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Luminescent metal nanoclusters and their
application in bioimaging

Wenwen Fei, Sheng-Yan Tang and Man-Bo Li‘&*

Owing to their unique optical properties and atomically precise structures, metal nanoclusters (MNCs)
constitute a new generation of optical probe materials. This mini-review provides a brief overview of
luminescence mechanisms and modulation methods of luminescent metal nanoclusters in recent years.
Based on these photophysical phenomena, the applications of cluster-based optical probes in optical
bioimaging and related sensing, disease diagnosis, and treatment are summarized. Some challenges are

rsc.li/nanoscale also listed at the end.

1. Introduction

Optical microscopic imaging is an optics-based imaging
technology that utilizes light’s absorption and emission pro-
perties to observe and analyze the microscopic world.'™
Luminescence-based imaging techniques have been of particu-
lar concern because of their sensitivity,® selectivity,” high con-
trast,® and versatility.” Biological imaging is one of the most
critical applications.® This technique has been used for
observing structures of biological tissues'' and the develop-
ment of diseases and early diagnosis and treatment.’* Two
types of luminescence exist in biological tissues. The first is
the luminescence of substances inherent in the tissue, such as
mitochondrial natriuretic hormone (NADH), chlorophyll, and
other luminescent substances, and the second is the artificial
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addition of luminescent probes to make the tissue lumines-
cent in the imaging method. Standard optical imaging probes
are composed of a targeting moiety and fluorochromes."
When excited at a specific wavelength, probe molecules emit
light, revealing specific structures or sites within a biological
tissue. This enables the researcher to make precise and corres-
ponding observations. There have been many years of research
on optical imaging probes, roughly divided into three stages.
Organic chromophores with large conjugated systems were
initially utilized as the primary generation of optical
probes.'*™® Since the discovery of the first organic fluoro-
phore, quinoline, in 1834, organic dyes have been the domi-
nant category of materials in optical probes because of their
high degree of customization.'” According to the strategies of
modern organic chemistry, photophysical parameters such as
excitation and emission spectra,'® molar absorption coeffi-
cients,” Stokes shifts,”® and quantum yields*' of organic
small molecules can be accurately tailored to the imaging
requirements.?> >’ Nevertheless, popular organic small-mole-
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cule fluorophores (e.g., rhodamine 6G and fluorescein) have
been documented to be toxic at moderate concentrations.>®
This has substantially restricted the practical application of
organic small-molecule optical probes in biological imaging.
Subsequently, there were certainly a number of other fluo-
rescent probes such as metal complexes that emerged. They
can be used to enhance the photostability of organic small-
molecule dyes to some extent.?**°

The resolution of microimaging techniques related to bio-
imaging has improved dramatically over the past 20 years, with
some already achieving the nanometer scale. Several luminescent
nanoparticles have emerged as second-generation optical probe
materials in this context.*' Most of the nanoparticles used in bio-
imaging or biosensing are inert and non-toxic or can be rendered
non-toxic by surface modification.*** Besides that, the retention
time of nanoparticles in vivo is much longer than that of small-
molecule fluorophores, making it possible to visualize them for a
prolonged time.** Meanwhile, nanoparticles can organically inte-
grate imaging, diagnostics, and therapy into a single platform.
Thus, fluorophores, targeting moieties and drug molecules, can
be embedded on the surface of nanoparticles, allowing for simul-
taneous detection and treatment.”>>® In the actual implemen-
tation process, nanoparticles nevertheless progressively display
some disadvantages. For example, some tumors possess high per-
meability and retention effects, and the constriction of blood
vessels would cause aggregation of nanoparticles.*> Moreover,
kidneys do not efficiently eliminate larger-size nanoparticles.*>*"

Atomically precise metal nanoclusters (MNCs) are emerging
nanomaterials with dimensions between 1 and 3 nm.*>™*
They are considered a bridge between plasmonic metal nano-
particles and small molecules with excellent
biocompatibility*®*” and favorable photostability.*® Their con-
duction band undergoes a distinct quantization effect, leading
to unique optical properties.*”>> Meanwhile, the optical pro-
perties of metal nanoclusters can be precisely modulated with

Man-Bo Li was born in Hubel,
China, in 1986. He received his
B.S. (2008) and Ph.D (2013)
degrees from the University of
Science and Technology of China
(USTC).  After  postdoctoral
research at the Chinese Academy
of Sciences (CAS), King Abdullah
University of Science and
Technology (KAUST) and
Stockholm University (SU), he
started his independent aca-
demic career as a professor at
Anhui  University in 2019.
Professor Li has authored over 60 scientific publications and has
received scientific awards, including the Thieme Chemistry
Journals Award. His current research interests focus on the syn-
thesis and catalysis of atomically precise metal nanoclusters.

Man-Bo Li

19590 | Nanoscale, 2024, 16, 19589-19605

View Article Online

Nanoscale

atomic precision.>® Being molecular-like and ultrasmall-sized,
metal nanoclusters can be efficiently cleared by the kidneys
and characterized by intrinsic near-infrared region
luminescence.>”*> Luminescent metal nanoclusters perfectly
compensate for the drawbacks of organic small molecules and
nanoparticles, demonstrating the prospect of enhanced clini-
cal application.’®>” Over the past few decades, there has been
considerable = advancement in  exploring  synthetic
methods,*®*®° structural evolution,®*> and related properties
of MNCs. The investigation of their optical properties, lumine-
scence mechanisms, and biological applications®**” has indi-
cated that metal nanoclusters can be excellent optical probes.
Not only water-soluble, but also liposoluble MNCs have been
chosen for research in the field of optical bioimaging.®®® In
recent years, the emergence of cluster aggregation-induced
emission enhancement,”® post-functionalization,”* and other
strategies has laid the foundation for atomically precise metal
nanoclusters as third-generation optical probes (Scheme 1).

