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ABSTRACT: Nanomedicine is promising for disease prevention
and treatment, but there are still many challenges that hinder its
rapid development. A major challenge is to efficiently seek
candidates with the desired therapeutic functions from tremen-
dously available materials. Here, we report an integrated computa-
tional and experimental framework to seek alloy nanoparticles from
the Materials Project library for antibacterial applications, aiming to
learn the inverse screening concept from traditional medicine for
nanomedicine. Because strong peroxidase-like catalytic activity and
weak toxicity to normal cells are the desired material properties for
antibacterial usage, computational screening implementing theoreti-
cal prediction models of catalytic activity and cytotoxicity is first conducted to select the candidates. Then, experimental
screening based on scanning probe block copolymer lithography is used to verify and refine the computational screening
results. Finally, the best candidate AuCu3 is synthesized in solution and its antibacterial performance over other nanoparticles
against S. aureus and E. coli. is experimentally confirmed. The results show the power of inverse screening in accelerating the
research and development of antibacterial nanomedicine, which may inspire similar strategies for other nanomedicines in the
future.
KEYWORDS: alloy nanoparticles, antibacterial nanomedicine, density functional theory calculations, inverse screening, nanozymes

INTRODUCTION
Nanomedicine refers to the application of engineered nano-
materials for disease prevention and treatment.1−3 Nanoma-
terials possess versatile chemical compositions, structures,
tunable physicochemical properties, and functionalities, which
enable them to potentially overcome the drawbacks commonly
associated with conventional small molecular drugs, such as
high dosage, poor targeting, severe toxicity, side effects, and
susceptibility to drug resistance. These advantages suggest that
it is promising to significantly improve the curative effects and
reduce healthcare costs through the application of nano-
technology for medical care. Consequently, nanomedicine is of
high research value and is expected to have broad market
prospects in the coming decade.4,5 Recent studies have
demonstrated that nanomaterials are promising alternatives
to conventional antibiotics. Owing to their versatile anti-
bacterial mechanisms, including membrane destruction,
disruption of the electron transport chain, catalytic killing,
cell division arrest, prolonged ionic killing and aggregation-
mediated cell trapping, nanomaterials are potentially free to

antimicrobial resistance.6−8 For instance, nanomaterials
possessing peroxidase-like (POD-like) catalytic activity can
catalyze the decomposition of H2O2 to produce highly toxic
hydroxyl groups and trigger the bacterial death by the
oxidation of cellular substance (electron donor, eq 1), serving
as potential nanomedicine to prevent bacterial infection.8−13

Intriguingly, because it combats bacterial in a manner that
differs from conventional antibiotics14 by disrupting the cell
membrane integrity and damaging bacterial DNA and
intracellular proteins through the production of highly
oxidative hydroxyl groups,8,13 this catalysis-enabled antibacte-
rial nanomedicine is promising to overcome antimicrobial
resistance, which is becoming a huge threat to humanity.15
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However, a tremendous number of nanomaterials have been
fabricated so far, making it extremely difficult to precisely seek
targets with desired medical functions such as antibacterial
activity, which significantly hinders the further development of
nanomedicine.

H O 2H 2donor 2H O 2ox donor2 2
POD

2+ + ++ (1)

Computer-aided inverse screening, which discovers mole-
cules with predefined therapeutic properties, has become an
indispensable technique to cost-effectively develop drugs.16

This technique has successfully brought several compounds
into the medicine market, including dorzolamide in 1995,17

nelfinavir in 1997,18 and relenza in 1999,19 demonstrating its
power in seeking promising candidates from the mass
molecular libraries. In addition, this technique has successfully
accelerated discovery of nanomaterials for CO2 reduction,20

solar cell,21 nitrogen fixation,22 and so on. With the
development of more powerful computer hardware and
artificial intelligence algorithms, such an inverse screening
method is believed to play more important roles in the modern
pharmaceutical industry. Therefore, it is highly desirable to
learn the inverse screening technique from traditional medicine
for nanomedicine.
Here, we report the construction and validation of an

integrated computational and experimental framework for
inverse screening of alloy nanoparticles from the Materials
Project library23,24 toward antibacterial nanomedicine (Figure
1). We are interested in alloy nanoparticles because of their

various advantages, such as unique electronic structures,
ordered atomic structures, diverse atomic sizes, thermody-
namic stability, and expandability, all of which may enhance
the catalytic capacity of intermetallic materials.25 Strong POD-
like catalytic activity and weak cytotoxicity to normal cells,
which benefit antibacterial applications, are defined as the
properties for screening. Briefly, the POD-like activity
model,26−28 which was recently proposed by our group to
predict the POD-like catalytic activity of material surfaces, is
verified for alloys. The verified model can then be interfaced
with the Materials Project library to screen binary alloys
possessing POD-like activity from those made of 3d−5d

transition metals (TMs). The cytotoxicity of the alloys is
evaluated using the nano-QSAR model29−31 to exclude those
toxic to normal cells. After these two steps of computational
screening, scanning probe block copolymer lithography
(SPBCL) is employed to fabricate highly uniform metal and
alloy nanoparticles for secondary experimental screening.
Through the combined computational and experimental
screening, AuCu3 is suggested as the best candidate in terms
of the catalytic activity and safety. The antibacterial activity of
AuCu3 prepared by the wet-chemistry strategy is tested by
plate count experiments, supporting the reliability of the
inverse screening technique. The results discover the AuCu3
alloy as a potential antibacterial nanomedicine without
antimicrobial resistance. Meanwhile, they prove the significant
role of inverse screening in promoting the research of
antibacterial nanomedicine, which may also inspire the
research of other nanomedicine in the future.

RESULTS AND DISCUSSION
Validation of POD-like Activity Model for Alloys.

