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ABSTRACT: Small thiolate-protected gold molecular clusters have gained significant NI Bioimaging
interest in research due to their unique size-dependent properties. Their molecular to L -
nanoscale sizes lead to distinctive quantum confinement effects, resulting in a discrete "‘:;"‘”
electronic energy band gap structure and molecule-like properties, including HOMO- A °
LUMO electronic transitions, enhanced photoluminescence, and intrinsic magnetism and * |, ¢ '

chirality. Near-infrared II (NIR-II, 1000—3000 nm) emissive gold clusters have emerged asa s wavlniinmm 150 vascuiature Lymphatics _cancer
fascinating class of nanomaterials that are well-suited for biomedical applications. The

unique combination of stability, biocompatibility, and tunable emission properties position them as valuable tools for high-resolution
and deep-tissue imaging, with potential real-world applications ranging from disease diagnostics and prognosis to therapeutics. In
this review, we focus on the NIR-II photoluminescence properties of gold molecular clusters for preclinical in vivo NIR-II imaging of
vasculature, brain, kidney, liver, and gastrointestinal organs, and molecular targeted tumor imaging and theranostic treatment. The
imaging capabilities combined with fast excretion and a high safety profile make molecular gold clusters highly promising for clinical
translation.
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1. INTRODUCTION

Atomically precise gold nanoclusters (AuNCs), referred to as
molecular gold nanoclusters, constitute intriguing nanoscale
materials with a core diameter below 2 nm, featuring unique
size-dependent properties primarily arising from quantum
confinement effects.”” The quantization of the conduction
band within these nanoclusters results in discrete electronic
energy band gap structures, imparting distinct molecule-like
characteristics.” These include features like HOMO (highest
occupied molecular orbital) ~LUMO (lowest unoccupied
molecular orbital) electronic transitions, enhanced and tunable
photoluminescence, and the presence of intrinsic molecular
chirality and magnetism.' ™ Following the first report on the
synthesis of thiolate-protected Au nanoclusters by Brust—
Schiffrin in 1994, the synthetic methodologies employed in the
synthesis of metal clusters with precise atomic compositions
have undergone substantial evolution.”™® In the Brust—Schiffrin
method, the nucleation and growth of metal nanoclusters are
initiated by encapsulating nascent gold cores with a monolayer
of thiol ligands following reduction within a biphasic water/
organic solvent system." The thiol monolayer plays a critical role
in stabilizing the formed gold nanoclusters, effectively
preventing aggregation by passivating the surface and thereby
enhancing their colloidal stability. However, challenges persist in
achieving absolute control over size distribution as the ligand-
mediated reduction process frequently results in a polydisperse
mixture of nanoclusters with varying nuclearities. To mitigate
this issue, postsynthetic refinement strategies, including ligand
exchange’™'* and size focusing strategy (etching pro-
cesses), ”~'° have been developed. Ligand exchange involves
the substitution of the original stabilizing thiols with alternative
ligands possessing stronger binding affinities or steric con-
straints, thereby influencing the thermodynamic stability of the
specific cluster sizes. Meanwhile, the size-focusing strategy,
typically achieved by employing an excess of thiol ligands,
enables the selective dissolution of larger, less stable aggregates
while promoting the formation of atomically precise, ultrasmall
gold clusters with well-defined compositions.'*~"° This process
leverages the dynamic nature of metal—ligand interactions,
where excessive thiols induce a ligand-mediated etching effect,
effectively breaking down larger clusters and facilitating the
reorganization of gold atoms into thermodynamically favored
nuclearities. Additionally, in the ligand exchan%e induced size/
structure transformations (LEIST) strategy,’’~*° the ligand
exchange can trigger unconventional and unexpected structural
rearrangements, resulting in the formation of gold nanoclusters
with distinct geometries and nuclearities. This process involves
ligand-mediated reconfiguration of the cluster core, where
selective removal and incorporation of gold atoms, coupled with
ligand-induced surface restructuring, drive the emergence of
new stable or metastable cluster species. Therefore, the size-
focusing synthesis'® and LEIST”'” became key avenues to
prepare (mostly) spherical nanoclusters with flexible ligand shell
structures. These approaches not only are instrumental in the
diverse synthesis of clusters but also play a crucial role in finely
tuning their optical properties in a controlled and systematic
manner. Standardization of synthetic protocols and the
implementation of rigorous control mechanisms during cluster
growth under well-defined reaction parameters ensure high
purity and reproducibility of certain cluster sizes. This
development has significant implications for various applications
in nanoscience, introducing a framework for the systematic
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exploration of novel functionalities and paving the way for
advancements in nanotechnology and nanomedicine.