This mini-review briefly provides an overview of the
research progress of MNCs that has been conducted using
optical imaging probes in the following four aspects: (1)
diverse photophysical characteristics; (2) structural and photo-
luminescence modulation; (3) application in optical bio-
imaging; and (4) current challenges.

2. Photoluminescence activity

MNCs exhibit distinct highest occupied molecular orbital
(HOMO)-lowest unoccupied molecular orbital (LUMO) tran-
sitions accompanied by size-sensitive physicochemical
properties.”>’* Early reports indicated that the scale-depen-
dent luminescence of these molecular-like clusters mainly ori-
ginated from the intraband transitions of free electrons’*
(Fig. 1). Clarifying MNCs’ luminescence mechanisms and
various luminescence behaviors is essential for exploring new
optical probes. At the beginning of the research on lumines-
cent metal nanoclusters, the role of ligands was not empha-
sized. However, in the last twenty years, with an in-depth
understanding of luminescent MNCs’ electronic and geo-
metric structures, the contribution of ligands to the photo-
physical behaviors of metal nanoclusters has been increasingly
acknowledged.”® Ligand-to-metal (LMCT) and/or ligand-to-
metal-metal charge transfer (LMMCT) have been recognized
as primarily responsible for MNCs’ photoluminescence pro-
perties. Jin et al. proposed two photoluminescence mecha-
nisms for a thiol-protected gold nanocluster Au,s(SR):s (SR =
thiolate): the LMCT process via “Au-S” bonds and the direct
electron transfer from electron-rich atoms or groups to the
metal kernel.”® The strength of interactions between the coor-
dinating atoms and the metals may also affect the photo-
luminescence intensity of the clusters to a certain extent. For
instance, the weak interaction between Se and Au results in a
relatively weaker emission of Au,s(SeR);s (SeR = selenium)
compared to the Au,5(SR);s nanocluster.””

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Three kinds of optical probe materials with size increased.

2.1. Dual emission

Dual-emission optical probes typically display two distinguish-
able emission peaks, usually separated by intervals of tens of
nanometers.”®®" The distinct emission positions are fre-
quently subject to external circumstances, such as the inter-
action of the probe with the target molecule or tissue.*>®* In
contrast to conventional optical probes with a single emission
peak, a dual-emission optical probe can convey two simul-
taneous kinds of messages. Therefore, it will have broader
applications in chemical analysis and life-based information
transfer.®*®> Owing to the abundant energy level composition
of MNCs, two types of electronic transitions are likely to be
generated under one excitation condition. Therefore, the pro-
spect of their application in the field of dual emission is extre-
mely promising.*® Chen et al. discovered double emission in
non-homogeneously sized copper nanoclusters in 2011%
(Fig. 2a—c). In 2020, Jin et al. observed photo-induced struc-
tural distortions accompanied by electron redistribution
during excited state processes in a series of gold nanoclusters,
Au,,(STBBM),,, Au,,Cd(SAdm), 5, and Au,,(PET),, (STBBM = 4-
tert-butylphenylmethancan, SAdm = 1-adamantanethiol, and
PET = 2-phenylethanethiol), in which photo-induced structural
distortions of clusters accompanied by electron redistribution

This journal is © The Royal Society of Chemistry 2024
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in the excited state were found. This process leads to clusters
with extended photoluminescence lifetimes and dual emission
in the near-infrared region, which exhibit a highly sensitive
response to solvent polarity, viscosity, and temperature®®
(Fig. 2d-i). Then, Jin et al reported the synthesis of
Auy,(PET)3, nanoclusters in 2022. They were surprised that
this cluster exhibited dual-emission phenomena at 875 and
1040 nm, attributed to fluorescence and phosphorescence,
respectively. It has a quantum yield of 11.9% in solvent at
room temperature, which is very rare among thiol-protected
gold nanoclusters.®” Enhancing the intersystem crossing
efficiency from singlet to triplet excited states induced by
dipole interactions between molecules could suppress the fluo-
rescence and enhance the phosphorescence concurrently.”
Lately, several DNA-protected metal nanoclusters with dual
emissions have emerged in abundance. Some transient
absorption dynamics and density functional theory (DFT) also
provide theoretical evidence.”*™*°

2.2. Aggregation-induced emission (AIE)

The aggregation-induced emission (AIE) phenomenon, discov-
ered by Tang et al. in 2001,”® was also found in metal nano-
clusters. Restriction of intramolecular motion (RIM) is con-

Nanoscale, 2024, 16,19589-19605 | 19591


https://doi.org/10.1039/d4nr03111c

Published on 19 wrzenia 2024. Downloaded on 24.02.2026 22:46:16.

View Article Online

Minireview Nanoscale
= -
250 . 25 _small—> large size 25 E small large size
. (a) . (b) . (c)
2.0 2.0 2.0
- -
-\‘\- . -, . .
> 1.54 < 1.54 < 1.5
% 7 \ ?L . . E . .
w Ng o .- o .-
1.0 r W1.04 - W 1.0 -
- .
0.5 —<l \ 051 . 0.5 . s
0.0 ; , , . — =) 0.0 . . . —
0 25 50 75 100 125 150 0.07 0.06 0.05 0.04 0.03 0.02 0.01 0.18 0.15 0.12 0.09 0.06 0.03
n (number of Au atoms) n! (~1/R3) n23 (~1/R2)
254 small large size 254
2.0 2.04
S 15 3 154
s [ti]
Y10 1.04
0.54 0.54
0.0 T T T T T T 0.0 T
040 035 030 025 020 0.15 10 100
n13 (~1/R) n (number of Au atoms)
A
Color labels for atomic orbitals () (9)
3+ — Ausp) — S$(3p)
— Au(d) ~— others 09
ag (1) LUMO+2 08
41 4 ) LUMO+1 —_
< a
i E 07
w > 06
54 ag ) LUMO sp-band g P
a0
& 04
84 '? 03
ayd) {OMO g
e 02
21 %@ HOMO-1 ~ o1
& ay®) HOMO-2 =
ag ) HoMo-3 ([ d-band 0 " Y )
ag(1) “gmgg 05 1 15 2 25 3 35 4
8 3) :
ayd) Energy (eV)

