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Noble metal (e.g., Au and Ag) nanoclusters (NCs), which exhibit structural complexity and hierarchy com-
parable to those of natural proteins, have been increasingly pursued in artificial enzyme research. The
protein-like structure of metal NCs not only ensures enzyme-mimic catalytic activity, including peroxi-
dase-, catalase-, and superoxide dismutase-mimic activities, but also affords an unprecedented opportu-
nity to correlate the catalytic performance with the cluster structure at the molecular or atomic levels. In
this review, we aim to summarize the recent progress in programming and demystify the enzyme-mimic
catalytic activity of metal NCs, presenting the state-of-the-art understandings of the structure—property
relationship of metal NC-based artificial enzymes. By leveraging on a concise anatomy of the hierarchical
structure of noble metal NCs, we manage to unravel the structural origin of the catalytic performance of
metal NCs. Noteworthily, it has been proven that the surface ligands and metal-ligand interface of metal
NCs are instrumental in influencing enzyme-mimic catalytic activities. In addition to the structure—prop-
erty correlation, we also discuss the synthetic methodologies feasible to tailoring the cluster structure at

the atomic level. Prior to the closure of this review with our perspectives in noble metal NC-based artifi-
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cial enzymes, we also exemplify the biomedical applications based on the enzyme-mimic catalysis of
metal NCs with the theranostics of kidney injury, brain inflammation, and tumors. The fundamental and
methodological advancements delineated in this review would be conducive to further development of

rsc.li/nanoscale metal NCs as an alternative family of artificial enzymes.

2007,” the peroxidase-like activity of Fe;O, was recognized,
paving an alternative avenue to deploy inorganic nanoparticles

1. Introduction

Artificial enzymes, also known as enzyme mimics, have
attracted increasing interest in the past half century since they
were conceptualized in the 1970s' (Fig. 1). They heavily
depend on synthetic organic® and inorganic materials® to
recreate the catalytic activity and selectivity of natural enzymes.
Inorganic nanoparticles, due to their stability and robustness
in diverse catalytic scenarios, have emerged as one of the most
investigated candidates of artificial enzymes, giving rise to
nanozymes as an important subclass of artificial enzymes.*”
As briefly illustrated in Fig. 1, the concept of nanozymes was
initially proposed in 2004.° In a seminal work by Gao et al. in
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for mimicking the catalytic behaviour of diverse enzymes.
Subsequently, considerable research efforts have been devoted
to programming the structures of inorganic nanoparticles
toward mimicking the structure and thus the catalytic per-
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Fig. 1 A brief timeline for the development of artificial enzymes.
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formance of natural enzymes.>® For example, Xie et al. suc-
cessfully synthesized gold NCs protected by bovine serum
albumin (BSA) in 2009,"® aiming to achieve synergism brought
about by biomolecule-inorganic nanoparticle conjugation.
Due to the intrinsic structural similarity between metal NCs
and proteins, they have become intensively explored subclasses
of artificial enzymes (vide infra), which were eventually termed
“clusterzymes” in 2021."*

Noble metal (e.g., Au and Ag) NCs are ultra-small nano-
particles with a core size of <3 nm."” They represent the tran-
sition state between single metal atom and crystalline nanome-
tals, and usually could be descried by a definitive formula, ie.,
[M,(SR),,,J%, where n, m, and q are the numbers of metal (M),
ligand (SR), and net charge of individual clusters, respectively.'®
The growing success of crystallography suggests that metal NCs
feature a hierarchical structure reminiscent of biomolecules"*
(e.g., proteins and DNAs), which ensures their feasibility in
enzyme-mimic catalysis. In addition to the structural hierarchy,
the accelerating development of advanced analytical techniques
(including X-ray crystallography, X-ray absorption spectroscopy,
and mass spectrometry) has allowed the geometric and elec-
tronic structures of metal NCs to be resolved at ~A resolution,*®
which provides an unprecedented opportunity to establish a
reliable relationship between the cluster structure and catalytic
activity at the atomic level.'® The combined structural hierarchy
and atomic-level structural precision make metal NCs an ideal
paradigm to design and study the enzyme-mimic catalytic per-
formance of inorganic nanoparticles. For example, Liu et al
devised an artificial enzyme for relieving neuroinflammation
based on 3-mercaptobenzoic acid (MPA)-protected Au,s NCs,
exhibiting 137-160 times higher antioxidant activity than that
of commonly used Trolox.'" In a separate contribution, Shan
et al. revealed the ligand effects of Au;s NCs on peroxidase-like
activity, where N-acetyl-L-cysteine (NAC) ligands showed superior
performance among the tested NAC, 3-mercapto-2-methyl-
propanoic acid (MMPA) and MPA due to their strong electron-
withdrawing effect.'”

