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Lead Pb(ll) ions is a cumulative toxicant that impacts several biological systems and
poses severe harm to young children. Accurate Pb(ll) ions monitoring is thus of
paramount importance. Here, we present the synthesis and application of glutathione-
capped Au15 nanoclusters (Au15(SG)13) as a luminescence probe for the accurate
and selective monitoring of blood Pb(ll). The introduction of Pb(ll) ions triggers orderly
self-assembly of Au15 nanoclusters, resulting in the formation of rigid shell around Au
nuclei. This limits the localized vibration of the glutathione ligands and their interaction
with water molecules, greatly reducing non-radiative energy loss, and thereby
enhancing the photoluminescence signal. Consequently, Au15(SG)13 nanoclusters
exhibit high sensitivity for Pb(ll) detection. The detection signal displays a linear
relationship with Pb(ll) over a wide detection range (0-800 pg/L), demonstrating a
substantial sensitivity of 35.29 pg/L. Moreover, the developed nanoclusters show
superior selectivity for Pb(ll) ions, distinguishing them from other prevalent heavy
metals. This work pave the way for the development of advanced Pb(ll) sensors with
high sensitivity and selectivity.
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Arginine-Enhanced Antimicrobial Activity of Nanozymes

against Gram-Negative Bacteria

Zihan Zhao, Shu’an Wen, Ningning Song, Lixiang Wang, Yuan Zhou, Xue Deng,
Changbu Wu, Guili Zhang, Jun Chen, Guo-Bao Tian,* Minmin Liang,*

and Lan-Lan Zhong*

The continuous reduction of clinically available antibiotics has made it
imperative to exploit more effective antimicrobial therapies, especially for
difficult-to-treat Gram-negative pathogens. Herein, it is shown that the
combination of an antimicrobial nanozyme with the clinically compatible
basic amino acid L-arginine affords a potent treatment for infections with
Gram-negative pathogens. In particular, the antimicrobial activity of the
antimicrobial nanozyme is dramatically increased by ~1000-fold after
L-arginine stimulation. Specifically, the combination therapy enhances
bacterial outer and inner membrane permeability and promotes intracellular
reactive oxygen species (ROS) generation. Moreover, the metabolomic and
transcriptomic results reveal that combination treatment leads to the
increased ROS-mediated damage by inhibiting the tricarboxylic acid cycle and
oxidative phosphorylation, thereby inducing an imbalance of the antioxidant
and oxidant systems. Importantly, L-arginine dramatically significantly
accelerates the healing of infected wounds in mouse models of
multidrug-resistant peritonitis-sepsis and skin wound infection. Overall, this
work demonstrates a novel synergistic antibacterial strategy by combining the
antimicrobial nanozymes with L-arginine, which substantively facilitates the
nanozyme-mediated killing of pathogens by promoting ROS production.

1. Introduction

In recent decades, bacterial infections have
been recognized as a serious threat to public
health.['*] This is a particular challenge for
infections caused by Gram-negative bacte-
ria, as these organisms possess a protective
outer membrane composed of lipopolysac-
charides (LPS) that renders them resistant
to many antibiotics and other therapeu-
tic agents.*® Despite the efficacy of
chemically synthesized and conventional
natural antibiotics against Gram-negative
bacteria,’®! the emergence of multidrug-
resistant (MDR) strains and so-called “su-
perbacteria” poses a grave threat to the sur-
vival of millions of people worldwide.!1%12]
Thus, there is an urgent need for more
effective antibacterial strategies to combat
infections with Gram-negative bacteria.

The development of nanozymes with
intrinsic enzyme-like properties has of-
fered new opportunities to solve the clinical

challenge of treating infections with MDR
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kidney, and lung samples were collected. The remaining mice in each
group were used to record survival rates for 72 h.

Detection of IL-6 and TNF-a:  Blood samples (100 uL) were collected
from each mouse. The concentrations of IL-6 and TNF-a were quantified
by mouse IL-6 ELISA kits (EMC004, QuantiCyto) and TNF-a (EMC102a,
QuantiCyto) enzyme-linked immunosorbent assay kits, respectively. All
measurements were strictly carried out following the procedures provided
by the manufacturers.