Because the antibacterial function of nanomaterials is
substantialized by their POD-like catalytic activity,8−13 a
reliable prediction of the catalytic activity is essential to enable
the inverse screening of the nanomedicine. Here, the POD-like
catalytic activity of nanomaterials was assessed by the reaction
of H2O2 with 3,3′,5,5′-tetramethylbenzidine (TMB), which
was the same as previous studies (Figure 2a).32,33 We have
recently proposed a theoretical model to predict the relative
POD-like catalytic activities of a single active site of material
surfaces for this prototype reaction.26 As shown in Figure 2b,
this model is based on the hydroxyl (OH) adsorption energy
(Eads,OH) on a given nanosurface. This model indicates that too
weak hydroxyl adsorption impedes the decomposition of
H2O2, while too strong hydroxyl adsorption hinders the
oxidation of substrates. Therefore, there is an optimum Eads,OH
value, which was found to be −2.60 eV, to achieve the highest
POD-like activity of nanomaterials. In addition, the POD-like
activity window has been defined as −3.50 eV < Eads,OH <
−1.60 eV,26 and the optimal activity window has been defined
as −2.80 eV < Eads,OH < −2.40 eV. With this POD-like activity
model, it is convenient to predict whether a nanomaterial can
be considered as a POD mimic by calculating the Eads,OH
without studying the entire reaction process. This model has
been successfully applied to understand the better POD-like
activity of the Mo/Zn dual-site nanoparticle than the
corresponding single-site ones.34

Because it does not consider sizes and morphologies of
nanoparticles, the POD-like activity model is applicable only to
describe the relative capacity of nanoparticles that have similar
sizes and morphologies. To verify whether the POD-like
activity model is adoptable for metallic nanomaterials, we
compared the experimentally reported POD-like activities of
several noble metals (Ru, Pd, Ir, Au, and Pt) with respect to
their Eads,OH values. As shown in Figure 2b and Table S1,
Eads,OH values for Pd, Ir, and Pt are very close to the optimal
one, which is consistent with their good POD-like activities, as
reported in experiments.35−37 On the other hand, the Eads,OH
values for Ru and Au are too strong (−3.70 eV for Ru) or too
weak (−2.20 eV for Au), resulting in their weaker POD-like
activities38,39 than those of Pd, Ir, and Pt.35−37 These results
validate that our prediction model for the POD-like activity of
nanomaterials on the basis of Eads,OH can also be applied to
metallic nanomaterials.

Figure 1. Schematic representation of an integrated computational
and experimental framework for inverse screening of antibacterial
nanomedicine.
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Preliminary Computational Screening. To find medi-
cally applicable alloy nanomaterials with high POD-like activity
and low cytotoxicity, we constructed a computational screen-
ing framework to interface with the Materials Project,23,24 a
publicly available materials library. The possible binary alloys
in the library consisting of 3d to 5d TMs without Hg were
queried, during which only the stable or experimentally
observed structures (“is_stable = True” or “theoretical =
False”) were considered, leading to a total of 844 binary alloys
(Figure 3a). Some of these alloys contain many metal sites,
which are very difficult for the DFT calculations. Therefore, we
further reduced the number of samples by considering only
those alloys that are nonmagnetic (“is_magnetic = False”) and
small in size (nsites ≤ 4). Finally, 260 binary alloys were
considered in the computational inverse screening of POD-like
activity (Table S2). Next, a workflow was constructed for
autocalculation of Eads,OH on different surfaces of alloys (Figure
3b). The crystal structure of an alloy was obtained with its ID
in the Materials Project (mp-ID) and then optimized using the
DFT method. The optimized crystal structure was then
employed to construct different exposed surfaces, for which

only surfaces with Miller indices between −1 and 1, such as the
(100), (110), and (111) surfaces, were considered. For
unsymmetrical top and bottom surfaces, both of them were
considered. This resulted in a total of 1700 unique surfaces for
260 binary alloys. These surfaces were then used to generate
OH adsorption structures, and further DFT calculations were
performed to obtain Eads,OH. For convenience of discussion,
these surfaces will be denoted as mp‑IDformula-hkl, where mp-
ID is the ID of an alloy in the Materials Project, formula is the
composition of elements in an alloy, and hkl is the Miller
indices for a specific surface.
The distribution of DFT-calculated Eads,OH for all the 1700

surfaces is shown in Figure S1. Although most of these surfaces
have too strong OH affinity, there are 353 candidates (21.8%)
falling into the POD-like activity window, as can be seen in
Figure 3c, suggesting that it is promising to discover strong
POD-like catalytic activities in these TM alloy nanomaterials.
In order to recognize the proper alloy nanomaterials for
antibacterial applications, we further examined the surfaces
that are ideal for POD-mimics. These surfaces are mainly
composed of noble metals such as Ag, Au, Pd, and Pt, which is
not surprising because these metals have moderate Eads,OH
values that do not deviate much from the optimal value −2.6
eV for mimicking POD. Interestingly, the POD-like activity of
alloy nanoparticles consisting of Au, Ag, and Cu was also
reported in experiment,40 which again suggests the availability
of our prediction model in finding POD-mimicking alloys. It is
worth noting that there are six ideal POD-mimicking surfaces
containing the earth-abundant element Cu, namely, mp‑2258Au-
Cu3-100, mp‑522AuCu-100, mp‑522AuCu-111, mp‑2103Au3Cu-100,
mp‑2103Au3Cu-110, and mp‑2103Au3Cu-111 (Figure 3d). It should
be noted that the Eads,OH values for different exposed surfaces
of AuCu3 differ very much; the (100) surface exposing both
Cu and Au atoms is ideal to show the peroxidase-like activity,
and other surfaces have too attractive affinities to the hydroxyl
group, suggesting the morphology-dependent peroxidase-like
activity of nanomaterials. Compared to the AuyCux alloys,
alloys of Cu with other noble metals are either unstable (such
as AgxCuy) or more attractive to the OH (such as CuxPdy and
CuxPty), making them unsuitable as ideal POD mimics. Given
that the OH affinity decreases in the order of Au < Pt < Pd ≈
Ag < Cu, these results suggest that alloying a weakly attractive
metal with a strongly attractive metal or two moderately
attractive metals can lead to better POD-like activities than the
metals alone. Similar trends are also observed for alloys
containing Cd and Zn, of which 13 surfaces are predicted to be
ideal POD mimics.
In addition to POD-like catalytic activity, cytotoxicity of

nanomaterials is another property to be considered for their
application as antibacterial medicine. Several descriptors based
on the physical properties of nanomaterials have been
proposed to evaluate the cytotoxicity of metals and metal
oxides using the nano-QSAR model.29−31 Among those
reported descriptors, periodic table-based physical properties,
such as covalent radius (Rc)