Although encouraging achievements regarding the develop-
ment of metal-NC-based artificial enzymes have been wit-
nessed in the past decades,'®'® there still exists a lack of a
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concise review systematically summarizing the emerging struc-
ture-property relationship of metal-NC-based artificial
enzymes. Herein, we aim to address this gap based on a
protein-like hierarchical structure model of thiolate-protected
noble metal NCs, exemplifying the structural effects of metal
NCs on their enzyme-mimic catalytic performance at the mole-
cular and atomic levels. This review starts with an anatomy of
metal NCs’ structure by comparing it to that of natural
protein, followed by a brief analysis of their impact on catalytic
performance at the individual hierarchical level. Subsequently,
the synthetic achievements making possible atom-level pro-
gramming of metal NCs are reviewed. After the synthetic meth-
odology, the topic comes to recent advances in the enzyme-
mimic catalysis of metal NCs. Before concluding with our out-
looks in this area, we also exemplify potential applications of
the enzyme-mimic catalysis of metal NCs in the field of
biomedicine.

2. Structure and synthesis of metal
NCs

One of the most striking findings in the crystallography of
noble metal NCs is their structural complexity and hierarchy
comparable to those of natural proteins.>*”>* Such protein-like
structural hierarchy has now been widely accepted as the
origin of the enzyme-mimic catalytic activity and selectivity of
metal NCs. In this section, the hierarchical structure of thio-
late-protected noble metal NCs, together with their impact on
catalytic performance, will be concisely discussed. We also
manage to outline the synthetic strategies making the atomic-
level modulation of cluster structures possible.

2.1 Structure of metal NCs

Thiolate-protected noble metal NCs possess a core-shell struc-
ture, where a M(0) core is wrapped by a monolayer of M(1)-SR
motifs. Based on the structural components identified in this
core-shell structural scheme (e.g., M(0) core and M(i)-SR
motifs), a structural hierarchy analogous to that of natural pro-
teins can be sketched.”® By taking the most explored
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[Auy5(SR)15]” NCs as an example (Fig. 2), analogues to the
types and numbers of amino acids, the types and numbers of
metal atoms and thiolate ligands constitute the primary struc-
ture of metal NCs. The construction of secondary building
blocks using metal atoms and thiolate ligands, e.g., the icosa-
hedral Au,; core and six units of the SR-[Au(1)-SR], motifs of
[Au,5(SR)1s]”, gives rise to the secondary structure of metal
NCs. The spatial arrangement of secondary building blocks
can thus be regarded as the tertiary structure of metal NCs.
For example, the symmetric arrangement of six SR-{Au(1)-SR],
motifs along the C; axis of the icosahedral Au,; core yields the
complete structure of individual [Au,5(SR)5]”. Also analogous
to natural proteins, the physicochemical properties, in particu-
lar the catalytic properties of metal NCs, are intricately gov-
erned by the hierarchical structure depicted above.

The primary structure of metal NCs can affect their catalytic
performance essentially via two means, metal atoms and
ligands (Fig. 2a). Metal atoms are commonly regarded as cata-
Iytically active centers in many reactions,> and it is believed
that enhanced catalytic activity emerged in the nano-sized
essentially stimulates enzyme-mimic catalytic activity of metal
NCs.”® As a good example, gold, being an inert metal at its
bulk form, exhibits marked electrocatalytic and photocatalytic
activities in many reactions, including the oxygen evolution
reaction (OER),*® the hydrogen evolution reaction (HER),*”>°
the carbon dioxide reduction reaction (CO,RR)**™® and a
couple of other organic reactions.*”*®* In 2010, positively
charged gold nanoparticles were reported to possess intrinsic
peroxidase-like activity, which were able to catalyze the oxi-
dation reaction of 3,3,5,5-tetramethylbenzidine (TMB, a
common peroxidase substrate) by H,O, to develop a blue color
in aqueous solution.*® Subsequently, numerous studies have
showcased the intrinsic enzyme-like catalytic activity of Au and
its extensive utilization in diverse biomedical applications.*
Beyond mono-metal NCs, the importance of metal atoms to
the catalytic behavior of metal NCs can be clearly evidenced by
the doping or alloying effects in bimetal or multi-metal NCs.
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As a good example, bimetallic Au/Pt NCs, produced by using
engineered consensus tetrapeptide repeat (CTPR) protein
modules as scaffolds in 2023, demonstrate enhanced peroxi-
dase-mimic catalytic activity in comparison with the corres-
ponding monometallic NCs (i.e., Au NCs or Pt NCs protected
by CTPR).*' These Au/Pt NCs can be reused in multiple reac-
tion cycles without significant loss of catalytic activity.

