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ABSTRACT: Due to antimicrobial resistance and the
adverse health effects that follow broad and inappropriate
use of antibacterial agents, new classes of antibacterials
with broad and strong bactericidal activity and safety for
human use are urgently required globally, increasingly so
with the onset of climate change. However, R&D in this
field is known to be rarely profitable, unless a cost-effective,
flexible, and convenient platform that ensures the
production of workable candidate antibacterials can be
developed. To address this issue, inorganic nanomaterials
have been considered for their bactericidal activities, yet
further investigations of composition crystalline modifications and/or surface biomaterial coatings are still required to
provide effective and safe antibacterial nanoparticles. In this study, we developed a plug-in system comprising a spark
plasma reactor and a flow heater under nitrogen gas flow to supply precursor inorganic nanoparticles (Cu−Te
configuration) that can be modulated in-flight at different temperatures. From antibacterial and toxicological assays in
both in vitro and in vivo models, bactericidal and toxicological profiles showed that the plug-in system-based platform can
be used to identify key parameters for producing safe-by-design agents with antibacterial activity [>88% (in vitro) and
>80% (in vivo) in antibacterial efficiency] and safety (>65% in in vitro viability and >60% in in vivo survival rate).
KEYWORDS: antimicrobial resistance, antibacterial agents, inorganic nanomaterials, plug-in system, safe-by-design antibacterials

Antibacterial agents with broad-spectrum activity have
long (approximately 90 years) been sought for medical
and hygiene applications, and various antibacterial

formulations and coatings have been widely used to suppress
or abolish bacterial growth in bioindustrial and biomedical
fields.1 However, the broad and inappropriate use of such agents
is followed by antimicrobial resistance (AMR) to the
formulations and coatings. This is an urgent global health and
environmental problem, particularly in the wake of climate
change.2−4 Moreover, inappropriate use of antibacterials can
lead to side reactions and intolerable toxicity.5 The urgency of
issues relating to AMR has motivated estimates of the associated
socioeconomic costs, and it is clear that more innovative
approaches are required to provide efficacious antibacterial
agents with broad-spectrum activities and efficient production
processes. R&D into antibacterials is rarely profitable because
timely realization of new agents is hampered by requirements of
expensive biosafety assessments and clinical trials.6−8

Polymeric antibacterial nanosystems and their related
synthetic approaches have been introduced recently as
alternative approaches to AMR, but many important challenges

remain in the optimization of antibacterial agents, which are
required to have broad-spectrum activity, cost-effective
production processes, antibacterial mechanisms, defined meta-
bolic pathway effects and toxicity profiles,9 and demonstrably
limited impacts on the environment.10 Moreover, the
procedures for preparation, storage, and validation of candidate
materials are based on traditional multistep chemical processes
and purifications,11,12 which may not be conducive to timely
realization through rapid screening of candidate materials.
Because of their qualified broad-spectrum activity and cost-

effectiveness, nanoinorganic antibacterials have been increas-
ingly studied in recent years.13 Inorganic nanomaterials have
been shown to damage bacteria through reactive oxygen species
(ROS) generation and physical injury following disturbed
enzyme activity, DNA synthesis, and energy transduction. These
agents have low acute toxicity and long-term stability2,3 but can
be toxic above certain concentration thresholds. To improve
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toxicity profiles, compositional/crystalline modifications and/or
biophilic surface treatments have been employed to ensure
effective antibacterial activities with minimal toxicities. To this
end, green compound mediated or biogenic synthesis of
nanoinorganic antibacterials has been introduced. These
environmentally compatible compounds or bacteria are used
as reducing agents for inorganic ions and lead to the formation of
zerovalent nanoinorganic constructs.14−17 These approaches,
however, require multiple hydrothermal reactions and separa-
tion procedures and only provide case specific information,
offering limited coverage as platforms for efficient screening of
optimal nanoinorganic antibacterials. Hence, this approach may
fail to resolve the circumstantial limitations of R&D efforts for
antibacterials.6 A convenient, fast, and flexible platform for
rapidly screening candidate materials may be an essential
prerequisite for the use of inorganic nanomaterials as
antibacterials.
To this end, we designed a plug-in system (Figure S1A) for

on-demand single-pass production of inorganic nanomaterials
using constructs that influence antibacterial activities according
to the resulting surface properties and bacteria-binding proper-
ties.18 Nanoparticles (NPs) generated using this system can be
conveniently applied to antibacterial and toxicological assays,
and the resulting data are used to ensure rapid production of
safe-by-design antibacterials. A spark plasma reactor and a flow
heater were serially connected to supply inorganic precursor
NPs and subsequently modulate their properties by sintering
them in-flight. Spark plasma was selected as the precursor (Cu−
Te in this study) NP supply because it can be used widely to
ablate most conductive materials in a plug-in configuration
without the use of hydrothermal chemistries and post-
treatments.19 Specifically, spark-plasma-based systems recently
introduced the fabrication of both NPs (Ag, Cu, Zn, or Mg) and
NP composites (Cu−Ag) in a plug-in manner under ambient
conditions.20,21 Changes in size distributions of the NP supply

before entering the flow heater can be calculated using the
following equation:22

