which
these TEM experiments were performed (Figure S7 in
the Supporting Information). Likewise, AFM and TEM
images indicated also that a small number of the Ag-
PVP NPs (versus no Ag-citrate particles) are attached to
the bacterial surface. These observations are consistent
with a mechanism in which the positive charge of the
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Ag-BPEl particles (and to a lesser extent the moderately
negatively charged Ag-PVP particles) allows these
particles to bind to bacterial surfaces and hence
serve as a more effective delivery agent for Ag, hence
increasing the magnitude of their toxicity. What
these results, and similar results from other prior
studies, do not do, however, is provide detailed in-
sights into the pathways involved in how bacteria
respond to the toxic Ag nanoparticles.

High-Throughput Screening of a Library of Single Gene
Deletion Strains for E. coli Provides Detailed Insights into How
This Organism Responds to Different Ag Nanoparticles. To
address the question of which pathways are involved
in the bacterial response to different Ag NPs, and
whether these pathways are the same as that for ionic
Ag, we conducted a series of high-throughput experi-
ments in which the impacts of Ag-BPEI, Ag-PVP,
Ag-cityg, Ag-cit;q, or AgNOs; NPs on 4159 different
E. coli single gene deletion strains (GDS)** were exam-
ined. In these experiments, the gene deletion mutants
are arrayed in microwell plates and then screened to
determine whether they are more sensitive to each of
the different Ag formulations than the parent strain is.
A similar approach has been used by a number of
groups to study the ways in which E. coli and the
eukaryote S. cerevisiae respond to different classes of
antibiotics or types of environmental stress.'>26~3042
Of these reports, a recent paper by Nichols et al.*° is
particularly notable because the authors reported
growth profiles for the library of E. coli GDS under
>300 conditions. When analyzed using a gene network
based clustering strategy, drugs that were known to
have the same cellular target(s) tended to cluster
together and that this type of analysis can provide
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clues to the modes of action of drugs where the
molecular target is unknown.>® We recently reported
that a similar approach can be applied to elucidate
which pathways are important to how E. coli responds
to toxic nanoparticles and to infer the mechanisms of
toxicity of these particles by comparing the results to
small molecule analogues with known mechanisms.?*
In the experiments performed herein, the library of
E. coli GDS was screened on 384-well plates in the
presence of AgNOs or Ag-BPEI, Ag-PVP, Ag-cit,o, and
Ag-cit,o NPs, at a concentration of Ag corresponding to
the IC,, for that material for the parent strain. Each
experiment was performed in quadruplicate so that
the reproducibility of the results could be assessed. A
detailed explanation of the method used for analyzing
these data is provided in the Supporting Information,
as well as an example of the results of the statistical
methodology used to assess the reproducibility of the
results for specific Ag NPs (Figure S8). Highly reprodu-
cible results were obtained for replicates within each
Ag species studied. Ag-cit,o was not studied using the
HTS of GDS approach because the IC;( for this material
is sufficiently high that the amount of material that would
be required for the HTS experiment would be prohibi-
tively expensive. At the IC;q concentration for each
material, the parent strain shows relatively little growth
impairment, and more sensitive strains can be readily
identified based on whether they show significant
growth impairment compared to the parent strain. Those
strains which showed sensitivity toward any of the Ag
formulations in the initial screen (2417 “initial hits”) were
consolidated into a smaller number of 384-well plates,
and complete growth curves were obtained for each
strain for each Ag formulation. The ICsq values for 995
strains that were confirmed sensitive for AGQNOs, Ag-BPEI,
Ag-PVP, Ag-cityo, or Ag-cit;o NPs are provided in Table S2
in the Supporting Information, along with the gene
name, gene ID, and function (if known). Corresponding
data for a cationic nanoparticle that does not contain Ag
(PS-NH,) that we have reported previously?® are also
provided in Table S2 in the Supporting Information for
comparison. As can be seen from a cursory inspection of
Table S2, the results for each of the different toxicants
studied were unique. This variability that was observed
for the responses of E. coli between different types of
nanoparticles/silver species is in stark contrast to the high
level of reproducibility observed between different repli-
cates for a given nanoparticle/silver species (Figure S8).
Two different types of complementary analyses were
performed on these data and to determine what simila-
rities, if any, exist between the responses seen for the
different silver species: one in which no information
about the biological function of the genes missing from
the sensitive gene deletion strains was used in the initial
clustering (“self-organizing map” analysis)** and one in
which prior knowledge about interactions between
genes and gene products corresponding to the sensitive
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gene deletion strains was used for the initial clustering
(“DAVID” analysis).*® Here, the results of each of these
analyses are discussed in turn.