31 and absolute electronegativity
(μ),30 are very useful in the computational inverse screening
due to the avoidance of extensive calculations. In our screening
framework, we selected Rc as the descriptor for the
cytotoxicities of alloys, represented by pEC50 (see Methods),
because it is able to well describe the order in cytotoxicities of
Ag and Au nanoparticles (Table S3). Figure 4 shows the
predicted cytotoxicities of various alloys with high POD-like
activities; see Table S2 for cytotoxicities of all alloys

Figure 2. Validation of the peroxidase-like activity model. a)
Prototype reaction for evaluating the peroxidase-like catalytic
activity underling antibacterial function of nanomaterials. b)
Theoretical model based on hydroxyl adsorption energy (Eads,OH)
to predict the peroxidase-like catalytic activity of material surfaces.
The peroxidase like-activity window was found to be −3.50 eV <
Eads,OH < −1.60 eV and the optimal activity window was −2.80 eV
< Eads,OH < −2.40 eV. AuCu3 is the alloy screened out from the
materials project library.
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investigated in this work. Alloys containing early TMs such as
Ti2Re and YPd2 are the most toxic among the ideal POD-like
alloys because of their larger Rc values. For a similar reason,
Ag- and Cd-containing alloys show larger cytotoxicities than
Au-containing ones, which is consistent with our general
understanding of the toxicities of these metallic nanoparticles.
Interestingly, alloys consisting of Au and Cu, such as AuCu3,
AuCu, and Au3Cu, are among the least toxic alloys with
moderately lower toxicity than pure Au (pEC50 = 5.53),
suggesting that the incorporation of Cu into Au nanoparticles

does not have a significant effect on the cytotoxicity. These
results demonstrate the power of our inverse screening
framework, which reveals a series of safe and inexpensive
alloys (AuCu3 and AuCu) with high POD-like catalytic
activities, suggesting their potential in antibacterial application.
Secondary Experimental Screening. To verify whether

the Cu-containing alloys predicted in the preliminary
computational inverse screening are excellent POD-mimics,
we performed secondary experimental screening by producing
highly uniform nanoparticles and testing their POD-like

Figure 3. Computational screening of peroxidase-like alloys. (a) Schematic representation for alloy search and selection from the Materials
Project. (b) Workflow for high-throughput DFT calculations of Eads,OH, including autoconstruction of structures and autocalculations. (c)
DFT-revealed surfaces with hydroxyl adsorption energy Eads,OH falling into the peroxidase-activity window (−3.50 eV, −1.60 eV). (d)
Surfaces of mp‑2258AuCu3 and mp‑522AuCu along with their Eads,OH values.
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activities. For comparison, several noble metals and Ni-
containing alloys were also considered. In order to obtain
well-defined model systems in the study of their POD-like
activities, SPBCL41−44 was employed to produce metal and
alloy nanoparticles (Figure 5). Compared to solution phase
synthesis, SPBCL is a surfactant/stabilizer-free approach and in
the meantime can overcome common aggregation problems.
Moreover, the resulting nanoparticle arrays prepared using
SPBCL exhibit similar sizes and morphologies, as well as
comparable numbers of catalytically active sites, allowing for a
precise investigation of the structure−activity relationship of
the nanoparticles.45 Therefore, SPBCL nanoparticle arrays can

serve as an ideal model system for the experimental screening
of POD-mimicking alloys.
The patterning process of the nanoreactors is illustrated in

Figure 5a, which appear to be uniform arrays by optical
microscopic observation (Figure 5b). The polymetallic nano-
particles could be obtained by a two-step annealing process. To
confirm the formation of a single nanoparticle in each
nanoreactor, the prepared Au nanoparticles was characterized
by scanning electron microscope (SEM). Figure 5c shows a
representative result. It can be observed that more than 80% of
the nanoreactors can form single nanoparticles. In addition, a
narrow size distribution of 28−32 nm was obtained, indicating

Figure 4. Cytotoxicity (pEC50) predicted for alloys with the nano-QSAR model. Only alloys with hydroxyl adsorption energy (Eads,OH)
located in the optimal activity zone (−2.4 ∼ −2.8 eV), namely, those predicted to have strong POD-like activity, are considered in the figure.

Figure 5. Screening of peroxidase-like alloys with scanning probe block copolymer lithography. (a) Schematic diagram of patterning process.
(b) Optical microscopic image of nanoreactor arrays printed on the hexamethyl disilazane modified silicon wafer. (c) Scanning electron
microscope image of the obtained Au nanoparticle array. Inset showing a zoomed-in detail of a representative nanoparticle. (d) Elemental
mapping of the multimetallic nanoparticle library. Scale bar: 10 nm. (e) Typical absorption spectra of 0.5 mM TMB after catalytic oxidation
with 100 mM H2O2 in pH 4.5 acetate buffer in the presence of various nanoparticle arrays. (f) Histograms comparing the relative catalytic
capacity of metal and alloys. An error bar in the relative catalytic capacity was absent, because the standard deviation is small for selected
nanoparticles (Au, Cu, Pt, Ir, and AuCu3, Figure S3).
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good uniformity of the SPBCL-synthesized nanoparticles. To
examine the elemental distribution of the nanoparticles,
spherical aberration corrected transmission electron micro-
scope (AC-TEM) was performed, as shown in Figure 5d,
where AuCu3 and PtNi3 nanoparticles exhibit alloy structures,
while AuNi3 and PdNi3 nanoparticles are phase-separated
heterostructures. These observations reflect the miscibility of
the metal components.44

To evaluate the POD-like activities of nanoparticle arrays,
absorption spectroscopy was used to monitor the catalytic
oxidation of TMB, a typical POD substrate, with H2O2 in the
presence of metal and alloy nanoparticles (Figure S2). As
shown in Figure 5e, 5f and S3, the order in the POD-like

activities of metal and alloy nanoparticles is in general
agreement with the results predicted by the computational
inverse screening. Moreover, among these metal and alloy
nanoparticle arrays, AuCu3 exhibited the highest POD-like
activity, which is consistent with the computational results.
Therefore, the combined computational and experimental
inverse screening indicates that AuCu3 is an excellent POD-
mimic that is expected to be useful for antibacterial
applications.
Wet-Chemistry Synthesis and Antibacterial Test.

