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Abstract: A facile approach has been
developed for the preparation of vari-
ous morphologies of Au-Ag,Te nano-
materials (NMs) that exhibit strong
photocatalytic activity. Te NMs (nano-
wires, nanopencils, and nanorice) were
prepared from TeO, in the presence of
various concentrations (16, 8, and 4m)
of a reducing agent (N,H,) at different
temperatures (25 and 60°C). These
three Te NMs were then used to pre-
pare Au-Ag,Te NMs by spontaneous
redox reactions with Au** and Ag*

pencils exhibit the highest activity
toward degradation of methylene blue
and formation of active hydroxyl radi-
cals on solar irradiation, mainly be-
cause they absorb light in the visible
region most strongly. All three differ-
ently  shaped  Au-Ag,Te  NMs
(10 ugmL™") provide a death rate of
Escherichia coli greater than 80%
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within 60 min, which is higher than that
of 51% for commercial TiO, nanopar-
ticles (100 ugmL™"). Under light irradi-
ation, the Au NPs in Au-Ag,Te NMs
enhance the overall photo-oxidation
ability of Ag,Te NMs through faster
charge separation because of good con-
tact between Ag,Te and Au segments.
With high antibacterial activity and low
toxicity toward normal cells, the Au-
Ag,Te NMs hold great potential for
use as efficient antibacterial agents.

ions sequentially. The Au-Ag,Te nano-

Introduction

Pathogenic bacteria that cause a large number of diseases
and high death rate each year remain a major health con-
cern.!l For example, Escherichia coli (E. coli) existing in cu-
cumbers caused the death of at least 50 people in Europe,”
and also increased concerns about food safety. Although nu-
merous antibacterial agents have been synthesized and even
commercialized,? they tend to be expensive, unstable, too
specific, and/or toxic. Thus, cheap and environmentally
friendly agents that allow effective killing of common bacte-
ria such as E. coli and Staphylococcus aureus are still ur-
gently required.

Antibacterial agents are either organic or inorganic com-
pounds. Compared to organic antibacterial reagents, inor-
ganic reagents such as metal oxides are robust and durable,
and have become more popular in recent years.*) Metal
oxide nanoparticles (NPs) such as titanium dioxide (TiO,),
silicon dioxide (SiO,), and zinc oxide (ZnO) display strong
biocidal activity against both Gram-positive and Gram-nega-
tive bacteria.’! These NPs have a relatively large surface
area and can generate reactive oxygen species (ROS) under
high-intensity light at a specific wavelength. Among them,
only TiO, NPs exhibit antibacterial activity under sunlight il-
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lumination. Unfortunately, the antibacterial activity of pure
TiO, NPs is marginal. In addition, the photocatalytic sterili-
zation of TiO, NPs is highly restricted, mainly because of a
low electron transfer rate to oxygen adsorbed on their surfa-
ces and a high electron-hole recombination rate.l’ These
drawbacks greatly restrict the practical application of TiO,
NPs as antibacterial agents.

Various Ag nanomaterials (NMs) have been demonstrat-
ed to have antibacterial properties with the major advantage
of outstanding broad-spectrum antimicrobial activity.”] Al-
though Ag NMs are effective, they are reportedly toxic to
zebra fish,®! Drosophila melanogaster,”) and mammalian cell
lines of mice,'” rats" and humans.'¥ Ag-TiO,["¥ and Ag-
Ag,S!'" were recently synthesized and used as antibacterial
agents. Relative to pure Ag NMs, Ag-TiO, NMs are cheap-
er and can be used under harsher conditions (e.g., high salt
concentration or high pH), while Ag-Ag,S NMs are more
stable under prolonged UV irradiation. However, because a
long irradiation time (3 h) and a large volume (100 ugmL ™)
are required when using Ag-TiO, and Ag-Ag,S NMs, re-
spectively, these NMs are still not completely effective. In
addition, the antibacterial activities of Ag-TiO, and Ag-
Ag,S NMs are mainly generated under irradiation in the
UV region.