Self-Organizing Maps of High-Throughput Gene De-
letion Strain Data Reveal “Ag-Specific” Response Genes
and Overall Picture of How E. coli Responds to Different
Ag NPs Varies from Particle to Particle. A primary
advantage of self-organizing map (SOM) analyses is
that they provide a methodology for visualizing com-
plex multidimensional data sets in a way that simila-
rities are readily visually apparent.*® This method also
allows quantitative information (such as the ICsy data
for each of the strains) to be explicitly integrated into
the analysis, so that statistically significant correlations
between different subsets of data can be determined.
In Figure 3, the larger SOM on the left provides a two-
dimensional projection of the multidimensional high-
throughput screening gene deletion strain (HTS GDS)
data, where gene deletion strains that behave similarly
are clustered with each other. The SOM consists of an
array of hexagons (“SOM units”), where each unit repre-
sents a set of gene deletion strains (GDS) of similar
response to stimuli, and the proximity of the units in
the SOM is indicative of their similarity. The color of the
unit represents the average magnitude of the response of
the GDS in that unit, with dark red representing the most
sensitive strains (~50% decrease in growth compared to
parent strain) and dark blue representing strains that in
the presence of the stimulus grow the same as the parent
strain. The large map on the left of Figure 3 depicts
clusters of SOM units (and hence the gene deletion
strains within these clusters) that behave in roughly the
same way in response to all of the toxicants (ie, to
AgNO;, Ag-cit;o, Ag-Cityo, Ag-PVP, and Ag-BPEI), with
the color of each of the 19 clusters representing the
average response of the GDS within that cluster. Compo-
nent planes of the SOM that correspond to the HTS GDS
data for each individual Ag formulation are shown on the
right-hand side of Figure 3.

Several important observations and inferences can
be made on the basis of these maps. First, the orange
cluster on the main SOM map (large map on the left of
Figure 3) depicts those gene deletion strains that
respond, on average, most significantly to all the silver
formulations. This cluster can reasonably be intere-
preted as a fingerprint of an average “silver-specific”
response. There were 35 common mutants that were
sensitive to all the tested Ag nanoparticles and also
AgNO:s. (These genes are listed in the orange box in the
middle of Figure 3; a list of the gene deletion strains in
each of the units and clusters in the entire SOM is
provided in Table S3 in the Supporting Information.
The locations of specific SOM units and clusters are
depicted in Figure S9 in the Supporting Information.)
The genes corresponding to these mutants include cueR,
which is a Cu(l)-dependent transcriptional regulator, and
cusS, which is a part of two-component regulatory system
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Figure 3. Self-organizing map analysis of E. coli gene deletion strains that are more sensitive than the nonmutated E. coli
strain to AgNOs, Ag-cit,o, Ag-cityo, Ag-PVP, and/or Ag-BPEI. The SOM is a two-dimensional projection of the multidimensional
high-throughput screening gene deletion strain data, organized to show which groups of gene deletion strains behave
similarly.*> Each hexagon (“SOM unit”) represents a set of gene deletion strains that respond similarly to stimuli. The color of
the unit represents the average magnitude of the response of the GDS in that unit, with dark red representing the most
sensitive strains (~50% decrease in growth compared to parent strain) and dark blue representing strains that grow the same
as the parent strain in the presence of toxicant. The large map (a) depicts clusters of SOM units (and hence the gene deletion
strains within these clusters) that behave roughly similarly in response to all of the toxicants (i.e., to AgNO3, Ag-cit,, Ag-Cityo,
Ag-PVP, and Ag-BPEIl) with the color of each of the 19 clusters representing the average response of the GDS within that
cluster. The GDS in the orange cluster (genes listed in the orange box next to the large SOM) can be interepreted as a
fingerprint of an average “silver-specific” response. Component planes of the SOM that correspond to the HTS GDS data for
each individual Ag formulation are shown in (b). The observation that there is no significant similarity between the individual
component planes suggests that the patterns of responses for the different Ag formulations are distinct. Ag-cit;, is the only
Ag NP that shows a moderate correlation with AgNO; (Pearson's correlation coefficient = 0.58). Pearson's correlation

coefficient values for all of the pairs of Ag formulations are provided in Table S2 in the Supporting Information.

responsible for the expression of CueR. CueR in turn
activates a cascade of Cu resistance systems in E. coli.*’
Ag and Cu ions are known to be transported and
detoxified via similar pathways in E. coli*® Therefore,
the observation that AQNO; and Ag nanoparticles affect
the bacterial copper resistance system indicates that all of
the Ag formulations studied herein affect bacterial cells at
least in part via dissolved Ag ions. It is worth mentioning
that cueR single gene mutant has been also demonstrated
to be sensitive toward a different Ag nanomaterial.** KatE
and recA are also among these genes whose absence
results in a Ag-sensitive bacterial phenotype. KatE encodes
a catalase that is induced in the conditions of high levels of
peroxide, and recA is induced by DNA damage. Indeed,
earlier studies have shown that both AgNO; and Ag NPs
induce oxidative stress in bacterial cells,'>'®*' which may
also lead to the DNA damage. In addition, several inner
membrane-related proteins (dcuC, sdhD, tatC, tolR, tonB,
trkA) were found among the genes whose absence
resulted in sensitive phenotype for all the tested Ag
formulations. Approximately one-third of the genes
whose absence resulted in sensitive phenotype toward
AgNOs or Ag NPs were of unknown or hypothetical
function. Of the 35 genes which, when deleted, led to a
Ag nanomaterial or AgNOs-sensitive phenotype, only 6
(cpxA, tatC, tolR, ybgT, yfjF, and yqiC; ~17%) belong to a
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group of multi-stress-responsive genes> and only 8 (figF,
hscB, gmhB, recA, ybbC, yciB, yfjF, and yfjG; ~23%) are also
responsive to toxic 60 nm polystyrene nanoparticles (PS-
NH,) (see Table S2 in the Supporting Information). Second,
the SOM patterns of responses for the different Ag
formulations are each distinct, indicating that there is no
significant similarity between the individual component
planes. Ag-cit; is the only Ag NP that shows a moderate
correlation with AgNO; (correlation coefficient = 0.58).
The correlation coefficient values for all of the pairs of Ag
formulations are provided in Table S4 in the Supporting
Information. Because we hypothesized that the specific
toxicological properties of positively charged Ag-BPEI
particles were due to their highly positive &-potential, we
also performed a clustering analysis in which we included
corresponding data from our earlier study*' for 60 nm
polystyrene (PS-NH,) particles that exhibited similar high
positive ¢-potential (see Figure S10 in the Supporting
Information. The HTS GDS data for the PS-NH, NP are also
provided in Table S2. The correlation coefficient between
Ag-BPEl and PS-NH, particles was 0.36, indicating that the
data are weakly correlated, suggesting that there may be
some component of the response that is specific to
cationic nanomaterials (see below).

