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Bacteria-derived topologies of Cu,O nanozymes
exert a variable antibacterial effecty

*ab

The ability of bacteria to facilitate fabrication of nanomaterials has been adapted towards bacterial sensing

applications. In this work, we fabricate spherical, cubic and truncated octahedron topologies of Cu,O
nanoparticles via E. coli-facilitated redox reaction in an electrochemical setup. The Cu,O nanoparticles
exhibit cytochrome c oxidase-like activity with the spherical topology displaying higher catalytic rate
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compared to the other geometries. The topology-dependent catalytic behavior of Cu,O nanoparticles

has not been reported previously. The Cu,O nanozymes also display E. coli killing activity in a topology-
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Introduction

Nanozymes have emerged as a unique class of nanomaterials
due to their biocompatibility, affordability, and distinctive
catalytic properties."™ These synthetic nanomaterials imitate
the activity of enzymes and find applications in therapeutics,>*
biosensors,”® and for environmental remediation.”*™* The
fabrication of nanozymes''* has been reported previously
through various methods,"** including biosynthesis,* elec-
trochemical synthesis,” and wet chemical methods.**** The
rich biochemical and electrochemical capabilities of bacteria
have been leveraged for fabrication of distinct morphologies of
nanoparticles.®*** The chemical and physical properties asso-
ciated with specific bacterial strains can affect the size and
shape of nanoparticles being produced and which would suit
specific applications.”” The bacteria-mediated synthesis of
nanomaterials is purported to render unique properties that are
difficult to achieve with conventional fabrication techniques.
Bacteria-facilitated synthesis of metal nanomaterials involves
reduction of metal ions by characteristic reducing agents
associated with the bacterial strain.”® Previously, bacteria-
mediated nanoparticle growth has been reported using
various reducing agents such as enzymes (nitrate reductase>*
and hydrogenase?”) and NADH- and NADH dependent enzyme
cofactors.”® These agents and cofactors provide the necessary
reducing power, enabling the transformation of metal ions into
nanoparticles. Understanding the diverse range of reducing
agents and cofactors involved in bacteria-mediated
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correlated manner. The E. coli mediated redox reaction in an electrochemical setup is being reported for
the first time for synthesis of different topologies of Cu,O which also exert a variable antibacterial effect.

nanoparticle growth is crucial for harnessing the full potential
of this biosynthesis approach. Specifically, cupric reductase
NDH-2 is associated with the surface of E. coli and has been
utilized for the reduction of Cu®* to Cu®.?® In this process,
bacteria play a pivotal role in reducing metal ions to their
metallic forms, leading to the formation of nanoparticles with
unique properties. The ability of bacteria to drive topological
diversity in nanomaterials is worthy of deeper scrutiny.
Different morphologies of nanomaterials can significantly
affect their chemical reactivity due to inherent differences in
arrangement of atoms, bonding, and surface energy.** While
nanoparticles with highly reactive surfaces are desirable, they
are challenging to produce. Surfaces with high reactivity usually
possess high surface energy, leading to rapid shrinkage during
nanoparticle growth. The bacteria-derived biosynthesis of
nanozymes continues to be explored in the context of different
metal oxides and composites. While such synthesis relies on the
ability of bacteria to catalyse formation of nanomaterials of
uniform size and shape, the process is complex with multiple
parameters that need to be optimized.

In this work, we synthesized spherical, cubic and truncated
octahedron of cupric oxide (Cu,O) nanozyme via a bacteria-
mediated redox reaction in an electrochemical setup. The
Cu,0 nanozyme displayed cytochrome c oxidase (CcO)-like
activity with topology playing an unambiguous role in the
catalytic activity of the nanozyme. Further, the Cu,O nanozymes
demonstrated E. coli killing in a topology-dependant manner.
While the bacterial-mediated synthesis of nanomaterials and
antibacterial properties of nanomaterials have been studied
previously, we have not found any reports that converge both
activities. The bacteria-facilitated synthesis of different topolo-
gies of Cu,O nanoparticles and the differences in their cognate
antibacterial activities suggests a distinctive and hitherto less
explored combination of sensing and remediation.
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Results and discussion