We have now developed a facile approach for the prepa-
ration of a new antibacterial agent, namely, Au—-Ag,Te NMs
(B type). The monoclinic structure of Ag,Te (p-Ag,Te) has a
narrow bandgap with high electron mobility and low lattice
thermal conductivity.'>®) On the other hand, Au serves as a
sink for electrons and a redox catalyst that may enhance the
overall photo-oxidation ability of the new material.'"”! We
prepared Au-Ag,Te nanowires, nanopencils, and nanorice

@WILEY i@

ONLINE LIBRARY

These are not the final page numbers! 77



CHEMISTRY

{®*ChemPubSoc

A EUROPEAN JOURNAL

by controlling the concentration of the reducing agent
(N,H,) and the reaction temperature (<60°C). The antibiot-
ic activity of the as-prepared Au-Ag,Te NMs against E. coli
was investigated. The antibacterial properties of Au-Ag,Te
NMs result from the Ag™ ions released and ROS generated
from Ag,Te under light irradiation.

Results and Discussion

Synthesis of Au—-Ag,Te NMs: Te nanowires with a width of
20+3 nm and a length of 8804170 nm were synthesized in
the presence of 16m N,H, at 25°C.I"8 Te nanopencils having
a width of 70£10 nm and a length of 440470 nm were pre-
pared in the presence of 8m N,H, at 60°C. Te nanorice
having a width of 50+8 nm and a length of 13020 nm was
prepared in the presence of 4m N,H, at 60°C. The three dif-
ferently shaped Te NMs were used to prepare the corre-
sponding Au-Te NMs through a redox reaction between
Au** ions and Te atoms in Te NMs.'*?! Figure 1 A-C dis-
play TEM images of Au-Te nanowires, nanopencils, and

Figure 1. TEM images of NMs. Au-Te nanowires (A), nanopencils (B),
and nanorice (C) and Au-Ag,Te nanowires (D), nanopencils (E), and
nanorice (F). Insets are enlarged TEM images of the NMs.

nanorice, respectively. In addition, some Au NPs are visible
on their surfaces (dark parts). The as-prepared Au-Te NMs
had similar structures to their corresponding Te NMs. The
Au-Te nanowires, nanopencils, and nanorice were further
used to prepare Au-Ag,Te NMs through a redox reaction
between Te atoms and Ag* ions.”!! Figure 1D-F display
their respective TEM images. Au—-Ag,Te NMs had similar
structures to their corresponding Au-Te NMs but with
rough surfaces. The average widths of Au—-Ag,Te nanowires,
nanopencils, and nanorice of 25, 80, and 55 nm, respectively,
are larger than those of Au-Te nanowires (20 nm), nanopen-
cils (70 nm), and nanorice (50 nm). In addition, the exis-
tence of Au NPs on the surfaces became more apparent.
The morphology preservation of Ag,Te NMs is similar to
the transformation of Se NMs into Ag,Se NMs.”?

Figure 2 A shows an HRTEM image of a representative
Au-Ag,Te nanowire. The interplanar spacing of 0.23 nm cor-
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Figure 2. A, B) HRTEM images and C)-F) HAADF-STEM-EDX map-
ping images of a typical Au-Ag,Te nanowire.

responds to the (111) lattice planes of the Au structure, and
that of 0.28 nm to the (220) lattice plane of the Ag,Te struc-
ture. Unlike Au-CdS/™ Au-CdSe, Au-CdTe,” Au-
PbS,*! Au-PbSe,?” and Au-Ag,S? prepared in organic sol-
utions, the Au—Ag,Te NMs were prepared in an aqueous sol-
ution. In addition, our rapid and simple approach allows
large-scale preparation of Au-Ag,Te NMs. Energy disper-
sive X-ray (EDX) analysis of Au-Ag,Te nanowires (Sup-
porting Information Figure S1) revealed that the Ag/Te
atomic ratio was 2/1 in all Au-Ag,Te NMs. Elemental map-
ping images of Ag, Te, and Au on a single Au-Ag,Te nano-
wire (Figure 2C-F) obtained by high-angle annular dark-
field STEM energy-dispersive X-ray (HAADF-STEM-
EDX) spectroscopy revealed that Ag and Te were uniformly
dispersed on the nanowire and Au NPs were formed on its
surface. The ICP-MS data revealed that the weight percen-
tages of Au in the as-prepared Au-Ag,Te nanowires, nano-
pencils, and nanorice were 2.5, 2.9, and 2.2%. respectively.
The absorption spectra of the three Au-Ag,Te NMs (Sup-
porting Information Figure S2) are similar to those of Ag,Te
NMs.! All spectra exhibit a broad absorption band cen-
tered around 410 nm with a small shoulder at approximately
530 nm ascribed to the surface plasmon resonance (SPR) of
Au NPs. The weak SPR observed here is due to the small
size of the Au NPs (<10 nm) and their small amount com-
pared to Ag,Te NMs. The other reason for weak SPR is
good contact between Ag,Te and Au, which ensures effec-
tive charge transfer across the phase boundary.®” To under-
stand charge transfer within the Au-Ag,Te system, simpli-
fied band structures of the two materials before and after
contact are depicted in Figure S3 of the Supporting Informa-
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tion. On contact, the electrons (majority carriers) flow from
the Fermi level of Au to the Fermi level of Ag,Te, leaving
some positive charge buildup on the metal contact interface.
The electrons in the conduction band of Ag,Te move to the
Au side more easily, due to the attraction of the opposite
charge buildup (see the downward band bending and carrier
accumulation layer X, in Supporting Information Fig-
ure S3B), whereas the holes in the valence band experience
an energy barrier to traveling to the metal side. There are
two major photon-promoted electron transitions in Ag,Te,
from the valence band to the bottom energy level and to the
dominant energy level within the conduction band.

