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Plug-and-play safe-by-design production of metal-doped
tellurium nanoparticles with safer antimicrobial activities

The findings of this study offer a realizable on-demand
system to produce safer antimicrobials using a plug-and-play
device, and provide proof of concept for optimizations of
material combinations and structures for a range of safe
antimicrobial applications.
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Safe-by-design principles, such as optimum balance of material function and safety, have received much
recent attention. On-demand production is also receiving great interest in the realization of nanotechnol-
ogies that meet unpredictable demands of reconfiguration and modification to maximize the efficacy of
materials processing. Antimicrobial nanomaterials are representative subjects of these approaches, because
they require built-to-order configurations with safe-by-design principles for practical applications. How-
ever, few studies have achieved biosafety with original material function using economically feasible pro-
duction platforms. In this regard, we developed a safe-by-design plug-and-play approach for continuous
gas flow production of silver (or copper)-doped tellurium (Ag- or Cu-Te) nanoparticles with safer antimi-
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crobial activity. Using this approach, we achieved precise modulation of dopant contents (5-8% atomic Ag
and Cu) in nanoparticles without using batch hydrothermal chemistry. We also suggest the use of ratios

DOI: 10.1039/c9en00372] between biocompatibility and antimicrobial activity as safety indices (Sls) for evaluations of nanoparticle ap-

plications. Approximately 6% atomic Ag in Ag-Te particles exhibited an optimal SI and significantly reduced

rsc.li/es-nano the minimum inhibitory concentration of individual Te nanoparticles.

Environmental significance

Recently, functional nanoscale compounds have been scrutinized to avoid fatal toxicities during their use as antimicrobial agents. However, metal
nanoparticles and ionic nanocomplexes have been widely used to dissolve metallic ions in biologically contaminated sites and to prevent harmful impacts
on humans and the environment. To achieve a trade-off of antimicrobial materials, safe-by-design approaches have been considered, and polymer coatings
have been primarily employed to improve the safety of antimicrobial agents. However, instability and hydrolysis and weak bonds between metals and poly-
mers warrant the development of alternative designs for the fabrication of more stable compounds with antimicrobial activity and biological safety. Thus,
we developed a plug-and-play technique to produce safer antimicrobial nanoparticles without significant toxicity or process complexity, and with ratios of
biocompatibility and antimicrobial activity (safety index, SI) that allow a realizable platform for the optimal use of antimicrobials. Specifically, we
constructed a 4-rod spark ablation system comprising three silver (or copper) anodes with a tellurium cathode to produce silver- or copper-doped tellurium
nanoparticles using a compact, controllable, and reconfigurable process. Due to the doping effect, minimal inhibitory concentrations of base tellurium and
cytotoxicities of individual silver or copper were dramatically reduced, as indicated by the significantly increased SI.

Introduction

Antimicrobial compounds have been used in numerous hy-
giene and healthcare applications, including consumer prod-
ucts that prevent biohazards, such as infections with patho-
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genic bacteria. Currently, more than 70% of bacterial
infections are resistant to conventionally used antibiotics,
such as tetracycline and ampicillin,"* and alternative highly
active antibacterial agents are urgently needed. Metallic
nanoparticles and nanocomposites have potential as antimi-
crobial agents, particularly because the dissolution of metal
particles and release of metal ions enhance the antimicrobial
efficacies, even in multiresistant bacteria.*® Among metal
nanoparticles, silver (Ag) and copper (Cu) nanoparticles are
the best characterized antimicrobial agents, and are widely
used in cosmetics, sprays, textiles, deodorants, and medi-
cines for the prevention of infection. Antimicrobial activities
of Ag and Cu particles against Gram-positive and -negative
bacterial strains are associated with the dissolution of ions

This journal is © The Royal Society of Chemistry 2019
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that facilitate electrostatic interactions with negatively
charged bacterial membranes, and induce injury by damag-
ing proteins and membranes, thus inducing oxidative
stress.”'?