Histological Analysis: The treated mice were sacrificed on therapeutic
day 14. The wound tissues were harvested and fixed with a paraformalde-
hyde solution (4%). The tissues were paraffined, sectioned, and analyzed
by Masson’s trichrome staining (Servicebio G1006, China) and H&E stain-
ing (Servicebio G1003, China).

Ethics:  All procedures involving experimental animals were performed
in accordance with protocols approved by the Committee for Animal Re-
search of Sun Yat-sen University, China (Approval No. 2021044).

Statistical Analysis: ~ Statistical analyses were carried out and data were
visualized using GraphPad Prism v8. Kaplan—Meier survival analysis and
Matel-Cox test were employed and plotted. The differences among mul-
tiple treatments were determined by one-way ANOVA followed by a t-test
with Holm-Sidak correction, while for differences between two groups, t-
test was performed; P < 0.05 indicated statistical significance unless oth-
erwise noted. Data in all figures represent means + standard deviations. At
least three biological replicates per experiment were carried out. P values:
*P < 0.05, **P < 0.07, ***P < 0.001, ****P < 0.0001, ns (no significant
difference), P > 0.05.
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A functional hydrogenase mimic that catalyzes robust H, evolution
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ABSTRACT

Although great progress has been made in improving hydrogen production, highly efficient catalysts, which are able to produce
hydrogen in a fast and steady way at ambient temperature and pressure, are still in large demand. Here, we report a [NiCo]-
based hydrogenase mimic, NiCo,O, nanozyme, that can catalyze robust hydrogen evolution spontaneously in water without
external energy input at room temperature. This hydrogenase nanozyme facilitates water splitting reaction by forming a three-
center Ni-OH—Co bond analogous to the [NiFe]-hydrogenase reaction by using aluminum as electron donor, and realizes
hydrogen evolution with a high production rate of 915 L-h™ per gram of nanozymes, which is hundreds of times higher than most
of the natural hydrogenase or hydrogenase mimics. Furthermore, the NiCo,O, nanozyme can robustly disrupt the adhesive
oxidized layer of aluminum and enable the full consumption of electrons from aluminum. In contrast to the often-expensive
synthetic catalysts that rely on rare elements and consume high energy, we envision that this NiCo,0, nanozyme can potentially
provide an upgrade for current hydrogen evolution, accelerate the development of scale-up hydrogen production, and generate a

clean energy future.

KEYWORDS

hydrogenase mimic, nanozyme, hydrogen evolution reaction, aluminum activation, water-splitting

1 Introduction

Hydrogen (H,), as a clean energy carrier with high energy density,
is becoming an important alternative fuel nowadays. However, the
majority of the hydrogen is produced through steam reforming of
natural gas, an endothermic procedure, which requires massive
heat supply and induces carbon dioxide emissions [1,2]. Green
productions of hydrogen, through either electrolysis of water using
renewable electricity [3-5], direct solar-driven water splitting
process [6—8], or metal-water hydrogen production techniques
[9-11], are in rapid development. Especially, the metal-aided
water splitting process has stimulated widespread interest in the
scenarios where the instant hydrogen generation is needed.
Among which, aluminum (Al), as one of the most abundant
metals on earth, has been widely used [12]. However, Al itself
cannot react continuously with water due to the formation of
dense oxide layer barrier on the surface [13, 14]. Current strategies
to overcome this problem include hydroxide, oxide, and salt
promoters with the best performance from hydroxide promoters
[14]. Despite those efforts, the Al-water reaction is still severely
incomplete, leading to Al remaining in the residues. Therefore,
there is an urgent need for developing highly effective catalysts
that can accelerate water splitting reaction, activate Al thoroughly,
and eventually achieve high-yield hydrogen evolution.

Hydrogenases, as the nature-evolved, extremely efficient
enzymes, can reversibly catalyze the interconversion of protons
and hydrogen with high turnover frequencies around 10° s™ and
are the most efficient noble-metal-free hydrogen production
catalysts [6,15,16]. There are three different types of
hydrogenases identified so far: Fe only hydrogenase, [NiFe]-
hydrogenase, which contains heterometallic reaction center Ni-Fe,
and [FeFe]-hydrogenase with di-iron catalytic center [17, 18]. It is
noteworthy that the active sites of [NiFe]-hydrogenase have high
affinity toward hydroxy ligand(s) [19], making it a promising
promoter of the Al-water reaction. However, hydrogenase
catalytic activity is prone to temperature, pH, and sometimes
oxygen, leading to great limitations on their applications from
energy generation to industrial synthesis [20].