Powder XRD data revealed the presence of Au NPs and
Ag,Te NMs in Au-Ag,Te NMs (Figure 3). The characteristic
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Figure 3. XRD spectra of Au-Ag,Te nanowires (A), nanopencils (B), and
nanorice (C).

crystal facets for Au at (111), (200), (220), and (311) are
also apparent in the XRD patterns. The (220), (032), (123),
(202), (320), (301), and (103) crystal facets reveal a mono-
clinic phase of Ag,Te in Au—-Ag,Te NMs. The chemical com-
position of the Au-Ag,Te NMs was further confirmed by X-
ray photoelectron spectroscopy (XPS, Figure 4), which re-
vealed the existence of Ag, Te, and Au in the Au-Ag,Te
nanowires. The peaks at 368.1 and 572.0 eV correspond to
Ag 3ds;, and Te 3ds),, respectively, revealing the existence of
Ag (4+1) and Te (—2) valence states. The peaks at 368.3 and
374.1eV correspond to Ag3ds, and Ag3ds,, respectively
(Figure 4 A), and those at 572.5 and 582.4 eV to Te3ds, and
Te3d,, (Figure 4B), respectively. Two small peaks at 575.6
and 586.0 eV are attributed to Te'v oxide.” The peaks at
83.7 and 87.4eV correspond to Au4f,, and Audfs, (Fig-
ure 4 C), respectively, with slight shifts due to the presence
of the Ag component. The observed shifts in the Au-Ag,Te
nanowires indeed closely match those of the Au—Ag bimet-
allic NMs.[l

Photocatalytic activity of Au-Ag,Te NMs: Ag,Te is an n-
type semiconductor. When the Ag,Te NMs are activated by
light irradiation with photon energies that matched or ex-
ceeded the bandgap energy E, (a wavelength which matched
or was shorter than the absorption edge for Ag,Te), pairs of
conduction-band electrons (e~) and valence-band holes (h')
are generated at the surface of Ag,Te NMs [Eq. (1)].
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Figure 4. XPS spectra of Agsy (A), Tesy (B), and Auy; (C) regions of the
Au-Ag,Te nanowires.

2Ag,Te +hv — Ag,Te (e7) + Ag,Te (h*) (1)

Holes react with water adsorbed on the surface of semi-
conductor Ag,Te to generate highly reactive hydroxyl radi-
cals (OH), while O, acts as an electron acceptor to generate
a superoxide radical anion (O,), which can act as oxidizing
agent or as an additional source of "OH [Egs. (2)-(4)].