Fig. 1 (a) Trends of bandgap E4 energies with the size of thiolate-protected nanoclusters (the lines serve as guides to the eye); (b) E, against 1/n; (c)

—2/3 —-1/3.

E4 against n

; (d) Eg against n™™'7; and (e) E4 against log(n). The lines in (d) and (e) are linear regressions with n

~1/3 and log(n), respectively. Note: R

in the horizontal coordinate represents the carbon tailor of thiolate. Reproduced from ref. 72 with permission from the Royal Society of Chemistry,
copyright (2014); (f) Kohn—Sham orbital energy level diagram for a model compound Auys(SH);5™. Note: Aues, = green, Ausq = blue, Sz, = orange,
and others = gray. (g) The theoretical absorption spectrum of Au,5(SH)1g~. Peak assignments: peak a = 1.8 eV, peak b = 2.75 eV, and peak c = 3.1 eV.
Reproduced from ref. 73 with permission from the American Chemical Society, copyright (2008).

sidered to be the core of the AIE mechanism.®” The AIE behav-
ior of metal nanoclusters can display longer decay lifetimes
(ps-level), redder emissions, and larger Stokes shifts.
Consequently, metal nanoclusters can break through the limit-
ations of traditional materials as novel optical probes for
AIE.”® Conventional AIE luminogens generally have a propel-
ler-like steric conformation, based on which Zhang et al. pre-
pared a pair of chiral trinuclear Cu() clusters (R/S-Cus). They
have achieved an AIE factor of 17.3. The luminescence mecha-
nism was shown to be metal cluster-centered (MCC) and
triplet metal-to-ligand charge transfer (*MLCT) processes’®
(Fig. 3). Xie’s group recently demonstrated the AIE of nano-
clusters, which provides a new path toward creating unique
photoluminescent materials. An Au(0)@Au(i)-thiolate core—
shell-type structure is considered in Au nanoclusters, where

19592 | Nanoscale, 2024, 16, 19589-19605

surface Au-thiolate complexes are the primary sources of AIE
characteristics.'°>'%" Bain et al. have identified AIE from an Ag
()-thiolate complex on the MNCs’ surface, which is generated
from metal-centered triplet states.'®® The role of surface motifs
is also manifested in other doped MNCs.'**'%* Furthermore,
the emission intensity of AIE is largely dictated by the aggrega-
tion degree of NCs.'™'%” Due to the complexity of the cluster
structure, new modes of AIE emission mechanisms, such as
“dissociation-aggregation” and “the restriction of intra-

molecular rotation”, have been derived.'®®**°

2.3. Thermally activated delayed fluorescence (TADF)

Thermally activated delayed fluorescent (TADF) materials can
achieve almost 100% internal quantum efficiency by a revers-
ible intersystem crossing process from the lowest triplet

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Photographs of samples under (a) daylight and (b) UV light: (1) empty; (2) nanoclusters; and (3) ligands. (c) Excitation (black) and emission
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single-photon counting (TCSPC) spectra of PL | (g) and PL Il (h). () Comparison of the TCSPC spectra of PL | and PL Il in the initial 1.5 ns.
Reproduced from ref. 88 with permission from Springer Nature, copyright (2020).
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Fig. 3 (a) RIM mechanism of the R/S-Cus nanocluster; (b) emission
spectra of R/S-Cuz in DMSO-H,O mixtures with different ratios; (c)
emission intensity of R/S-Cus at 605 nm as a function of the volume
fraction of water (f,,); (d) emission spectra of R/S-Cusz in EtOH—-glycerol
mixtures with different fy values; and (e) temperature-dependent emis-
sion spectra of R/S-Cus in the solid state. Reproduced from ref. 99 with
permission from Wiley, copyright (2020).
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excited state to the lowest singlet excited state.'''™"® TADF
optical probes are significant in long-life imaging, temperature
or oxygen sensing, and photodynamic therapy. While investi-
gating four structurally identical Ag,, clusters, Sun et al. rea-
lized that for such eight-electron superatomic silver nano-
clusters, different interfacial bonding structures resulted in a
unique donor-acceptor type of electronic structure, which
further triggered the TADF properties of the nanoclusters''*
(Fig. 4). Zheng et al. have recently reported the largest Au-Ag-
0X0 bimetallic nanocluster to date,
AU, 5AZ,6(R;C00)1,5(R,C=C),4(114-0)5(113-0), (R, = CH3—, Ph-,
CHOPh- or CF;Ph—; R, = Ph- or FPh-). Single-crystal X-ray
diffraction reveals strong =---m and CH---m interactions and
metal-oxygen-metal interactions generated by the centrally co-
ordinated O®". These make such nanoclusters exhibit excellent
TADF properties. These include a very small S;-T; energy gap
(55.5 meV), a high absolute quantum yield (86.7%), and an
ultra-long TADF decay time (1.6 ps)."*