Significant toxic side effects of Ag and Cu nanoparticles
have been considered for humans and the environment, and
have been associated with cell uptake and entry into lyso-
somes,'"? and subsequent production of reactive oxygen
species (ROS) that damage DNA.">'* These observations have
complicated the selection of antimicrobials, and have priori-
tized the balance of antimicrobial function and bio-
environmental safety.'”> Moreover, health and environmental
hazards of materials processes need to be resolved,*®
warranting safe-by-design approaches that favor the trade-off
between materials functions and toxicities."” Safe-by-design
nanoparticles are conventionally produced using surface coat-
ings with polymeric compounds, such as polyethylene glycols
and chitosan chelates. However, hydrolysis and intrinsic tox-
icities of these agents have limited their safety and practical-
ity."® In more recent studies, surface modifications have been
investigated to reduce nanoparticle toxicity without signifi-
cant loss of function'®>" and these have resulted in inert sur-
faces that can be placed in direct contact with biological sys-
tems.>>>* In particular, the effects of metal doping of base
materials on the dissolution kinetics of metallic nano-
particles have been exploited to reduce toxic effects of
nanoparticles,”* % although few studies have specifically vali-
dated the desired functions and biotoxicities of metallic
nanoparticles. Hence, practical applications of safe-by-design
approaches are currently limited to basic studies of dopants,
Fe, Al, Ti, and S, and developments of these technologies are
urgently needed.

In this study, we addressed two major issues of the safe-
by-design approach, and developed a plug-and-play nanopar-
ticle production system that can be used to adjust composi-
tions and safety indices (SIs). Specifically, Ag or Cu-doped tel-
lurium (Te; Ag-Te or Cu-Te) nanoparticles with different Ag
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or Cu atomic contents were prepared using a 4-rod spark ab-
lation device that can be used for continuous production. Te
was used as the base component of the present nano-
particles, because antimicrobial activities of relatively non-
toxic TeO,>” ions have been shown against Gram-negative
bacteria, such as Escherichia coli (E. coli), Pseudomonas
aeruginosa, Salmonella typhi, and Klebsiella pneumonia, >
although the effects of TeO;> ions on Gram-positive bacteria
and biocompatibilities with mammalian cells remain
unclear. Unlike previous safe-by-design nanoparticles, we
maximized antimicrobial activity without increasing toxicity
by regulating atomic contents of Ag (or Cu) from 5% to 8%
referring to previous reports,”>>® and identified process con-
ditions that optimize the balance of antimicrobial activity
with toxicity. The present spark ablation device comprises
three Ag (or Cu) anodes and a Te cathode in a compact
chamber of 8 cm® containing pure nitrogen. Electrodes were
connected to an alternating current (AC) power supply (volt-
age and frequency adjustable), and bipolar charged Ag (or
Cu) and Te vapors from AC electric fields were rapidly co-
condensed via electrostatic attractions under conditions of a
nitrogen gas flow and a high temperature gradient, leading
to direct insertion of Ag (or Cu) vapors into molten Te to
form Ag-Te or Cu-Te nanoparticles (Fig. 1, refer to the ESI}
for the experimental details). This plug-and-play route allows
production of nanoparticles with precisely controlled Ag or
Cu contents without the use of hydrothermal chemistries and
post-treatments. The resulting nanoparticles were collected
electrostatically and dispersed in buffered saline, and were
then employed without further purification in assays of anti-
microbial activity against E. coli (Gram negative) and Staphy-
lococcus epidermidis (S. epidermidis; Gram positive) strains
and biocompatibility in human dermal fibroblasts (HDFs;
Fig. S1, ESIf). Estimated ratios between biocompatibilities
and antimicrobial activities were used to determine the SI
and identify safe-by-design parameters that allow safer use of
antimicrobials.

N in

Plug-and-play

Aglor Cu)

spark ablation

Safe-by-Design Antimicrobial

Dead
bacteria

zosmonme>

Ag/Cu doped
Te nanoparticles

®q
@

Antimicrobial assay
Antimicrobial activity

Aglor Cu) doped
Te

Safety index

. oo
" " Minimal inhibitory concentration

Toxicity assay

Biocompatibility

Fig. 1 Schematic of spark ablation to form Ag or Cu-doped Te nanoparticles from three Ag or Cu anodes (green) and a Te cathode (red) inside a
chamber under a nitrogen gas flow and an AC electric field; high temperature spark channels induced evaporation of electrode metals, and the
resulting vapors with bipolar charges were then co-condensed over the temperature gradient caused by the gas flow, resulting in the direct inser-
tion of Ag or Cu into Te. Precise adjustments of Ag or Cu contents in the produced particles were achieved by varying the number of operating an-
odes (1-3), and by exploiting differences in thermophysical properties, such as heat of vaporization between Te and Ag and Cu.
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Results and discussion