H,O + Ag,Te (h*) — "OH + H" + Ag,Te (2)
0, + Ag,Te (e7) — O, + Ag,Te (3)
0,”” + H" - "OOH 4)

These radicals have strong oxidizing ability and can de-
grade methylene blue [MB, Eq. (5)].5*34

MB + O,/0,"” //'OH/°"OOH — degradation products (5)

Figure 5 A shows the changes in the absorption spectra of
an MB solution exposed to solar light for various reaction
times in the presence of Ag,Te nanopencils. MB, a typical
dye for photodegradation, was used as the test pollutant to
monitor the photocatalytic progress.’” Under solar irradia-
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Figure 5. A) Changes in the UV/Vis absorption of MB aqueous solution
under light irradiation in the presence of Au-Ag,Te nanopencils.
B) Comparison of photocatalytic activity of the Au-Ag,Te nanowires
(v), nanopencils (a), nanorice (e), TiO, NPs (o), and a control (m).

tion, the absorbance at 662 nm drops rapidly due to rapid
decomposition of MB. The blue color of the solution almost
disappeared after 120 min of irradiation. Figure SB shows
slight degradation of MB in the absence of any photocata-
lyst (control experiment), that is, the extent of self-photoly-
sis of MB under solar irradiation is small.”® Since the ab-
sorbance of the solution did not change in the dark, light is
needed for MB decomposition. Under light irradiation, the
decreasing order of MB photodegradation is Au-Ag,Te
nanopencils > Au-Ag,Te nanorice > Au-Ag,Te nanowires >
TiO, NPs (Figure 5B). After 120 min, the C/C, values were
0.41, 0.20, 0.12, and 0.06 in the presence of TiO, NPs, Au-
Ag,Te nanowires, nanorice, and nanopencils, respectively,
where C and C, are the concentrations of MB at reaction
times ¢ and 0, respectively. The broader absorption band of
Au-Ag,Te nanopencils in the visible region reveals that the
charge-separation efficiency likely played some role in in-
creasing their photocatalytic activity. All three Au-Ag,Te
NMs provided photodegradation efficiencies of MB greater
than 80% within 120 min. After five recycles of the Au-
Ag,Te nanopencils, no significant loss of their activity was
observed (Supporting Information Figure S4), that is, its
high stability during the photocatalytic degradation of MB is
high.

The photocatalytic activity of the as-prepared Au-Ag,Te
NMs was further confirmed by measuring the formation of
active ‘OH on irradiation, which is considered to be the
most important oxidative species in photocatalytic reac-
tions.””! Figure 6 A displays the fluorescence spectra of ter-
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Figure 6. A) Changes in the fluorescence of TA solution under light irra-
diation in the presence of Au-Ag,Te nanopencils. B) Comparison of pho-
tocatalytic activity of the Au-Ag,Te nanowires (V¥), nanopencils (a),
nanorice (@), TiO,NPs (), and a control (m).

ephthalic acid (TA) solution in the presence of Au-Ag,Te
nanopencils under solar irradiation in solution. A gradual
increase in the fluorescence intensity at 418 nm was ob-
served. On the other hand, the fluorescence intensity did
not increase in the absence of solar irradiation or photocata-
lyst. Figure 6B compares the as-prepared Au-Ag,Te NMs
and TiO, NPs in the photocatalytic reaction of TA to give a
fluorescent product. The fluorescence intensity is propor-
tional to the amount of produced ‘OH.F®l At a fixed time
(60 min), the amount of ‘OH generated from Au-Ag,Te
nanopencils is larger than those from TiO, NPs, Au-Ag,Te
nanowires, and Au-Ag,Te nanorice. The results again con-
firm that the Au—-Ag,Te nanopencils have the highest photo-
catalytic activity among the as-prepared Au-Ag,Te NMs.
The photocatalytic activity of Au-Ag,Te nanopencils is 2.3
times higher than that of commercial TiO, NPs.

Antibacterial properties of Au—-Ag,Te NMs: The antibacteri-
al properties of the as-prepared Au-Ag,Te NMs and TiO,
NPs against E. coli were assessed. These three Au-Ag,Te
NMs were stable for at least one week in LB medium (Sup-
porting Information Figure S5). Representative micrographs
of E. coli incubated in LB medium with and without Au-
Ag,Te nanowires, nanopencils, and nanorice under light irra-
diation for 60 min are depicted in Figure 7. The green and
red images correspond to live and dead E. coli, respectively.
Without light irradiation (Figure 8 A), the decreasing order
of the viability of E. coli in the presence of various NMs is
Au-Ag,Te  nanorice > Au-Ag,Te  nanowires > Au-Ag,Te