Although the high POD-like activity of AuCu3 has been
demonstrated by computational and experimental inverse
screening, for practical applications, nanoparticles dispersed

Figure 6. Wet-chemistry synthesis of AuCu3 and antibacterial test. (a) TEM image of AuCu3 nanoparticles. (b) Powder X-ray diffraction
pattern of AuCu3 nanoparticles. (c) Plots of the initial reaction velocity of AuCu3 nanoparticles as a function of H2O2 concentration (1 mM
of TMB). Each error bar shows the standard deviation of three independent measurements. (d) ESR spectra of DMPO mediated by 10 μg/
mL of AuCu3, 100 μM of H2O2, and 10 μg/mL of AuCu3 + 100 μM of H2O2. (e, f) Antibacterial activity of AuCu3 (10 μg/mL)/H2O2 on
Gram-positive S. aureus and Gram-negative E. coli. For S. aureus, [H2O2] = 50 μM; for E. coli, [H2O2] = 100 μM. (g) Photographs of S. aureus
colonies after different treatments. (h) Representative SEM images of S. aureus after different treatments with arrows indicating the
disrupted bacteria. Cultured bacteria were treated with (1) NaAc-HAc buffer (control), (2) 50 μM H2O2, (3) 10 μg/mL AuCu3, and (4) 10
μg/mL AuCu3 + 50 μM of H2O2. All data are taken as mean ± s.d. (n = 3). Statistical significance was performed by a two-tailed Student’s t
test. ****P < 0.0001. The concentration of H2O2 was fixed at 100 and 50 μM for E. coli and S. aureus, respectively, because they have
different susceptibilities to H2O2.
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in the solution phase must be obtained for potential
antibacterial usage. Therefore, we synthesized AuCu3 nano-
particles by a typical one-step coreduction method46 to verify
the antibacterial performances of AuCu3. Copper acetate and
gold chloride were reduced at the same time in the presence of
sodium borohydride, and the solution color gradually changed
from dark red to dark brown, suggesting the formation of Au
and Cu composite particles. Atomically ordered AuCu3 alloy
nanoparticles could be obtained by annealing a mixture of Au
and Cu nanoparticles under an inert atmosphere. Figures 6a
and S4 show the typical transmission electron microscope
(TEM) images of AuCu3 alloy nanoparticles. Although the size
of AuCu3 nanoparticles prepared by the wet-chemistry method
was smaller than SPBCL-synthesized nanoparticles, we
anticipate that the AuCu3 nanoparticles would still exhibit
good peroxidase-like activity. This is due to the fact that our
computational screening considered only the composition that
reflects the intrinsic catalytic capacity of nanomaterials. As
shown in Figure 6b, all of the diffraction peaks of the sample
are consistent with the AuCu3 intermetallic phase.46 The
inductively coupled plasma atomic emission spectrometry
(ICP-OES) analysis suggests a stoichiometry of AuCu3.52
(Table S4), which is close to the ratio of precursors (Au: Cu
= 1:3). As can be seen from the high-resolution (HRTEM)
image (Figure S5), a lattice fringe spacing of 0.229 nm
corresponds to AuCu3 (111). The elemental mapping results
suggested that Au and Cu were homogeneously distributed on
the AuCu3 nanoparticles (Figure S6). All of these results
demonstrate the successful synthesis of AuCu3 nanoparticles.
The POD-like activities of AuCu3 nanoparticles were further

explored. We quantified the catalytic efficiencies of AuCu3
nanoparticles using apparent steady-state kinetic assays (Figure
6c and Figures S7 and S8). A typical Michaelis−Menten curve
could be obtained by plotting the initial reaction velocities as a
function of the H2O2 concentration (Figure 6c). The enzyme
kinetic parameters, including the Michaelis−Menten constant
(Km) and the maximum initial velocity (vmax), could be
calculated by converting the Michaelis−Menten curve into a
double-reciprocal plot (Figure S8). As shown in Table S5,
AuCu3 nanoparticles exhibited high vmax values, further
demonstrating their excellent POD-like activities. To confirm
whether AuCu3 nanoparticles could catalyze the decomposi-
tion of H2O2 to generate hydroxyl adsorbate (OH*) as the
reactive intermediate, we first performed fluorescent assays
using terephthalic acid (TA) as a fluorescent probe. TA could
react with OH* to generate 2-hydroxy terephthalic acid
(TAOH), which possessed a characteristic fluorescent signal at
435 nm. As shown in Figure S9, a characteristic signal that
appeared with an emission peak at 435 nm could be observed
upon the addition of H2O2 and AuCu3 nanoparticles into the
TA solution, indicating the formation of TAOH. Moreover,
electron spin resonance spectra (ESR) were also used to
directly demonstrate the generation of OH* by using 3,4-
dihydro-2,2-dimethyl-2H-pyrrole1-oxide (DMPO) as an ESR
spin-trapping agent. As shown in Figure 6d, a characteristic
signal with a 1:2:2:1 line was produced in the presence of
H2O2 and AuCu3 nanoparticles, indicating the formation of the
hydroxyl adduct of DMPO. These results verified that AuCu3
nanoparticles could serve as excellent POD mimics for
catalyzing the H2O2 to generate reactive OH*, making
AuCu3 nanoparticles promising antibacterial candidates
because of their potential in inducing the bacterial
programmed cell death by the oxidation of cellular

substances.8,13 We further evaluated the cytotoxicity of the
AuCu3 nanoparticles. The results show that the AuCu3 is stable
with a small amount of toxic Cu2+ released (Table S6) and that
no notable cytotoxic effects on RAW 264.7 macrophages could
be observed when the concentration of nanoparticles is below
50 μg/mL (Figure S10), demonstrating the good biocompat-
ibility of AuCu3 nanoparticles. The low cytotoxicity of AuCu3
nanoparticles was consistent with the predicted results by
calculations (Figure 4 and Figure S10).
Given that they could effectively catalyze H2O2 to exhibit