Size distributions of particles were measured using a scan-
ning mobility particle sizer (SMPS; 3936, TSI, USA) by direct
sampling of the particle-laden flow. Fig. S2a-c (ESIf) show
the distributions of Ag-Te and Cu-Te particles and individual
Te particles. The geometric mean diameters (GMDs) of the
particles were less than 200 nm, and the geometric standard
deviations and total number concentrations were 1.59-1.65
and 1.5 x 10°-2.1 x 107 particles per cm?, respectively. Com-
pared with Te alone, Ag- and Cu-doped configurations did
not significantly alter the unimodal distribution of Te alone,
and similarities in size distributions between individual Te
and Ag- or Cu-doped particles represent Te dominant config-
urations, reflecting the properties of spark ablation. These
ablation conditions were designed to induce imbalances of
Te and Ag or Cu contents to reduce toxicity by moderating
the contents of Ag or Cu, which are more toxic than Te.
These controls were achieved by exploiting differences in
heats of vaporization between Te (52.55 k] mol™), Ag (250.58
kJ mol™), and Cu (300.30 k] mol™). Size distributions did
not differ significantly between nanoparticles that were pro-
duced with 1 to 3 Ag or Cu anodes, suggesting complete in-
sertion of Ag or Cu into base Te due to the coincidence of +
and - charges and electrostatic attractions between vapors
during the process. Size distributions were also determined
in phosphate buffered saline (PBS) using dynamic light scat-
tering (DLS, Nano ZS, Malvern Instruments, UK) analyses
(Fig. S2d, ESIY). Although size distributions varied more with
higher particle concentrations after 30 min collection in 2
mL of PBS than in SMPS measurements, size ranges of Ag-Te
(or Cu-Te) particles did not differ significantly with those of
Te, even in the absence of stabilizing agents, indicating that
Te remained the dominant constituent. To confirm the domi-
nance of Te, scanning electron microscopy-energy dispersive
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X-ray (SEM-EDX; S-4800, Hitachi, Japan) mapping microanaly-
ses were performed to measure the atomic Ag and Cu con-
tents in particles (Fig. S3, ESIt). In these analyses of Ag and
Cu distributions in Ag-Te and Cu-Te particles, Ag and Cu
were present at 5.4% and 6.1%, 6.8% and 6.9%, and 8.0%
and 7.7% of Te contents following the use of 1, 2, and 3 oper-
ating Ag or Cu anodes, respectively.

Morphologies and microstructures of Ag-Te and Cu-Te
particles were compared with those of Te, Ag, and Cu parti-
cles using transmission electron microscopy (TEM; Tecnai G*
F20 S-TWIN, FEI, USA). As shown in Fig. 2, spark ablation
processes produced primary spherical Te, Ag, and Cu con-
glomerates, although differences in particle sizes (Te, 24 +
6.6 nm; Ag, 4.4 + 1.3 nm; Cu, 4.2 + 0.9 nm) reflected differing
degrees of metal vaporization and condensation. The high-
magnification TEM images of Te showed a d-spacing of 0.590
nm, indicating the formation of (001) hexagonal Te
planes,®*** and confirming that spark ablation produces crys-
talline Te particles. Characteristically, the d-spacing values of
Ag and Cu particles were 0.234 and 0.213 nm, respectively,
suggesting the formation of Miller (111) planes from face-
centered cubic Ag and Cu. However, Ag- and Cu-doping in
the presence of 2 Ag or Cu anodes led to the formation of an-
other type of conglomerate, which was distinguishable from
that produced in the presence of 1 or 3 anodes. Specifically,
microstructures of Ag-Te and Cu-Te particles comprised
(001) hexagonal Te planes with d-spacings of 0.374 and 0.367
nm, respectively. These results corresponded to (110)-directed
monoclinic Ag,Te (ref. 34 and 35) and (002)-directed hexago-
nal Cu,Te phases,*®*” respectively, suggesting that co-
condensation of Ag (or Cu) and Te atoms induces strong in-
corporation of Ag and Cu ions into Te and the formation of
partial alloys with dendritic structures. As shown in Fig. S4a,f
the dendritic nature was also observed for other Ag-Te and
Cu-Te particles with different Ag (5.4% and 8.0% of Ag) and