∑ β ρ= − −
=

N
t

C

t
N N

d
d

d

d
i

i
j

n

i j j
vap

1
, g

l
m
ooo
n
ooo

|
}
ooo
~
ooo (1)

where Ni and Nj are the number concentrations of singlet
(primary) and agglomerate (from Brownian motion) particles,
respectively, βi,j is the collision kernel between i and j
components, and ρg is the gas density. The concentration of
vaporized inorganic components (Cvap) can be estimated using
the following equation:23
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where pv and patm are partial vapor and atmospheric pressures,
respectively, and Mv and Mg are the molecular weights of the
vapor and the gas, respectively. The spark ablation temperature
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ablation energy,Cv is the specific heat at constant volume, vspark is
the volume of the spark channel, andTg is the gas temperature.24

Another plug-in modulation to build different Cu−Te
constructs through in-flight sintering was attempted by injecting
precursor NPs into the electrically operated flow heater.
Changes in the pore phase (Ppore) of the NPs at different
temperatures can induce assembly of different Cu−Te
constructs within 5 s and can be modulated according to the
following equation:25
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Figure 1. Schematic of the procedure for modulating and directly collecting Cu−Te constructs for antibacterial and toxicological assays; two
serially connected plug-in devices, a spark plasma reactor, and a flow heater were used to conveniently supply precursor Cu−Te NPs and treat
them with wall temperatures (RT, 400 °C, or 800 °C) in a single-pass manner. The evaporation−condensation of Cu and Te rods from
atmospheric spark ablation under a nitrogen gas flow produced precursor Cu−TeNPs, which were then injected into the flow heater. Control of
the wall temperature of the heater induced changes in the pore phase of NPs, resulting in the formation of different Cu−Te constructs
(dendrites, spikes, or cubes) during a residence time of less than 5 s. Changes in antibacterial activity and biocompatibility were examined after
directly dispersing Cu−Te constructs in buffered saline. Antibacterial (including MDR strains), in vitro (human dermal fibroblast HDF and
human fetal lung fibroblast WI-38 cells), and in vivo (ICRmice) toxicological assays were performed to ensure the production of safe-by-design
nanoinorganic antibacterials within 3 weeks.
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where c is the constant relevant to the pore phase, D is the
diffusion coefficient, γ is the surface energy, a0 is the lattice
spacing, l is the size of a singlet particle, kB is the Boltzmann
constant, and T is the operation temperature. Using these
modulations, we prepared three different Cu−Te constructs
(dendrites, spikes, and cubes) at room temperature (RT), 400
°C, or 800 °C and named these Cu−Te−RT, Cu−Te−400, and
Cu−Te−800, respectively. Prior to antibacterial and toxico-
logical assays, constructs were directly dispersed in buffered
saline, as shown in Figure 1. Cu−Te NPs were selected because
the ions Cu2+, TeO3

2−, and TeO4
2− are released from the

constructs and are highly toxic to bacteria because they interact
with and deactivate bacterial proteins.26−30 Whereas Cu is an
essential micronutrient for human health, Te (chemically similar
to other chalcogens) exhibits no significant toxicities in
mammalian cells and has no unfavorable excretion properties
in human trials.31−35 Furthermore, the Cu−Te combination
may combine the weak antibacterial activity of Te toward Gram-
positive strains30,36 with the toxicity of Cu beyond a certain
concentration.37 Recently, nanoinorganic Te has also been used
to treat cancer and Parkinson’s disease because of its excellent
biocompatibility and physicochemical properties.38−40 In
antibacterial assays, minimum inhibitory concentrations
(MIC) and antibacterial efficiency were examined following
Cu−Te exposures of Gram-negative (Escherichia coli) and
positive (Staphylococcus epidermidis) bacteria. These multidrug-
resistant (MDR) bacteria included extended-spectrum β-
lactamase (ESBL)-producing E. coli and methicillin-resistant S.
aureus (MRSA) strains. As in vitro toxicity assessments, we
performed 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) and dichloro-dihydro-fluorescein diac-
etate (DCFH-DA) assays to determine cell viability and ROS
generation, respectively, after treating human dermal fibroblast
(HDF) and human fetal lung fibroblast (WI-38) cells with Cu−
Te constructs for 24 or 48 h. In vivo toxicity was assessed

following intraperitoneal injections of the constructs into
Institute of Cancer Research mice. These mice can be used to
obtain reproductive information from toxicological assays.41 A
high single dose of 100 mg kg−1 was selected for histopatho-
logical, hematological, and biochemical analyses, which were
performed within 3 weeks (18 days in this study) of treatments.