2.4. Forster/fluorescence resonance energy transfer (FRET)

The theoretical physicist Theodor Forster proposed equations
in 1948 for the efficiency of electron excitation transfer from
an energy donor to an acceptor.'’®"'® Thus, Forster/fluo-
rescence resonance energy transfer (FRET) is a non-radiative
energy transfer process via long-range dipole-dipole inter-
actions from a donor to an acceptor. The advantages of FRET-
based fluorescent probes include significant Stokes shifts,'*®
ratiometric sensing, and dual/multi-analyte response systems.
They have powerful potential applications in detecting or
imaging cations, anions, neutral small molecules, bio-

Nanoscale, 2024, 16,19589-19605 | 19593
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molecules, cellular microenvironments, and dual/multi-
analyte response systems.'>®'?' Understanding the FRET
process of metal nanoparticles at the atomic level has long
been challenging due to the lack of precise systems with
defined molecular distances and orientations. Recently, the
FRET behavior of MNCs has been reported for the first time
from a theoretical and experimental point of view by Hikkinen
and Pettersson et al. Azadioxotriangulenium dye (KU) acts as
an electron donor and Au,s(p-MBA),s (p-MBA = para-mercapto-
benzoic acid) acts as an electron acceptor. They found that KU
can bind to the cluster surface (at a distance of 0.2 nm) by
interacting with the ligand on the cluster surface as a
monomer, thus triggering the FRET behavior of the cluster'*?
(Fig. 5). Later, Zhu et al. cleverly achieved FRET between
two atomically precise Cu nanoclusters via co-crystallization-
induced spatial confinement. They chose Cu;o(p-MBT);(PPhs),
as the electron donor and Cug(p-MBT)g(PPh;), as the electron
acceptor and accurately controlled the distances between the two
utilizing co-crystallization. DFT was adopted to gain a deeper
understanding of the role of distance and dipole orientation of
the molecules to account for the FRET process between two
cluster molecules at the electronic structure level.'*?

2.5. Nonlinear optical behaviors

Multiphoton fluorescent probes, which have flourished in the
last decade, incorporate powerful laser technological advan-
tages and have played a significant role in bioimaging in
recent years."”*"*® Due to the high-order nonlinear relation-
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Fig. 5 (a) Schematic illustration depicting how the KU dye and Au,s(p-MBA);g nanocluster interact and transfer energy. (b) Emission spectra of KU
at pH = 10 for various Au,s(p-MBA);g molar ratios. The relative intensity at 554 nm is shown against the molar ratio of [mola,l/[molyyl in the inset. (c)
UV-vis spectra of Au,s(p-MBA)g (c = 5.8 pM) with the addition of KU. (d) Corresponding emission spectra in wavenumbers at an excitation wave-
length of 543 nm, as illustrated by the green arrow in (b). Reproduced from ref. 122 with permission from the American Chemical Society, copyright

(2020).
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ship between multiphoton emission and the power of exci-
tation light, the emission light is confined to the neighbor-
hood of the focal point, thus providing an ultra-high signal-to-
background ratio.'®” Also, its excitation wavelength in the
near-infrared region results in less scattering of the excitation
light by biological tissues."*® Goodson III and his collaborators
have been working on the multiphoton luminescence pro-
perties of metal nanoclusters since as early as 2008. By then,
they had noted the high potential of MNCs in this area.'****°
Zhu and co-workers first reported that solvent modulation of
the excited state dipole moments of cluster molecules
increases the clusters’ nonlinear effect, and their multiphoton
emission properties have also been investigated'®' (Fig. 6).
Moreover, detailed studies originating from UV-vis absorption
spectroscopy'*®> have determined the high tunability of the
clusters concerning their third-order nonlinear optical pro-
perties such as two-photon absorption coefficients, optical lim-
iting thresholds, nonlinear refractive indices, and third-order
nonlinear optical magnetization."**""**> On the other hand, the
second harmonic generation (SHG), which also belongs to the
nonlinear effect, is a new technology that has emerged
recently. Compared with multiphoton luminescence, the SHG
emission range is narrower, which gives the SGH probes the
advantages of no signal saturation and fluorescence bleach-
ing.'*® Since the SHG effect has a more stringent requirement
in the molecular stacking mode, there have only been some
sporadic reports on clusters until now."*’

Besides the above mentioned interesting photophysical pro-
perties and the corresponding probe modes, MNCs have sub-
stantially shown long afterglow emission, circularly polarized
luminescence, etc.'*4!

3. Photoluminescence regulation

Compared with other conventional luminescent materials,
such as organic fluorescent dyes and quantum dots, the

This journal is © The Royal Society of Chemistry 2024

luminescence efficiency (e.g., quantum yield) of MNCs is
relatively low. Still, their ability to absorb light (e.g., extinc-
tion coefficient) is at a very high level compared with
various optical materials. Therefore, optimizing the emis-
sive ability of MNCs and clarifying the luminescence
mechanism of the clusters are of great importance for their
utilization as a high-performance category of optical
probes. Until now, numerous efforts have been made to
maximize the intensity and biotissue-friendly emission in
the red region.