The synthesis of distinct morphologies of the Cu,0O NPs were
carried out by a bacteria-mediated redox reaction in an elec-
trochemical setup. Previously, a variety of the electrochemical
methods have been deployed for the synthesis of the different
metal nanoparticles using three-electrode electrochemical
setups.®*** In our experiments we also used three-electrode
system for cyclic voltammetry study which include a CuO thin
film on FTO substrate as a working electrode (WE), platinum
(Pt) as a counter, and Ag/AgCl as a reference electrode. The CuO
thin film was synthesized by modification of our previously re-
ported method.” Characterization was performed by a combi-
nation of FESEM and XRD (see ESIf). In order to assess the
bacteria-mediated redox processes at the CuO thin film, cyclic
voltammetry was performed in the absence and presence of
bacteria (1 x 10* CFU mL ™' DH-Alpha), in 30 mM KNO; elec-
trolyte solution. The electrode was swept cathodically to reduce
the CuO nanoparticles to Cu,O nanoparticles, prospectively
facilitated in the presence of bacteria. Based on the reductive
changes being observed in the absence of bacteria, CuO nano-
particles present on the electrode surface are undergoing a two-
electron reduction (Cu(u) to Cu(0)). In contrast, the presence of
bacteria appears to facilitate a one-electron reduction of CuO
nanoparticles (Cu(u) to Cu(r)) (Fig. 1A). The presence of cupric
reductase NDH-2 on E. coli surface has been previously sug-
gested to promote direct one-electron transfer from Cu(u) to
Cu(r).” Specifically, when bacteria come in contact with a CuO
electrode, it triggers a redox reaction (E. coli + Cu®*" + e~ — E.
coli + Cu') at electrode surface. This reaction involves the
reduction of copper oxide nanoparticles (CuO NPs) to cupric
oxide nanoparticles (Cu,O NPs), facilitated by cupric reductase
NDH-2 enzyme present on the surface of the bacteria. Notably,
a prominent oxidative peak is observed in the absence of
bacteria that corresponds to the stripping of Cu(0) formed
during the direct two-electron reduction.** The oxidative peak is
significantly lower intensity in presence of bacteria, suggesting
the reduction of Cu(u) to Cu(i) and concomitant formation of
Cu,0 nanostructures on the surface of the WE. After the redox-
reaction the surface of the FTO electrode clearly shows a brick-
colored deposition following the reduction of CuO NPs to Cu,O
NPs in the presence of bacteria (see ESI).
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Fig. 1 (A) Cyclic voltagrams of a CuO thin film electrode in 30 mM
KNOs solutions in the presence and absence of bacteria. (B) Bacteria-
mediated reduction of CuO nanoparticles into different morphologies
of Cu,O nanostructures at different CV cycles (10, 20, and 30) with
a scan rate of 40 mV s,
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Based on our initial observations pertaining to the bacteria-
facilitated synthesis of Cu,O nanostructures, we hypothesized
that provision of different reaction times at the electrode
surface could influence the topology of Cu,O nanostructures. In
previous reports, topology-controlled platinum?® and gold
nanoparticles®***” were synthesized through electrochemical
methods by manipulating the redox reaction time.*® Accord-
ingly, we performed different cycles of voltammetry response in
the presence of bacteria. After 10 CV cycles of the redox reaction
at the surface of the CuO electrode, we observed the formation
of spherical Cu,O nanoparticles. The morphology and size of
Cu,0 nanoparticles changed upon further increase of CV cycles,
with cubic structures being observed after 20 cycles and trun-
cated octahedron after 30 cycles (Fig. 1B).

Similar structures of Cu,O nanoparticles have been synthe-
sized previously using wet chemical methods.**** However, the
bacteria-facilitated topological transformation of Cu,O NPs in
has not been reported previously. While such topologies of gold
nanoparticles have been reported in the presence of bacteria,**
to the best of our knowledge bacteria-facilitated growth of
different topologies of metal oxide nanoparticles has not been
reported. The different topologies of Cu,O NPs obtained after
10, 20 and 30 CV cycles were characterized by FESEM (Fig. 2A-
F).