RESULTS AND DISCUSSION

Equations 1 and 2 accommodate the much greater diffusion
coefficient of Cu−Te NPs in the gas phase than in the aqueous
phase.42 Size distributions of Cu−Te constructs from different
operating conditions were converged and returned nearly
identical geometric mean diameters and geometric standard
deviations of less than 200 nm and 1.8, respectively (Figure
S1B). The average total number concentration of NPs was
approximately 1.8 × 107 particles cm−3, and no significant
differences were observed between the plug-in operations.
These data show that the developed plug-in system produces
comparable size distributions of different constructs, thus
ensuring relevance of comparisons. Data from scanning electron
microscopy−energy dispersive X-ray spectroscopy (SEM−
EDS) analyses of particles that were collected directly in-flight
on ultraflat substrates are depicted in Figure S2A. To generate
representative results, EDS mapping was conducted on the
particle film (left SEM images). Both Cu and Te elements were
clearly observed in all Cu−Te constructs, and the resulting
elemental ratio between Cu and Te was approximately 1:9. This
value reflects significant differences in the heat of vaporization
parameters of Cu (300.30 kJ mol−1) and Te (52.55 kJ mol−1).
Thus, the plug-in system provided an appropriate imbalance for
tuning Cu fractions in favor of enhancing the antibacterial
activity of Te toward Gram-positive bacteria and exploiting the
low toxicity of Te. This elemental imbalance was further
confirmed using Raman spectroscopy analyses (Figure S2B).
Compared with the individual Te profile, no other observable

Figure 2. Tandem electronmicroscopy (TEM) and scanning electronmicroscopy (SEM) observations of Cu−Te constructs; Cu−Te constructs
from the plug-in system were directly deposited on lacey carbon-coated Cu grids to obtain low- and high-magnification TEM images.
Constructs were collected on ultraflat Si wafers for SEM observations. Both observations show that Cu−Te NPs can be altered in single-pass
reactions. Insets of TEM images exhibit alloying of Cu and Te elements in microstructures of individual Te particles at room temperature (RT).
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bands and/or shifts were found in Cu−Te constructs, thus
proving the Te-dominant composition. Based on elemental
analyses, total mass concentrations (bottom table in Figure S1)
of the constructs were determined. The average mass
production rate was estimated at about 0.15 g h−1. These data
suggest that the plug-in system can produce sufficient quantities
of Cu−Te for in vitro and in vivo antibacterial and toxicological
assays in only 20 min (about 0.05 g of each construct is required
for whole bioassays). The plug-in modulability of shape and
microstructure from in-flight sintering (eq 3) was examined
using transmission electron microscopy (TEM) and SEM
observations (Figure 2). Compared with Te−Te−RT, the
construct Cu−Te−RT exhibited a clear dendritic structure of
discontinuous channels (pores), with an effective fractal
dimension [Df] of about 1.8.

43 However, the constituent singlet
particles were spherical in both constructs. High-magnification
TEM images of Cu−Te−RT show d-spacings of 0.367 nm
(hexagonal Cu2Te phase),44 but a d-spacing of 0.590 nm for
Te−Te−RT (hexagonal Te plane),45 suggesting partial alloying
between Cu and Te components under the elemental imbalance
that facilitates differing build-up modes. These alloyed Cu−Te
regions were also observed in parts of Cu−Te−400 and Cu−
Te−800 constructs, further indicating the elemental imbalance.
Nonetheless, shapes of singlet particles constituting the Cu−
Te−400 construct were transformed into a spiky structure with
Df values of about 2.2. These particles were further transformed
into a cubic structure (Cu−Te−800) with a Df value of 2.5
following increases in the operating temperature of the flow
heater. Hence, we achieved thermal modulation of pore phases
of the constructs, and these thermal properties were confirmed
in X-ray diffractometry (XRD; Figure 3) analyses of the
constructs. Stiffnesses and intensities of lattice planes of
hexagonal Te (JCPDS 01-079-0736)46 in Cu−Te−RT were
enhanced at 400 °C (Cu−Te−400), and ratios of peak
intensities I(100)/I(011) and I(012)/I(110) were also changed
significantly at 800 °C (Cu−Te−800), likely reflecting changes

in pore phases of the constructs. Furthermore, characteristic
peaks of Cu−Te alloys (JCPDS 01-070-8050 and 00-043-1401)
were observable in Cu−Te−400 and Cu−Te−800 constructs
(Figure S3), suggesting that the alloyed parts protrude during in-
flight sintering. Accordingly, TEM images show anisotropy of
singlet particles of Cu−Te−400 and Cu−Te−800 constructs,
which were detected easily in XRDmeasurements. Broader light
absorbance profiles of Cu−Te−400 and Cu−Te−800 dis-
persions in phosphate-buffered saline compared with Cu−Te−
RT also represent the relative anisotropy of the two constructs
(Figure S4). X-ray photoelectron spectroscopy (XPS) analyses
(Te 3d and Cu 2p) of the cores of Cu−Te constructs further
indicate that the plug-in system modulates microstructures. In
particular, different valence states of Te and Cuwere observed in
comparisons of Te−Te−RT with the standard doublet of Cu
(Figure S5). In addition, compositional analyses using XPS
matched the elemental imbalance between the Cu and Te of 1:9,
as observed in EDS mapping experiments.
To investigate antibacterial activities, Gram-negative (E. coli

and ESBL-producing E. coli) and Gram-positive (S. epidermidis
and MRSA) bacteria were treated with different Cu−Te
constructs, and comparisons were made with Cu and Te NPs,
as shown in Figure 4. MIC and antibacterial efficiencies
demonstrate comparable activities of the Cu−Te constructs
and Cu NPs, even in MDR strains. Perhaps synergistic effects
between Cu2+ and TeO3