Functional Classification (DAVID) Clustering Analysis
Provides Detailed Insights into the Different Gene
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TABLE 3. Grouping of Gene Deletion Strains Sensitive to Each Ag Formulation to Functional Clusters Using DAVID

Software”

number of  number of sensitive mutants that are multi- cluster (number

clustering of genes according to DAVID®

of  main molecular function annotation term associated with the

sensitive mutants stress-responsive mutants’ genes in duster)? cluster (number of genes in this GO term) p value®
AgNO3 222 18 cluster 1.1 (56) ATP binding (12) 37 x107°
cluster 1.2 (6) metal binding (6) 15 %x 1077
cluster 1.3 (4) antioxidant activity (3) 46 x 107°
cluster 1.4 (4) protein transporter activity (2) 19 x 1072
cluster 1.5 (4) flagellar motor activity (4) 84 % 10°°
cluster 1.6 (10) transition metal ion binding (3) 28 x 107"
Ag-cityp 312 19 cluster 2.1 (88) ATP binding (17) 75 % 10°¢
dluster 2.2 (4) 4Fe-4S dluster binding (4) 22x107°
cluster 2.3 (4) protein transporter activity (2) 19 x 1072
cluster 2.4 (4) antioxidant activity (3) 46 x 107>
duster 2.5 (9) cell surface antigen activity (lipopolysaccharides) (6) 83 x 107"
dluster 2.6 (6) motor activity (4) 87 x 1073
Ag-cityp 471 24 cluster 3.1 (103) quinone binding (15) 13x 1074
cluster 3.2 (15) protein kinase activity (7) 26 x 1078
duster 3.3 (7) flagellar motor activity (4) 19 x 1077
cluster 3.4 (4) metal ion binding (4) 39 x 1073
cluster 3.5 (13) cell surface antigen activity (lipopolysaccharides) (8) 6.6 x 1071
cluster 3.6 (9) metal cluster binding (9) 12x 107"
dluster 3.7 (5) antioxidant activity (4) 21%x107°
Ag-PVP 515 15 cluster 4.1 (100) ATPase activity (24) 24 x 1077
cluster 4.2 (24) ATP binding (16) 70 %x 1070
dluster 43 (7) metal ion binding (3) 24 % 107"
dluster 4.4 (19) iron fon binding (19) 64 x 1072
cluster 4.5 (9) flagellar motor activity (4) 19 x 1077
cluster 4.6 (5) antioxidant activity (3) 31x 107!
cluster 4.7 (8) cell surface antigen activity (lipopolysaccharides) (3) 76 x 107°
Ag-BPEI 241 18 cluster 5.1 (61) oxidoreductase activity, acting on NADH or NADPH (4) 56 x 1073
cluster 5.2 (7) quinone binding, ubiquinone biosynthesis (7) 13x 107"
cluster 5.3 (12) cell surface antigen activity (lipopolysaccharides) (9) 80 x 107"
dluster 5.4 (5) antioxidant activity (4) 11 %1073
PS—NH{ 99" cluster 6.1 (10) cell surface antigen activity (lipopolysaccharides) (7) 47 x 1071
cluster 6.2 (6) quinone binding, ubiquinone biosynthesis (6) 15%x 107"
cluster 6.3 (18) iron ion binding (4) 20 x 1072

“ The number and functional classification of genes that were absent in bacterial mutant strains which were confirmed to be sensitive towards Ag™ (AgNO;) and/or different Ag
NPs studied herein. Cationic amino-functionalized (PS-NH,) nanopartides are induded for comparison. ° Eighty-nine multi-stress-responsive mutants were identified in ref 29, < DAVID,
Database for Annotation, Visualization and Integrated Discovery v6.7, http:/david.abccndiferf gov/. “ For dustering, high dassification stringency (similarity threshold 0.5, multiple linkage
threshold 0.5, group membership 5) was used. € Fisher exact p value for gene enrichment analysis (calculated automatically in the DAVID database). fOnIy mutants that are both sensitive to
PS-NH, NPs and to either Ag ™" or one of the Ag NPs are reported here. A complete list of mutants that are sensitive to amino-functionalized polystyrene nanomaterials are reported in ref 23.