Intense effort in the past decades led to a library of atomically
precise gold nanoclusters with a common formula of Au,(SR),,,
where n is the number of gold atoms in the cluster (15 < n <
246), m is the number of thiol ligands (SR) (13 <m < 80),and q
is the net charge of the cluster (negative, neutral and
positive)."””*" The ability to fine-tune the physicochemical
properties of these clusters by controlling the number of gold
atoms”' and choosing appropriate ?rotective ligands (mono-
thiols,”** bidentate thiol ligands,'"**** phosphine ligands™"),
imparted rich structures and properties and rendered them
effective nanoscale catalytic systems®®”” or imaging and
diagnostics agents for biomedical research.”**” The catalytic,*®
chiral,”> and magnetic>* properties of nanoclusters have
garnered extensive attention and comprehensively reviewed in
recent literature.*>**”*¥** The scope of this review is to first
summarize the optical properties of AuNCs and then focus on
recent work on bioimaging utilizing the NIR-II (1000—3000
nm) fluorescence of gold nanoclusters.

2. IN VIVO FLUORESCENCE IMAGING IN NIR-II
WINDOW

2.1. Synthesis of Molecular Gold Nanoclusters

The synthesis of atomically precise gold nanoclusters is an
intricate process highly depending on reaction conditions
(temperature, solvent, reducing a$ent, pH) and protective
ligands (thiolates, phosphates, etc.).”” These factors are pivotal
in determining the size, stability, and functionality of the
resulting clusters.” The nature and concentration of the
reducing agent are crucial for controlling the nucleation and
growth of gold clusters, while the choice of the ligand is
fundamental to the stability and properties of gold clusters.*®
Ligands with thiol groups (—SH) are particularly effective in
binding to gold surfaces, providing strong stabilization through
the formation of Au—S bonds.”” The molecular structure of the
ligand, including its length, rigidity, and functional groups,
influences the overall size and shape of the obtained clusters.” In
applications where biocompatibility is essential, such as in
biomedical imaging and drug delivery, the solubility of the
clusters in biological media is critical. Hydrophilic ligands, such
as glutathione (a tripeptide, GSH),*® captopril,”” etc.*”*' not
only stabilize the clusters but also render them soluble in
aqueous environments, facilitating their interaction with bio-
logical systems.

Since the first report on the synthesis of thiolate-protected Au
nanoclusters by Brust—Schiffrin in 1994, several strategies have
been developed over the years to prepare metal clusters with
precise atomic compositions.” " The size-focusing synthesis'®
and ligand exchange induced size/structure transformations,”"”
pioneered by Jin’s and Pradeep’s laboratories, have emerged as
key avenues to prepare (mostly) spherical nanoclusters with
flexible ligand shell structures. For example, in size-focusing
synthesis, the etching of an initially formed clusters species
(obtained via kinetic control during reduction process) at
relatively high temperatures in the presence of thiol ligands can
selectively transform into thermodynamically stable cluster sizes
(thermodynamic control).” Au,s(SR);s and Ausg(SR),,
clusters are in fact produced during size-focusing synthesis
(SR refers to 2-phenylethanethiol ligand).'”"" Ligand exchange
induced size/structure transformations are usually postsynthetic
strategies for obtaining structurally different clusters from initial
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Figure 1. (A) Schematic representation of light-tissue interactions in biological tissue. Color codes of symbols: excitation light: solid gray, interface
reflection: dashed gray, fluorescence: red, autofluorescence: blue, scattering: cyan, absorption: orange. Created with BioRender.com. (B) Reduced
scattering coefficients for diverse biological tissues and intralipid tissue phantoms across wavelengths ranging from 400 to 1700 nm.”® (C) Absorption
spectra of oxyhemoglobin (red) and deoxyhemoglobin (blue) in human blood (1 mm-long path). (D) Absorption spectrum of water (1 mm-long
path). OD, optical density. (E) Autofluorescence spectra of ex vivo mouse liver (black), spleen (red), and heart tissue (blue) under 808 nm excitation
light with zero autofluorescence in the >1500 nm NIR-II window. Inset: Autofluorescence spectra at high wavelengths. Panels B—E are reproduced

with permission from ref 70. Copyright 2017, Springer Nature.

atomically precise cluster (precursor) in the presence of excess
ligand (different than in a precursor) that are otherwise difficult
or impossible to obtain via size-focusing.”> For example, face-
centered cubic (fcc) Auss(SR’),4 cluster can only be obtained
from the size/structure transformation of bi-icosahedral
Ausg(SR),, cluster in the presence of excess —SR’ ligands
(=SR: 2-phenylethanethiol, —SR’: 4-tert-butylbenzenelthiol)."