Fig. 2 High- and low-magnification TEM images of Ag-Te, Cu-Te, Te, Ag, and Cu particles; particles from spark ablation were directly deposited
on a carbon-coated copper grid. Images of Ag-Te and Cu-Te are from operations with the two Ag or Cu electrodes, because no distinguishable
morphological differences were identified between Ag-Te and Cu-Te spark configurations.
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Cu (6.1% and 7.7% of Cu) contents. Hence, partial doping af-
fected the Te crystal growth during the present process and
led to different sizes (14 + 4.3 nm for Ag-Te and 12 + 3.5 nm
for Cu-Te in TEM observation) and shapes of conglomerates
compared with Te alone, suggesting that spark ablation can
be used to precisely produce partially doped metallic nano-
particles in a plug-and-play manner. The morphological
changes from the conglomeration based on the partial dop-
ing of Ag or Cu may also affect the slight size increases in
SMPS and DLS analyses (Fig. S21) because the doping in-
duces different crystal growth from the Te alone configura-
tion that causes the formation of dendritic structures for Ag-
Te and Cu-Te configurations. Thus, the size increases by in-
creasing the atomic Ag or Cu content (i.e., inducing greater
frequencies of doping) may be due to the formation of larger
dendritic structures. Fortunately, this structure might be suit-
able for demonstrating strong antimicrobial activities be-
cause the membrane damage of bacterial cells could be pro-
moted by dendritic particles.*®* The valence states of Ag-Te
and Cu-Te particles with doublet shifts in the Te3d, Cu2p,
and Ag3d core spectra were consistent with partial formation
of Ag,Te and Cu,Te when compared with the doublets of Te
and standard Ag and Cu particles (Fig. S4b, ESIf), supporting
further the partial formation of Ag,Te or Cu,Te on base Te
particles during co-condensation (observed in Fig. 2). In addi-
tion, analyses of X-ray photoelectron spectroscopy (XPS; Axis-
HIS, Kratos Analytical, Japan) peaks showed Ag and Cu con-
tents of 5.3% and 5.9%, 6.5% and 6.6%, and 8.0% and 7.8%
in particles produced with 1, 2, and 3 operating Ag or Cu an-
odes, respectively. These data further indicate that precise
modulation of spark ablation can be used to achieve a de-
sired range (5-8%) of atomic Ag and Cu contents. Moreover,
in the comparisons of UV-vis spectrophotometric (T60, PG In-
struments, UK) properties of Ag-Te and Cu-Te particles (Fig.
S4c, ESIf), Ag and Cu-doped configurations did not exhibit
Te-characteristic absorption at 350 nm, further indicating
crystalline transformations of Te. Moreover, Ag-Te and Cu-
Te particles did not absorb visible light (390-700 nm) signifi-
cantly, indicating that the produced particles may also be
suitable for transparent antimicrobial coatings.*® In analyses
of zeta potentials in PBS at pH 7.4 and acetate buffered saline
at 5.5 (Fig. S4c, ESIt), dispersion images of Ag-Te, Cu-Te,
and Te particles showed no significant changes in zeta poten-
tials or dispersion colors following partial doping with Ag
and Cu.

In further experiments, antibacterial activities of Ag-Te
and Cu-Te particles were evaluated and compared with those
of individual Te, Ag, and Cu particles in E. coli and S. epi-
dermidis. As shown in Fig. 3a, Ag and Cu particles exhibited
>99.9% antimicrobial efficiency against both bacterial
strains, whereas Te had >80% activity against E. coli and was
inactive against S. epidermidis, suggesting that Te particles
lack efficacy against Gram-positive bacteria and Ag or Cu dra-
matically enhances the activity against S. epidermidis. To
quantitatively assess antibacterial activities, we calculated the
minimal inhibitory concentrations (MICs) of the particles