Clusters Involved in How E. coli Responds to Different Ag
NPs and How These Compare to lonic Ag. In addition to
the SOM analysis described above, the HTS GDS data
were also analyzed using an online Database for
Annotation, Visualization, and Integrated Discovery
(DAVID; h'(tp://www.david.niaid.nih.gov).46 DAVID can
be used to facilitate interpretation of genome-scale
data sets such as the ones generated in this study by
integrating prior data from a variety of sources about
the relationships between different genes and proteins
(e.g., gene ontologies, protein domain, and biochem-
ical pathway membership) to provide insights into the
analyses that are performed. Here, the DAVID func-
tional classification tool was used to cluster gene
deletion strains that were confirmed to be sensitive
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to each of the specific Ag formulations and to identify
the most significant gene ontology (GO) molecular
function annotations for each gene cluster. The result-
ing lists of annotated gene clusters for each Ag for-
mulation are provided in Table 3, and the individual
genes found within each of the clusters are listed in
Table S5 in the Supporting Information. The results of
the DAVID analysis provide a clear picture of which
pathways are involved in how E. coli responds to silver
stress in general (i.e., pathways that are common to all of
the Ag NPs and AgNOs) as well as which pathways
appear to be “nano-specific” responses (i.e., are repre-
sented in the data for the Ag NPs, but not ionic Ag*), as
well as which pathways appear to be specific to particular
nanomaterials or classes of nanomaterials. A primary
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example of a gene cluster that was associated with
each of the different silver formulations is antioxidant
activity (Table 3), for which 3—4 gene deletion strains
showed up as sensitive for each of the Ag formulations
(see specific gene deletion strains in Table S5 in
Supporting Information). As this cluster did not turn
up for toxic 60 nm polystyrene nanoparticles (PS-NHy), this
pathway may be considered silver-specific.'*'#*' Another
pathway that appeared to be silver-specific was bacterial
flagellar motor activity (Table 3). Specifically, a series of flg
mutants were sensitive to AQNO; and Ag NPs. Although
this cluster was not clearly distinguished in the case of Ag-
BPEI NPs, figD, flgGm, flgJ, and flgM were also among
confirmed sensitive mutants for this particle (Table S2 in
Supporting Information). Interestingly, Ag has indeed
shown to have an effect on bacterial outer membrane
and flagellar formation also in earlier studies.*® The pri-
mary example we observed of a pathway that appears to
be a nano-specific response is that clusters of gene
deletion strains where the deleted genes encode for cell-
surface antigen activity (lipopolysaccharides) showed up
for all of the nanoparticle formulations studied herein
(including PS-NH,), but not for AGNO; (ionic Ag) (Table 3).
The genes in this cluster are mostly rfa genes that are
responsible for the assembly of the outer membrane
lipopolysaccharides (LPS).>® According to Nichols et al,*
rfa genes belong to the group of multi-stress-responsive
genes. LPS are known to provide a negative surface charge
and additional protection for bacterial cells against catio-
nic small molecule toxins.>'~2 The suggestion that the LPS
layer may function as a protective layer against small
cationic molecules, cationic nanoparticles,® and nanopar-
ticles more generally deserves a closer study. In addition to
the silver-specific and nano-specific responses, there are a
number of “particle-type-specific” responses observed or
responses that appeared for only a subset of the particles
studied. Consistent with the results of the SOM analysis
that showed similar clustering patterns for cationic Ag-
BPEI and polystyrene PS-NH, particles, we found that there
was a cluster (quinone binding, ubiquinone biosynthesis,
which includes the ubiE, ubiF, ubiH mutants) that was
common to these positively charged NPs (Table 3). In our
previous study, we demonstrated that the sensitivity of
these mutants to the cationic PS-NH, particle correlated
with their sensitivities to a cationic small molecule, poly-
myxin B, and that these genes appeared to be important
in how the organism mitigates stress caused by reactive
oxygen species formed at the cell surface due to the
defects in the electron transport chain.?® The current data
suggest that exposure to cationic Ag NPs may also resultin

MATERIALS AND METHODS

Chemicals and Nanopartices. Media Components. Bacterial
growth media (Luria—Bertani, LB, Lennox) was from EMD Chemicals
(Merck, Darmstadt, Germany); the pH of the final media was 7. Fetal
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production of cell-membrane-associated ROS and that the
organism's ability to react to this insult may be important
to its ability to mitigate the harmful effect of cationic Ag
NPs.*

Taken together, the results of the SOM and DAVID
analyses clearly indicate that while dissolution of Ag
and the resulting toxicity of Ag™ play a role in the toxicity
of the Ag NPs, different pathways are also important (and
in some cases, more important) in how E. coli responds to
specific Ag nanoparticles. In particular, cationic Ag-BPEI
elicited a response more similar to a cationic nanoparticle
that contains no silver (PS-NH) than to the responses for
either ionic Ag or any of the other Ag NPs tested, and only
one of the Ag NPs studied (Ag-cit;) elicited an overall
response that was quantitatively similar to that of ionic
Ag. Some gene clusters (e.g., cell-surface antigen activity
(lipopolysaccharides)) identified appeared to correlate
with a nano-specific response (i.e., appeared as significant
for all of the NPs studied, but not ionic silver), whereas
others appeared to be important for only a subset of the
particles studied.