Ligand exchange and metal doping are two of the most
important and fundamental ways to modulate the optical pro-
perties of metal nanoclusters."*>™*" Zhu et al accurately
increased the QY of the clusters and achieved a redshift of the
emission peak by altering the electron-induced effect on the
ligands of the Au,Cus nanocluster.'>® They also successfully
achieved the simultaneous enhancement of PL and CPL inten-
sities by increasing the alloying degree and chiral ligand
induction from the racemic template Au;,Cd nanocluster
using both ligand exchange and metal doping.">* Compared to
other chiral luminescent materials, chiral nanoclusters have
diverse and atomically precise structures. Sun et al. utilized
different concentrations of R/S-BNP (BNP = R/S-1,1"
binaphthyl-2,2"-diyl hydrogen phosphate) to transform other-
wise symmetric metal clusters into two chiral Ag;s and Agy,
nanoclusters.'>® Bakr et al. synthesized functional Au,Cu,(R/
S-BTT), nanoclusters with AIE enhancement using a chiral
ligand R/S-BTT (enantiopure R/S-4-benzylthiazolidine-2-
thione). An efficiency leap (36.5%) in the cluster-based CP-LED
materials was achieved'®® (Fig. 7a). More recently, Jin et al.
reconsidered the Au,s and Ag,s nanoclusters (the same struc-
tural characterization methods, ligands are omitted). They
found that the faint photoluminescence of Au,s in the near-
infrared region is due to the strong electron-vibration coupling
inside the cluster, and therefore, single-atom doping of Au,s
can effectively enhance the coupling of the exciton with staple
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Fig. 7 (a) Varying amounts of R/S-BNP ligands bring about the asymmetric transformation of achiral Agio to chiral R/S-Agie and R/S-Adas.
Reproduced from ref. 155 with permission from the American Chemical Society, copyright (2024). Topological structures of Auy, (b) and Au;Cus ()
nanoclusters, H atoms are omitted for clarity. Coordination modes of Cu atoms in the Au,Cu moitifs (d) and AugCug motifs of Au;eCue. (f) AuypCusz
kernel of Au;6Cus. (g) Structural evolution of Au;6Cug, tert-butyl phenyl groups are omitted for clarity. Note: Au = orange; Cu = light blue; C = blue/
deep blue/or green. Reproduced from ref. 164 with permission from the American Association for the Advancement of Science, copyright (2024).

vibrations but reduces the coupling with the core breathing
and quadrupolar modes. They revealed a linear pattern in the
photoluminescence lifetimes of the three Au,,Hg, Au,s, and
Au,,Cd species, implying that doping produces a mechanism
to suppress nonradiative decay in the modulation of cluster
photoluminescence enhancement. In the study of Ag,s, they
instead identified that the doping of gold atoms triggers them
to produce stronger electronic vibrational coupling, counteract-
ing the radiative enhancement effect. Therefore Au,Ag,s
shows a lower quantum yield."*® Pniakowska et al. demon-
strated that doping also promotes nonlinear photo-
luminescence.’®” Meanwhile, the transition from metallic to
nonmetallic behavior, the impact of solvents and metal
dopants on electron dynamics, valence electron-dependent
relaxation pathways, etc. have been explained by some model
systems. The critical role of metal atoms and ligands also has
a significant effect on ultrafast relaxation processes.'**%

In an attempt to resolve the long-standing dilemma that the
quantum yield of room-temperature photoluminescence of
nanoclusters in solution has been relatively low, Wang et al.
investigated Au,,(“BuPhC=C);4(Au,, for short) and its hetero-
metallic doped AusCug(‘BuPhC=C),5(Au;cCu, for short). It
was discovered that Cu doping significantly suppresses the
nonradiative decay of the nanoclusters (ca. 60-fold) (‘Bu = tert-
butyl and Ph = phenyl) and efficiently facilitates the intersys-
tem crossing rate (ca. 300-fold). Au;¢Cusg exhibits a room-temp-
erature photoluminescence quantum yield close to 100% in
the NIR region in a deaerated solution. A high quantum yield
of 61% is also achievable even in an oxygen-saturated solu-
tion'® (Fig. 7b). Provided that metal doping belongs to the
endogenous regulation method, ligand modifications will

19596 | Nanoscale, 2024, 16,19589-19605

show an exogenous manner. Jin et al. observed that the QY of
the Aus,(SR)3;, nanocluster protected by a series of different
aromatic thiols was lower with smaller para-position substitu-
ents. It was found that the large enhancement of the QY with
fewer methyl groups on the ligands implies nonradiative decay
via the multiphonon process mediated by C-H bonds. Single-
crystal X-ray diffraction suggests that smaller substituents lead
to stronger n---m interactions between the ligands stacking on
the Aus, kernel, thus limiting the vibration and rotation of the
ligands.*®®

In addition to these basic techniques,'®® many other
methods for regulating the optical properties of clusters have
been proposed in recent years, such as molecular self-assem-
bly, loading materials, post-modification, etc. The optical pro-
perties of clusters are progressively developed in the direction
of diversification and functionalization. Zang et al. have
selected a classical anionic nanocluster [Ag,o(BDT);,(TPP),]*~
(BDT = 1,3-benzenedithiol and TPP = tripenylphosphine) and a
conventional photosensitizer, Ru(bpy);** (bpy = 2,2"-bipyri-
dine), and employed electrostatic interactions and intra-
molecular hydrogen bonding to produce the co-assembly
effect. Single-crystal X-ray diffraction showed that Ru(bpy),>*
was confined in the lattice vacancies of Ag,o, reducing the sym-
metry of the pristine structure of Ag,s. As a result of this
enhanced asymmetry, this self-assembled Ag,oRu arising from
the utilization of supramolecular interactions exhibits typical
two-photon excitation photoluminescence.'®” The emission
efficiency of a single MNC indeed hampers its practical appli-
cation, and conventional ligand engineering approaches have
so far lacked the means to solve this issue completely. Shen
et al. proposed a DNA framework-guided strategy for preparing