In addition to metal atoms, protecting ligands may play an
equally important role in governing the catalytic performance
of metal NCs. The catalytic activity can first be affected by the
hydrocarbon structure of protecting ligands. For instance,
Shan et al. synthesized Au;s NCs protected by thiolate ligands
with varied hydrocarbon tails, which were evidenced crucial in
dictating the affinity of the clusters toward H,0,. The authors
proposed that the acetylamino group in NAC, with its electron-
withdrawing effect, resulted in a lower electron density on Au
atoms, leading to a significant enhancement of peroxidase-
mimic catalytic activity (Fig. 3a)."” Besides the hydrocarbon
tails, coordinating atoms are crucially influential to the cata-
Iytic behavior of metal NCs. As a rule of thumb, the catalytic
activity of P-coordinated Au and Ag NCs tends to be higher
than that of S-coordinated ones, largely ascribed to the extra-
ordinarily strong M-S bond (M = Au or Ag).** However, as a
trade-off, the strong M-S bond can endow thiolate-protected
Au/Ag NCs with improved stability, which is favorable for the
construction of artificial enzymes.

Polyhedron-based M(0) core and M(1)-SR motifs constitute
the basic building blocks of metal NCs (Fig. 2b), and therefore
their structures are of central importance in dictating clusters’
catalytic performance. To start with, the composition and
structure of the M(0) core largely impact the electronic struc-
ture of metal NCs.**™*® For instance, when a Pt atom is doped
into the center of the Au;; core of Au,s5(SCeHiz)1s, the elec-
tronic structure, which can be probed by the UV-visible-near-
infrared (NIR) absorption spectrum, undergoes significant
changes. The valence electron count of the cluster N =n x v, —
m — q varies from 8 of [Au,s5(SCeHiz)1s]” to 6 of
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[PtAu,,(SCeH13)15]° after doping with Pt, where v, is the
valence electron count of M in [M,(SR),,]?. This change results
in the splitting of the 1p orbitals and the emergence of new
bands at 1.1 €V («) and 2.1 eV (y) for [PtAu,,]%, while the band
at 1.8 eV (B) disappears’® (Fig. 3b). Subsequent experiments
have demonstrated that the altered electronic structure after Pt
doping gives rise to enhanced catalytic activity in the HER.

The accessibility of the surface metal to reactants is a key
factor that affects the catalytic performance in catalytic reac-
tions. As M(1)-SR motifs determine the surface chemistry
including the surface accessibility of metal NCs, they are cru-
cially influential to catalytic properties. Such accessibility can
be facilely varied by altering the length of the M-S bond. The
Zhang group examined the enzyme-mimic catalytic activities
of Au,,Ag;(MPA),g, Au,,Cu;(MPA);g, and Au,,Cd,(MPA);3 NCs
(MPA = 3-mercaptobenzoic acid). Doping Ag into Au,s(MPA);g
NCs resulted in a longer Ag-S bond (2.48 A) than the pristine
Au-S bond (2.36 A). The enhanced accessibility brought about
by such bond expansion gives rise to 72 times higher anti-
oxidant activity than those of natural antioxidants.?” Owing to
similar bond length modulation, Au,,Cu;(MPA);z and
Au,,Cd;(MPA),g NCs exhibit antioxidant capabilities that are
137 times and 160 times higher than that of Trolox, respect-
ively.  Moreover,  Au,5(MPA);5, Au,,Cu;(MPA);5, and
Au,,Cd;(MPA);4 can also exhibit glutathione peroxidase (GPx-
like), catalase-like, and superoxide dismutase-like activities,
respectively.'* In addition to the M-S bond, the types of M(1)-
SR motifs can induce marked changes in the catalytic activity
of metal NCs. Chen et al. reported a ligand-induced thermally
reversible isomerization between two thiolate-protected
28-gold-atom NCs: Au,g(S-c-CeHii)zo (-¢-CeHyy = cyclohexyl)
and Au,g(SPh-'Bu),, (-Ph-'Bu = 4-tert-butylphenyl).*® The crys-
tallographic analysis suggests that both Au,g NCs adopt a face-
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centered-cubic (FCC) Au,, core, while Au,g(S-c-C¢Hyi)z0 NCs
possess two trimeric SR-[Au(1)-SR]; and two dimeric SR-[Au(1)-
SR], motifs. In contrast, Au,s(SPh-'Bu),, NCs feature four
dimeric SR-[Au(1)-SR], motifs. By using catalytic CO oxidation
as a probe reaction, it was observed that Au,g(S-c-C¢Hy)20 NCs
exhibited higher catalytic activity for CO oxidation compared
to Au,g(SPh-'Bu),, NCs. This difference in catalytic activity is
likely due to more protruded protecting motifs of Au,g(S-c-
CsHi1)20 NCs that make the catalytically active Au(i)) more
accessible (Fig. 3c).

The three-dimensional arrangement of M(i)-SR motifs on
the surface of M(0) core gives rise to a tertiary structure of
metal NCs. Intriguingly, such spatial arrangement is capable
of creating a pocket-like catalytic cavity resembling that
observed in natural enzymes on the surface of metal NCs. For
example, a pocket-like cavity formed by the arrangement of
three SR-[Au(1)-SR], motifs around a Auj; facet of the Auy; core
can be identified on the surface of [Au,5(SR);5]” NCs (Fig. 2c).
Nasaruddin et al. found that such a pocket-like cavity of
[Auys(p-MBA)5]” NCs (p-MBA = para-mercaptobenzoic acid)
was feasible to selectively co-adsorb two molecules of 4-nitro-
phenol and one molecule of BH, , facilitating the reductive
conjugation of 4-nitrophenol into 4,4'-dihydroxyazobenzene.*’
Of note, the spatial arrangement of M(1)-SR on the surface of
the M(0) core can induce intrinsic chirality in metal NCs,
bringing about stereoselectivity in asymmetric synthesis. Wang
et al. conducted the synthesis of chiral [Au,Agg(dppf)s(L-/
p-proline)g|(BF,), (where dppf = 1,10-bis(diphenylphosphino)
ferrocene) NCs and utilized them as catalysts for asymmetric
Aldol reactions.®® The authors revealed that r-/p-Au,Ags NCs
exhibited not only marked enantioselectivity toward the
B-hydroxy carbonyl product, but also significantly higher cata-
Iytic efficiency compared to pure ProAg or proline (ProAg was
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Fig. 2 Hierarchical structure of metal NCs and their contribution to the catalytic performance. The structure of NCs is exemplified by [Au,5(SR)1g]™,
where SR denotes the thiolate ligand. The numbers and types of metal atoms and ligands constitute the primary structure of metal NCs. The sec-
ondary structure modules formed by the aggregation of metal atoms and ligands, like Au(0) core and Au(i)-SR motifs, correspond to the secondary
structure. The spatial arrangement of secondary structure modules then gives rise to the tertiary structure. The contributing factors to the catalytic
performance at different structural hierarchies are shown in blue for easy identification.

synthesized by mixing AgBF, and proline). The improved cata-
lytic activity can be attributed to the better accessibility to cata-
lytically active sites afforded by the ordered arrangement of
proline on the cluster surface (Fig. 3d).

2.2 Synthesis of metal NCs

Due to their molecule-like molecular formulas and properties,
including HOMO-LUMO transitions,>"*? strong
luminescence,””* and stereochemical activity,”> metal NCs
have long been regarded as metallic molecules.’® Similar to
organic molecules, they can be synthesized at atomic precision
and with known step reaction pathways.’”*® Until now, many
synthetic methods have been documented to deliver the
desired purity and quantity for selected metal NCs,**"®" such
as Brust-Schiffrin,*> two-phase,> and seeded growth
methods® and so on. These methods can be classified into
three types: bottom-up synthesis, top-down synthesis, and

8200 | Nanoscale, 2024, 16, 8196-8215

inter-cluster conversion, according to the formation pathways
of metal NCs.

2.2.1 Bottom-up synthesis. A bottom-up method, using Au
NCs as an example, typically involves the chemical reduction
of Au(1)-SR complexes, which can be facilely produced by
mixing of Au(m) salt and thiolate ligands via the reaction of Au
(m) + 3H-SR — Au(1)-SR + RS-SR + 3H".®> A series of reducing
agents have been documented capable of partially reducing Au
()-SR complexes to generate the Au(0) core, which is further
capped by residual Au(1)-SR motifs to yield intact Au NCs.*®
Obviously, the choice of reducing agents is crucial in this
process, and commonly used reducing agents can be categor-
ized into two groups: (1) strong reducing agents such as
NaBH, and (2) moderate or weak reducing agents like carbon
monoxide (CO). When NaBH, is used as reducing agent, the
formation process of Au NCs can be divided into two stages.
The strong reducing power of NaBH, can first fuel a rapid
reduction kinetics, generating a mixture of different-sized Au

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Schematic representation of the peroxidase-mimic activity of Au;5(SR)13 NCs protected by different ligands. Reproduced from ref. 17 with
permission from American Chemical Society, copyright 2023. (b) Electronic energy levels of [Au,s(SCeH13)1s]™ and [PtAu,4(SCeH13)151°%. o, B, and y
denote the optical leaps of [Au,s(SCeH13)15]™ and [PtAu,4(SCeH13)161° at 1.1, 1.8, and 2.1 eV, respectively. Reproduced from ref. 46 with permission
from Nature, copyright 2017. (c) Schematic representation of CO adsorption on the surface of two Au,g(SR),0 cluster isomers. Reproduced from ref.
48 with permission from American Chemical Society, copyright 2016. (d) Schematic illustration of the stereoselective Aldol reaction catalyzed by -/
p-Au;Agg NCs. Reproduced from ref. 50 with permission from American Chemical Society, copyright 2023.

NCs. Following the fast reduction stage is a relatively slow size-
focusing process, in which polydisperse Au NCs are converted
into thermodynamically most stable size(s). It has now become
clear that a balance between the fast reduction and slow size-
focusing processes is a key to good controllability toward the
structure attributes of Au NCs. More specifically, the relative
time scale of the reduction and size-focusing kinetics, rather
than their absolute time scale, dominates the monodispersity
of the as-produced final Au NCs. As a good example, Yuan
et al. carefully investigated the formation kinetics of Au NCs
and devised a NaOH-mediated NaBH, method for the fast and
high yield production of [Au,s(SR)1s]” NCs.®” Introducing an
aliquot amount of NaOH can simultaneously slow down the
reduction kinetics and accelerate the size-focusing rate, sus-
taining a balance overall kinetics conducive to the formation
of monodisperse Au,; NCs (Fig. 4a).

In comparison with NaBH,;, CO can maintain relatively
mild reduction kinetics, suitable for kinetically trapping
cluster growth into desired sizes. This is because the slow
reduction kinetics makes the reduction reaction controllably
quenchable at a selected stage, preventing clusters’ further
growth. In addition to the in situ size selection capability, the
slow growth rate powered by CO reduction allows the for-
mation process of metal NCs traceable via advanced mass
spectrometry means. In 2014, Luo et al. employed electrospray
ionization mass spectrometry (ESI-MS) to monitor the for-

This journal is © The Royal Society of Chemistry 2024

mation process of [Au,s(SR)s]” in the presence of CO.°® The
detailed time-course ESI-MS analyses reveal 27 different Au(i)-
SR complexes or intermediate cluster species, which can be
represented by a general formula of [Au,(SR),,Cl,]?. The most
interesting finding is that all these [Au,(SR),Cl,]? species
possess an even-numbered valence electron count (N =n — m
— p — q), implying that the size growth of Au NCs follows a
two-electron (2 e”) hopping mechanism. More specifically, Au
NCs evolves in a valence electron sequence of 0 €™ —» 2 e” — 4
e —>6¢e —8e — 10e". Asimilar 2 e~ hopping mechanism
has also been observed in the size growth reaction of
[Auy4(SR),6]>~ mediated by [Au,s(SR)1s] . Yao et al. reduced Au
()-SR complexes using CO in the presence of pre-formed
[Au,5(SR),5]7, where the size growth reaction was monitored by
time-course ESI-MS.% All 35 Au(1)-SR complex or intermediate
cluster species identified in this process feature even-num-
bered valence electron counts, which evolves in a sequence of
2 e hopping. More intriguingly, successful capture of an
adduct [Au,5(SR)13CO]” by ESI-MS analysis indicates that the
further growth of Au,s NCs is initiated by selective adsorption
of CO on the cluster surface (Fig. 4b, top panel). Moreover, a
careful analysis on the time-dependent abundance of inter-
mediate species manifests two detailed growth pathways for
the growth of [Au,5(SR);s]” to [Auss(SR)s]”: monotonic
LaMer-like growth or volcano-shaped aggregative growth
(Fig. 4b, bottom panel).
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Fig. 4 (a) Schematic illustration of the NaOH-mediated NaBH, reduction method for the synthesis of [Au,5(SR)15]~ NCs with a broad library of thio-
late ligands (shown in right). Reproduced from ref. 67 with permission from John Wiley and Sons, copyright 2014. (b) Schematic illustration of the
CO-mediated size growth reaction from [Au,s(SR)15]~ to [Au44(SR)»61?~. Reproduced from ref. 69 with permission from Nature, copyright 2017.

2.2.2 Top-down synthesis. In sharp contrast to the
reduction growth in the bottom-up synthesis mentioned
above, top-down synthesis depends dominantly on chemically
etching larger-sized metal nanoparticles or NCs to generate
smaller NCs.”® The etching reaction is often driven by etching
agents, of which the thiolate ligand is a good example, and
highly dependent on the thermodynamic stability of clusters.
Shichibu et al. reported the etching reaction of size-selected
Au,(SG),, (SG = glutathione) NCs with (n, m) = (10, 10), (15, 13),
(18, 14), (22, 16), (25, 18), (29, 20), (33, 22), and (39, 24) using

8202 | Nanoscale, 2024, 16, 8196-8215

free GSH under aerobic conditions.”" It is revealed that the
Au,(SG),, (n < 25) NCs are completely oxidized to Au(i)-SG com-
plexes after 3 h reaction with GSH, while Au,(SG),, (n > 25)
NCs are focused into Au,5(SG);s (Fig. 5a). Based on such size-
dependent stability in the etching reaction, the authors pro-
posed a method for the large-scale synthesis of Au,5(SR);s NCs
through thiol etching chemistry. To shed light on the etching
chemistry of metal NCs at the molecular level, Cao et al. moni-
tored the etching process of water-soluble Au,s(SR);s NCs in
the presence of excess thiol ligands by real-time ESI-MS in a

This journal is © The Royal Society of Chemistry 2024
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Schematic representation of the reversible transformation between the two isomers of [Au,s(p-MBA);g]~ NCs using a cationic surfactant (cetyltri-
methylammonium cation, CTA*). Reproduced from ref. 76 with permission from Cell, copyright 2021.

course of 30 days’> (Fig. 5b). Intriguingly, the authors identi-
fied several NC species that were not observed in the bottom-
up growth process of Au,s(SR);g. The authors thus rationalized
that these species should be formed by the recombination of
Au(1)-SR complexes with in situ generated Au,(SR),, species by
the etching reaction. Such molecular insights into the etching
reaction also offers an alternative strategy to produce novel
sizes not found in bottom-up growth reactions.

2.2.3 Inter-cluster conversion. The inter-cluster conversion
method uses pre-formed metal NCs as precursors and
leverages on their reactions induced by chemical (e.g., oxidiz-
ing/reducing agents and ligands) and physical (e.g., solvent
polarity and temperature) stimuli. When foreign ligands are
used as stimuli, they often induce ligand exchange reactions,
which may or may not be accompanied by size conversion
dependent on the nature of pristine and foreign ligands. A
good example for the ligand exchange-induced size conversion

This journal is © The Royal Society of Chemistry 2024

reaction is the production of Au,5(SG);s NCs from
Au,,(PPh;)sCl; NCs, where PPh; is triphenylphosphine.” As
shown in Fig. 5c¢, reacting hydrophobic Au;4(PPh;)sCl; NCs (in
chloroform) with excess GSH molecules can convert the cluster
size into Au,s5(SG)ig, whose good hydrophilicity can simul-
taneously induce a phase-transfer reaction into the water
phase. Besides the size conversion reaction, size-maintained
ligand exchange reactions have been extensively documented.
For instance, by reacting water-soluble [Ag,s(MNBA);0]*~
(MNBA = 5-mercapto-2-nitrobenzoic acid) with a series of
organo-soluble thiolate ligands like 4-fluorothiophenol
(4-FTP), 4-nitrothiophenol (4-NTP), and 2-naphthalenethiol
(2-NT), the cluster can undergo complete ligand exchange
while maintaining the size unchanged.” In addition to ligand
exchange, the inter-cluster transition reaction can be driven by
the motif exchange mechanism. As shown in Fig. 5d, the reac-
tion of [Ags(SR)s0]*” with [Au,(SR"),CI]™ complexes,”” where

Nanoscale, 2024, 16, 8196-8215 | 8203
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SR’ denotes the incoming thiolate ligand, can induce the
exchange of surface Ag(SR), with Au(SR'),, leading to the for-
mation of [Ag43Au(SR),5(SR'),]*". Upon sufficient supply of
[Auy(SR'),CI]7, all 12 Ag atoms in the protecting motifs of
[Ag44(SR)30]*” can be replaced by Au heteroatoms, giving rise
to [Ag3,AU1,(SR)6(SR ) 4]

Isomerization may represent the most delicate means for
modulating the cluster structure without altering its chemical
composition (ie., formula). It is attracting recent research
interest as it holds an unprecedented opportunity to decouple
the size and structure effects in the structure-property relation-
ship investigation of metal NCs. As an illustrative example,
Cao et al. made full use of CH---n interactions between cetyltri-
methylammonium (CTA") cations and p-MBA ligands, a bilayer
of CTA" cations can be coated on the surface of [Auys(p-
MBA),5]~ NCs’® (Fig. 5e). Intriguingly, such surface modifi-
cation can induce the core structure transformation of [Au,s(p-
MBA),g]|”, where a rotation of Au,; core is noted. In this way, a
topological isomer of [Au,s(p-MBA);g]” (denoted as [Au,s]g
against the pristine [Au,s]z isomer) can be constructed without
breaking any Au-S bond. More importantly, this isomerization
process was evidenced reversible when the CTA" cations were
removed from cluster surface.

3. Enzyme-mimic catalytic activity of
metal NCs

Due to their protein-like hierarchical structure, together with
the established methodology for customizing the property-dic-
tating structure attributes at the atomic level,”” metal NCs have
been demonstrated with catalytic activities resembling those of
natural enzymes. In this section, the enzyme-mimic catalytic
performance of metal NCs will be briefly reviewed with an
emphasis on their underlying chemistry.

3.1 Peroxidase-mimic catalytic activity

Peroxidase (POD) is a kind of natural enzyme that catalyzes the
decomposition of H,0, into hydroxyl radicals ('OH) and
H,0.”® Subsequently, the as-generated 'OH oxidize the sub-
strate, serving as the fundamental principle for numerous
detection applications. In 2010, positively-charged gold nano-
particles were reported to possess intrinsic POD-like activity,*
catalyzing the oxidation of TMB by H,0,. The as-obtained oxi-
dation product, oxXTMB, is blue in aqueous solution, offering a
good chromogenic mechanism for probing ‘OH. In a sub-
sequent study, Wang et al. investigated the surface effects of
gold nanoparticles on their POD-like catalytic activity.”® They
compared the enzyme-mimic catalytic activity of unmodified,
amino-modified, and citrate-capped gold nanoparticles toward
the oxidation reaction of H,O,. Interestingly, they found that
unmodified gold nanoparticles exhibited significantly higher
enzyme-mimic catalytic activity towards POD the substrate.”
This suggests that the superficial gold atoms play an important
role in the POD-like catalysis.
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The mechanism of the POD-mimic activity of Au nano-
particles was investigated by Li et al. They suggest that both
POD-like activity and their pH-switchability are the intrinsic
properties of metal atoms, regardless of the surfaces and inter-
sections of facets exposed to environments.®® More specifi-
cally, the adsorbed H,0, molecule can undergo two types of
decompositions:

acid-like decomposition:

Hzoz* «— H* +H02* (1)
base-like decomposition:
H,O0y%x < H,0 % +0x (2)

where the asterisk (*) is used to mark species absorbed on
metal surfaces. The authors then indicate that the base-like
decomposition yielding H,O* and O* is more favorable under
neutral conditions, while the acid-like decomposition hardly
occurs because of its high energy barrier (Fig. 6a).
Subsequently, the decomposition pathways with pre-adsorbed
H and OH were studied to understand the origin of the pH
dependency in the decomposition reaction of H,O, on the Au
(111) surface. As H,O, prefers base-like decomposition under
neutral conditions, the pre-absorbed H has little influence on
H,0, decomposition (eqn (3)). This reaction has a higher
energy barrier than that for the direct decomposition of H,0,*
to 20H*.

However, when H,O, adopts the base-like decomposition
pathway under acidic conditions, it gives rise to OH* and sub-
sequently H,O* and O* as products (Fig. 6b). The generated O*
is highly oxidizable and will readily abstract hydrogen atoms
from organic substrates. These results suggest that the Au
surface can exert stronger POD-mimic catalytic activity under
acidic conditions, which catalyzes the oxidation of organic
substrates in the presence of H,O,. This mechanism is appli-
cable to various metals, including Au, Ag, Pt, and so on.

The metal surface-mediated catalytic mechanism remains
valid for metal NCs, and metal NCs tend to exhibit higher cata-
Iytic activity due to their larger surface-to-volume ratio. Jiang
et al. discovered that apoferritin-paired Au NCs (Au-Ft) have
even higher activity at near acidic pH compared to native
enzymes.®! The improved stability of Au-Ft also endows them
with a broader operation temperature window. It is not only Au
NCs that possess good catalytic activity by mimicking PODs,
but also the NCs of other metals like Cu, Pt, etc. which show
similar POD-mimic catalytic activity. For instance, Jin et al. uti-
lized yeast extract as a reducing agent and stabilizer to prepare
Pt NCs through a one-step method.®” These Pt NCs can effec-
tively catalyze the oxidation of TMB in the presence of H,O,.
Analysis of the -catalytic mechanism suggests that such
efficient POD-like activity may arise from electron transfer
between TMB and H,O0, accelerated by Pt NCs. Maity et al. syn-
thesized Cu NCs using pepsin as a template. The as-obtained
Cu NCs, denoted as Cu,;@pepsin, consist of 23 Cu atoms

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Calculated reaction energy profiles for H,O, decomposition on the Au (111) surface under (a) neutral, (b) acidic, and (c) basic conditions.
TS1-11 represent the intermediate states of H,O, adsorption and decomposition under different conditions, respectively. Reproduced from ref. 80

with permission from Elsevier Sci Ltd, copyright 2015.

within a pepsin molecule and exhibit strong blue lumine-
scence at 455 nm.* Cu,;@pepsin demonstrates high activity
in catalyzing the reduction of H,0O, and the oxidation of
o-phenylenediamine (OPD) according to the Michaelis-
Menten enzyme kinetics.

Recent advancements in doping or alloying chemistry have
offered a simple and effective means for enhancing the cata-
lytic activity of metal NCs, making many doped or alloy NCs
more effective in mimicking enzymes compared to mono-
metal NCs. For instance, Mora-Sanz et al. have developed
gold-platinum bimetallic NCs within the immunoglobulin G
(IgG) structure (denoted as Au/Pt NCs-IgG hereafter).®* The
presence of two different types of metal atoms in these NCs
leads to a synergistic effect, resulting in higher catalytic activity
compared to the corresponding mono-metal NCs. However, it
is worth noting that metal NC-based artificial enzymes gener-
ally exhibit poor pH tolerability, stimulating numerous studies
aiming to structural and catalytic stability across a wide range
of pH values. Tao et al. achieved this by adsorbing Au NCs
onto graphene oxide through electrostatic interactions, result-
ing in the formation of synergistic GO-Au NC hybrids with
exceptional POD-like activity®® (Fig. 7a-c). Remarkably, the
GO-Au NC hybrids exhibit marked catalytic activity over a
broad pH range of 3-7 (Fig. 7d). Kinetic analysis reveals that
the activity of the GO-Au NC hybrids at neutral pH is compar-
able to that of natural horseradish peroxidase (HRP) under the
same conditions.

In addition to the improved ratio of surface metal atoms,
the large surface-to-volume ratio of metal NCs leads to
enhanced ligand effects on the catalytic activity of metal NCs.
Recent studies have indicated that passivating ligands on the
surface of metal NCs can restrict the accessibility of Au NCs to
the reaction substrate. Therefore, in many cases, removal or
partial removal of protecting ligands can increase the catalytic

This journal is © The Royal Society of Chemistry 2024

activity of metal NCs by promoting the exposure of surface
metal atoms. For example, by hydrolyzing the BSA ligands on
the surface of BSA-Au NCs using trypsin, a greater number of
active sites on the BSA-Au NCs are exposed, resulting in an
increased enzyme-mimic catalytic activity.*® However, it should
be mentioned that sufficient ligands are typically required to
stabilize the structure of metal NCs, preventing their size
change that can significantly hamper the investigation of
structure—property relationship.

3.2 Catalase-mimic catalytic activity

Catalase (CAT) is a naturally occurring enzyme that catalyzes
the production of O, and H,O from H,0,.*” The catalytic
mechanism involves OH pre-adsorption under basic con-
ditions, where H,0, transfers an H* to the pre-adsorbed OH,
resulting in the formation of HO,* and H,O*. Subsequently,
HO,* reacts with another H to generate H,0,*, 