This journal is © The Royal Society of Chemistry 2019
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(Fig. 3b). In all cases, MICs were higher in S. epidermidis than
in E. coli., likely reflecting the greater resistance of thicker
and more complex peptidoglycan layers.’"***! Correspond-
ingly, the MIC of Te particles was about 8000 pg mL™" against
S. epidermidis and those of Ag and Cu particles were 62.50
and 125.00 ug mL ™, respectively, as confirmed by confocal la-
ser scanning microscopy (CLSM; LSM 880, Carl Zeiss, Ger-
many; insets of Fig. 3b) analyses at a concentration of 30 ug
mL™ (the effective concentration to inhibit the growth of
both E. coli and S. epidermidis). These MICs show that Ag
and Cu doping dramatically improves the antibacterial activ-
ity of Te nanoparticles, even S. epidermidis. Furthermore, Ag-
Te and Cu-Te particles had lower MICs against E. coli than
Ag and Cu particles, indicating that doping with Ag or Cu
can significantly enhance the antimicrobial activity of Te fol-
lowing the release of Ag* or Cu®" with TeO;>” that synergisti-
cally impairs membrane functions.***> In addition, adjust-
ments of atomic Ag and Cu contents between 5% and 8% in
Ag and Cu-doped particles may maximize the activity of Te by
preventing aggregation of Ag or Cu.*® This tendency was fur-
ther confirmed by the disc diffusion method at an areal den-
sity of 30 ug em™ (Fig. S5t), which exhibits the inhibition
zone width (IZW) of bacterial growth on a plate medium.
Both Ag-Te- and Cu-Te-deposited disc specimens clearly
showed greater activities for inhibiting bacterial growth than
individual Ag, Cu, and Te particles. To confirm these en-
hancements in the antimicrobial activities of Ag-Te and Cu-
Te particles, differences in the cell morphology between
untreated and Ag-Te- and Cu-Te-treated E. coli and S. epi-
dermidis were analyzed using low- and high-magnification
SEM (JSM-7800F, JEOL, Japan) (Fig. 4a and b). These analyses
showed distortion of smooth ellipsoidal and spherical mor-
phologies after particle treatments, likely reflecting impaired
membrane functions. The high-magnification SEM images
also showed the presence of Ag-Te and Cu-Te particles
around bacterial cells, suggesting that close contact of cells
and particles induces irreversible cell damage and leads to
cell death. The corresponding CLSM images of the particle-
treated bacteria (lower panels of Fig. 4a and b) exhibited no
green fluorescence of viable cells.

To assess the toxicities of Ag-Te and Cu-Te particles, HDF
cell viability was estimated using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assays after 24- and
48 h treatments with particles at 5-200 ug mL ™" (Fig. 5). Ag
and Cu particles were toxic to HDF cells, with cell viabilities
of 70.3% and 47.3%, respectively at 48 h, likely reflecting the
production of free radicals and ROS.** In contrast, Ag-Te par-
ticles exhibited negligible toxicities at both time points, and
were comparable to Te particles in these assays, suggesting
sustained or controlled release of Ag ions from Ag,Te.*> How-
ever, Cu-Te particles were more toxic than Ag particles, po-
tentially due to the deleterious effects of Cu-mediated ROS
generation.”® Accordingly, the Cu-Te toxicity increased with
Cu contents (Fig. S5, ESIf). Thus, to assess oxidative stress
due to particle treatments, we performed assays using the
ROS sensitive dye dichlorodihydrofluorescein diacetate

Environ. Sci.: Nano, 2019, 6, 2074-2083 | 2077
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Fig. 3 Antimicrobial activities of Ag-Te, Cu-Te, Te, Ag, and Cu particles; upper and lower panels show the (a) antimicrobial efficiency and (b) MIC
of particles against E. coli (Gram-negative) and S. epidermidis (Gram-positive). Insets of (b) show the CLSM images of viable (green fluorescence) E.
coli and S. epidermidis strains with and without Te treatments (30 pg mL™).