Nanozymes, generally defined as nanomaterials mimicking
enzyme activities, are becoming a promising new type of catalyst
owing to their high stability, low cost, and tunable catalytic activity
[21-26]. NiCo,0,, owing to its unique Ni-Co bimetallic active
sites, has strong affinity to hydroxyl group [27], which could be a
potential mimic for [NiFe]-hydrogenase. Accordingly, in this
work, we developed a [NiCo]-based hydrogenase mimic, NiCo,O,
nanozyme, by ball milling the NiCo,O, nanofibers with Al alloy
powders. The as prepared nanozyme significantly enhances the
water splitting reaction by forming a three-center Ni-OH-Co

Address correspondence to Meishuai Zou, zoums(@bit.edu.cn; Minmin Liang, mmliang@bit.edu.cn
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ABSTRACT

Rational design of metallic active sites and its microenvironment is critical for constructing superoxide dismutase (SOD)
nanozymes. Here, we reported a novel SOD nanozyme design, with employing graphene oxide (GO) as the framework, and &-
MnO, as the active sites, to mimic the natural Mn-SOD. This MnO,@GO nanozyme exhibited multiscale laminated structures
with honeycomb-like morphology, providing highly specific surface area for O, adsorption and confined spaces for subsequent
catalytic reactions. Thus, the nanozyme achieved superlative SOD-like catalytic performance with inhibition rate of 95.5%, which
is 222.6% and 1605.4% amplification over GO and MnO, nanoparticles, respectively. Additionally, such unique hierarchical
structural design endows MnO,@GO with catalytic specificity, which was not present in the individual component (GO or MnO,).

This multiscale structural design provides new strategies for developing highly active and specific SOD nanozymes.

KEYWORDS

MnO,@graphene oxide (MnO,@GO) nanozyme, superoxide dismutase (SOD)-like activity, activity, specificity,

antioxidation

1 Introduction

Superoxide anion radical (-O,), as a primary form of reactive
oxygen species (ROS), possesses the most active properties [1, 2].
-0, is produced by one electron reduction of O, and mainly
generated in the mitochondria of cells through metabolic
processes or irradiations [3]. Its excessive presence can lead to
oxidative stress, eventually inducing cellular impairments through
DNA, protein, and/or lipid oxidative damages [4-6]. Superoxide
dismutase (SOD) is a class of enzyme that catalyzes the
dismutation reaction of -O, into O, and H,0, [7, 8], which is
regarded as a strong antioxidant protecting cells against damages
from ROS [9, 10]. So far many types of SOD have been identified,
with Cu/Zn-SOD and Mn-SOD as the most common types [11].
Pharmacokinetic studies revealed that natural Mn-SOD is
superior to Cu/Zn-SOD for chronic diseases treatment, in terms
of its longer half-life time in 5-6 h [12]. However, the practical
applications of natural SOD are still limited due to their
denaturation, high cost, laborious preparations, and difficulties in
recycling [13, 14].

Nanozymes, nanomaterials with enzyme-like activities, have
been widely applied in various biomedical fields [15, 16], owing to
their underlying properties, such as high and tunable catalytic
activities, low cost to produce, easy large-scale production, and
high stability. Specifically, most of nanozymes with SOD-like
activity consist of transition metal centers such as Ce, Au, Cu, Mn,