POD-like catalytic activity, AuCu3 nanoparticles were
developed for antibacterial application. We evaluated the
antibacterial effect of AuCu3 nanoparticles against two
representative bacteria, Gram-positive bacterium S. aureus
and Gram-negative bacterium E. coli, by quantitative analysis
using colony-forming units (CFU). We first incubated the
bacterial solution with different groups for 3 h at 37 °C in an
incubator shaker. After treatment, we used 20 μL of suspension
to spread evenly on solid agar medium for CFU enumeration,
and 100 μL of the above suspension was spread evenly on solid
agar medium for taking photographs of colonies. As shown in
Figure 6e−g and Figures S11 and S12, in the presence of a low
concentration of H2O2 with 50 or 100 μM, as low as 10 μg/mL
AuCu3 nanoparticles could possess significant antibacterial
activity against S. aureus and E. coli. The amounts of AuCu3
and H2O2 required to achieve satisfactory antibacterial
performance are much smaller than those of other POD-
mimicking nanoparticles (Table S7), including Pt single-atom
nanoparticles (250 μg/mL), oxygenated-group-enriched car-
bon nanotubes (100 μg/mL), Copper/carbon nanoparticles
(250 μg/mL), and monodispersed ZIF-8 derived carbon
nanospheres with a zinc-centered porphyrin-like structure
(PMCs, 100 μg/mL). These results suggest the superior
antibacterial properties of AuCu3 over those of other
nanoparticles. On the other hand, AuCu3 nanoparticles or
H2O2 alone exhibited weak antibacterial activity (Figures 6e−g
and Figures S11 and S12), suggesting the low cytotoxicity of
AuCu3 nanoparticles, as predicted in the computational inverse
screening. It is interesting to note that the cellular survival
percentages differ upon exposure to 10 μg/mL AuCu3
nanoparticles. Macrophages showed a survival percentage of
approximately 95% (Figure S10), whereas bacteria had a
survival percentage of around 65−85% (Figure S11). This
difference may be attributed to the different susceptibilities of
bacteria and mammalian cells to AuCu3 nanoparticles,
influenced by their different biological contexts, such as
H2O2 concentration. In addition, the weak antibacterial activity
of AuCu3 nanoparticles alone suggests that mechanical stress
exerted by the nanoparticles is not enough to induce bacterial
death. SEM characterization was further performed to observe
the bacterial morphology with different treatments. As shown
in Figure 6h and Figure S13, the structural integrity of S. aureus
and E. coli was severely disrupted after incubating with AuCu3
nanoparticles (10 μg/mL) and H2O2 (50 or 100 μM), which
was consistent with the plate count experiments, further
demonstrating the promising antibacterial activity of AuCu3
nanoparticles.
To demonstrate the antibacterial mechanism of the AuCu3

alloy in the presence of H2O2, we conducted additional
experiments to measure bacterial membrane permeability,
protein leakage, as well as protein and DNA damages resulting
from various treatments. The results showed that treatment
with AuCu3/H2O2 increased bacterial membrane permeability,
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as indicated by the significant red fluorescent signals from
propidium iodide (PI) that penetrate only damaged cell
membranes (Figures S14 and S15). However, there was little
change in the red fluorescence signals for those treated with
either AuCu3 or H2O2 alone, indicating minimal membrane
disruptions. Accordingly, the presence of both the AuCu3 alloy
and H2O2 resulted in a more significant protein leakage from
the bacteria, as evidenced by the highest absorbance value at
280 nm in the supernatant of the bacteria compared to other
groups (Figure S16). These findings suggest that the bacterial
membranes were severely disrupted by the combined treat-
ment of AuCu3 and H2O2.

8,13 For DNA and protein damage,
treatment with AuCu3/H2O2 showed more pronounced effects
on E. coli than on S. aureus. These results suggest a difference
in the responses of these two bacteria to AuCu3/H2O2
treatment (Figure S17), probably because they have different
susceptibility to HO* produced by AuCu3 in the presence of
H2O2, which is consistent with the antibacterial performances,
as shown in Figure 6e and f.
The synthesized AuCu3 nanoparticles exhibited good POD-

like activity, low toxicity, and significant antibacterial perform-
ances, demonstrating the efficiency of our inverse screening
technique in the discovery of antibacterial nanomedicine with
enzyme-like activity. The screening method described here
depends on the theoretical model for predicting the enzyme-
like activity of nanomaterials and thus is adoptable to screen
other types of catalytic nanomedicine. For example, catalytic
disruption of bacterial quorum sensing to quench bacterial
communications has recently emerged as another antimicrobial
strategy.47 This relies on the lactonase-like activity of
nanomaterials that facilitates the hydrolysis of N-acylated-L-
homoserine lactone (AHL). Once a lactonase-like activity
model with computable descriptor(s) has been established, the
inverse screening framework can be implemented to identify
the appropriate antibacterial nanomedicine. However, it is
important to emphasize that the current approach mainly
focuses on crucial factors related to antibacterial efficacy. For
practical clinical applications, particularly in vivo, many other
aspects must also be considered, such as the immune system’s
response, drug adsorption, distribution, metabolism, and
elimination within the body. Due to the limited availability
of straightforward parameters for these drug events in vivo, it
remains challenging to implement such features in the inverse
screening process. This could necessitate the use of artificial
intelligence based on big data in the future.48 Nevertheless, the
current screening approach can introduce candidate anti-
bacterial nanomaterials for operating theaters, more efficient
aseptic clothes, and similar applications.