The synthesis of the truncated octahedral Cu,O nano-
structures was further confirmed by energy dispersive X-ray
(EDAX) elemental mappings of Fig. 2F, where copper, tin,
oxygen and fluorine ions were evenly distributed on the FTO
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Fig. 2 Bacteria-mediated surface morphologies of Cu,O nano-
particles. (A and B), (C and D) and (E and F) are the FESEM images of
spherical, cubic and truncated octahedrons Cu,O NPs. (Fy), (F,), (F3)
and (F4) show the EDAX spectra of corresponding elemental maps of
image (F). Images (G), (H) and (I) show the particle distribution of the
spherical, cubic and truncated octahedron Cu,O NPs with an average
diameter (176 + 39), (320 + 25), and (518 + 42) nm, respectively.
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substrate after performing the redox reaction (Fig. 2(F;-F,)).
The spherical, cubic and truncated octahedron Cu,O NPs
display progressively greater sizes and broader size distribu-
tions with mean diameters of 176 nm, 320 nm and 518 nm,
respectively as shown in Fig. 2G-1. Previously reported spherical
Cu,O nanoparticles were observed with mean diameter span-
ning 100-500 nm.*>** Cubic Cu,0 nanoparticles were found to
possess sizes in the range of 400-600 nm?***° while truncated
octahedron have been reported with singular methods of
synthesis in the size range of 500-700 nm.** As one would
intuitively expect, the formation of truncated octahedra is
deeply connected to precursor concentrations, temperature,
reaction time, and presence of additives. Nevertheless, the
precise conditions and parameters underlying the growth of
different topologies of Cu,O NPs themselves vary across
different reports.”> In our experiments, the topologies of Cu,O
NPs obtained after 10, 20 and 30 cycles were found to be most
uniform upon comparing results from variable number of CV
cycles (ESI Fig. S47).

The Cu,O NPs produced after 10, 20 and 30 CV cycles were
further analyzed by XRD. As shown in Fig. 3A, the characteristic
diffraction peak 26 of the fresh CuO thin film electrode appears
at 35.56°, 38.8°, and 68.03° in the diffraction pattern. These
correspond to reference card numbers 00-041-0254 (see ESIT).
The XRD spectra of synthesized Cu,O NPs with different
morphologies on the FTO working electrode showed the char-
acteristic FTO and Cu,O peaks after the bacteria-mediated
redox reaction. XRD spectra of Cu,O NPs produced in pres-
ence of bacteria showed significant diffraction peak 26 at 36.4°,
42.36°, and 73.63° for all (spherical, cubic and truncated octa-
hedron) topologies. These match with reference card numbers
01-071-3645. In addition, FTIR spectra were also recorded for
the different topologies of Cu,O NPs. As shown in Fig. 3B, the
O-H, C=C and C-O bond stretching vibrations at ca. 3300, 1647
and 907 cm™", respectively, become more prominent. These
changes confirm the composition and bonding of the Cu,O NPs
across all the observed topologies.***”

The change in oxidation state of the Cu was further validated
through X-ray photoelectron spectroscopy (XPS) studies. The
survey scan of the electrodes before and after the redox reaction
were performed which contains peaks characteristic of Cu 2p,
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Fig. 3 (A) XRD spectra of the CuO thin film electrode after bacteria-
mediated redox reaction at different CV cycles (10, 20, and 30). The
formation of Cu,O NPs over the electrode surface can be seen clearly
in the XRD spectra at different CV cycles. Image (B) shows the FTIR
spectra of different morphologies of Cu,O NPs.
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Fig. 4 Scan XPS spectra before (A) and (B) after redox reaction
recorded within specific binding energy ranges (925 to 970 eV). (C) and
(D) show the presence of Cu?* and Cu™ ions at 933.5 eV and 932.5 eV
binding energy values, respectively.

and O 1s (ESI Fig. S51). To further confirm the oxidation states
of Cu pre- and post-redox reaction, narrow scan XPS spectra
were recorded within the BE ranges (925 to 970 eV) and are
depicted in Fig. 4A and B. The data were deconvoluted using
Fityk software, which identified the presence of two oxidation
states of Cu. These peak positions were cross-referenced with
the NIST XPS database to identify the oxidation states of the Cu
ion. Before the redox reaction, the peaks at BE values 933.5 eV
and 934.4 eV in the narrow scan spectra for Cu 2P (Fig. 4C)
closely matched the BE of 2P;/, states of Cu®'. After the redox
reaction, a peak at BE values 932.5 eV in the narrow scan spectra
for Cu 2P (as depicted in Fig. 4D) closely aligned with the BE of
2P;, states of Cu', thereby confirming the formation of Cu,O
NPs. The complete details of the XPS analysis are provided in
the ESL{