(DCFH-DA; Fig. 6), which detects intracellular ROS. In these
experiments, 24 h treatments with Cu-Te particles led to
higher ROS production than treatments with Ag-Te particles
at 50 ug mL ™', which might be due to higher activities of re-
leased Cu ions from Cu-Te particles for the reduction of en-
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zymatic activity.”> Whereas low ROS levels reportedly activate
cellular defense mechanisms, high levels promote oxidative
stress and can damage lipids, proteins, and DNA irrevers-
ibly.”” Thus, the present determinations of ROS and cell via-
bility suggest that the latter conditions prevail in the
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Fig. 4 Comparisons of bacterial morphologies from high- and low-magnification SEM images (upper) and CLSM evaluations of cell viability (lower)
between the absence (left) and the presence of Ag-Te (middle) or Cu-Te (right) particles at 30 ug mL™; data are presented from E. coli (a, Gram-
negative) and S. epidermidis (b, Gram-positive) strains with particles that were produced using 2 Ag or Cu anodes.
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particles that were produced using 1, 2, and 3 Cu anodes at 50 ug mL™.

presence of Cu-Te particles. In agreement, hemolysis assays
of defibrinated blood after 30 min treatments with particles
(Fig. 7) showed significantly greater hemolysis in the pres-
ence of Cu-Te particles than that of Ag-Te particles (p <
0.001), 76% hemolysis at 50 ug mL™". Ag-Te particles caused
less than 9% hemolysis at the same concentration, indicating
potential as safe agents for antimicrobial applications. More-
over, these toxicity assays show that 6% atomic Ag in Te par-
ticles provides safe antimicrobial activity, with biocompatibil-
ity at all MICs for both bacteria.

To validate Ag-Te and Cu-Te particles, corresponding SIs
were estimated using the following formula:

S1=1C (1)
MIC
where PCq, is the particle concentration (ug mL™) at >90%
cell viability in MTT assays. The >90% cell viability in the
equation is selected because >80% cell viability of nano-
materials is generally workable for further biomedical investi-
gation.”® Estimated SIs were then plotted against number of
operating anodes (Ag or Cu), and x (MIC)-y (PCy) plots were
generated to show the concentration ranges of safe-by-design
antimicrobials against E. coli and S. epidermidis (Fig. 8). The
data in the upper panels indicate that the higher SIs adhere
to safe-by-design principles, whereas the lower SIs in the
right-upper quadrant offer greater safety in antimicrobial ap-

This journal is © The Royal Society of Chemistry 2019

plications. These plots indicate that approximately 6% atomic
Ag provides an appropriate platform for identification of opti-
mal antimicrobials for safe and practical use. In addition, the
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Fig. 7 Percentage hemolysis in RBCs after 30 min treatments with 50
ug mL™? Ag-Te and Cu-Te particles at 37 °C; the inset digital image
shows hemoglobin in RBC supernatants after treatments with particles.
Absorbance values were determined at 540 nm using a UV-
spectrophotometer; ***p < 0.001. Sample numbers 1-8 in the inset
represent the negative control, the positive control, Ag-Te with 5.4%
atomic Ag produced using 1 Ag anode, Ag-Te with 6.8% atomic Ag
produced using 2 Ag anodes, Ag-Te with 8.0% atomic Ag produced
using 3 Ag anodes, Cu-Te with 6.1% atomic Cu produced using 1 Cu
anode, Cu-Te with 6.9% atomic cu produced using 2 Cu anodes, and
Cu-Te with 7.7% atomic Cu produced using 3 Cu anodes, respectively.
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positive) strains.

proposed heterogeneous spark ablation system provided
greater production rates (0.158 g h™' for Ag-Te and 0.155 g
h™ for Cu-Te) than those from individual Ag and Cu parti-
cles (0.001-0.1 g h™) from homogenous spark ablations un-
der the same specific energy consumption.”® Finally, the
present multi-electrode spark ablation method comprises a
compact reconfigurable system that offers precise controls
over elemental compositions of metallic antimicrobials.

Conclusions

A plug-and-play safe-by-design approach was developed for
continuous flow production of Ag and Cu-doped Te nano-
particles, and the resulting particles were assessed in terms
of SIs to identify parameters of antimicrobial safety. The
spark ablation device was designed with three Ag or Cu an-
odes and a Te cathode inside a compact chamber, and a pure
nitrogen gas flow was passed through the chamber to carry
the resulting particles. Atomic Ag and Cu contents in parti-
cles were precisely controlled between 5% and 8% by varying
the number of operating anodes (1-3) connected to the high
frequency AC power supply. Relatively small Ag or Cu con-
tents induced the partial formation of Ag,Te or Cu,Te on
base Te particles during co-condensation of bipolar charged
Ag or Cu and Te vapors. The SIs from antimicrobial and tox-
icity assays were further estimated for the different Ag or Cu
contents. These analyses indicated that 6% atomic Ag in par-
ticles is associated with an optimal SI and decreased MIC of
Te, and no significant ROS production or hemotoxicity was
observed. These findings indicate the feasibility of plug-and-
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play continuous flow production with adjustable metal dop-
ing for the production of safe-by-design antimicrobials, offer-
ing a compact, reconfigurable, and digitizable platform for
on-demand antimicrobials and a methodological concept for
ensuring the safety of newly developed materials for practical
applications.