2− or TeO4
2− impair membrane

functions of bacteria.47 Approximately 9.7 and 8.1 wt % of Cu
and Te were released from Cu−Te constructs after the
constructs were incubated in PBS for 24 h at 37 °C, which
were observed using inductively coupled plasma−atomic
emission spectrometry (ICP−AES). The activities of individual
Te NPs against Gram-positive strains were significantly
enhanced by incorporating Cu, although MICs for Gram-
positive strains were slightly greater than those for Gram-
negative microbes in all cases, reflecting the presence of thicker
and more complex peptidoglycan layers.3,48 Lower MICs after
Cu−Te−400 and Cu−Te−800 treatments may be related to
anisotropic properties (sharp edges or tips) that promote
physical damage of bacteria.49,50 This tendency also matched
ROS generation in the Cu−Te construct-treated bacteria
(Figure S6), exhibiting greater ROS production from Cu−
Te−400 and Cu−Te−800 treatments compared with other
configurations. This implies that ROS generation from the
treatments may induce a significant influence to suppress the
bacterial proliferation. However, differences between the
constructs were not significant, suggesting that the combination
of Cu and Te is a more critical parameter for enhancing the
activity of Te than construct modulation of Cu−Te NPs. To
confirm the antimicrobial activities of Cu−Te constructs, the
morphologies of Cu−Te-treated bacteria were compared with
those of untreated bacteria using SEM analyses (Figure 5).
Morphological distortions of treated bacteria were observed
with bright spots (Cu−Te constructs), indicating that the
antibacterial effects of Cu−Te lead to irreversible cell damage.
Corresponding confocal laser scanning microscopy images
(insets) of Cu−Te-treated bacteria exhibited no green
fluorescent dots (representing viable bacteria) regardless of
Cu−Te modulations, again in accordance with comparable
MICs and antibacterial efficiencies between Cu−Te constructs.
The toxicity of Cu−Te and the effects of construct

modulation on toxicity were assessed in in vitro and in vivo
assays. MTT assays (Figure 6) of Cu−Te-treated HDF and WI-
38 cells show concentration dependent effects at 5−200 μg

Figure 3. X-ray diffraction (XRD) profiles of Cu−Te constructs,
including individual Te particles at RT; the weights of specimens
were identical for all measurements, and the specimens clearly
exhibited the characteristic bands of Te, representing a composi-
tional imbalance betweenCu andTe. No significant differences were
observed between Te−Te−RT and Cu−Te−RT, whereas bands for
Cu−Te alloys were clarified for Cu−Te−400 and Cu−Te−800
constructs (Figure S3).
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Figure 4. Antibacterial assays in Gram-positive and Gram-negative bacterial strains. (A) Minimum inhibitory concentrations (MICs) and (B)
antibacterial activities of Cu−Te constructs and Cu and Te NPs (at RT) were compared in two Escherichia coli and two Staphylococcus strains.
The activities of Cu−Te constructs were more comparable with those of Cu NPs than with those of Te NPs, although differences between the
Cu−Te constructs were identified.

Figure 5. Morphological and staining (inset) analyses of damage to test strains after treatments with different Cu−Te constructs (30 μg mL−1);
comparisons are made with untreated strains. The bright small dots in SEM images show Cu−Te constructs, and the green and red fluorescent
dots in confocal laser scanning microscopy images (insets) represent live and dead bacterial cells, respectively. Scale bars, 1 μm.
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mL−1. These may be related to the production of free 1O2 and
ROS in inorganic nanomaterial-treated mammalian cells.51

However, cell viability was maintained at approximately 80%
even after 24 h treatments with high concentrations (>100 μg
mL−1) of NPs, although slight differences between cell lines
were observed. No significant changes in the viability at the

higher concentrations might be because of excessive ROS
generation that induces senescence process (rather than cell
killing) of the cells through oxidative damage to various cellular
macromolecules, such as nuclear DNA.52,53 Cell viabilities after
Cu−Te−400 and Cu−Te−800 treatments were similar (more
cytotoxic) to those after treatments with individual Cu NPs,

Figure 6. Cytotoxicities of Cu−Te constructs, including individual Te and CuNPs (at RT) inHDF (A, B) andWI-38 (C, D) cells. Cell viabilities
were estimated with different mass concentrations (up to 200 μg mL−1) after 24 and 48 h exposures (**p < 0.01 and ***p < 0.001).