CONCLUSIONS

The study reported herein supports prior studies that
show that magnitude of toxicity of negatively charged Ag
nanomaterials correlates with the amount of dissolved Ag
ion that these particles produce in solution and demon-
strates that the ability of positively charged Ag NPs to
tightly interact with bacterial surface results in high con-
centrations of bioavailable Ag ions from these particles.
Positively charged particles also interfere with the normal
function of the bacterial electron transport chain and are
responsible for ROS formation at the cell membrane.
Studies using gene deletion strains also revealed that,
although there are some common pathways involved in
how bacteria respond to silver stress, there are other
pathways that appear to correlate with nanoparticle-
related stress. Reactive oxygen production and impair-
ment of flagellar activity were observed for a broad range
of silver species. By contrast, effects on cell outer surface
lipopolysaccharides appear to be nanoparticle-specific.
These data suggest that, although Ag NPs toxicity is on
a large scale mediated by dissolved Ag ions, the way in
which the particles interact with bacterial cells and some
of the pathways involved in the toxicity of the particles are
highly dependent on nanoparticle physicochemical prop-
erties. These results have important implications for under-
standing the mechanisms of toxicity of silver nano-
materials and for how silver nanoparticles are regulated
and tested going forward.

bovine serum (FBS) was purchased from Gemini-BioProducts
(CA, USA); kanamycin sulfate was purchased from Sigma-Aldrich;
phosphate buffered saline (PBS, pH 7.4) was from GIBCO (Invitrogen,
CA, USA), and humic acid was purchased from Sigma-Aldrich.
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Nanopatrticles. Citrate-stabilized Ag NPs (Ag-cit) with adver-
tized sizes of 10, 20, and 40 nm were purchased from Nano-
composix (CA, USA). The nanomaterials were supplied as 1 mg/mL
aqueous dispersion stored in 0.5 g/L of sodium citrate
solution. Polyvinylpyrrolidone (PVP)-stabilized and branched
polyethyleneimine (BPEIl)-stabilized Ag NPs (Ag-PVP and Ag-
BPEI) were synthesized in our laboratory. For the synthesis of
Ag-PVP, solutions of 9.4 x 107> M AgNO5 (50 mL), 15.8 x 10>M
NaBH, (150 mL), and 0.75% PVP (PVP 40, M,, = 40 000, Sigma-
Aldrich) (50 mL) were prepared. The three solutions were
delivered with volume ratios of 1 AgNOs/1 PVP/3 NaBH, to an
empty beaker using a multichannel peristaltic pump (Ismatic,
IPC, 22 channels). The beaker was stirred vigorously using a stir
bar on a stir plate. After the total volume of the three solutions
was delivered to the beaker, the pH of the resulting nanoparticle
suspension was adjusted to 4.0 using a 5% HNO3 solution.

For the synthesis of BPEI-Ag, 0.085 g of N-(2-hydroxyethyl)-
piperazine-N'-2-ethanesulfonic acid (HEPES) was dissolved in a
100 mL solution of 9.4 x 107> M AgNO; (prepared in Milli-Q
water). The pH of the mixture (AgNO3z/HEPES) was adjusted to a
pH of 6.5 using 1% branched polyethyleneimine solution (BPEI,
M,, = 1.20 kg mol ™, Polysciences Inc.). The mixture was
exposed for 80 min to UV irradiation using a standard low-
pressure mercury arc lamp.

The synthesized Ag-PVP and Ag-BPEI NPs were purified
from the residual chemicals, especially ionic silver by an ultra-
filtration system (Spectrum Laboratories, Inc., USA) equipped
with a 10 kDa polyethersulfone (PES) membrane (MidiKros
Hollow Fiber Module (P-X3-010E-300-02N). The concentration
of silver in suspensions of all the nanomaterials was determined
by graphite furnace atomic absorption spectrometry (GF-AAS,
AAnalyst 700, Perkin-Elmer). Lumina hollow cathode lamp of
single element (Ag) was used in the measurement. Five micro-
liters of matrix modifier (3 g/L Pd + 2 g/L Mg(NOs),) was added
to each sample of 20 ulL using an autosampler for improved
analytical quality.

Transmission electron microscopy (TEM, JEOL 1200 EX,
accelerating voltage 80 kV) was used to determine the mor-
phology and primary size of the nanomaterials. Samples were
prepared by placing a drop of an aqueous suspension of the
nanomaterial on a carbon-coated TEM grid and waiting until the
water evaporated. For each type of particle, diameters of 25
particles were measured from TEM images to determine the
average primary sizes and their standard deviations.

Preparation of Nanoparticle Dispersions in Liquid Media and Character-
ization. All the Ag NPs were prepared and stored in liquid state.
Further dilutions were performed in DI water in bacterial growth
media (LB) supplemented with 5% FBS. For dispersion in
bacterial growth media, first 10% of FBS was added to the NP
stock dispersion and the mixture was sonicated in a water bath
(Branson 2510, CT, USA) for 15 min. Then, 2-fold concentrated
LB media (EMD Chemicals) supplemented with 50 ug/mL at a
ratio of 1:1 was added, and the mixture was again sonicated for
15 min in a water bath.

Hydrodynamic diameter (D;,) of NPs dispersed in DI water or
in bacterial growth media was measured using a high-through-
put DLS instrument (Wyatt Technology Corporation, CA, USA).
Blank water or growth medium was always used as control and,
if needed, was taken into account in calculation of the final Dy,
values. The E-potential values of NPs suspended in aqueous
solution were determined using a ZetaPALS {-potential analy-
zer (Brookhaven Instruments Ltd., UK). The surface charge
(&-potential) of Ag NPs was not measured in bacterial growth
media due to the interference of salts and organic components
that are present in the nutrient-rich LB media with the electro-
phoretic mobility measurement.

Determination of Dissolved Silver. The amount of dissolved Ag
was determined using UV—vis spectrometry. UV—vis spectro-
metry of nanoparticles was performed by scanning the absorp-
tion of Ag NP suspension from 300 to 800 nm using
SpactraMax5 plate reader; a measurement was recorded every
2 nm. For the measurement, 100 uL of the 12.5 mg/L suspension
of Ag nanoparticles either in DI water or in LB media was
pipetted onto a clear 96-well polystyrene microplate in tripli-
cate, and the absorption was measured immediately (0 h) or
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after 24 h of incubation at 37 °C. During prolonged incubation,
the plate was covered with a lid and the plate was shaken before
the measurement to avoid settling of particles.

For calculation, the absorption values of blank DI water or LB
media were subtracted from those of Ag NP suspensions in
water or LB media, respectively. Resulting absorption values
were plotted against the wavelengths at 0 h (beginning of the
test) and after 24 h of incubation (for the duration of bacterial
toxicity test, see below) at 37 °C. The difference in area under
the UV—vis curves (from 300 to 800 nm) between 0 and 24 h was
used to quantify the decrease in Ag NP concentration. This
method was adapted from ref 32. The amount of dissolved silver
was also quantified by atomic absorption spectroscopy (preceded
by centrifugation to remove nanoparticles in solution). The addi-
tional details on the method used to determine the concentration
of dissolved silver using atomic absorption spectroscopy is in-
cluded in the Supporting Information.

Assessment of Bioavailable Silver. Bioavailable Ag was assessed
by using genetically engineered biosensor bacteria in which
bioluminescence is specifically induced by bioavailable Ag
ions.*® For this assay, the Ag NPs were dispersed as described
above. Biosensor bacteria E. coli MC1061(pcueR/pcopAlux) and
constitutively bioluminescent control strain E. coli MC106-
(pSLIux)*® were pregrown overnight in LB media supplemented
with 100 ug/mL of ampicillin and 10 ug/mL of tetracycline or
100 ug/mL of ampicillin, respectively. The overnight culture was
diluted to an OD of 0.05 and subsequently grown to an OD of
0.6. Prior to the test, this culture was 6-fold diluted with 5% FBS
supplemented LB media prior the test. Ag NPs were also diluted
in 5% FBS supplemented LB media, and 25 uL of each concen-
tration (each concentration was analyzed in triplicate) was
pipetted onto the wells of a 384-well plate; blank medium with
no NPs was used as a control. Twenty-five microliters of diluted
bacterial culture was added onto the wells, and the plates were
incubated for 2 h at 30 °C. After that, bacterial bioluminescence
in RLU was measured and induction of Ag biosensors by
bioavailable Ag was calculated by the following formula:

RLUss RLUcg

induction = X
RLUsg ~ RLUcs

where RLUs s is bioluminescence of the Ag sensors in Ag-contain-
ing sample (AgNO; or Ag NP), RLUs is the bioluminescence of
these bacteria in blank media, RLUcg is the bioluminescence of
constitutively bioluminescent strain in blank media, and RLUcs is
the bioluminescence in the Ag sample (AgNOs or Ag NP). The
amount of bioavailable Ag in each of the Ag NP samples was
calculated by comparing the concentrations of AgNOs; and Ag
NPs at which 2-fold induction of the Ag biosensors was achieved
(LODagne and LODagno,, respectively); bioavailable concentration
of Ag was calculated using the equation

N o7y — ODagno,
bioavailable Ag (%) —I—ODAgNP x 100

Assessment of Antimicrobial Activity of Ag Nanoparticles. Growth
Assay Using E. coli Nonmutated Strain BW25113 and Determina-
tion of ICsy Values for Ag NPs. Twenty milliliters of bacterial
growth media was inoculated with one colony of Escherichia coli
strain BW25113(pACYC117)® from an LB agar plate and bacter-
ia were grown overnight. Fifty microliters of the overnight
culture was pipetted onto a 384-well plate; this plate was used
later to inoculate the test plate. For the test plate, 50 uL of the
diluted Ag NP dispersion in bacterial growth media (LB supple-
mented with 5% FBS and 25 ug/mL of kanamycin) was pipetted
onto another clear 384-well polystyrene microplate. Usually, a
dilution factor of 1.5 was used to prepare the Ag NP dilutions,
and each dilution was analyzed in nine parallels. Nine parallels
of growth media without any Ag compounds were also added
to each plate. The test plate with Ag NPs and media controls was
inoculated with the overnight bacterial culture by using a plastic
384 pin replicator (Genetix Molecular Devices). When plates
were replicated, the replicator was inserted to the bacterial
plate; each pin of the replicator was expected to pick up about
1—-2 uL of bacteria. Next, the replicator was inserted into the
wells of the test plate. Abiotic controls (no bacteria inoculated)
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were included for blank media and each Ag NP control. The
microplates were incubated at 37 °C, and absorbance at 600
was registered during 24 h using Biotek Synergy plate reader.
Bacterial growth after 24 h of incubation was calculated using
the following formula:

A —A
growth (%) = (Avms = Anwa ) x 100

(ApLp — AsLa)

In this equation, Ay, is absorbance of bacterial culture with
nanomaterials (average of 9 replicates), Aym,a is absorbance of
an abiotic sample of the same concentration of nanomaterials
(average of 3 replicates), Agg is absorbance of bacterial culture
in blank media (average of 9 replicates), and Ag_a is absorbance
of an abiotic sample of the blank media (average of 3 replicates).
Each Ag NP was tested three times. ICso values with 95%
confidence intervals for each nanomaterial were calculated
using a nonlinear fit of a log-normal distribution in GraphPad
Prism program.

Growth Assay with Genome-Wide Collection of E. coli Single
Gene Deletion Mutants and Determination of ICs, Values for
Mutant Strains. The detailed description of methodology used
for the toxicity analysis with an array of 4159 E. coli single
nonessential gene mutant strains is given in ref 23. Briefly, first
the growth of the mutant collection in parallel to the nonmu-
tated E. coli wild-type strain was tested in the presence of one
concentration of Ag NPs that was equal to ~IC; values for the
wild-type E. coli strain (i.e., 1.8 mg/L of Ag-cit;o, 8 mg/L of Ag-
Cityo, 3.8 mg/L of Ag-PVP, 1.4 mg/L of Ag-BPEl, 0.7 mg/L of
AgNOs). The growth assay was performed in 384-well micro-
plates with appropriate controls (bacterial growth with NPs and
abiotic controls using both nanomaterials and growth media as
well as wells containing the nonmutated E. coli wild-type strain)
on each plate. Each plate was incubated at 37 °C for 24 h and the
optical density (OD) of the cultures was measured using a
SpectraMax M5 plate reader (Molecular Devices, CA, USA).
Before measurement, the plates were shaken to ensure a uni-
form distribution of both bacterial cells and test compound in
the wells.

Each experiment was performed in at least quadruplicate to
ensure that only those strains which reproducibly showed a
statistically significant increase in sensitivity to a particular toxin
were considered as “hits”. The data were analyzed as described
in ref 23. (See also additional details for the materials and
methods provided in Supporting Information.) Briefly, the
growth (as measured by the optical density at 24 h) of each
mutant strain with or without a specific toxicant added was
compared to that of the nonmutated E. coli wild-type strain.
Criteria for selecting more sensitive E. coli single gene deletion
mutants were false discovery rates less than 1% (q value <0.01)
and the difference in growth in experimental (with Ag NPs) and
control conditions (blank growth media) compared to that of
the wild-type strain more than 0.2 absorbance units.

The sensitivity of all of the initial “hit” mutant strains to each
of the silver species was further confirmed by determining the
ICso for each strain. Specifically, a growth inhibition test was
performed using a series of at least 8 concentrations of each Ag
NP or ionic silver. To ensure against false negatives when
comparing the results for different toxins, the ICs, value for
each of the silver species was determined for all mutant strains
that had come up as an initial hit in the screen in any of the
toxins tested herein or had come up as an initial hit in the data
set that we had previously reported for a cationic non-silver
nanoparticle, PS-NH,.?* Again, each experiment was performed
in at least quadruplicate to allow us to assess the reproducibility
of the results reported herein. The 1Cso with 95% confidence
intervals for each candidate sensitive strain was calculated
using nonlinear fit of log-normal distribution in the DRC pack-
age within the statistical software R. If the higher bound of the
1Cs0 95% Cl was higher than the lower bound of the 95% Cl of
the ICs, for the wild-type strain, then the mutant strain was
considered to be a confirmed, statistically significantly, sensitive
strain. For clarity, the ICso value of the E. coli wild-type
(nonmutated) strain was set to 100%, and the ICsq values of
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the mutant strains were expressed as a percent of the sensitivity
of the nonmutated strain.

Functional Classification and Clustering of Genes Responsible for
Nanoparticle-Sensitive Phenotypes. The functions of the genes that
were absent in mutants sensitive for certain Ag NP or AgNO;
were analyzed using Ecocyc database (www.ecocyc.org), and
the DAVID database (http://david.abcc.ncifcrf.gov/)*® was used
to reveal functional relationships between these genes. The
genes whose absence resulted in bacterial sensitivity for the
tested Ag formulations were clustered using self-organizing
map clustering.*® For clustering analysis, only those ICsq values
of the mutants that were 10% less than the ICs, value of the
nonmutated E. coli cells were included. Thus, any mutant that
had an ICs, value of more than 10% lower than the nonmutated
strain to any of the tested Ag formulation was added. Data for
another positively charged nanoparticle, amino-functionalized
60 nm sized polystyrene (PS-NH,), that was obtained in our
previous study®® were also included in the clustering analysis.

Imaging of Interactions between Ag NPs and Bacterial Cells by
Microscopy. Atomic force microscopy was used to visualize the
contact between the Ag NPs and the bacterial cells. Bacteria
were grown in LB with 25 xg/mL of kanamycin at 37 °C to mid-
log phase (ODggo ~ 0.6) and washed three times with DI water.
The cells were exposed to IC;o concentrations of Ag NPs
suspended in DI water for 30 min at room temperature and
washed two times with DI water (each wash cycle involved:
centrifugation at 2300g, removal of supernatant, and addition
of equal amount of DI water). Ten microliters of each sample
was pipetted onto freshly cleaved muscovite mica (TedPella, CA,
USA). Ag NPs without bacterial cells were analyzed as abiotic
control. The samples were allowed to evaporate prior to
imaging. A Dimension 5000 instrument (Bruker, MA, USA) in
tapping mode with a PPP-FM cantilever from Nanosensors
(Nanoworld AG, Switzerland) was used to perform the imaging.

To prepare samples to visualize the cellular deformation by
Ag NPs using transmission electron microscopy (TEM), bacterial
cells were grown in 10 mL of bacterial growth media with Ag
NPs overnight at a concentration corresponding to the IC;o. The
cells were centrifuged (10000g, 1 min) and fixed using 2.5%
glutaraldehyde and formaldehyde for 2 h at room temperature,
washed in PBS buffer, and stained with a solution of 1% OsO,.
Samples were washed with sodium acetate buffer (pH 5.5),
additionally stained in 0.5% uranyl acetate for 12 h at 4 °C,
dehydrated with ethanol (50—100%) for 10 min, and embedded
in an Epon 812 resin. An ultramicrotome (RMC MTX) was used to
cut 30 nm thick slices which were deposited on single-hole
Formvar-coated grids. The grids were double-stained in 8%
uranyl acetate solution for 25 min at 60 °C followed by lead
citrate for 3 min at room temperature and then imaged using a
JEOL 100CX TEM instrument.

-Potential Measurements. For C-potential measurements, bac-
terial cells were grown and washed as described above for the
preparation of cells for AFM measurements. One set of bacterial
cells was used as negative control, and a second set was mixed
with 0—16 ug/mL of Ag NPs suspended in DI water. The -
potential of cells + NPs was measured by Zeta Pals {-potential
analyzer using as described above.

Safe Handling of Nanomaterials. Nanoparticles as dry powders
be handled in a chemical fume hood or powder enclosure or
manipulated while the researcher is wearing a N95 filter mask.
After suspension in aqueous solutions, standard good chemical
hygiene practices should be employed. Sonication can result in
aerolization and should only be performed on solutions that are
in closed containers. More detailed recommendations are
available in the Nanotoolkit developed by the California Nano-
safety Consortium of Higher Education which is available online
at http://www.cein.ucla.edu/new/p155.php.
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Supporting Information Available: Additional details for ma-
terials and methods related to determination of dissolved silver
using atomic absorption spectroscopy and statistical analysis
used to determine initial hits in high-throughput screen. De-
tailed information about physical characteristics of the Ag NPs
studied herein (Figure S1), UV—vis spectra of the Ag NPs studied
herein immediately after dispersion and after 24 h (Figure S2),
induction of bacterial Ag" sensor with Ag NPs and AgNO;
(Figure S3), growth of E. coli in the presence of coatings used
for the production of Ag NPs (Figure S4), correlation between
bacterial toxicity and {-potential of Ag NPs (Figure S5), electro-
phoretic mobility (¢-potential) of E. coli cells and Ag NPs (Figure S6),
TEM visualization of E. coli cellular changes in response to
exposure to nanomaterials (Figure S7), results of statistical
analysis of HTS data for Ag-BPEI and Ag-PVP demonstrated
the high degree of reproducibility observed in these data
(Figure S8), details of self-organizing map analysis of E. coli gene
deletion strains that are more sensitive than the nonmutated
E. coli strain to AgNO3, Ag-cit;o, Ag-Cita, Ag-PVP, and/or Ag-BPEI
(Figure S9), clustering of genes responsible for bacterial sensi-
tivity toward Ag and positively charged polystyrene nanoparticle,
location of specific clusters on a self-organizing map (Figure S10).
Tables of data: comparison of results for dissolved silver obtained
using atomic absorption spectroscopy and UV—vis spectroscopy
(Table S1), a list of E. coli mutant strains that were confirmed to be
sensitive to Ag+ (AgNOs) and/or one or more of the Ag NPs; the
ICs0 values for each sensitive strain for Ag-cit;o, Ag-cityo, Ag-PVP,
Ag-BPEI, 60 nm PS-NH, NP (Table S2), clustering of gene deletion
strains sensitive to AgNOs, Ag-cit;o, Ag-Cityo, Ag-PVP, and/or Ag-
BPEI strains as determined by self-organizing map (SOM) analysis
(Table S3), correlations between overall responses derived from
SOM analysis for Ag* (AgNO3) Ag-cit,o, Ag-cityo, Ag-PVP, Ag-BPEI,
60 nm PS-NH, NP (Table S4), grouping of gene deletion strains
sensitive to each Ag formulation into functional clusters
(Table S5). References for the Supporting Information are also
included. This material is available free of charge via the Internet
at http://pubs.acs.org.
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