CONCLUSIONS
The integrated computational and experimental framework for
the inverse screening of antibacterial alloy-nanoparticles
without antimicrobial resistance has been constructed and
tested. The previously reported POD-like activity model has
been verified for metal nanomaterials and implemented to
computationally screen the catalytically active alloys from the
Material Project library. The previously reported nano-QSAR
model was implemented to computationally exclude those with
high cytotoxicity. This preliminary computational screening
has suggested that AuCu3 should show high POD-like activity
and low cytotoxicity. The excellent POD-like activity of AuCu3
over other metals and alloys has been verified in the secondary
experimental screening by producing well-defined nano-

particles using SPBCL. Guided by these inverse screening
results, AuCu3 nanoparticles have been synthesized in solution,
which indeed show good POD-like catalytic activity and
antibacterial performances, in particular against Gram-negative
E. coli. The results have suggested AuCu3 alloys to be a
potential antibacterial nanomedicine free from antimicrobial
resistance and proved the power of inverse screening in
promoting research of nanomedicine. We anticipate that with
further development of theoretical models to predict the
enzyme-like catalytic abilities of nanomaterials, the present
framework can be extended to screen the related enzyme-
mimicking alloys for their associated medical applications.

MATERIALS AND METHODS
Models and Computational Details. The crystal structures of

260 binary alloys considered in this work were obtained from the
materials project. The optimized bulk crystal structures were used to
build slabs, which were then used to generate OH adsorption
structures. Slabs were generated automatically using the pymatgen,49

which ensures a minimum slab size of 8 Å and a vacuum separation of
15 Å along the z-direction between two periodically repeated slabs. In
geometry optimization of the slabs, the bottom half was fixed.

Periodic density functional theory calculations were performed
using the Vienna Ab initio Simulation Package (VASP 5.4.4).50,51 The
Perdew−Burke−Ernzerhof52 functional with Grimme’s semiempirical
“D3BJ” dispersion correction53,54 was employed in these calculations.
The plane wave basis sets with an energy cutoff of 450 eV were used
to describe valence electrons and the projector-augmented-wave
pseudopotentials were used to describe core electrons.55,56 In
geometry optimization of bulk crystal structures, the convergence
criteria for energy and atomic force were set to be 10−5 eV and 0.02
eV/Å, respectively. For the calculation of hydroxyl adsorption energy,
we used a loosen criterion for atomic force, which was set to be 0.05
eV/Å in optimizing slab structures. Such a loosening criterion does
not affect the results very much, as shown in Table S8. The Brillouin
zone was sampled by a 3 × 3 × 1 Monkhorst−Pack57 k-point mesh in
all calculations of slab models. The adsorption energy of hydroxyl was
calculated using eq 2

E E E E(surface OH) (surface) (OH)ads,OH = (2)

where E(surface−OH), E(surface), and E(OH) are energies of the
most stable OH-adsorbed surface, separated surface and OH,
respectively.
Evaluation of POD-like Activity. It has been shown that the

POD-like activity of nanomaterials depends on two key elementary
steps, namely H2O2 dissociation (step 1) and TMB oxidation (step
2).26−28 The reaction energies and barriers for these two steps are
denoted as Er,i and Eb,i (i = 1 or 2), respectively. According to the
Bell−Evans−Polanyi (BEP) relation, Eb and Er show a positive linear
relationship for similar reactions; Eb,i = ai Er,i + bi (i = 1 or 2), where ai
and bi are constants. Such a linear relationship between Eb,i and Er,i (i
= 1 or 2) has been demonstrated for iron oxide nanomaterials.26 The
sum of Er,1 and Er,2 is the reaction energy for TMB oxidation by H2O2,
which should be a constant irrespective of catalyst. As such, both Eb,1
and Eb,2 can be represented with Er,1, suggesting that Er,1 could serve
as a descriptor for the overall reaction. Nevertheless, obtaining Er,1
through high-throughput calculations is challenging. Further explora-
tion for simpler descriptors found that Er,1 is linearly dependent on
hydroxyl adsorption energy (Eads,OH).

26 Therefore, the Eads,OH value
can determine the relative POD-like activity of different nanomateri-
als, which was employed in our preliminary computational screening.
The Python scripts for high-throughput Eads,OH calculation can be
accessed through https://github.com/xingfagao/PyPOD.
Evaluation of Cytotoxicity. The quantitative structure−activity

relationship model for nanomaterials (Nano-QSARmix) was used to
evaluate the cytotoxicity of different alloys, where the physical
descriptor was chosen as the covalent radius (Rc).

31 For alloy systems,
the descriptor was represented as an additive mixture (Rc,mix) of

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c09128
ACS Nano XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c09128/suppl_file/nn3c09128_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c09128/suppl_file/nn3c09128_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c09128/suppl_file/nn3c09128_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c09128/suppl_file/nn3c09128_si_001.pdf
https://github.com/xingfagao/PyPOD
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c09128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


composition-weighted descriptors for individual metals.58,59 The Rc,mix
can be calculated using eq 3

R x
x y

R
y

x y
Rc,mix c,A c,B=

+
+

+ (3)

where Rc,A and Rc,B are covalent radii
60 of metal species A and B in the

binary alloy AxBy. The cytotoxicity was represented by the logarithm
of 50% inhibition of the cell viability (pEC50), which can be calculated
using eq 4

RpEC 4.641 0.001350 c,mix= + (4)

It should be noted that the above Nano-QSARmix model was
developed to evaluate the cytotoxicity of TiO2-supported alloy
systems. Thus, the predicted cytotoxicities in this work represent
relative values for alloys of the same quantity. To ensure the validity of
the model, the cytotoxicity presented in this work was evaluated for
different alloys loaded with a molar fraction of 5% on TiO2.
Materials. Poly(ethylene oxide)-block-poly(2-vinylpyridine)