Ni, Co, Fe, or their oxides, carbides, nitrides, or sulfides [2]. It has
been shown that overexpression of Mn-SOD, other than Cu/Zn-
SOD, in mammalian cells can significantly enhance the cells’
resistance to radiation damages [17], which thus promote the long-
term efforts for the development of Mn-SOD mimics. Mn-based
SOD mimics, which focus on their similar active-site composites
to the natural enzyme, have been modulated through regulating
sizes, shapes, or compositions of nanozymes [18, 19]. However, in
natural Mn-SOD, not only the active site metal centers contribute
to the high catalytic activity, but also the confined substrate
channel and reaction space formed by the amino acid residues
[20]. Methods, focusing on the active centers, have been utilized to
increase nanozymes’ activities [21, 22]. Therefore, to better mimic
the natural enzymes and further improve their -catalytic
performance, more efforts should be directed to design the
micro/nano structure and the chemical bonding environment of
SOD nanozymes. Graphene oxide (GO), an atomically thin layer
of graphite, is functionalized by numerous oxygen-containing
functional groups on the basal plane and the edges, allowing it to
interact with other compounds via covalent binding and/or
stabilize reaction intermediates by electrostatic interactions [23,
24]. Such unique properties make GO a promising substrate for
SOD nanozyme design.

Herein, we report a rational design of SOD nanozyme with GO
as the framework, and 8-MnO, as the active component
(MnO,@GO), mimicking the active center, microenvironment,
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Bioinspired Hierarchical Self-Assembled Nanozyme
for Efficient Antibacterial Treatment

Ningning Song, Yue Yu, Yinuo Zhang, Zhengdi Wang, Zhanjun Guo, Jianlin Zhang,

Changbin Zhang,* and Minmin Liang*

Along with the rapid development and ever-deepening understanding of
nanoscience and nanotechnology, nanomaterials hold promise to mimic

the highly evolved biological exquisite nanostructures and sophisticated
functions. Here, inspired by the ubiquitous antibacterial nanostructures on
the wing surfaces of some insects, a NiCo,0, nanozyme with self-adaptive
hierarchical nanostructure is developed that can capture bacteria of various
morphotypes via the physico-mechanical interaction between the nanostruc-
ture and bacteria. Moreover, the developed biomimetic nanostructure further
exhibits superior peroxidase-like catalytic activity, which can catalytically gen-
erate highly toxic reactive oxygen species that disrupt bacterial membranes
and induce bacterial apoptosis. Therefore, the mechano-catalytic coupling
property of this NiCo,0, nanozyme allows for an extensive and efficient anti-
bacterial application, with no concerns of antimicrobial resistance. This work
suggests a promising strategy for the rational design of advanced antibacte-

rial materials by mimicking biological antibiosis.

1. Introduction

Nature endows life with a wide variety of sophisticated, syner-
gistic, and highly functional nanostructures.'3! For example,
the hierarchical nanostructures on the wing surfaces of
some insects such as dragonfly and cicada, can capture bacteria
and subsequently mechanically rupture bacterial membranes
via the physico-mechanical interaction between the wing nano-
structures and bacteria, and thus emerge the outstanding
antibacterial performance.® Over the past couple of dec-
ades, significant progress in the development of nanoscience
and nanotechnology has achieved the design and fabrication
of a broad variety of highly ordered biological nanostructures
and sophisticated functions.”% Especially, following Nature’s
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inspiration to assemble biomimetic anti-
bacterial nanomaterials is emerging as a
fascinating research field.>""13] Recently,
nanomaterials with enzyme-like proper-
ties, termed nanozymes, have been exten-
sively reported for antibacterial application
via biomimetic catalysis of reactive oxygen
species generation that disrupts bacterial
membranes and induces bacterial apop-
tosis.*1°1 However, despite the obvious
advantages of nanozymes such as high
stability, low cost, recyclable utilization
and multifunction, the unfavorable anti-
bacterial activity in contrast to traditional
antibiotics necessitates the further innova-
tion of biomimetic nanozymes.

In this work, we develop a NiCo,0,
nanozyme with self-assembled three-level
hierarchical nanostructures (including
nanofibers, nanopetals, and nanoflowers)
by mimicking the nanocone array struc-
tures on the wing surfaces of some insects such as dragonfly
and cicada for antibacterial treatment (Figure 1a). We demon-
strate that the developed NiCo,0, nanozyme shows outstanding
antibacterial performance via the combination of mechanical
rupture of bacteria by the surface nanocone topographies and
catalytic oxidation by the peroxidase-like activity of the metal
active sites on NiCo,O, nanozyme (Figure 1b). Interestingly, the
mechano-catalytic coupling effect of the nanozyme exhibits self-
adaptive biomimetic nanostructure that can capture bacteria
of various morphotypes and thus allow for an extensive anti-
bacterial application. Specifically, the rigid nanopetal-shaped
structure of the nanozyme can penetrate deeply through the
bacteria with thin cell walls consisting of peptidoglycan (e.g.,
Escherichia coli); while for the bacteria with thick rigid walls
(e.g., Staphylococcus aureus), the nanozyme will tune its struc-
ture to flexible nanofibers to efficiently capture the bacteria.
Therefore, inspired by nature, rational design of nanozymes is
a promising strategy for engineering high-performance anti-
bacterial materials.