Chem. Eur. J. 0000, 00, 0-0
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Figure 7. Fluorescence images of E. coli in LB medium under light irradi-
ation for 60 min without NMs (A) and with Au-Ag,Te nanowires (B),
nanopencils (C), and nanorice (D). E. coli. cells were stained with SYTO
9/PI. Green and red fluorescent stains are representatives of live and
dead (or compromised) cells, respectively.
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Figure 8. Cell viability of E. coli in LB media without (A) and with solar
irradiation for 60 min (B). Cells were mixed with Au-Ag,Te nanowires
(@), nanopencils (A), nanorice (¥), and TiO, NPs (e) during irradiation.
Control (m): cells were not treated with NMs.

nanopencils >TiO, NPs. After 60 min, the viabilities were
86, 58, 49, and 41% in the presence of TiO, NPs
(100 pgmL™") and Au-Ag,Te nanopencils, nanowires, and
nanorice (all 10 ugmL™), respectively. Under light irradia-
tion, the decreasing order of the viability of E. coli is Au-
Ag,Te nanopencils > Au-Ag,Te nanorice > Au—-Ag,Te nano-
wires >TiO, NPs (Figure 8 B). After 60 min, the viabilities
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were 49, 19, 16, and 13% in the presence of TiO, NPs
(100 pgmL™") and Au-Ag,Te nanowires, nanorice, and nano-
pencils, respectively. All three Au-Ag,Te NMs provided a
death rate of E. coli that was greater than 80 %.

To understand the antibacterial activities of Au-Ag,Te
NMs against E. coli, the ions released from these NMs at
different times with or without light irradiation were investi-
gated (Supporting Information Figure S6). The ICP-MS data
reveal that the concentrations of the released TeO;*~ and
Ag ions were up to 0.25 and 0.01 pgmL™", respectively, once
the NMs were added separately to the cell media. The con-
centrations of TeO5*~ ions in the media decreased gradually
over 0-60 min, while the Ag*' ion concentration remained
almost constant. We suspected that the presence of chloride
ions in the cell media led to formation of AgCl, with the
dissolved Ag* ions. This was supported by the higher con-
centrations of Ag* ions when Au-Ag,Te NMs were pre-
pared in ultrapure water. Although both Ag and TeO,*~
ions exhibit strong antibacterial activities, Ag ions become
less bioavailable in the presence of chloride ions because
the solubility of AgCl is very low.® Thus, the antibacterial
activities of Au-Ag,Te NMs were mainly because of the re-
leased TeO5>~ ions. TeO5>” ions are toxic to most microor-
ganisms, particularly Gram-negative bacteria,*) mainly be-
cause of their strong oxidant nature.*!! A representative
TEM image (Supporting Information Figure S7) shows that
many Te NPs (35 nm in diameter) were formed inside E.
coli after treatment with Au—-Ag,Te nanowires. The Te NPs
are formed through reduction of TeO;*~ ions in the presence
of reducing agents including glutathione, cysteine, and other
reducing thiol-containing compounds in the cell media and/
or inside the cell? We note that similar Te NPs were
formed inside E. coli after treatment with the other two
shapes of Au-Ag,Te NMs. The decreasing order of the re-
leased TeO,>" ions from Au—Ag,Te NMs is nanorice > nano-
wires > nanopencils, which is consistent with the result of
the antibacterial tests in the dark. The results reveal that the
formation of TeOs*~ ions is mainly responsible for the anti-
bacterial activity of Au-Ag,Te NMs in the dark. Compared
with those conducted in the dark, stronger antibacterial ac-
tivity of these NMs under solar light irradiation was ach-
ieved; however, the concentrations of the released TeO;*"
and Ag? ions were almost the same. Similar concentrations
of the released ions suggest that stronger antibacterial activ-
ity under light irradiation is due to the production of
ROS."*#1 As shown in Figure S2 (Supporting Information),
a broader absorption band (530 nm) of Au-Ag,Te nanopen-
cils reveals that heat likely played some role in increasing
their antibacterial activity and determining the order of anti-
bacterial activity among the three Au-Ag,Te NMs.