Methods

Production of Ag (or Cu)-doped Te (Ag-Te or Cu-Te)
nanoparticles

The spark ablation device comprised three Ag (AG-402561,
Nilaco, Japan) or Cu (CU-112564, Nilaco, Japan) anodes of 3
mm in diameter and a Te (TE-E-035M-R, American Elements,
USA) cathode of 6 mm in diameter. The electrodes were
installed inside a chamber (8 cm®) and were connected to an
AC high voltage-frequency power supply (2 kv, 2.5 kHz), as
shown in Fig. S1.t The gap distance between Te and Ag (or
Cu) electrodes was maintained at 1 mm inside the chamber,
and the spark channel was formed between the electrodes
under room temperature nitrogen (99.9999% purity) with a
gas flow of 1.57 L min~". The high temperature of the spark
channel induced partial evaporation of electrodes, and Te
and Ag or Cu vapors were subsequently co-condensed into
solid Ag-Te or Cu-Te nanoparticles over the temperature gra-
dient. The Ag or Cu contents in the produced particles were
modulated by varying the number of operating Ag or Cu
electrodes between 1 and 3, leading to atomic Ag or Cu per-
centages of precisely 5% to 8%. This range was sufficient to
retain appropriate SI values from antimicrobial and cytotoxic
assessments. To directly collect Ag-Te or Cu-Te particles, a
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pin-to-ring type corona charger (+1.6 kv cm™) was installed
at the downstream of the ablation device and was used to in-
duce + field charging of particles. Charged particles were
then collected as powders on a polished stainless steel rod
with a negative electric field of —0.8 kv ecm ™. The particle col-
lection rod was then inserted into a vial containing buffered
saline, and the vial was then immersed in an ultrasonic bath
for 10 min to suspend the particles in saline.

Characterization

Size distributions of Ag-Te, Cu-Te, and Te particles in gas-
eous and aqueous states were measured using SMPS (3936,
TSI, USA) and DLS (Nano-ZS, Malvern Instruments, UK) sys-
tems, respectively. SMPS measurements were performed by
direct sampling of the particle-laden gas (0.3 L min™") down-
stream of the ablation device. DLS assessments were
conducted with particles suspended in buffered saline after
30 min particle collection on the sampling rod. To analyze
the morphologies and microstructures of particles, a carbon-
coated copper grid (Tedpella, USA) was placed on the holder
of a grid sampler (Ineris, France), and the particle-laden flow
was directly injected into the sampler to directly deposit the
particles on the grid surface. The grid was then transferred to
a holder for TEM analyses (Tecnai G> F20 S-TWIN, FEI, USA).
The particle collection grid was also placed on a holder for
SEM-EDX (S-4800, Hitachi, Japan) mapping analyses, and par-
ticle morphologies and elemental compositions were ob-
served. The surface structures of Ag-Te and Cu-Te were
assessed using XPS (Axis-HIS, Kratos Analytical, Japan), and
the results were compared with those from pure Te, Ag, and
Cu particles. Light absorption spectra of Ag-Te or Cu-Te par-
ticles in buffered saline were determined using a UV-vis
spectrophotometer over the wavelength range of 300-1200
nm (T60, PG Instruments, UK).