Figure 7. Reactive oxygen species (ROS) generation fromCu−Te (50 μgmL−1) exposures inHDF (A, B) andWI-38 (C, D) cells after 24 and 48
h of incubation; ROS generation from Cu−Te constructs was compared with that from individual Cu and Te NPs.
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whereas Cu−Te−RT treatments were less toxic, with similar or
greater cell viabilities than after treatments with individual Te
NPs. These results suggest that the anisotropy of the two
constructs further damages fibroblasts. Cu−Te−RT was the
least toxic of NPs in both cell lines, indicating that isotropy of its
singlet particles minimizes the cytotoxicity of nanoinorganic
antibacterials. These cytotoxic profiles of the two cell lines were
maintained even for increased incubation times (48 h),
suggesting that the elemental imbalance between Cu and Te
may be a viable approach for ensuring high biocompatibility of
Cu−Te constructs. In DCFH-DA assays, profiles of ROS
generation (Figure 7) in Cu−Te (50 μg mL−1)-treated cells
were in agreement with MTT assay results, and the relatively
greater differences between Cu−Te−RT and Cu−Te−400 or
Cu−Te−800 constructs were consistent with viability profiles of
WI-38 cells (Figure S7). Hence, differences in cytotoxicity
between Cu−Te−RT and Cu−Te−400 or Cu−Te−800 might
be caused by the differences in ROS production rates and may
reflect morphological differences that facilitate differing
cytotoxic pathways. Hence, in further experiments we examined
morphological changes of Cu−Te (50 μg mL−1)-treated cells
using optical microscopy over 24 and 48 h treatments (Figure
S8). Whereas no significant differences in morphology were
observed between Cu−Te-treated and untreated cells, some
different shapes were often distributed for Cu−Te−400-, Cu−
Te−800-, and Cu−Cu−RT-treated cells, with volume increases
and large flat structures from small spindle-fusiforms indicating
that cellular senescence was established.54 Considering the
effects of the Te-dominant configuration, these results further
support the benefits of construct modulation, because only the
anisotropy of chemically nontoxic NPs was associated with
senescence and ROS generation, although cellular senescence
can also be generated in association with Cu-mediated ROS
generation.54

The present in vivo toxicology measurements included body
weights and survival rates and histopathological−histomorpho-
metrical, hematological, and biochemical analyses of mice for
the 18 days following single dose treatments with Cu−Te at 100

mg kg−1. No abnormal increases or decreases in body weights
were observed in treated mice when compared with untreated
mice (Figure 8A), although slight weight losses were detected in
Cu−Te−800-treated mice (from 34.9 to 33.6 g over 18 days).
Similarly, in pathological analyses, no significant treatment-
related histopathological alterations were observed in the major
organs of euthanized mice (Figure 8B and Table S1). However,
one-third of the Cu−Te−400- and Cu−Te−800-treated mice
died during the monitoring period (Figure 8C). These
observations may be reflected in our in vitro assessments of
Cu−Te−400- or Cu−Te−800-treated cells. Specifically,
although the toxic effects of the two modulated constructs
were not fatal, their biocompatibility was less than that of Cu−
Te−RT. According to previous studies for antibacterial
validation, in addition, survival rates of antibacterial-treated
mice varied from antibacterial materials and testingmodels,55−57

although there might be some correlations between the particle
anisotropy and cellular (bacterial and animal) damage.58 Hence,
the present toxicological parameters do not firmly represent the
state of treated mice, suggesting that monitoring of survival rates
may be essential in screens of safe-by-design nanoinorganic
antibacterials. To examine the potential for hepatotoxicity of
Cu−Te constructs, we performed hematological analyses of
treated mice (Table S2). In these experiments, white blood cell,
red blood cell, and platelet counts (PLT) were greater in mice
treated with Cu−Te−400 and Cu−Te−800 constructs than in
untreated mice. Similarly, after treatments with either of the two
constructs, mice had elevated hemoglobin (HGB) levels, leading
to increases in hematocrit (HCT) percentages. This might be
relevant to the unfavorable biocompatibilities of the two
constructs, although the percentages remained in the normal
range. Ranges of the serum biochemical parameters alkaline
phosphatase (ALP), aspartate aminotransferase (AST), alanine
aminotransferase (ALT), total protein, total albumin (ALB),
blood urea nitrogen (BUN), creatinine (CRE), globulin
(GLOB), ALB/GLOB, and BUN/CRE are listed in Table S3.
In treated mice, these parameters remained in normal ranges,
although differences in ALT/AST, which are indicators of

Figure 8. In vivo toxicity analyses of Cu−Te constructs; Te NPs (at RT) were included for comparison. (A)Monitored body weights of the Cu−
Te-treated ICRmice (N = 6 for each case; **p < 0.01 and ***p < 0.001). (B) Organ histopathological profiles of Cu−Te-treated ICRmice after
18 day treatments; mice were intraperitoneally injected with a single 100mg kg−1 dose on day 0. Scale bars, 480 μm. (C) Survival rates of treated
mice.
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hepatocyte injury or liver fibrosis,59 and BUN/CRE, which are
indicators of impaired kidney function or kidney disease,60 were
observed in comparisons of Cu−Te−400-treated and untreated
mice. These results suggest that hematological and biochemical
analyses are indicative of the toxicological effects of nano-
inorganic antibacterials but need to be consolidated with more
reliable analyses using other bioassay data.
According to antibacterial and toxicological assays, modu-