6
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highly luminescent metal nanoclusters. They used an amphi-
philic DNA framework consisting of a hydrophobic alkyl core
and a rigid DNA framework shell to act as a nucleation site
and provide well-defined confinement for the self-limiting
aggregation of the nanoclusters (Fig. 8a). This approach pro-
duced homogeneous cluster nano-aggregates (10.1 + 1.2 nm)
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Fig. 8 (a) Design and operation of a hydrophobic alkyl core barrel DNA
framework, as well as a schematic representation of the polymerization
of MNCs directed by a DNA framework. (b) MNCs employed in the study
and their atomic structures. Aug, Age, Aus and Au,Cu, are arranged
from left to right. Reproduced from ref. 168 with permission from the
American Chemical Society, copyright (2024). (c) Schematic illustration
of the layer-by-layer self-assembly evolution of triple-ligands. ATT =
purple, ARG = orange, and TOA = pink. (d) UV-vis and photo-
luminescence spectra of Au-1, Au-2, and Au-3 nanoclusters, the insets
show the digital optical photographs of Au-1, Au-2, and Au-3 under
ambient conditions (left) and 365 nm excitation (right). (e)
Luminescence time-resolved spectra of Au-1, Au-2, and Au-3 under
405 nm excitation. Reproduced from ref. 170 with permission from
Springer Nature, copyright (2023).
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with excellent nanoscale precision. Remarkably, the strategy is
shown to apply to a wide range of clusters (Fig. 8b), leading to
a substantial increase in the emission and quantum yields up
to 3011-fold and 87-fold, respectively.'®® Some water-soluble
polymers can also serve as ideal assembly carriers for nano-
clusters, which have been demonstrated to promote cluster
relaxation in the excited state and inhibit non-radiative tran-
sitions while enhancing the biocompatibility of the clusters.'®’
Wu et al. used Au;o(SR)s as a template and then cascaded
Au;0(SR)s with 6-azido-2-thiothymidine (ATT), r-arginine
(ARG), and tetra-n-octylammonium bromide (TOA) as the
three-layer surface ligands, respectively. Among them, ATT and
ARG can be anchored by the hydrogen bond formed between
the two ligands, while ARG and TOA can be connected by
electrostatic interactions between the carboxyl groups and the
meso-cations in the two ligands. The three modified gold nano-
clusters were designated as Au-1, Au-2, and Au-3. The absolute
quantum efficiency of the gold nanoclusters increased from
<0.3% after the layer-by-layer coating of the three surface
ligands to 59.6% after the primary coverage and 90.3% after
the secondary coverage. The fluorescence lifetime of the gold
nanoclusters was also extended from 3.5 ns to 43.8 ns and 61.0
ns (Fig. 8c-e). This distribution of increasing the surface rigid-
ity of the clusters resulted in a 3.6-fold increase in the radiative
excursion rate of the clusters and a 57.4-fold decrease in the
nonradiative excursion rate, which indicates that the non-
radiative excursion rate during luminescence is effectively
suppressed.'”®

4. Application in bioimaging

Based on the remarkable success of metal MNCs in near-infra-
red two-region (NIR-II) PL activities, it was hoped that the clus-
ters could also feature several biocatalytic activities. However,
the near-infrared emission is often accompanied by many
non-radiative transitions, and the luminescence efficiency is
relatively low. The biocatalytic process, on the other hand,
demands electron transfer between the substrate and the cata-
lyst, which significantly reduces the number of free electrons
involved in the luminescence. Therefore, these contradictions
lead to the concurrent unavailability of ideal clusters with
strong luminescence and catalytic activity. Ma et al. have syn-
thesized an Au,,(SG);s nanocluster with strong emission at
NIR-II with glutathione. By inserting Cu monoatomic sites on
the cluster surface, the resulting Au,;Cu is 18 times more
resistant to oxidation, 90 times more active as a peroxidase,
and has 3 times higher superoxide dismutase activity than
Au,; without any accompanying loss of luminescence. Thus,
this cluster modulation successfully suppressed the inflam-
mation produced in the kidneys and brain of mice under cis-
platin anticancer treatment, which could be visualized by
NIR-II optical microscopy'”* (Fig. 9). Meanwhile, clusters in
some biological tissues where NIR emission generates the self-
burst phenomenon can also be designed as special switch-type
imaging probes using their interactions with intracellular sub-
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ABTS = 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid), CAT = hydrogen peroxidase, SOD = superoxide dismutase, TNF-a = tumor necrosis
factor «, IL = interleukin, ROS = reactive oxygen species, and AKI = acute kidney injury. Reproduced from ref. 171 with permission from the American

Association for the Advancement of Science, copyright (2023).

stances. Activatable fluorescent nanoprobes with only one
nanomaterial that can act as both energy donors and acceptors
are scarce, but highly needed for biosensing and bioimaging.
Yan et al. enabled highly sensitive and selective intracellular
imaging of glutathione amounts in gold nanoclusters that
were originally self-bursting through the interaction between
ligands on the surface of the clusters and intracellular
glutathione.'”?

In addition to sensing glutathione composition in vivo,
optical probes also play an essential role in sensing other sig-
nificant indicators of intracellular environmental factors, such
as pH and temperature. Sedghi et al. synthesized, for the first
time, insulin-protected AuAg bimetallic nanoclusters with dual
emission properties (410 nm/630 nm). It was revealed that the
two emission peaks were attributed to the formation of cross-
linked di-tyrosine and bimetallic nanoclusters, respectively,
and that each emission peak was able to respond to one of the
variables in the cell while keeping the other emission peak
constant. With this property, they have obtained a linear range
of intracellular pH in the range of 6.0-9.0 and temperature in
the range of 1-71 °C, which can be successfully applied to
direct ratiometric pH and temperature probes. This bimetallic
optical nanoprobe can differentiate between tumor cells and
normal cells."”?® The development of reliable probes to accu-
rately monitor metabolic processes arising in living systems
with high sensitivity and selectivity is essential to elucidate
their function in many life-threatening diseases and to
improve therapeutic interventions. Liu et al. developed a new
cluster-based nanoprobe using electrostatic interactions