Bioassay

To exclude the surfactant influence for bioassays, the pre-
pared Ag-Te and Cu-Te powders were directly dispersed in
aqueous media just before the assays to avoid their coagula-
tion and subsequent sedimentation. The antibacterial activi-
ties of the present particles against E. coli (ATCC-11775) and
S. epidermidis (ATCC-14990) were evaluated using the colony
counting method. Briefly, bacterial cultures were diluted to
10° CFU mL™ by measuring the optical densities at 620 nm
using a UV-vis spectrophotometer. Subsequently, 100 pL ali-
quots of particle suspension were added to 2 mL bacterial so-
lutions and were placed in a shaking incubator at 37 °C for
24 h. The incubated solutions were then diluted with deion-
ized water to render appropriate concentrations for colony
counting. Solutions were then spread on agar plates and were
successively cultured at 37 °C for 24 h. The antimicrobial effi-
ciency of particles was estimated using the following equa-
tion:
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CFU

— treated
Mantimicrobial =1~ (2)

CFU

untreated

where CFUgeated aNd CFUypereatea are the resulting CFUs from
treated and untreated configurations, respectively. To con-
firm the antimicrobial activities, bacteria (10° CFU mL™)
were incubated with a tryptic soy broth (TSB) medium
containing particles at 30 ug mL™ for 1 h at 37 °C. Treated
bacteria were then washed and resuspended in deionized wa-
ter, and 5 pL drops were fixed onto silicon wafers (Tedpella,
USA). The samples were then dried in ambient air and were
placed on a holder for SEM (JSM-7800F, JEOL, Japan) analy-
ses after thin platinum coating. Particle (30 ug mL™*)-treated
bacteria were also incubated under gentle rotation at 37 °C
for 1 h and were stained using LIVE/DEAD BacLight bacterial
viability kits (L7012, Invitrogen, USA). Viable bacteria were in-
dicated by green fluorescence and were visualized using
CLSM (LSM 880, Carl Zeiss, Germany) to confirm the antimi-
crobial activities of particles. The MICs of the particles
against bacteria were determined using the broth micro-
dilution method. Briefly, bacteria were seeded onto 96-well
disposable microtiter plates (SPL34096, SPL Life Sciences, Ko-
rea) and suspended particles were diluted to the indicated
concentrations in 100 pL aliquots of TSB containing 10> CFU
mL™" of bacteria. The MICs of particles (1.95-8000.00 ug
mL™") were determined after 24 h incubation at 37 °C. The
cytotoxicities of the Ag-Te, Cu-Te, Te, Ag, and Cu particles
were evaluated in HDF cells using MTT assays after 24 and
48 h incubation. In these experiments, cells were seeded at
10* cells per well in 96-well plates containing Dulbecco's
modified Eagle's medium (Hyclone, GE Healthcare Biosci-
ences, USA) supplemented with 10% fetal bovine serum, 50
IU mL™" penicillin, and 50 ug mL™" streptomycin, and were
maintained at 37 °C in a humidified chamber containing 5%
CO, for 12 h. After particle exposures, adherent cells were
washed and incubated with 100 pL of MTT reagent (1.25 mg
mL™) for 4 h in the dark. The resulting formazan crystals
were then dissolved in 100 pL of dimethyl sulfoxide, and the
absorbance was recorded at 570 nm using a microplate
reader (Multiskan EX, Thermo Scientific, USA). Cell viability
was calculated as Agamplie/Acontrol X 100%, where A is the absor-
bance at 570 nm. HDF cells were treated with particles at 50
ug mL™* for indicated times. Cellular ROS generation was
then analyzed using 2',7’-dichlorodihydrofluorescein
diacetate assays (ab113851, Abcam, UK) with a flow cytometer
(BD Biosciences, USA). Blood samples were cannulated from
male Sprague-Dawley rats and were centrifuged, and RBCs
were then resuspended in saline (10x). RBC suspensions were
then dispersed in normal saline or 0.025% Triton X-100 to
obtain negative and positive controls, respectively. Subse-
quently, particle samples were added to RBC suspensions at
50 uL per mL, and were incubated at 37 + 1 °C for 30 min
followed by centrifugation at 4000 rpm for 10 min. Absor-
bance values of supernatants were then recorded at 540 nm
using a microplate spectrophotometer (Multiskan EX,
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Thermo Scientific, USA) and percentage hemolysis was calcu-
lated. Data are presented as means + standard deviation. Dif-
ferences between treatment groups were identified using Stu-
dent's t-test and one-way analysis of variance and were
considered significant when p < 0.05. All animal procedures
were performed in accordance with the Guidelines for Care
and Use of Laboratory Animals of Yeungnam University and
approved by the Institutional Animal Ethics Committee of
Yeungnam University.
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