lation of Cu−Te constructs affected toxicological screens of
observable cytotoxicity, ROS generation, senescence, and
survival rates in the presence of Cu−Te−400 and Cu−Te−
800 constructs more than in assessments of antibacterial activity,
in which no significant differences in MICs and antibacterial
efficiency were observed between constructs, even in MDR
strains. Hence, efforts to minimize toxicity by controlling
compositions and structures may lead to the identification of
parameters that confer safe-by-design nanoinorganic constructs
in a fast, cost-effective, and highly flexible manner. Such analyses
will facilitate timely realization of strong, broadly acting, and safe
antibacterials. To this end, our plug-in system and 3 week
screening strategy may also offer a platform for more rapid
utilization of safe-by-design nanoinorganic antibacterials that
can overcome the threats of AMR.
In vivo antibacterial efficacies of Cu−Te constructs against the

S. epidermidis strain, skin infected wound mice model were
further investigated. After skin infection, areas of the infected
region were monitored daily (Figure 9A). The infected mice
treated with Cu−Te constructs or chloramphenicol (CHL; a
commercial broad-spectrum antibiotic) were well-recovered
within 4 days of the treatment period, whereas the recovery
process was delayed in the Te NPs (at RT) administered group.
In the ex vivo test, there were no significant differences in S.
epidermidis growth inhibition (Figure 9B,C) between the Cu−
Te construct-treated groups (>80.98% in antibacterial effi-
ciency), which were comparable with commercial CHL
(84.17%). The significantly lower efficiency (44.12%) from Te
NPs (at RT) treatment proved the weak antibacterial activity of
Te for Gram-positive bacteria. No significant body weight losses
were observed during study period except for the Cu−Te−400-

treated group (Figure S9A), representing that the anisotropy of
constituent Cu−Te constructs reduces biosafety. The survival of
the treated mice was monitored on a daily basis, and no mice
died during the study period (Figure S9B). These in vivo results
matched the in vitro antibacterial and in vivo toxicological results,
demonstrating the feasibility and reproducibility of the
developed plug-in system as a rapid antibacterial screening
platform.

CONCLUSIONS

We designed a plug-in system to generate different constructs of
nanoinorganic antibacterials and examine antibacterial and
toxicological properties in less than 3 weeks (2 days for in vitro
assays and 18 days for in vivo assays). To approach
biocompatibility with strong antibacterial activity, we selected
Cu, which is an essential nutrient, and Te, which has low toxicity,
and generated Cu−Te precursors by ablating Cu and Te rods.
Subsequent in-flight modulation was achieved by sintering Cu−
Te NPs in a single-pass manner by connecting the spark plasma
reactor with a flow heater. By adopting differences in heats of
vaporization between Cu and Te, a compositional imbalance
(approximately 1:9 of Cu:Te) of precursor Cu−Te NPs was
achieved, with higher antibacterial activities than Te alone and
lower toxicities than Cu alone. Successively, different heat fluxes
from different wall temperatures of the heater induced different
degrees of changes in the pore phases of flowing precursor NPs
and generated dendritic, spiky, or cubic constructs of Cu−Te
within 5 s, demonstrating the convenience and flexibility of the
present plug-in system. Antibacterial and toxicological assays
showed that the isotropy of constituent Cu−Te constructs is
more determining of improved biosafety than of greater
antibacterial activity. In particular, fewer sharp edges or low
aspect ratios of nanoinorganic constructs may be used to secure
higher biosafety, although anisotropic changes may contribute
additional physical damage to bacterial cells. The present data
suggest that, with convenience and flexibility, our screening
platform can provide various precursors with which to build
constructs and generate safe-by-design nanoinorganic anti-
bacterials in a cost-effective and timely manner.

Figure 9. In vivo antibacterial activities of Cu−Te constructs; CHL, Te (at RT), NC, and PC after S. epidermidis infection of ICR mice. (A)
Digital images of the treated mice for 4 days. (B) Digital images of the bacterial colonies grown on agarose gel media after retrieval from the
infected skin. The Cu−Te constructs and a commercial broad-spectrum antibiotic CHL exhibited significant inhibitions of S. epidermidis
growth compared with TeNPs (at RT). (C) Antibacterial efficiencies against S. epidermidis infection of ICRmice (N = 3 for each case; *p < 0.01
and ***p < 0.001).
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METHODS
Plug-In Preparation of Different Cu−Te Constructs. Ambient

spark ablation was used to supply precursor Cu−Te NPs in a plug-in
manner. A bundle of sparkmicrochannels was formed between a Cu rod
(3 mm diameter; CU-112564, Nilaco) and a Te rod (6 mm diameter;
custom-made, HIGGSLAB) by applying alternating current at high
voltage (3.5 kV, 4.0 kHz; BPI-2K, Best Power) as shown in Figure S1A.
The gas distance between the rods (Cu, anode; Te, cathode) was
maintained at 1 mm, and the rods were placed in a chamber (33 cm3)
under nitrogen gas flow (2 L min−1). Vaporization of the Cu and Te
rods was induced by the high temperature of themicrochannels, and the
vapors were simultaneously condensed into precursor Cu−Te NPs
under nitrogen flow at room temperature.
Constructs of the precursor particles were modulated by directly