To verify the bactericidal role played by Au and Ag,Te in
Au-Ag,Te NMs, we also tested the antibacterial activities of
Au-Te and Ag,Te NMs. Without light irradiation, the viabil-
ities of E. coli were 53, 63, and 46 % in the presence of Au-
Te nanowires, nanopencils, and nanorice, respectively. Al-
though Au-Te NMs exhibit comparable antibacterial activi-
ties to Au—Ag,Te NMs in the dark, no enhancement of anti-
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bacterial activity was observed under light illumination. Al-
ternatively, under light illumination for 60 min, the viabili-
ties of E. coli were 37, 28, and 31 in the presence of Ag,Te
nanowires, nanopencils, and nanorice, respectively. These re-
sults support that Au NPs in Au-Ag,Te NMs enhanced the
overall photo-oxidation ability of Ag,Te NMs because of a
more rapid charge separation.®* It is important to verify
the safety of using Au-Ag,Te NMs as an antibacterial agent.
We compared the toxicity of Au-Ag,Te NMs and TiO, NPs
in LLC-PK1 cells (Supporting Information Figure S8). This
revealed that Au—Ag,Te NMs have low toxicity, was compa-
rable with that of TiO, NPs, mainly because of their stability
inside the cells and in the cell media.

Conclusion

Three differently shaped Au—-Ag,Te NMs were prepared and
tested as effective antibacterial agents against E. coli. These
three high-quality Au-Ag,Te NMs were readily prepared
through spontaneous redox reactions of Te NMs with Au**
and Ag*t ions sequentially. The antibacterial activities of
these three Au-Ag,Te NMs against E. coli are high. Rela-
tive to Au-Ag,Te nanowires, nanorice, and TiO, NPs, Au-
Ag,Te nanopencils with a broad absorption band in the visi-
ble region exhibited stronger antibacterial activity. In the
dark, the formation of TeO,*~ ions is responsible for the bio-
cidal action. Under light irradiation, the production of ROS
further enhances the antibacterial activity of Au-Ag,Te
NMs. The low toxicity of Au-Ag,Te NMs against mammali-
an cells (LLC-PK1) is similar to that of TiO, NPs. Consider-
ing their strong antibacterial activity and low toxicity against
normal cells, Au—Ag,Te NMs have high potential as effec-
tive antibacterial reagents.

Experimental Section

Synthesis of Te NMs: Differently shaped Te NMs (nanowires, nanopen-
cils, and nanorice) were prepared by reduction of TeO, with N,H, under
different conditions. In general, Te nanowires were prepared by slowly
adding N,H, (16M, 10 mL) to a beaker containing TeO, powder (16 mg)
over 2 h at an ambient temperature of 25°C under constant magnetic stir-
ring. For the preparation of other shapes of Te NMs, TeO, powder
(16 mg) was dissolved in NaOH solution (20 mm, 1 mL) to form soluble
TeO4*" ions. Then, 5 and 2.5 mL of N,H, (final concentrations: 8 and 4 m)
were added to synthesize Te nanopencils and nanorice, respectively. The
mixtures were heated at 60°C for 2 h and the total volumes of the solu-
tions were 10 mL. To terminate the reactions and stabilize the as-pre-
pared Te NMs, the mixtures were diluted to 100 mL with 10 mm sodium
dodecyl sulfate (SDS). Each of the as-prepared Te NMs was subjected to
a centrifugation/wash cycle to remove most of the matrices including
SDS and N,H,.

Growth of Au NPs on Te NMs: Through a redox reaction between Au**
ions and Te NMs, Au NPs were formed on the surfaces of Te NMs, while
TeO4*" ions were released into the bulk solution. In a typical synthesis,
Te NMs were redispersed in a cetyltrimethylammonium bromide
(CTAB) solution (10 mm); after 10 min, various volumes of 0.1m HCI
were separately added to the mixtures to adjust their pH to 7.0. After
1 min, aqueous NaAuCl, (10 mm, 200 pL) was added to each solution and
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the mixture maintained at an ambient temperature of 25°C for 10 min to
allow the growth of Au NPs on the surfaces of Te NMs.

Preparation of Au-Ag,Te NMs: Aqueous AgNO; (final concentration:
1 mm) was added to each of the as-prepared aqueous solutions of Au-Te
NMs. The mixtures were kept at an ambient temperature of 25°C for 3 h
and was then subjected to three centrifugation/wash cycles to remove
most of the matrices. Centrifugation was conducted at 15000 rpm for
10 min and ultrapure water (100 mLx3) was used to wash the pellets
(Au-Ag,Te NMs). The pellets were dried in air at an ambient tempera-
ture of 25°C prior to characterization and antibacterial tests.