19598 | Nanoscale, 2024, 16, 19589-19605

between two gold nanoclusters. The FRET interaction between
the two clusters conferred excellent single excitation/dual
emission fluorescence properties (470 nm/685 nm) and
showed a quantitative ratiometric fluorescence response to
ONOO™. The ONOO™ concentration range with favorable line-
arity between the emission intensity ratios at 685 and 470 nm
was 0-100 pM, with a detection limit (LOD) of 0.39 pM. The
possible mechanism of the fluorescence response is attributed
to the combined effect of the dissociation-disturbed FRET and
reconstruction of the surface structure. It was efficiently used
for bioimaging and monitoring exogenous and endogenous
ONOO™ levels in live cells and zebrafish with high contrast."”*
Another example is zearalenone (ZEN), which is a fungal sec-
ondary metabolite, and its presence is potentially hazardous to
human and animal health. Wang et al. selected DNA-tem-
plated silver nanoclusters and the metal-organic framework
(MOF) material MIL-101 to act as energy donor-acceptor pairs
in the FRET process. The =n---n stacking between the clusters
and the MOF material resulted in PL bursting of the clusters.
However, ZEN can disrupt the situation, which brings about
the recovery of luminescence. This behavior can be used to
indicate the concentration of ZEN in the organism.'””

Owing to their excellent biocompatibility, MNCs have
recently begun to be increasingly employed in in vivo tissue
and organ imaging. Owing to the ease of bursting in the diges-
tive microenvironment, Li et al. realized a high quantum yield
with NIR-II (1050 nm) by designing the encapsulation of gold
nanoclusters using a protein corona structure consisting of
ribonuclease-A (RNase-A). This optical probe material is more
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than 50 times as sensitive in the gastrointestinal tract as other
luminescent materials such as rare earth elements. When the
probe moves with gastrointestinal peristalsis, it allows the
detailed structure of the gastrointestinal tract to be

observed.'”® Furthermore, based on effective luminescence
detection, the use of clusters for cellular drug delivery is also
being attempted. Le Guével et al. utilized cationic polymers to
mediate the loading of several peptides and antibodies during

the self-assembly of gold nanoclusters, which were demon-
177

strated to improve the delivery of drugs.””” Meanwhile, MNCs
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have been investigated further in the diagnosis and treatment
of some diseases. Immunotherapy is an advanced cancer treat-
ment strategy, but there exists a lack of relevant technologies
for real-time monitoring. Yuan et al. externalized the immune
checkpoint inhibitor 1-cyclohexyl-2-(5H-imidazo[5,1-a]isoindol-
5-yl)ethanol (NLG919) on the surface of the classical NIR-II-
photoluminescent gold nanocluster Au,;MBA,s (MBA = water-
soluble 4-mercaptobenzoic acid) to form Au,;MBA,s-NLG. The
clusters were irradiated with near-infrared light to produce
singlet oxygen ('0,), leading to cleavage at the junction and
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Fig. 10 (a) Crystal structure of the Aus4sMBA,s nanocluster and the targeting principle of NIR photoactivated AussMBA,s—NLG. (b)

Photoluminescence spectra of AussMBA,g and Aus4sMBAs—NLG (lexc = 808 nm). Note: the inset displays the photos of Aus4MBA,¢ (left) and
Aug4MBA,c—NLG solutions (right) under NIR excitation. (f) Photothermal temperature curves of AuysMBA,¢ and Aus4sMBA,s—NLG as a function of
laser irradiation time (lexc = 808 nm, 1.5 W cm™2, ¢ (MNCs) = 60 uM). Note: the inset displays the IR thermal images of Aus4sMBAs (left) and
Au4sMBA,c—NLG (right) at the corresponding highest temperatures. (d) The relative productivity of O, over AussMBA,g and AussMBA,c—NLG as a
function of laser irradiation time. (e) Confocal laser scanning microscopic images of Aus4sMBA,6—NLG treated 4T1 cells under excitation at 808 nm
(top panel) for 6 min (1.5 W cm™2) and under dark conditions (lower panel). Note: non-viable 4T1 cells are stained red with ethidium homodimer-1
(EthD-1) and viable cells are stained green with calcein AM. (f) Thermal pictures of 4T1 tumor-bearing mice exposed to 808 nm laser irradiation for
10 minutes (1.0 W cm™2) after intravenous injections of saline, AussMBA,g, and Aus4MBA,¢—NLG. Reproduced from ref. 178 with permission from the
American Chemical Society, copyright (2023).
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release of the drug molecules. AuysMBA,s-NLG is capable of
NIR-II PL imaging of tumors in deep tissues to guide tumor
therapy as well as performing corresponding photodynamic
therapy. The multiple effects of Au,sMBA,s-NLG promote the
proliferation and activation of effector T cells and ultimately
inhibit the growth of primary and distant tumors in living
mice'”® (Fig. 10).