Generally, organic thiol ligands offer greater control over the
synthesis process, allowing researchers to precisely tune the size,
shape, and composition of the gold nanoclusters. This, on the
other hand, facilitates systematic investigations of the structure—
property relationships of these clusters. However, achieving
atomic precision with water-soluble gold nanoclusters is
considerably more challenging. This difficulty further compli-
cates the investigation of how clusters of different sizes and
shapes interact with the biological environment. Recently,
A, (GSH) 15" Auyg(GSH) 15" Auyg(MBA) 5" (note,
MBA-protected Au,s nanoclusters were found to bind to bovine
serum albumin (BSA)) and Au,,(MBA),¢*”** clusters (where
MBA denotes 4-mercaptobenzoic acid ligand) were synthesized
with high yield and purity via a one-pot reduction process at
room temperature within an aqueous medium. Subsequent
purification steps yielded highly monodispersed, single-sized
clusters in aqueous solutions, rendering them suitable for various
bio applications. Other ligands, including amino acids and
peptides,*” proteins and other biomolecules,”® have also been
successfully applied for the preparation of gold nanoclusters;
however, in most cases, their structural information remains
unknown.

The Xie lab has developed several scalable methods for
synthesizing gram-scale gold nanoclusters with atomic precision.
The NaOH-mediated NaBH, reduction method allowed for the
rapid production of over one gram of thiolate-protected Au,;
clusters.*' Through the introduction of a CO-reduction process,
the team achieved scalability for synthesizing Au,o_1,, Auys,
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Auyg, and Au,g clusters protected by glutathione ligands.”'
Recently, by further refining the synthetic protocol, they
successfully obtained high-yield Au,,(GSH);s nanoclusters.>

Thus, optimized synthetic procedures are crucial for achieving
size-controlled synthesis of molecular gold nanoclusters, as they
profoundly impact their properties and broaden their potential
applications.

2.2. Bioimaging in NIR-I vs NIR-Il Windows

Imaging plays a profound role in modern medicine to “see”
internal structures, visualize structural and biological processes
in cells and organisms, monitor treatment outcomes, and scan
for early signs of disease in both preclinical and clinical settings.
The state-of-the-art imaging modalities includin MRI,>*™° X-
rays,‘%_58 ultrasound,” ™' CT,**>* and PET® ™ scans are
instrumental in public health and preventative medicine and
have aided devising curative and palliative treatment schemes.
These techniques offer excellent tissue penetration depths but
have limitations in resolution and molecular specificity. For
example, MRI (tissue penetration: up to 30 cm, spatial
resolution: 1—2 mm, temporal resolution: 1—-5 s) and CT
scans (tissue penetration: up to 25 cm, spatial resolution: 0.5—1
mm, temporal resolution: 0.2—0.5 s) may not provide the speed
required for real-time imaging in clinical settings and typically
offer spatial resolution at the submillimeter level. Molecular
imaging, which involves imaging cells, tissues, or organisms with
molecular specificity, can be challenging with certain techniques.
Thus, it is crucial to advance noninvasive imaging techniques
that provide both high spatial resolution and real-time feedback,
while also enabling deep tissue penetration and molecular
specificity.

Fluorescent imaging is an alternative noninvasive and cost-
effective technique that relies on the visible-to-near-infrared
light interactions with biological tissues to obtain subcellular and
molecular information with high resolution.®®®” Video rate, high

https://doi.org/10.1021/acs.chemrev.4c00835
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temporal resolution (>~30 frames per second) fluorescence
imaging is readily achievable, which is beneficial for real-time
imaging applications such as performing imaging-guided
surgical interventions.”” However, the main challenges for in
vivo fluorescence imaging are scattering of light and
autofluorescence of biomolecules, causing shallow tissue
penetration depths and poor spatial resolutions. When a
fluorophore in a body is excited by light, different light-tissue
interactions will occur causing light scattering, reabsorption and
tissue autofluorescence (Figure 1A). Scattering of light in
biological tissues includes Raleigh scattering and Mie scattering
due to light interactions with small molecules and particularly
shaped organisms in the tissue (Figure 1B). Light absorption is
mostly attributed to endogenous water and hemoglobin.
Hemoglobin absorption is observed mostly in the visible range
governed by the porphyrin rings (Figure 1C), while water
absorbs little in the visible range of the spectrum and shows an
absorption at 1450 nm due to the vibrational overtone (Figure
1D). