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ABSTRACT The biological synthesis of metal nanoparticles has been examined in a
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ticles were dependent on the environmental stresses imposed on the cells. The

nanoparticles produced by D. radiodurans exhibited antimicrobial activity compara-

ble to that of pure silver nanoparticles and displayed catalytic activity comparable to

that of pure gold nanoparticles. Overall, we demonstrate that biosynthesized nano-

particle properties can be partially controlled through the tuning of applied environ-

mental stresses, and we provide insight into how their application may affect nano-

particle production in D. radiodurans during bioremediation.

IMPORTANCE Biosynthetic production of nanoparticles has recently gained promi-
nence as a solution to rising concerns regarding increased bacterial resistance to an-
tibiotics and a desire for environmentally friendly methods of bioremediation and
chemical synthesis. To date, a range of organisms have been utilized for nanopar-
ticle formation. The extremophile D. radiodurans, which can withstand significant en-
vironmental stresses and therefore is more robust for metal reduction applications,
has yet to be exploited for this purpose. Thus, this work improves our understand-
ing of the impact of environmental stresses on biogenic nanoparticle morphology
and composition during metal reduction processes in this organism. This work also
contributes to enhancing the controlled synthesis of nanoparticles with specific attri-
butes and functions using biological systems.

KEYWORDS Deinococcus, environmental stress, extremophile, nanoparticles

ining and other industrial processes produce significant amounts of metal-ion-
contaminated waste streams, necessitating water remediation efforts (1, 2). One
attractive method for remediation is the use of microorganisms with the ability to
degrade organic pollutants into less toxic species or to reduce metal ions to their solid
metal forms via nanoparticle (NP) formation, as these organisms can be genetically
engineered for improved pollutant binding and reducing capabilities (3-5). In addition
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to environmental remediation, biosynthesized nanoparticles can be used in commercial
applications ranging from medicine to electronics, due to their antimicrobial and
catalytic properties (6, 7). For example, it has been shown that, when used in tandem
with traditional antibiotics, silver nanoparticles can enhance the overall antimicrobial
effect, supporting their potential as antibiotic supplements or replacements (8, 9).
Similarly, metal nanoparticles can act as catalysts for a variety of useful reactions
(10-12).

Members of several phyla, including archaea, plants, fungi, and bacteria, have
demonstrated an ability to form nanoparticles composed of a variety of different
metals; some include silver, gold, and palladium (13-16). Relative to these organisms,
extremophiles offer a unique advantage for nanoparticle production and environmen-
tal remediation due to their greater tolerance for extreme conditions and their poten-
tial for more robust nanoparticle-capping ligands and proteins (17). Already, many
extremophiles play key roles in the biogeochemical cycling and bioremediation of
numerous minerals and metals (18).

One of the most studied extremophiles, Deinococcus radiodurans, is a Gram-positive
bacterium possessing extremely high tolerances to radiation, desiccation, and other
environmental stresses; these attributes have sparked significant interest in this organ-
ism for applications in bioremediation and metal detoxification (19-21). Indeed, D.
radiodurans has been engineered for use in radioactive waste manipulation through
incorporation of heterologous genes for toluene degradation and mercury and ura-
nium reduction, demonstrating the ability for simultaneous reduction of multiple
wastes (22, 23). These characteristics and applications demonstrate the potential of D.
radiodurans as an ideal species for both environmental remediation and the biosyn-
thetic production of nanoparticles.

Despite its exploration for related bioremediation purposes, few studies have ex-
amined the ability of wild-type D. radiodurans to form metal nanoparticles (24, 25).
Furthermore, those studies and others focused primarily on monometallic nanoparticle
formation, despite the increased diversity of applications and the advantages of
bimetallic or multimetallic particles. The impact of acute environmental stresses on
nanoparticle formation and the potential for cell-free nanoparticle production were not
investigated in those studies despite analogous work with other organisms (26, 27).
This raises the questions of whether cell-free supernatants from D. radiodurans can be
equally effective for metal nanoparticle production and what impact environmental
stresses may have on the diversity of nanoparticles produced in this process.

Several studies have suggested that environmental factors such as growth phase,
pH changes, and exposure to metal ions can significantly affect the biological produc-
tion of nanoparticles by inducing defensive stress response mechanisms; this has now
been demonstrated in studies of Bacillus licheniformis and Escherichia coli (27-31). Given
our understanding that environmental stresses can have significant effects on protein
and gene expression in D. radiodurans, it is rational to suspect that a complex interplay
exists between environmental stresses and nanoparticle properties and production (32,
33). Understanding (and ultimately controlling) how different processing and metabolic
stresses affect nanoparticle properties when they are produced in any biological host
is highly relevant to both bioremediation and biosynthesis applications.

In this work, we investigated how environmental stresses affect the properties of
biogenic inorganic materials generated by D. radiodurans. We systematically tested
experimental and culture conditions, such as temperature, pH, and oxygenation, and
identified optimal conditions for improved silver nanoparticle yield. Our results dem-
onstrate that the cell-free synthesis of silver and bimetallic (silver and gold) nanopar-
ticles in D. radiodurans is facilitated by the addition of a metal environmental stressor.
We also show that tuning the environmental stressors provides control over nanopar-
ticle morphology, composition, and size. Lastly, we demonstrate the ability of bimetallic
nanoparticles produced from D. radiodurans to acquire combinatorial properties of
both pure silver and pure gold nanoparticles, including antibacterial and catalytic
activities. Collectively, our results provide insight into the effects of environmental
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FIG 1 Screening of culturing and reaction conditions reveals that cell-free reduction and reaction temperatures up to 50°C
improve nanoparticle yield. (A) Silver nanoparticle yield data using isolated cell-free supernatants from stationary-phase
cultures, compared to cell-mediated production, after addition of 5 mM AgNO; at 32°C. *, P < 0.05, significant by Student’s
t test. (B) Comparison of cell-free nanoparticle yields after addition of 5 mM AgNO; at different reaction temperatures. (C) Effect
of pH on silver nanoparticle yield. The supernatant was adjusted to different pH values and incubated for 2 h before isolation
of the supernatant and addition of 5 mM AgNO,. Data represent the mean =+ standard deviation of three replicates.

stresses on nanoparticle production and properties and support the use of D. radio-
durans in environmental remediation as a versatile organism for the controlled pro-
duction of nanoparticles.

RESULTS

Cell-free reduction improves silver nanoparticle production. Given that previous
studies in D. radiodurans demonstrated cell-mediated reduction only, we sought to test
whether D. radiodurans supernatant could also facilitate nanoparticle production. We
first examined the effect of cell-free supernatants on nanoparticle yields, compared to
cell-mediated levels. All experiments were performed using stationary-phase cells, as
our analysis of the effect of growth phase on nanoparticle production by D. radiodurans
showed no significant effect when results were normalized on the basis of optical
density (OD) values (see Fig. STA in the supplemental material). Cells were grown to
stationary phase, and AgNO; was added either to the isolated cell-free supernatant or
directly to the culture (for cell-mediated experiments) and was reacted for 48 h.
Nanoparticle production was observed under both conditions, as indicated by peaks at
~426 nm in the UV-visible (UV-vis) absorption spectrum, demonstrating that cell-free
synthesis of silver nanoparticles using D. radiodurans supernatant was possible. The
presence of a peak at ~426 nm also confirmed that the silver nanoparticles were
elemental silver and not silver oxides, which exhibit a characteristic maximum near 650
nm (34). Uninoculated tryptone-glucose-yeast (TGY) medium was treated with AgNO,
as a control, to ensure that silver reduction was exclusively due to cellular reducing
factors, and it showed no evidence of nanoparticle formation. As shown in Fig. 1A,
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FIG 2 Experimental scheme of the nanoparticle production process using an environmental stressor.
Cells are cultured to stationary phase before being stressed with the environmental stressor for 2 h. The
cell-free supernatant is then isolated, the metal target (5 mM AgNO, or 1 mM HAuCl,) is added, and the
mixture is incubated for 48 h.

cell-free reduction improved yields 2-fold (from 2.23 mg/ml to 4.66 mg/ml) and greatly
simplified nanoparticle isolation. Therefore, we conducted all further experiments
under cell-free conditions.

We next investigated the effects of the temperature, oxygenation, and pH of the
supernatant on nanoparticle yields. These factors are known to influence nanoparticle
properties such as size due to their roles in controlling reaction rates and acting as
electron acceptor competitors (35, 36). Experiments were performed as described
above except that the 48-h incubation temperature was varied from 20°C to 80°C or the
reaction was performed at 32°C at pH 5, 7, or 9 or at pH 7 under anaerobic conditions.
Improved nanoparticle yields were obtained at a maximum temperature of 50°C (4.99
mg/ml versus 1.31 mg/ml) (Fig. 1B) or under anaerobic conditions (2.04 mg/ml versus
1.42 mg/ml) (Fig. S1B), consistent with our earlier hypothesis. The effect of oxygen on
nanoparticle yields was not as pronounced as expected, however, due to oxygen
consumption by D. radiodurans during the course of the reduction. Nanoparticle
reduction was measured at all pH values, and the yields were found to increase with
increasing basicity of the culture, with a shift from 1.98 mg/ml to 7.70 mg/ml when the
pH was increased from 7 to 9 (Fig. 1C). This trend of basic conditions promoting
nanoparticle production is consistent with studies with other organisms (29, 37).
Importantly, these results suggest that reaction temperature, pH, and oxygenation
levels can be optimized for modest improvements in silver nanoparticle yields. Lastly,
since we observed an effect on yield, we examined the effect of temperature on
nanoparticle morphology, but we found no statistical difference in nanoparticle size
with increasing reduction temperatures up to 50°C (Fig. S1C). Due to the technical
challenge of performing anaerobic reduction, all further experiments were conducted
under aerobic conditions only.

The addition of an environmental stressor affects silver nanoparticle produc-
tion and morphology. After optimizing cell-free nanoparticle synthesis conditions as
described above, we adopted an experimental scheme (outlined in Fig. 2) that incor-
porated environmental stressors in the production of nanoparticles using D. radio-
durans supernatant. Cells were grown to stationary phase and then exposed to an
environmental stressor for 2 h. We hypothesized that stress would induce a response
that could favor nanoparticle production, given that the synthesis of nanoparticles is
likely a defense mechanism initiated to reduce the abundance of toxic metal ions in the
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FIG 3 Effects of environmental stressors on silver nanoparticle yield show that addition of up to 1 mM
AgNO, improves nanoparticle yield. Cells were stressed with different concentrations of AgNO, before
isolation of the supernatant and addition of 5 mM AgNO,. Data represent the mean * standard deviation
of three replicates.

environment. We examined exposure to a metal solution (0.1 to 1T mM AgNO; or
HAuCl,), because bioremediation sites are typically contaminated with numerous metal
species (1). The cell-free supernatant was subsequently isolated and reacted with the
metal target, which consisted of a higher concentration of metal (5 mM AgNO; or 1 mM
HAuCl,). All nanoparticles produced using a metal stressor are identified as “metal
stressor-metal target NPs.” For example, nanoparticles produced using silver stress and
silver as a metal target are Ag-AgNPs.

We tested the effect of the initial silver stress concentration on silver nanoparticle
yield, since we reasoned that silver, which is noted for its toxicity against bacteria,
would be ideal for inducing a stress response and promoting the reduction of toxic
metals. As shown in Fig. 3, increases in nanoparticle yield were observed for all AQNO,
concentrations except 1 mM AgNO;, relative to the no-stress condition. We attribute
the reduction in yield at 1 mM AgNO; to cell death caused by the antimicrobial effects
of silver at that concentration. Collectively, these results indicate that environmental
stresses can influence silver nanoparticle yield.

After studying the effects of environmental stressors on particle yields, we sought to
characterize their effects on the morphology and size distribution of Ag-AgNPs, since
these properties govern nanoparticle application and function. Our previous results
showed that pH had a negligible effect on particle size; therefore, we focused only on
silver stress. The nanoparticle size was calculated using only spherical particles in each
population. A representative bright-field transmission electron microscopy (TEM) image
of the resulting Ag-AgNPs, which appear similar to other biologically and commercially
produced silver nanoparticles, is shown in Fig. 4A. Interestingly, increasing the initial
AgNO; stress concentration (0, 0.1, 0.5, or T mM) resulted in increased morphological
homogeneity of the resulting Ag-AgNPs (Fig. S2A and B) and a reduction in particle size
(from 56 = 17.2 nm to 25 *= 8.5 nm) (Fig. 4B), consistent with a blue shift of the
absorbance peaks (Fig. S1D). Due to the polydispersity of the nanoparticles, the
measured reduction in nanoparticle size with 0.1 mM or 0.5 mM AgNO; was negligible.

Metal stressors enable bimetallic nanoparticle formation. To explore the possi-
bility of synthesizing different types of NPs (other than Ag-AgNPs) in D. radiodurans, we
screened copper, iron, and gold as reduction targets, following the scheme outlined in
Fig. 2. However, only gold was found to produce bimetallic nanoparticles in cases in
which silver was also in the system (as either the initial stressor or the target). We
observed no nanoparticle formation when we tested iron or copper alone and no
bimetallic nanoparticles, even in the presence of silver. Importantly, we were unable to
observe cell-free gold reduction in the absence of silver stress, which indicates that D.
radiodurans requires the presence of a silver stress to seed cell-free gold reduction.

The use of silver as a metal stressor results in the formation of Ag-AuNPs that
exhibit size and morphological sensitivity to the silver stress concentration. For
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FIG 4 Silver stress influences nanoparticle yield and properties. (A) Representative bright-field TEM image
of Ag-AgNPs (scale bar, 100 nm). (B) Size distribution of Ag-AgNPs produced using different AGNO, stressor
concentrations with a metal target of 5 mM AgNO,. Size distribution was calculated from TEM images using
Image)J software. Data represent the mean = standard deviation of three replicates. *, P < 0.05.

these experiments, D. radiodurans was treated with various concentrations of AgNO; as
an initial stress and the supernatant was exposed to HAuCl, as a metal target. Elemental
mapping analysis of the Ag-AuNPs (Fig. 5A) confirmed the bimetallic nature of the
nanoparticles, with an elemental composition of 73% gold and 27% silver being
determined via energy-dispersive X-ray spectroscopy (EDXS) data, reflecting the fact
that HAuCl, was in excess in a 2:1 ratio. This was further supported by the deep
purple-black color of the supernatant and the appearance of a single absorption peak
at ~546 nm in the UV-vis spectrum (Fig. S3A). Bright-field TEM images (Fig. S3B and C)
illustrate the unique morphology of the Ag-AuNPs and demonstrate how different
concentrations of silver stressor drastically affected nanoparticle morphology. Similar to
the Ag-AgNPs, we observed a decrease in nanoparticle size with increasing AgNO,
stress (Fig. 5B). These results show that using silver as the initial stressor enables the
formation of bimetallic Ag-AuNPs and influences morphology. Collectively, these find-
ings raise the strong possibility that silver may be acting as a nucleation seed for gold.
Our results also highlight the importance of metal stressors in nanoparticle production,
as previous work (in the absence of such stressors) (25) showed no evidence of cell-free
gold nanoparticle formation. Thus, we hypothesize that gold reduction by D. radio-
durans is likely intracellular but cell-free reduction can be enabled under specific
conditions, such as the presence of a silver stressor.
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FIG 5 Use of silver as a metal stressor results in primed reduction of gold into bimetallic nanoparticles. (A)
Elemental mapping data for an Ag-AuNP; red represents silver, green represents gold, and yellow indicates
the presence of both metals (scale bar, 25 nm). (B) Size distribution data for Ag-AuNPs synthesized using
different AgNO; stress concentrations. Data represent the mean * standard deviation of three replicates.
** P < 0.01.
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FIG 6 Use of gold as a metal stressor alters the composition and size distribution of bimetallic nanopar-
ticles. (A) Elemental mapping data for an Au-AgNP; red represents gold, green represents silver, and yellow
indicates the presence of both metals (scale bar, 100 nm). (B) Size distribution data for Au-AgNPs
synthesized using different HAuCl, stress concentrations. Data represent the mean * standard deviation of
three replicates. **, P < 0.01.

The use of gold as a metal stressor results in the formation of Au-AgNPs that
exhibit size and morphological sensitivity to the gold stress concentration. To
explore the potential for further increasing the diversity of the synthesized bimetallic
(silver-gold) nanoparticles, we switched the roles of silver and gold by using gold as an
initial metal stressor and silver as the metal target. The bimetallic nature of the
nanoparticles was confirmed through UV-vis spectroscopy (Fig. S4) and elemental
mapping analysis of the Au-AgNPs (Fig. 6A), which revealed an elemental composition
of 72% silver and 28% gold, reflecting the fact that AQNO; was in excess in a 5:1 ratio.
Bright-field TEM images (Fig. S4B to D) demonstrate how different concentrations of
gold stressor greatly affect nanoparticle morphology and consequently the size distri-
bution of the Au-AgNPs (Fig. 6B). Specifically, the average size of the Au-AgNPs
decreased (from 53 = 10 nm to 24 = 2.9 nm) and then increased (from 24 * 2.9 nm
to 70 = 10 nm) as the concentration of HAuCl, was varied from 0.1 mM to 0.5 mM to
1 mM. These trends are likely due to the appearance of a population of intermediate
nanoparticles at 0.5 mM HAuCl, (Fig. S4C), similar to the intermediates observed in Fig.
S3C. Elemental data for these populations confirmed their silver and gold composition
(Fig. S4E). Thus, the addition of environmental stresses (specifically metals) enables
cell-free production of bimetallic nanoparticles with unique compositions and mor-
phologies, which were previously inaccessible with traditional methods.

Antimicrobial and catalytic studies of the biosynthetic nanoparticles show that
bimetallic nanoparticles have the combined properties of monometallic nanopar-
ticles. Given the interest in using nanoparticles for applications involving antimicrobial
function, we next evaluated the antimicrobial activity of our nanoparticles against D.
radiodurans (Gram-positive bacterium) and E. coli (Gram-negative bacterium). As shown
in Fig. 7A, Ag-AgNPs produced under a range of environmental stresses exhibited
antimicrobial activity against both bacteria, consistent with observations for other
biosynthetic silver nanoparticles (24, 38). Interestingly, the Au-AgNPs demonstrated
activity similar to that of the Ag-AgNPs, while the Ag-AuNPs exhibited substantially
diminished antimicrobial activity. This phenomenon is consistent with results for other
organisms, suggesting that the antimicrobial activity of bimetallic nanoparticles may be
directly correlated with the amount of silver present in the nanoparticles (39). The MICs
for D. radiodurans and E. coli were obtained from microtiter dilution curves (Fig. S5A
and B). The MIC value for the Ag-AgNPs and Au-AgNPs against E. coli was approximately
10-fold greater than that for D. radiodurans (128 wg/ml versus 16 ug/ml), demonstrat-
ing a wide range of toxicities against different bacteria. Surprisingly, the Ag-AuNPs
demonstrated much higher MIC values for E. coli and D. radiodurans (>512 pug/ml and
>125 ug/ml, respectively), supporting earlier observations that the Ag-AuNPs have
reduced antimicrobial activity. Furthermore, only the Ag-AuNPs produced with the
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FIG 7 Antimicrobial and catalytic assays reveal that bimetallic nanoparticles have the combined functions of their monometallic
counterparts. (A) Average zone-of-inhibition data for Ag-AgNPs and Au-AgNPs from agar well diffusion assays with D. radiodurans and
E. coli. Each well contained 40 g of nanoparticles, and chloramphenicol (10 ug for D. radiodurans and 25 ug for E. coli) was used as
a positive control. T and 2 denote addition of 0.1 mM metal stressor and 1 mM metal stressor, respectively. A zone of inhibition was
not detected (ND) for either bacterium after treatment with 40 ng of Ag-AuNP 1 or Ag-AuNP 2. (B) Time-dependent UV-vis spectra
for the catalytic reduction of 4-NP by NaBH, in the presence of Ag-AuNPs. Data represent the mean = standard deviation of three

replicates. **, P < 0.01; *, P < 0.05.

highest silver stress concentration (1 mM) showed any antimicrobial activity. Despite
the drastic size and morphological differences observed between the Ag-AgNPs and
the Au-AgNPs when they were produced under different environmental stresses, there
was little difference in their antimicrobial behavior. This observation demonstrated that
the addition of gold did not diminish the antimicrobial activity of the primarily silver
Au-AgNPs.

While silver is noted for its antimicrobial properties, gold has commonly been
associated with catalysis and imaging (40, 41). To illustrate the potential of the
bimetallic nanoparticles to retain properties typical of pure gold nanoparticles, we
tested their ability to catalyze the reduction of 4-nitrophenol (4-NP) to 4-aminophenol
(4-AP). As shown in Fig. 7B, the Ag-AuNPs demonstrated the ability to catalyze 4-NP
reduction, as evidenced by the decrease in absorbance at 400 nm (corresponding to
the 4-nitrophenolate ion) and the increase in absorbance at 310 nm (corresponding to
4-AP) over time. The rate constants for the reduction were calculated for the Ag-AgNPs
and the bimetallic nanoparticles by using linear fits of the absorbance at 400 nm over
time (Fig. S6), and they were found to be consistent with previous literature reports
(Table 1). It is worthwhile to note that the rate constants for the Ag-AuNPs and
Au-AgNPs were greater than that for pure silver and consistent with that for pure gold,
illustrating how the bimetallic nanoparticles have improved and combinatorial prop-
erties, compared to their monometallic counterparts. Additionally, we observed greater
rate constants with increased gold percentages or decreased nanoparticle size within

TABLE 1 Comparison of results with different types of nanoparticles

Nanoparticle type® Calculated rate constant (10—3 s—1)
Ag-AgNP, 0.1 mM metal stressor (this study) 742 * 236

Ag-AgNP, T mM metal stressor (this study) 10.63 = 3.74

Ag-AuNP, 0.1 mM metal stressor (this study) 13.70 = 6.07

Ag-AuNP, T mM metal stressor (this study) 12.91 + 3.05

Au-AgNP, 0.1 mM metal stressor (this study)® 15.23 £6.13

Au-AgNP, T mM metal stressor (this study)® 23.85 + 4.57

AuNP, chemically synthesized 1212 =185

AuNP (53) 1.86

AgNP (58) 1.23

dLinear fits for each nanoparticle type can be found in Fig. S6 in the supplemental material.
bThe linear fit was less than R2 = 0.95 because the data did not fit pseudo-first-order kinetics well.
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a single nanoparticle type. These results indicate that the bimetallic nanoparticles retain
properties of both base metals, allowing fusion of multiple functionalities in a single
particle.

DISCUSSION

We identified several trends in this work while investigating factors that contribute
to optimizing nanoparticle synthesis by D. radiodurans. First, our investigations of the
optimal culture conditions for silver nanoparticle production in D. radiodurans revealed
that the more convenient cell-free synthesis (using stationary-phase supernatant) led to
substantial increases in nanoparticle yield. The capability for cell-free synthesis is
consistent with previous reports showing that supernatants from D. radiodurans could
protect other organisms from oxidative stress, and it provides further evidence for
secreted reducing factors or other extracellular redox machinery that may play a role in
nanoparticle synthesis (42). Interestingly, we also noticed that the beneficial effect of
cell-free synthesis on nanoparticle yield was ablated with increasing metal stress
concentrations (see Fig. S7 in the supplemental material). We suspect that this obser-
vation is due to increased cell toxicity at higher metal concentrations and, conse-
quently, decreased amounts of reducing factors present in the supernatant.

Second, our results demonstrate that chemical optimization, particularly regarding
oxygen levels, alkalinity, and temperature (up to a limit of 50°C), can affect nanoparticle
yields. Taken together, these results suggest that enzymes or proteins that degrade at
high temperatures may be mediating the reduction process. Reports with similar
observations using other organisms have implicated nitrate reductase as being crucial
for silver nanoparticle formation (29, 43). The role of a reductase is further supported
by studies showing that the reducing power of this protein is enhanced under alkaline
conditions, as alkaline ions are needed for metal ion reduction, and by the fact that
nitrate reductase has been identified in numerous reports of extracellular silver nano-
particle synthesis (29, 44). A NADH-dependent reductase was also implicated in the
synthesis of gold and silver nanoparticles by an anaerobic consortium (45). While there
is no annotated nitrate reductase in D. radiodurans, it is possible that the silver
reduction mechanism could be facilitated by similar enzymes.

Third, we report that D. radiodurans is capable of producing bimetallic nanoparticles
composed of gold and silver, through the introduction of a metal environmental stress.
These bimetallic nanoparticles are elemental in nature, as evidenced by only a trace
peak for oxygen in the EDXS data, which is likely due to the presence of proteins or
carbohydrates that act as capping ligands. Importantly, throughout our studies, we
were able to reduce gold extracellularly only in the presence of silver, suggesting that
silver acts as a nucleation seed for gold. We did not observe core-shell nanoparticles,
however, but we observed alloys of silver and gold, despite the temporal differences in
gold and silver addition. This phenomenon could be attributed to spontaneous gal-
vanic displacement, with the more noble metal (gold) displacing electrons from the less
noble metal (silver), as this was demonstrated previously with triangular nanoplates of
silver that could be used as sacrificial templates for gold nanorings (46). Thus, one
potential mechanism for Ag-AuNP formation is silver cycling, in which the initial silver
nanoparticles are reverted back to free Ag™ ions through loss of electrons to Au3,
enabling formation of gold nanoparticles. The free Ag™ ions are then reduced again,
and the silver nanoparticles are reformed in conjunction with the gold nanoparticles.

Lastly, we demonstrated that the morphology and composition of nanoparticles
produced by D. radiodurans can be controlled through changes in the stressor and
target metal identities and tuning of the stressor and target metal concentrations. Use
of a silver metal stressor improved nanoparticle yield and affected nanoparticle mor-
phology, as evidenced by the decreased nanoparticle size and increased nanoparticle
homogeneity with increasing silver stressor concentrations. These results are similar to
observations of platinum nanoparticle formation by a bacterial consortium, in which
increased nanoparticle homogeneity was seen with increased platinum concentrations,
and are consistent with studies showing that silver nanoparticles decreased in size with
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increasing metal concentrations or decreasing leaf broth concentrations (47, 48). Thus,
it may be that, at higher metal concentrations, the ratio of reducing factors to metal
substrate is lower, limiting nanoparticle aggregation by secondary reduction events on
preformed particles and favoring nucleation of new particles.

With respect to the Ag-AuNPs, we observed that modulation of the metal stressor
concentration dramatically affected nanoparticle size and shape (Fig. S3B and Q). A
similar stress-concentration-dependent size phenomenon was observed with the Au-
AgNPs, as evidenced by the average nanoparticle size (Fig. 6B). As the molar ratio of
gold to silver was increased from 1:50 to 1:10 and 1:5, the nanoparticle size, compo-
sition, and morphology evolved from being reminiscent of pure silver nanoparticles to
representing the jagged spherical nanoparticles observed in Fig. S4D. These results
suggest that, at 1:1 or similar ratios of silver and gold, there is significant competition
between the two metals for reducing factors, which favors the production of many
small monometallic and bimetallic nanoparticles rather than the growth of a few large
bimetallic nanoparticles. This hypothesis is supported by elemental composition data
for the intermediate particles shown in Fig. S4C, which reveal that the nanoparticle
population is composed of small pure gold nanoparticles mixed with small gold and
silver alloy nanoparticles (Fig. S4E). Unlike observations at other molar ratios (Fig. S4B
and D), which indicated only large bimetallic nanoparticles, the intermediate particles
illustrate how the balance between nucleation of new particles and growth on pre-
formed nanoparticle seeds that exists at these ratios results in drastically reduced
nanoparticle sizes. However, since the reduction mechanisms of D. radiodurans are still
unknown, further experiments are required to fully elucidate the mechanisms
though which environmental stressor conditions govern nanoparticle formation
and morphology.

Examination of the properties of the bimetallic nanoparticles revealed antimicrobial
activity against E. coli and D. radiodurans. Moreover, we observed that differences in
nanoparticle composition and morphology could greatly affect the properties and
applications of nanoparticles. Previous studies showed increased microbial inhibition
with decreased nanoparticle size but, surprisingly, we did not observe any significant
differences in antimicrobial activity due to nanoparticle size (49). However, the size
range of our nanoparticles was relatively small (20 to 70 nm). Alternatively, these results
could be attributed to the various mechanisms by which silver and silver-containing
nanoparticles are toxic. Although AgNPs have been identified within the nuclei of cells
as potential DNA-damaging agents, others have suggested the release of Ag™* and the
subsequent production of reactive oxygen species as the primary mechanism for cell
death (50). The latter mechanism is consistent with our observations that Ag-AgNPs
and Au-AgNPs demonstrated increased antimicrobial activity, compared to Ag-AuNPs,
as the former contain approximately the same amounts of silver and are similar in
antimicrobial activity. Furthermore, the fact that only Ag-AuNPs produced with the
highest concentration of silver stress exhibited any antimicrobial activity, despite their
unique morphology, lends further support for the toxic release of Ag™ (51). Overall, our
observations are consistent with other studies that suggest that the incorporation of
gold, especially a high percentage of gold, decreases the concentration of silver and
significantly reduces the toxicity of the bimetallic nanoparticles (50).

We also evaluated the catalytic ability of the biosynthetic nanoparticles to reduce
4-NP, a common wastewater pollutant due to its frequent use in the textile, paint, and
paper industries, to 4-AP (52). Although the reduction is thermodynamically favored,
the nanoparticles act as electron shuttles from BH,~ to 4-NP, reducing the kinetic
barrier caused by the large potential difference between the two species (53). As seen
in Fig. 7B, use of the bimetallic nanoparticles as catalysts enables reaction comple-
tion within 5 min, which is faster than with other biosynthetic or chemically
synthesized nanoparticles (53). Comparison of the calculated rate constants for our
biosynthetic nanoparticles with literature values for other biosynthetically or chem-
ically synthesized nanoparticles (Table 1) illustrates that our nanoparticles display
catalytic activity comparable to that of other nanoparticles. Interestingly, we also
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noted a distinct lag phase for the Ag-AgNPs and Ag-AuNPs but not the Au-AgNPs,
which may be due to the large proportion of silver present and its relative location in
the Ag-AuNPs and Ag-AgNPs, compared to the Au-AgNPs. Silver typically forms larger
nanoparticles and is easily oxidized, reducing its catalytic activity, which explains the
significantly lower rate constants for our Ag-AgNPs, compared to the bimetallic nano-
particles (54). A previously reported observation supports this claim, as substantially
smaller silver nanoparticles (particle radius, 3 nm) were shown to exhibit catalytic
activity on the order of k = 15.46 X 1073 s—' (55).

In this work, we showed that D. radiodurans is capable of producing monometallic
and bimetallic nanoparticles in a cell-free manner and that nanoparticle production can
be optimized through tuning of culture, processing, and environmental stress condi-
tions. The bimetallic nanoparticles retained antimicrobial and catalytic activities, illus-
trating how the use of an environmental stressor during nanoparticle biosynthesis
enables production of nanoparticles that possess dual-metal functionality in a single
particle. Furthermore, the ability to produce bimetallic nanoparticles via reduction of
multiple metal species strengthens the application of D. radiodurans in bioremediation,
as many environmentally hazardous areas are contaminated with multiple metals and
organic pollutants. These results further support the potential of D. radiodurans for
applications in bioremediation and precious metal recovery, while providing insight
into how environmental stresses influence the properties of biosynthetic nanoparticles.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Deinococcus radiodurans strain R1 (ATCC 13939) was
grown aerobically on TGY agar plates (1% Bacto tryptone, 0.5% yeast extract, 0.2% glucose, and 1.5%
Bacto agar) at 32°C and then in liquid TGY broth (1% Bacto tryptone, 0.5% yeast extract, and 0.2%
glucose) at 32°C and 180 rpm, unless otherwise stated, for the nanoparticle and antimicrobial studies. For
the antimicrobial studies, Escherichia coli DH5a was grown on Luria-Bertani (LB) agar plates (1.5% Bacto
agar) at 37°C for 18 h and in LB medium at 37°C and 180 rpm. Bacterial growth was assessed by
measuring the turbidity of the cultures using the optical density at 600 nm (ODg,,). Aqueous solutions
(100 mM) of AgNO, and HAuCl, (Sigma-Aldrich) were produced by dissolving the corresponding metal
powders in Milli-Q water and filter sterilizing the resulting solutions.

Metal nanoparticle production. For silver nanoparticle production in the absence of stressor, D.
radiodurans R1 was grown overnight in TGY medium at 32°C and 180 rpm. Fresh TGY medium was then
inoculated to a starting ODg,, value of ~0.2, and the culture was grown to stationary phase (ODg, value
of ~2). After cells reached stationary phase, the supernatant was isolated via centrifugation at 2,800 X
g for 10 min and syringe filtered using a 0.22-um polyethylene glycol (PEG) filter. AgNO, (100 mM) was
then added to the cell-free supernatant to a final concentration of 5 mM, and the supernatant was
incubated for 48 h at 32°C and 180 rpm. (i) Cell-mediated production was tested by excluding the
supernatant isolation step and then following the rest of the procedure using the cell culture. (ii) The
effect of growth phase on silver nanoparticle production was examined by following the procedure
described above except that cultures were grown to either exponential phase (OD4,, of ~0.7) or
stationary phase (ODg,, of ~2) before the supernatant was isolated. (iii) Temperature dependence
experiments were performed by adjusting the 48-h incubation temperature from 32°C to a range of
temperatures (20°C, 50°C, 60°C, 70°C, or 80°C). (iv) For anaerobic experiments, the procedure described
above was followed except that, after the addition of 5 mM AgNO;, the cell-free supernatant was purged
with argon gas for 10 min to remove any oxygen in the system before incubation. (v) For pH dependence
studies, the pH of the cell-free supernatant was shifted to different values (from 5 to 9), through the
addition of either aqueous 1 M NaOH or glacial acetic acid, before the addition of 5 mM AgNO,.
Nanoparticle production in the presence of an environmental stressor followed the standard procedure
described above except that the stationary-phase cultures were stressed by the addition of an environ-
mental stressor for 2 h before the supernatant was isolated and the metal target was added. (vi) For
Ag-AgNPs, the cultures were stressed by the addition of an initial AGQNO; stressor (0.1 to T mM AgNO,).
(vii) Bimetallic NP production was performed by following the silver stressor procedure but substituting
the metal stressor and metal target. For Ag-AuNPs, the standard procedure was followed using silver as
the metal stressor and gold as the metal target. Thus, the cell-free supernatant was treated with 100 mM
HAuCl, for a final metal target concentration of 1T mM HAuCl,. Similarly, Au-AgNPs were produced by
changing the identity of the metal stressor to gold through the addition of various concentrations (0.1
to 1 mM) of HAuCl, while maintaining 5 mM AgNO; as the metal target.

Isolation and characterization of nanoparticles. Preliminary confirmation of nanoparticle forma-
tion was performed using UV-vis spectroscopy (Clariostar; BMG Labtech) with 100 ul of supernatant/
nanoparticle suspension, using a wavelength range of 370 to 650 nm and a resolution of 2 nm. Controls
of inoculated supernatant with no added metal solution and uninoculated TGY medium with the
appropriate concentrations of 5 mM AgNO, or T mM HAuCl, were run simultaneously. Nanoparticle
production was characterized by the presence of absorbance peaks corresponding to silver (~426 nm)
and gold (~534 nm) (24, 56). The nanoparticles were harvested by centrifuging the nanoparticle-loaded
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supernatant at 15,000 X g for 10 min, to separate the supernatant from the nanoparticle pellet, and then
washing the pellet with Milli-Q water three times. The resulting nanoparticles were dried overnight using
a vacuum centrifuge, to evaporate any remaining water. For the antimicrobial and catalytic studies,
nanoparticle-loaded supernatant was combined with acetone in a 1:6 ratio and the solution was then
centrifuged at 11,000 X g for 10 min. The resulting nanoparticle pellet was then washed twice with
water/acetone at a 1:5 ratio and centrifuged at 21,000 X g for 3 min. The nanoparticles were dried for
1.5 h using a vacuum centrifuge, to evaporate any remaining acetone or water. After drying, the
nanoparticle pellet mass was obtained. Nanoparticle solutions were created by resuspending the
nanoparticle pellet in Milli-Q water. No significant aggregates were observed, which is likely due to
the presence of natural capping ligands (proteins or carbohydrates); therefore, additional dispersants
were unnecessary. Nanoparticle yield was determined by comparing the UV-vis absorbance peak to that
of a standard with a known concentration.

Electron microscopy of nanoparticles. Carbon-coated copper grids were prepared for TEM by
drop-coating the grids with the washed nanoparticle suspension. TEM images were obtained using a FEI
Tecnai Spirit transmission electron microscope with an accelerating voltage of 80 kV. Lattice imaging,
elemental identification, and mapping (EDXS and electron energy loss spectroscopy [EELS]) were
performed using a high-resolution transmission electron microscope (JEOL 2010F) with an accelerating
voltage of 200 kV, to obtain crystallinity data and to perform elemental composition analysis.

Antimicrobial assays. The antimicrobial activity of the nanoparticles was tested using agar well
diffusion and microtiter broth dilution methods, as described by Balouiri et al. (57). In brief, for the agar
well diffusion method, TGY and LB agar plates were spread with 100 ul of D. radiodurans and E. coli,
respectively, at a concentration of 106 CFU/ml and were allowed to dry. Holes (diameter, 9 mm) were
punched with a sterile tip and filled with 100 wl of the nanoparticle solution, for a final mass of 40 ug
of nanoparticles. The plates were then incubated under suitable conditions for each organism. For the
microtiter broth dilution method, the nanoparticle solutions were serially diluted 2-fold in liquid medium
in a 96-well plate. Microbial inoculum was then added to each well for a final concentration of 10°
CFU/ml, and the plate was incubated for 18 h under suitable conditions for each organism.

Catalytic assays. The catalytic activity of the nanoparticles was tested by monitoring the reduction
of 4-NP to 4-AP by NaBH,. Using a cuvette (path length, 10 mm), 0.8 ml of Milli-Q water was combined
with 0.1 ml of aqueous 2 mM 4-NP. NaBH, was dissolved in Milli-Q water to a concentration of 200 mM,
and 1 ml of this solution was then added to the cuvette, producing 4-nitrophenolate and a bright yellow
color. Finally, 0.1 ml of nanoparticles (~0.2 mg/ml) was added to the cuvette and the UV-vis absorption
spectrum for wavelengths ranging from 290 to 450 nm, with a resolution of 10 nm, was measured.
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