It has recently been recognized that optical imaging of
metal nanoclusters in NIR-II holds great promise for deep
tissue visualization. In particular, gold nanoclusters, the most
novel clinically translatable NIR-II probes, have demonstrated
strong capabilities in bone imaging. Cheng et al. first discov-
ered the efficient binding ability of Au,5(SG);s nanoclusters to
hydroxyapatite. The in vivo NIR-II optical imaging results
demonstrated that the clusters aggregated in bone tissue with
high contrast and signal-to-background ratios, showing excel-
lent imaging of ribs and thoracic vertebrae, as well as rapid
excretion through the renal system.'”® A further step, the
exploitation of composite optical probes for non-invasive bone
imaging and related disease diagnosis, has been pursued.
Yuan et al. have once again utilized atomically precise NIR-II-
emitting Auy, nanoclusters as templates for specific targeting
moiety loading via surface phosphorylation reactions. Thanks
to the highly concentrated phosphate groups, this phosphoryl-
ation strengthens the bone-targeting ability of the optical
probe, enabling the probe to perform in vivo bone-targeted
NIR-II PL imaging. Besides, with enhanced bone targeting
ability, an ultra-small hydrodynamic diameter, and excellent
anti-inflammatory and immunomodulatory effects, the probe
not only exhibits superior therapeutic efficacy for rheumatoid

Bone imag

NIR-1I1 PL targeted
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arthritis (RA) in rats, effectively restoring damaged cartilage to
near-normal, but also demonstrates excellent renal clearance
and benign biocompatibility. In contrast, commercial metho-
trexate, commonly used in RA therapy, is unable to achieve
these favorable properties'®® (Fig. 11). Also, the toxicity and
photostability of the probes were thoroughly evaluated to
ensure that they satisfy imaging demands before the bio-
imaging experiments. Moreover, the probe molecules usually
have to be maintained for a long duration of time under simu-
lated in vivo conditions.

Very recently, due to advances in understanding the photo-
physics and molecular dynamics of fluorophores at the single-
molecule level, single-molecule fluorescence imaging and
spectroscopy have attracted much attention. It is difficult to
develop fluorescent compounds utilizing single-molecule
approaches for real-time spectroscopic observation in biologi-
cal environments. Single-molecule spectroscopy (SMS) is a
unique and effective technique for studying molecular
dynamics and accurately sensing biomolecules. Patra et al.
have found that AuAg,s has better photostability than the Ag,o
nanocluster. Doping enables MNCs to exhibit superior bright-
ness and excellent photostability in photon antipolymerization
beam experiments, surviving for up to 218 seconds and exhi-
biting a longer “on” time and shorter “off” time.'®

Furthermore, Nandi et al. synthesized a red-emitting gold
nanocluster capable of coupling with proteins. They utilized
super-resolution microscopy (SRM) to observe super-resolution
radial fluctuations (SRRFs) of lysosomes in HeLa cells that

were very close to the original diameter of the smallest lyso-
182

somes in HeLa cells.
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(a) Crystal structure and schematic illustration of the Aus4MBA,¢—P probe. Note: the phosphate groups are labeled with green circles, and

only partial ligands are shown for clarity. (b) Pictures showing representative samples of healthy rats at the beginning, middle, and end of the drug
administration period, as well as collagen-induced arthritis (CIA) rats treated with Aus4MBA,e, and Aus4MBA,¢—P nanoclusters. (c) Targeting specific
bone with the Aus4MBA,6—P nanocluster at high resolution in vivo. Reproduced from ref. 180 with permission from Wiley, copyright (2024).
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5. Perspectives and conclusion

Until now, MNCs have received much attention as a new class
of optical probe materials in bioimaging. At this stage, various
types of metal nanoclusters have been successfully applied to
cellular and biological tissue imaging based on their excellent
near-infrared emission, and some of them have been initially
explored for clinical diagnosis and treatment. However, there
are still some challenges to be solved in the research.

5.1. Luminescence quenching in biological aqueous phase
environments

Most organic optical probes suffer from aggregation-induced
quenching (ACQ) effects.'®* Therefore, from the very beginning
of the deployment of clusters in optical bioimaging (until
now), the cluster-based optical probes selected and syn-
thesized were still focused on water-soluble metal nano-
clusters. In most cases, the ligands chosen were organic
ligands such as DNA and peptides,'®*'®> which are very bio-
compatible and water-soluble. This approach completely
solves the problem of ACQ but poses other problems. Water-
soluble MNCs are often not readily identified with precise
structures owing to their difficulties in crystallization, even
when the single component is identified by mass spec-
trometry. Of course, many water-soluble MNCs have demon-
strated excellent imaging capabilities, but it is difficult to give
a precise interpretation of the optical behavior of the probe
from the molecular-level perspective. This makes it extremely
difficult to design specific working modes for probes later on.

5.2. Targeting

At present, the requirements for optical probes are gradually
tending to be target-oriented and functionalized. This requires
the corresponding optical probes to be capable of not only suc-
cessful luminescence in vivo, but also accurate luminescence
in a specific location. The feedback of such demands on
cluster synthesis is that specific targeting groups should be
embedded in the exterior of the clusters without affecting the
normal luminescence activity of the clusters. While some
researchers have now begun to make such attempts, 8%'%”
there is not yet a systematic synthetic method for targeting
functionalization to specific organelles, tissues, organs, etc.

5.3. Multi-mode optical imaging

In the reported cases, the existing probe modes of clusters still
focus on the “always-on” mode, that is, the probe is in the
bright state during operation all the time. In contrast, the “off”
mode implies an inductive bursting of the probe during the
imaging process. However, for real-time observation of various
sensing processes in organisms, optical probes with more
sophisticated imaging modes such as “off-on”, “on-off”’, and
“on-off-on”, etc. might be desirable.'%%'8°

In summary, the remarkably rich optical behaviors and flex-
ible modulations regarding MNCs are highlighted in this
mini-review. Based on these detailed foundations, this mini-
review summarizes some favorable performances of metal

This journal is © The Royal Society of Chemistry 2024
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nanoclusters as optical probes in bioimaging and related
disease diagnosis and treatment. This research field is still in
its infancy and suffers from some of the problems mentioned
above, but there are already some practicable solutions. With a
deeper understanding of the optical properties of metal nano-
clusters and the maturity of related synthesis and modification
methods, they will play a more powerful role as novel optical
probes.
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