(PEO-b-P2VP, Mn = 2.8-b-1.5 kg/mol, polydispersity index = 1.11)
was purchased from Polymer Source, Inc. Hexamethyl disilazane
(HMDS) was obtained from Marklin. HAuCl4·3H2O, H2PtCl6·6H2O,
polyvinylpyrrolidone (PVP, Mw 55000), and sodium borohydride
were obtained from Sigma−Aldrich. AgNO3, Cu(NO3)2·xH2O,
Ni(NO3)2·6H2O, IrCl3, RuCl3, and Pd(NO3)2·2H2O were purchased
from Adamas. 3,3′,5,5′-Tetramethylbenzidine (TMB), sodium acetate
(NaOAc), and cupric acetate monohydrate (Cu(CH3COO)2·H2O)
were purchased from Aladdin Chemical Co., Ltd. Silicon wafers were
obtained from Lijingkeji. Silicon nitride films were purchased from
Suzhou in situ chips. Polydimethylsiloxane (PDMS) tip arrays were
obtained from TERA-print. All the chemical reagents were of
analytical grade and were used without any further purification. The
deionized (DI) water of resistivity ≥18.2 MΩ was used in all
experiments.
Instrumentation. SPBCL was conducted by using a Tera-Fab M

series. The imprinted metal-containing polymer feature (i.e., nano-
reactor) arrays were characterized using an optical microscope
(Nikon, H600L). Thermal reduction of the imprinted nanoreactor
arrays was conducted in a tube furnace (GMF-2Z, BEQ). The
obtained nanoparticles were characterized using a scanning electron
microscope (SEM, S4800) and an aberration corrected transmission
electron microscope (AC-TEM, Themis Z). The morphologies of the
bacteria were observed by scanning electron microscopy (SEM, Zeiss
Ultra 55 microscope). Inductively coupled plasma-optical emission
spectroscopy (ICP−OES) measurements were performed on an
Agilent 5110 analyzer. Powder X-ray diffraction (XRD) patterns were
measured by a Rigaku Ultima diffractometer at 5°/min using Cu Kα
radiation. Absorption spectra were collected using a microplate reader
(Molecular Device, USA). Steady-state kinetic assays were carried out
on a spectrophotometer (UV-3600 Plus, Shimadzu).
Synthesis of (Alloy) Nanoparticle Arrays Based on SPBCL.

To make up the metal-containing ink, PEO-b-P2VP was first dissolved
in DI water at a concentration of 5 mg/mL until there was no obvious
solid precipitate in the solution. Subsequently, an aqueous solution of
the metal precursor was added to control the ratio of metal ions to the
amount of pyridine in the block copolymer between 1:32 and 1:128.
The mixture was then placed in a shaker for 24 h at room
temperature. To improve the hydrophilicity, the PDMS tip array was
treated with oxygen plasma (150 W, 2 min). Following that, 200 μL of
the ink solution was drop cast in the middle of the tip array and
allowed to dry under a low-humidity environment before use.

Silicon nitride films and silicon wafers were used as substrates for
subsequent transmission electron microscopy characterization and
POD-like measurements, respectively. Prior to patterning, these
substrates were placed in a closed chamber with vials containing
HMDS at room temperature for 48 h to allow for HMDS vapor
deposition to improve the hydrophobicity of the substrates. The inked
PDMS tip array and the silicon wafer substrate were then mounted to
the Tera-Fab instrument, which were aligned according to the shape
change of the tips observed using a microscope. The patterning was

performed under a relative humidity of ca. 90% to facilitate the
transfer of ink. The contact force was kept at 100 mN. The as-resulted
substrate with printed nanoreactor arrays was placed in a tube furnace
and heated first at 150 °C for 12 h under Ar and then at 500 °C for 12
h under H2.
Synthesis of AuCu3 Nanoparticles via a Solution Phase

Method. The AuCu3 nanoparticles were synthesized according to
previous methods46 with a minor modification. First, 10.1 mg of
Cu(CH3COO)2·H2O and 6.7 mg of HAuCl4·3H2O were dissolved in
25 mL of deionized water, and the mixture was stirred under Ar for 20
min. Then, 10 mL of a 0.05 M NaBH4 solution was injected into the
above mixture under stirring. The solution color gradually changed
from dark red to dark brown, suggesting the formation of Au and Cu
aggregate structures. After stirring for 2 h, the resulting product
(AuCu3 precursors) was centrifuged and washed with acetone, which
was then dried under vacuum at 50 °C for overnight. The precursor
powder was finally annealed at 300 °C in N2 for 2 h with a ramp rate
of 5 °C/min to obtain the final AuCu3 nanoparticles.
POD-like Activity Measurements. To determine the POD-like

activity of nanoparticle arrays prepared by SPBCL, 100 μL of 1 M
H2O2, 100 μL of 10 mM TMB, and nanoparticles loaded on a silicon
wafer were added to 800 μL of 200 mM acetate buffer solution (pH
4.5). The final concentrations of H2O2 and TMB were 100 and 0.5
mM, respectively. After mixing for 20 min, the reaction solution was
used for UV−visible spectroscopic measurements, and the relative
catalytic capacities of these nanozymes were calculated as follows:

A A

A A
Relative catalytic capacity with nanozymes,650 nm blank,650 nm

control,650 nm blank,650 nm
=

(5)

where Ablank is the absorbance at 650 nm in the presence of TMB in
acetate buffer solution, and Acontrol is the absorbance at 650 nm in the
presence of H2O2 and TMB in acetate buffer solution.
Steady-State Kinetics Assays for AuCu3 Nanoparticles. The

POD-like activity of AuCu3 prepared by a solution phase method was
evaluated by steady-state kinetics assays. Briefly, assays were
conducted using H2O2 as a substrate. A 0.2 M NaOAc buffer solution
(pH 4.0) was used as the reaction buffer, and 5 μg/mL AuCu3 was
used for the kinetics assays. The kinetic data were obtained by varying
the concentration of H2O2 while keeping the TMB concentration
constant. Nanozymes were mixed with different concentrations of
H2O2 in the buffer solution, and the absorbance of the reaction
solution at 652 nm was immediately measured. Then, the
“Absorbance vs Time” curve was obtained, which can be used to
calculate the initial reaction velocity (ν). The kinetics constants (i.e.,
vmax and Km) were calculated by fitting the reaction velocity values and
the substrate concentrations to the Michaelis−Menten equation as
follows:

v
v S

K Sm

max=
[ ]