Photocatalytic activity: The photocatalytic activities of Au-Ag,Te NMs
for photodegradation of methylene blue (MB) and formation of hydroxyl
radicals (‘OH) at ambient temperature under solar irradiation (intensity
100 mW/cm?) and in the dark were evaluated separately. For comparison,
as-prepared Au-Ag,Te NMs (nanowires, nanopencils, and nanorice) and
TiO, NPs were used. In a typical experiment, each of the photocatalysts
(10 mg) was added to MB solution (20 um, 20 mL). Prior to irradiation,
each mixture was stirred in the dark for 30 min to reach the adsorption—
desorption equilibrium between the photocatalyst and MB. At certain
time intervals (every 20 min) of irradiation, aliquots of the mixtures were
withdrawn (1.0 mL) and centrifuged to remove the photocatalyst. The ab-
sorbance values at 662 nm of the supernatants were recorded with a UV/
Vis spectrophotometer. Reusability and stability of the Au-Ag,Te nano-
pencils were studied through five cycles of photocatalytic reactions. In a
typical experiment on formation of "OH radicals, each of the photocata-
lysts (10 mg) was added to terephthalic acid (TA) solution (3.0 mm,
20 mL) containing NaOH (10 mm). Prior to irradiation, the reaction solu-
tion was stirred in the dark for 30 min to reach adsorption—desorption
equilibrium between the photocatalyst and TA. At certain time intervals
(every 10 min) of irradiation, aliquots (1.0 mL) of the mixtures were
withdrawn and centrifuged to remove the photocatalyst. The fluorescence
values at 418 nm (excitation wavelength 320 nm) of the supernatants
were recorded by using a fluorescence microplate reader. TA and "OH
reacted to produce fluorescent 2-hydroxyterephthalic acid (TAOH) in
the presence of the photocatalysts during photocatalysis.

Antibacterial tests: E. coli DHS5a was grown in sterile LB medium, which
was prepared by dissolving Bacto Tryptone (2.5 g), Bacto Yeast Extract
(1.25 g), and NaCl (2.5 g) in H,0O (250 mL) and then adjusted to pH 7.0
by adding certain volumes of NaOH (5.0m). A single colony of each
strain was lifted from an LB agar plate and inoculated in LB medium
(10 mL). The culture was then grown overnight until the absorbance at
600 nm wavelength (Agy) reached 1.0. A portion of each of the cell mix-
tures (1 mL) was centrifuged (4000 rpm, 10 min) and washed three times
with 0.85% NaCl to remove the matrix. Cells diluted to 4.0x
10 CFUmL ™" were incubated in LB medium with and without being
treated with Au-Ag,Te NMs (10 pygmL "), Au-Te NMs, Ag,Te NMs, or
TiO, NPs (100 ugmL"). These cells were either subjected to solar irradi-
ation (intensity 100 mW cm2) for 60 min or kept in the dark. The viabili-
ty assay was conducted with SYTO 9 (6 um) and propidium iodide (PI;
30 um) stains. Each of the cell samples treated with Au—-Ag,Te NMs, Au—
Te NMs, Ag,Te NMs, or TiO, NPs was then subjected to three centrifuga-
tion/wash cycles [centrifugation at 4000 rpm for 10 min, wash with 0.85 %
NaCl (3x1 mL)] to remove the matrix. Each of the bacterial suspensions
(100 uL) was dispensed in a 96-well plate, and then the dye mixture
(100 pL) was added to each well. The mixtures were incubated for
15 min at an ambient temperature of 25°C. Fluorescence intensities of
SYTO 9 (green; excitation wavelength: 475 nm, emission wavelength:
530 nm) and PI (red; excitation wavelength: 475 nm, emission wave-
length: 640 nm) were recorded. The green/red fluorescence intensity
ratio was used to calculate the percentage of live/dead cells.
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Au-Ag,Te nanowires, nanopencils, and
nanorice, which were prepared from
the corresponding Ag,Te nanomateri-
als by sequential spontaneous redox
reactions with Au’* and Ag™* ions
under light irradiation at a concentra-
tion of 10 pgmL ™, all provide a death
rate of Escherichia coli greater than
80 % within 60 min. This is higher than
the 51 % death rate for 100 ugmL™" of
commercial TiO, nanoparticles (see
figure).
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