2. Results and Discussion

2.1. Synthesis and Characterization of NiCo,0, Nanozyme

The synthesis of NiCo,04 nanozyme is schematically illustrated
in Figure 2a. The nanomaterial was thoroughly characterized
by various methods. Scanning electron microscopy (SEM)

(10f10) © 2023 Wiley-VCH GmbH
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ABSTRACT: Formaldehyde (HCHO), as one of the prominent indoor pollutants, causes many health-related problems. Although
the detection of HCHO is a widespread concern and a variety of detection methods have been continuously developed, the volatile
organic chemical (VOC) interference remains to be solved. Here, we report a highly sensitive and selective method for HCHO
detection, relying on the selective electrochemical oxidation of formaldehyde catalyzed by aldehyde dehydrogenases (ALDHs) on a
Cu electrode. The detection signal exhibits a standard power law relationship against the analytes with a broad detection range of
1075—107" M and a limit of detection (LOD) of 1.46 X 10™"5 M, far below the indoor safe exposure limit (about 107 M) for
formaldehyde. In comparison to the standard spectrophotometry method, the ALDH-based electrochemical method shows a much
high specificity to formaldehyde among common VOCs, such as benzene, toluene, and xylene. This simple yet effective detection
technique opens up a new path for developing advanced formaldehyde sensors with high sensitivity and selectivity.

B INTRODUCTION

Formaldehyde (HCHO), an important precursor widely used
in various manufacturing processes for chemicals, furniture,
and paints, is causing various health-related concerns to human
being."”” Tt is now considered as one of the largest indoor
pollutants and classified as a Group 1 carcinogen by the World
Health Organization.” Exposure to low concentration (as low
as 0.1 ppm) of formaldehyde in an indoor environment can
induce adverse health impacts, such as irritations to the skin
and mucous membranes." Longer exposure can even cause
headache, dizziness, fatigue, nausea, vomiting, chest tightness,
and other worse symptoms.* However, the detections for
HCHO are severely interfered by the volatile organic
chemicals (VOCs) such as benzene, toluene, xylene, and so
forth, which are also the major contributors to the indoor air
pollutants.” Therefore, a simple detection method with high
sensitivity and specificity is desired for quick and accurate
assessment of indoor formaldehyde. Analytical methods
currently developed for formaldehyde mainly include gas/
liquid chromatography,”” spectrophotometry,” fluorome-
try,”~"" and sensors."””'* While these methods served their
goals of detecting formaldehyde, a majority of those require

© XXXX American Chemical Society

7 ACS Publications

long preparation time, unstable chemicals, or expensive
equipment and sometimes lack specificity. Electrochemical
sensors for formaldehyde detections, owing to their low cost
and facile operations properties, have attracted much interest
recently. However, owing to the narrow detection range and
interferences of other indoor VOCs, the performance of
current devices is inferior to that of the chromatography or
spectrometry methods.

Aldehyde dehydrogenases (ALDHs) are a class of enzymes
that can convert acetaldehyde and other aldehydes into
acids.">'® Due to its relatively high stability and ease to purify
over formaldehyde dehydrogenase, we utilized ALDH in this
work, together with the copper electrode to construct bio-
electrocatalysis for the detection of formaldehyde. The setup
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Ferritin: A Multifunctional Nanoplatform for Biological Detection,
Imaging Diagnosis, and Drug Delivery
Ningning Song,§ Jianlin Zhang,§ Jiao Zhai,® Juanji Hong, Chang Yuan, and Minmin Liang™

Cite This: Acc. Chem. Res. 2021, 54, 3313-3325 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations |

CONSPECTUS: Ferritins are spherical iron storage proteins within cells that are composed of a
combination of 24 subunits of two types, heavy-chain ferritin (HFn) and light-chain ferritin
(LFn). They autoassemble naturally into a spherical hollow nanocage with an outer diameter of
12 nm and an interior cavity that is 8 nm in diameter. In recent years, with the constantly
emerging safety issues and the concerns about unfavorable uniformity and indefinite in vivo
behavior of traditional nanomedicines, the characteristics of native ferritin nanocages, such as
the unique nanocage structure, excellent safety profile, and definite in vivo behavior, make
ferritin-based formulations uniquely attractive for nanomedicine development. To date, a
variety of cargo molecules, including therapeutic drugs (e.g, cisplatin, carboplatin, paclitaxel,
curcumin, atropine, quercetin, gefitinib, daunomycin, epirubicin, doxorubicin, etc.), imaging
agents (e.g, fluorescence dyes, radioisotopes, and MRI contrast agents), nucleic acids (eg,
siRNA and miRNA), and metal nanoparticles (e.g, Fe;0,, CeO,, AuPd, CuS, CoPt, FeCo, Ag,
etc.) have been loaded into the interior cavity of ferritin nanocages for a broad range of
biomedical applications from in vitro biosensing to targeted delivery of cargo molecules in living systems with the aid of modified
targeting ligands either genetically or chemically. We reported that human HFn could selectively deliver a large amount of cargo into
tumors in vivo via transferrin receptor 1 (TfR1)-mediated tumor-cell-specific targeting followed by rapid internalization. By the use
of the intrinsic tumor-targeting property and unique nanocage structure of human HFn, a broad variety of cargo-loaded HFn
formulations have been developed for biological analysis, imaging diagnosis, and medicine development. In view of the intrinsic
tumor-targeting property, unique nanocage structure, lack of immunogenicity, and definite in vivo behavior, human HFn holds
promise to promote therapeutic drugs, diagnostic imaging agents, and targeting moieties into multifunctional nanomedicines.
Since the report of the intrinsic tumor-targeting property of human HFn, we have extensively explored human HFn as an ideal
nanocarrier for tumor-targeted delivery of anticancer drugs, MRI contrast agents, inorganic nanoparticles, and radioisotopes. In
particular, by the use of genetic tools, we also have genetically engineered human HFn nanocages to recognize a broader range of
disease biomarkers. In this Account, we systematically review human ferritins from characterizing their tumor-binding property and
understanding their mechanism and kinetics for cargo loading to exploring their biomedical applications. We finally discuss the
prospect of ferritin-based formulations to become next-generation nanomedicines. We expect that ferritin formulations with unique
physicochemical characteristics and intrinsic tumor-targeting property will attract broad interest in fundamental drug research and
offer new opportunities for nanomedicine development.
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Special Issue Information
Dear Colleagues,

Nanozymes are an array of novel nanomaterials with catalytic activity and enzymatic reaction kinetics. Since their discovery, their
remarkable properties have attracted attention. Compared with natural enzymes, they possess many advantages, such as
inherent nanomaterial characteristics, a high catalytic stability, a low cost, feasible mass production, and robustness to harsh
environments. At present, the major challenge in the practical implementation of nanozymes resides in their limited types and poor
substrate selectivity; therefore, intensive efforts have been devoted to the rational design and engineering of hybrid nanozymes.
For example, the catalytic performance of hanozymes can be modified by adjusting their size, shape, composition, and structure;
a multifunctional catalytic system can be obtained through hierarchical structure design and and/or multi-component fabrication.
Coupling with biological molecules can improve biocompatibility and achieve novel properties.

In this Special Issue, we would like to collect publications describing the concepts, catalytic mechanisms, and applications of
hybrid nanozymes with a hierarchical structure and/or multiple components.

Submit your paper and select the Journal “Catalysts” and the Special Issue “Hybrid Nanozymes: From Concept to Biomedical
Applications” via: MDPI submission system. Please contact the Guest Editor or the journal editor (cicy.chen@mdpi.com) for any
queries. Our papers will be published on a rolling basis and we will be pleased to receive your submission once you have finished
it.

Prof. Dr. Ningning Song
Guest Editor
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