Cytochrome c oxidase (CcO)-like activity of the Cu,0
nanoparticles

Cu,O NPs demonstrate reversible redox behavior involving Cu*
and Cu®' species, like enzyme-catalyzed redox reactions. We
expected the different topologies of Cu,O NPs to not only mimic
cytochrome c¢ oxidase (CcO) enzyme activity, but also display
topology-dependent behavior as nanozymes owing to the
distinctive structural attributes of each geometry.*® By precisely
controlling the shape and size of Cu,O NPs during synthesis,
their catalytic performance can be optimized, potentially dis-
tinguishing their enzyme-like activity. Therefore, we studied the
CcO enzyme-like behavior of the three topologies of the Cu,O
NPs against the cytochrome c (Cyt c) substrate. Natural CcO
enzyme accepts electrons from the ferrous Cyt ¢ and reduces
oxygen O, to H,O. The UV spectrum of oxidized Cyt ¢ shows
absorption peaks at 408 and 530 nm, while reduced Cyt ¢ has
absorption peaks at 414, 512 and 550 nm.*®* We used the peak at
550 nm to monitor and quantify the amount of reduced Cyt c.
We first prepared ferrous Cyt ¢ as per details provided in ESI.}
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Fig. 5 The catalytic activity of different morphologies of the Cu,O
nanoparticles. (A) Spherical (B) cubic (C) truncated octahedron. Image
(D) shows the kinetic reduction of the ferrous Cyt ¢ at 550 nm for all
morphologies of Cu,O NPs for a period of 30 min. Inset: A change in
color of the solution was observed when ferrous Cyt ¢ converted into
ferric Cyt c.

The scrub Cu,O NPs were taken out from the FTO substrate in
powder form. The physical appearance of the Cu,O NPs ob-
tained after 10, 20 and 30 CV cycles are shown in ESI (Fig. S47).
Upon addition of a 1 mg mL ™" solution of Cu,O nanoparticles,
the absorbance peak of 10 uM of ferrous Cyt c at 414 nm shifted
to 408 nm. However, the absorbance peak at 550 nm gradually
decreased confirming the catalytic activity of Cu,O NPs (see
Fig. 5A). In addition, the color of the Cyt ¢ solution changed
from pink to a yellowish red (Fig. 5A, inset), suggesting the
conversion of Cyt ¢ from ferrous to ferric form. This conversion
is further confirmed by circular dichroism (CD) spectroscopy
(see ESIT) and consistent with the previous reports.*®

The cubic and truncated octahedron topologies of Cu,O NPs
displayed an analogous reduction of ferrous Cyt c to ferric Cyt ¢
(Fig. 5B and C). The catalytic activity of the different topologies
of Cu,0 NPs were quantified by studying the time-resolved
reduction of ferrous Cyt c. The absorbance at 550 nm for each
of the spherical, cubic and truncated octahedral Cu,O NPs was
measured over time (Fig. 5D). The catalytic rate constants of the
spherical (KgE), cubic (K&x®) and truncated octahedron
(Ko are found to be 4.58 x 10 ° s, 3.38 x 10 ° s~ * and 1.59
x 107> s7'. These rate constants are consistent with previously
reported catalytic rates.*® Our measurements indicate that the
oxidation of ferrous Cyt ¢ with cubic and truncated octahedron
NPs is slower compared to spherical NPs. This observation
aligns with the intuitive expectation that smaller particle sizes
are likely to exert higher catalytic activity.” Smaller nano-
particles have a higher surface-to-volume ratio, providing more
active sites for catalytic reactions. Also, increased density of
surface atoms and exposure of reactive sites enhance catalytic
efficiency. Additionally, smaller nanoparticles offer shorter
diffusion distances enabling faster mass transport and more
efficient interaction between reactants and the catalyst, leading
to increased reaction rates.
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Fig. 6 The antibacterial effect of the different morphologies of the
Cu,0O nanoparticles where (A) shows the untreated growth of the E.
coli (DH5-Alpha) bacteria. Images (B), (C) and (D) show treated growth
profiles of E. coli (DH-Alpha) bacteria after 15 min of incubation with
spherical, cubic and truncated octahedron Cu,O NPs, respectively.
Image (E) shows the killing efficiency of the synthesized different
morphologies Cu,O nanoparticles.

Cuprous oxide has the ability to disrupt various cell func-
tions and can be toxic to cells, making it a promising agent for
inhibiting microbial growth.**** These nanoparticles can also
damage microbial components through various mechanisms
such as generation of reactive oxygen species (ROS),* disrup-
tion of cell walls/membranes,* replacement of native cofactors
in metalloproteins®**® and damage of intracellular compo-
nents.”” The fabrication of different topologies of copper-
containing nanoparticles has been considered for tuning anti-
bacterial effect and enabling broad scope of use in environ-
mental remediation.”® Notably, octahedral and cubic-shaped
Cu,0 nanoparticles have been used to target specific pollut-
ants and allow for greater control over their activity.”® We were
interested in studying antibacterial activity of the different
topologies of Cu,0O NPs that were produced via bacteria-
mediated electrochemical approach. Accordingly, we incu-
bated the spherical, cubic and truncated octahedron of Cu,O
NPs (1 mg mL™ ") with E. coli bacteria. Interestingly, E. coli are
inhibited in presence of all the topologies of Cu,O NPs albeit
with different efficiencies (Fig. 6A-D).

The percentage killing efficiency due to spherical, cubic and
truncated octahedron nanoparticles were found to be 77%,
54%, and 31%, respectively (Fig. 6D).*° The differing inhibitory
effects of the three topologies of Cu,O NPs against E. coli is
consistent with previous reports.®** The spherical Cu,0 NPs
display substantially higher antibacterial effect potentially due
to smaller size and higher surface area-to-volume ratios, which
likely permit better interaction with bacterial cells compared to
the other topologies. Two mechanisms of antibacterial activity
are likely at play for the Cu,O NPs. Also, as mentioned above,
Cu,O NPs are capable of generating reactive oxygen species
(ROS) that can cause damage to cellular constituents.®>** The
source of energy for ROS production in our setup is primarily
through Fenton type and Haber-Weiss reactions given as
below.**

Cu"+0, = Cu*" +0,~

© 2023 The Author(s). Published by the Royal Society of Chemistry
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202.7 + 2H+ - H202 + 02

Cu® + H,0, —» Cu*" + OH" + OH™

The unique morphology and surface characteristics of the
Cu,O NPs can facilitate redox reactions at the particle—cell
interface leading to ROS production, without the need for
external energy sources like light, electronic energy, or heat.***®
Cu,O NPs can also produce disruptions in microbial cell wall
and cell membrane thereby exerting bactericidal effects.”®

Conclusions

In summary, we have used a bacteria-facilitated redox tech-
nique to fabricate different morphologies of the cytochrome c
oxidase (CcO)-mimic Cu,O nanozyme and demonstrated their
antibacterial effect. The Cu,O NPs were prepared by a hitherto
unreported bacteria-mediated redox reaction in an electro-
chemical setup and involved preferential reduction (Cu(u) to
Cu(1)) of the CuO thin film electrode during cyclic voltammetry.
The morphologies and size of the Cu,O NPs, depend upon the
redox reaction time at the surface of the electrode during CV
measurements. After 10, 20, and 30 cycles of CV study, we
observed spherical, cubic and truncated octahedron morphol-
ogies of the Cu,O nanoparticles, respectively. The catalytic
activity of the different morphology of the nanoparticles was
calculated against Cyt c substrate and spherical Cu,O NPs
showed superior catalytic activity compared to the other two
topologies. While all the topologies of Cu,O NPs displayed
antibacterial activity against E. coli (DH5-Alpha strain), spher-
ical Cu,0 NPs showed highest bacterial killing efficiency
compared to the other Cu,O NP topologies. For future pros-
pects, our study suggests the exploration of a generalized
approach for the synthesis of different topologies of nanozymes
in response to bacteria with specific redox reaction, followed by
evaluating the bacterial killing ability of these nanozymes. This
methodology can be applied and tested with various types of
nanoparticles thereby opening avenues for broader applications
and innovative antimicrobial strategies.
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