+ [ ] (6)

where v is the initial reaction velocity, [S] is the substrate
concentration, Km is the Michaelis constant, and vmax is the maximal
reaction velocity. The values of Km and vmax can be calculated from the
double reciprocal plots of eq 6.
Electron Spin Resonance Analysis of *OH Formation. Glass

capillary tubes containing nanozymes (10 μg/mL), H2O2 (100 μM),
DMPO (10 mM), and HAc-NaAc buffer (0.1 M, pH 4.5) were
inserted into the electron paramagnetic resonance cavity to record
*OH signals after 5 min of reaction.
Cytotoxicities of AuCu3 Nanoparticles. RAW 264.7 cells were

acquired from the cell bank of the Chinese Academy of Sciences
(Shanghai, China). Cells were cultured in high-glucose Dulbecco’s
modified Eagle’s (DMEM) medium (Bio-Channel, China) containing
10% (v/v) fetal bovine serum and 1% penicillin/streptomycin in a
humidified 5% CO2 atmosphere at 37 °C. To assess the cell viability,
Raw 264.7 cells were seeded into 96-well plates with a density of 5 ×
103 cells per well. The medium was refreshed after overnight
incubation, followed by addition of various formulations of AuCu3
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with different concentrations (0−100 μg/mL). Following the
incubation for another 24 h, the cells were washed with PBS three
times. Cell viability was determined by a CCK (Cell Counting Kit)-8
assay (n = 5), according to the manufacturer’s instructions by using a
SpectraMax M2e (Molecular Device, USA) microplate reader.
TA Assays. For fluorescence measurements, various concen-

trations (10, 20, and 40 μg/mL) of AuCu3, 1 mM H2O2, and 4 mM
TA were reacted for 30 min. The fluorescent product of TAOH was
monitored by using a fluorescence spectrophotometer under
excitation wavelength of 315 nm.
Antibacterial Activities of AuCu3 Nanoparticles. The

antibacterial activities of AuCu3 nanoparticles were evaluated via the
number of colony-forming units (CFU) by using the plate count
experiments. The antibacterial experiments were divided into four
groups: (1) bacteria + NaAc-HAc buffer; (2) bacteria + H2O2; (3)
bacteria + AuCu3 nanozymes (10 μg/mL); and (4) bacteria + H2O2 +
AuCu3 nanozymes (10 μg/mL). The concentration of H2O2 was 100
μM for E. coli and 50 μM for S. aureus. E. coli and S. aureus were
cultured overnight in Luria−Bertani medium at 37 °C in an incubator
shaker. When the absorbance value of the bacterial solution was 0.7−
0.8, the bacteria were diluted 10 times with phosphate buffered saline
(PBS), and 100 μL of diluted bacteria was added into a 1.5 mL
centrifuge tube. The bacteria were collected by centrifugation and
resuspended in a NaAc-HAc buffer (0.1 M, pH 5.0). The final
concentration of the prepared bacterial solution was 1.0 × 106-1.0 ×
107 CFU/mL in NaAc-HAc buffer. The mixed suspension was then
incubated with the above different groups for 3 h at 37 °C in an
incubator shaker. After treatment, 20 μL of the above suspension was
spread evenly on solid agar medium and cultured for 12 h at 37 °C for
CFU enumeration. 100 μL of suspension was spread evenly on solid
agar medium for taking photographs of colonies after different
treatments.
Morphological Characterization of Bacteria by SEM. The

bacteria with different treatments were rinsed with saline. The
suspensions were then centrifuged and redispersed in 2.5%
glutaraldehyde for 4 h at 4 °C under dark conditions. Different
concentrations of ethanol (30%, 50%, 70%, 80%, 90%, and 100%)
were used to dehydrate the cells for 10 min, respectively. At last, SEM
experiments were performed to visualize the morphological changes
of bacteria.
DNA Damage. The E. coli and S. aureus were treated with (1) 0.1

M NaAc (control), (2) H2O2, (3) AuCu3, and (4) AuCu3+H2O2 for 3
h. Genomic DNA from E. coli and S. aureus was then collected and
processed by using a TaKaRa MiniBEST bacteria Genomic DNA
Extraction Kit v3.0 (TaKaRa, Japan), and finally identified using
agarose gel electrophoresis with goldview nucleic acid gel stain.
Membrane Permeability Disruption. Bacterial suspensions

treated with (1) 0.1 M NaAc (control), (2) H2O2, (3) AuCu3, and
(4) AuCu3+H2O2 for 3 h were collected by centrifugation at 4000
rpm for 5 min. The cells were then stained with SYTO 9 and
propidium iodide (PI) for 15 min and visualized via confocal
fluorescence microscope (Olympus, Japan).
Protein Leakage and Damage. The E. coli and S. aureus were

treated with (1) 0.1 M NaAc (control), (2) H2O2, (3) AuCu3, and
(4) AuCu3+H2O2 for 3 h by centrifugation at 4000 rpm for 5 min to
collect supernatants and precipitates, respectively. The absorbance
value at 280 nm of supernatants was detected to evaluate bacterial
protein leakage using one drop (Wins Technology Co., Ltd., Nanjing,
China). For the experiments of protein damage, the precipitates were
processed using Bacterial Activity-Keeping Lysis Buffer (Sangon
Biotech Co., Ltd., Shanghai, China). After that, the loading buffer
containing SDS (10% w/v), acrylamide (30% w/v), Tris-HCl buffer
(1.5 M, pH 8.8 or 1.0 M, pH 6.8), ammonium persulfate (10% w/v),
and bromophenol blue (0.01% w/v) were added. The protein
solutions were then denatured by boiling for 10 min and also analyzed
with SDS-PAGE by a GelDoc EZ Imager (Bio-Rad).
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