passing them through a tubular flow heater in a single-pass
configuration with different wall temperatures [room temperature
(RT), 400 °C, and 800 °C] and a residence time of 4.1 s. This process
provided different shapes and microstructures of precursor particles
from successive heat treatments that induce different thermal behaviors.
The resulting particles were collected on a hydrophobic membrane
filter (11807-47-N, Sartorius) via mechanical filtration. Particles were
precisely injected into buffered saline without purification to secure
desired particle concentrations for antibacterial and biosafety assess-
ments.
Characterization. Aerosol size distributions of Cu−Te constructs

from heat treatments were measured using SMPS (3936, TSI)
immediately after the flow heater with a sampling flow rate of 0.3 L
min−1. To analyze shapes, microstructures, and compositions of Cu−
Te constructs, the particle-laden flow was injected into an aerosol
particle sampler (Ecomesure) with a lacey carbon film-coated copper
grid (Graphene Square), which was inserted to directly deposit particles
on the grid for TEM (JEM-F200, JEOL) and SEM-EDS (7610F-Plus,
JEOL) observations. The resulting particles were also placed on flat
substrates for XRD (miniFlex600, Rigaku), XPS (K-Alpha, Thermo
Scientific), and Raman spectroscopy (LabRam Aramis, Horiba)
analyses, which were used to investigate crystalline and surface
structures of the particles. UV−vis spectrophotometry (V-650, Jasco)
was used to determine light absorption spectra after dispersing the
particles in buffered saline. ICP−AES (OPTIMA 8300, PerkinElmer)
was used to identify released Cu and Te ions from Cu−Te constructs
after the constructs were incubated in PBS for 24 h, 37 °C, and
subsequently separated using a microfiltration kit to extract PBS.
Antibacterial Assay. Antibacterial Efficiency. The bacterial

strains E. coli (ATCC-11775) and S. epidermidis (ATCC-14990) and
the MDR strains, ESBL-producing E. coli (ATCC-25922) and MRSA
(ATCC-33591), were treated with Cu−Te constructs to estimate
antibacterial efficiencies using a conventional colony counting method
(1× 105 CFUmL−1 basis) with a UV−vis spectrophotometer operating
at a wavelength of 620 nm. For particle treatments, 100 μL aliquots of
particle dispersions were added to 2 mL bacterial solutions, and the
resulting mixtures were placed in a shaking incubator at 37 °C for 24 h.
Subsequently, solutions were diluted with deionized water to ensure
desired concentrations for counting of colonies. Solutions were finally
spread on agar plates and were cultured at 37 °C for 24 h. Antimicrobial
efficacies of Cu−Te constructs were estimated by comparing numbers
of CFUs from untreated and treated bacterial cultures.
MIC. MICs of Cu−Te constructs against bacteria were determined

using the broth microdilution method. Briefly, bacteria (1 × 105 CFU
mL−1 basis) were seeded onto 96-well microtiter plates (SPL34096,
SPL Life Sciences), and particle dispersions in 100 μL aliquots of tryptic
soy broth (TSB) with different mass concentrations were added and
incubated at 37 °C for 24 h. MICs were eventually determined by
analyzing inhibition of bacterial growth at different particle
concentrations.
Bacterial Damage. Bacterial damage was examined by observing

morphological differences between untreated and treated strains using
SEM. Specimens were prepared from cultures of bacteria (1× 105 CFU
mL−1) in TSB containing Cu−Te constructs (30 μg mL−1) at 37 °C for
24 h. Treated bacteria were washed and resuspended in deionized

water, and a 5 μL drop of the suspension was then placed on a silicon
wafer (Wanxiang). The specimen was dried in ambient air and was
finally inserted into a vacuum platinum coater. Damage to particle (30
μg mL−1)-treated bacteria (incubated under gentle rotation at 37 °C for
1 h) was further examined by staining bacteria using LIVE/DEAD
BacLight bacterial viability kits (L7012, Invitrogen) for confocal laser
scanning microscopy (LSM 880, Carl Zeiss) observations.

Toxicity Assay. Cell Viability. In vitro viability of HDF and WI-38
cells (Korean Cell line Bank) was determined after 24 and 48 h of
incubation with Cu−Te constructs using MTT assays. In these
experiments, HDF and WI-38 cells were seeded into 96-well plates at 1
× 104 cells per well and were exposed to Cu−Te constructs or Te or Cu
particles for comparison. MTT reagent (1.25 mg mL−1, 100 μL per
well) was added to each well; after 24 or 48 h of incubation, formazan
crystals were dissolved in DMSO (cell grade), and absorbance values of
solutions were determined using a microplate reader (Multiskan EX,
Thermo Scientific) at a wavelength of 570 nm.

Cell Morphology. HDF and WI-38 cells were seeded into 12-well
plates at 1 × 105 cells per well, were grown overnight, and were then
exposed to Cu−Te constructs. Treated cells were washed after 24 or 48
h of incubation, and microscopic images were captured using an
inverted microscope (CKX41SF, Olympus).

In Vitro ROS Generation. ROS generation in Cu−Te-treated HDF
and WI-38 cells was measured using the oxidation sensitive fluorescent
dye DCFH-DA (ab113851, Abcam). Particle-treated (24 or 48 h) cells
were washed twice with phosphate-buffered saline (PBS) and were then
incubated with DCFH-DA solution (30 μmol L−1) for 30 min in the
dark. Cells were washed again with PBS, and fluorescence signals
representing ROS generation were observed using a fluorescence
microscope. In the case of ROS generation in Cu−Te construct (48 μg
mL−1)-treated bacteria for 24 h at 37 °C, DCFH-DA-treated bacterial
cells were centrifuged for removal of the supernatant. The cells were
resuspended in PBS for flow cytometry (BD Biosciences).

In Vivo Toxicity. For in vivo toxicity studies, 30 male ICR mice were
randomly divided into one control group and four treatment groups of
six mice each. Mice were intraperitoneally administered particle
constructs in single doses of 100 mg kg−1, and control mice were
treated with physiologic saline. The mice were weighed and assessed for
behavioral changes every 3 days after injections and were sacrificed after
18 days.

Histopathological Analysis. For histopathological analyses, brain,
heart, liver, spleen, lung, and kidney tissues were excised from all
animals, fixed in 10% neutral buffered formalin, embedded in paraffin
using an automated tissue processor (Shandon Citadel 2000, Thermo
Scientific), and sectioned at 3−4 μm using a microtome (RM2255,
Leica Biosystems). Sections were then stained with H&E and were
observed using light microscopy (Model Eclipse 80i, Nikon).

Biochemical Blood Analysis. Based on a standard cardiac puncture
collection technique, blood was drawn from anesthetized mice for
hematology analyses. For blood analysis, 1 mL aliquots of blood were
collected from treatedmice on day 18 and were centrifuged at 3000 rpm
for 15 min at 4 °C to obtain serum. The hematological parameters such
as white blood cells, red blood cells, HGB, HCT, and others were
examined. Moreover, serum levels of ALP and AST were analyzed to
evaluate the effects of the treatments on liver function. BUN and CRE
levels were analyzed to examine nephrotoxicity.

In Vivo Antibacterial Assay. Male ICR mice (30−40 g; 6 weeks of
age) were kept for 1 week to be acclimatized in individually ventilated
cages (specific pathogen-free state) at 22 ± 2 °C and 40−60% relative
humidity under a strict 12/12 h light/dark cycle prior to the
investigation. Skin infection of ICR mice with S. epidermidis was
performed as described previously.61−63 Briefly, mice were anesthetized
(ketamine/xylazine cocktail; 0.1 mL/20 g), disinfected with ethanol
(70%), shaved dorsally (about 3 cm2), tape stripped on the shaved area
(2.5 cm2), injected subcutaneously with 200 μL of S. epidermidis at a
concentration of 1 × 107 CFU mL−1, and kept overnight to infect the
mice. The infected mice were then randomized into six groups, with
three mice in each group. The infected six groups were treated
subcutaneously with Cu−Te constructs or Te NPs (at RT) at a dose of
25 mg kg−1, including 200 μL of normal saline (positive control; PC) or
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CHL, at a 24 h interval for 3 days. One group was left uninfected and
untreated as a negative control (NC). The mice were monitored for the
development of skin abscesses and lesions characterized by swelling,
redness, and other inflammatory reactions throughout the study period.
At day 4 of the treatments, mice were sacrificed; 300 mg of wound (∼1
cm2) was removed and homogenized with 3 mL of phosphate buffer. A
10 μL portion of homogenates was finally taken to carry out a pour plate
technique to determine the CFU of alive bacteria and to compare it with
other groups.
Statistical Analysis. Differences between treatments were identified

using one-way ANOVA or Student’s t-tests, and levels of significance
are presented for each result.
Ethical Statement. All animal procedures were performed in

accordance with the Guidelines for Care and Use of Laboratory
Animals of Yeungnam University and were approved by the
Institutional Animal Ethics Committee of Yeungnam University.
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Antibiotic Antibacterial Effect by Sub Lethal Tellurite Concentrations:
Tellurite and Cefotaxime Act Synergistically in Escherichia coli. PLoS
One 2012, 7, No. e35452.
(29) Zare, B.; Faramarzi, M. A.; Sepehrizadeh, Z.; Shakibaie, M.;
Rezaie, S.; Shahverdi, A. R. Biosynthesis and Recovery of Rod-Shaped
Tellurium Nanoparticles and Their Bactericidal Activity. Mater. Res.
Bull. 2012, 47, 3719−3725.
(30) Shakibaie, M.; Adeli-Sardou, M.; Mohammadi-Khorsand, T.;
Zeydabadi-Nejad, M.; Amirafzali, E.; Amirpour-Rostami, S.; Ameri, A.;
Forootanfar, H. Antimicrobial and Antioxidant Activity of the
Biologically Synthesized Tellurium Nanorods: A Preliminary In Vitro
Study. Iran. J. Biotechnol. 2017, 15, No. 268.
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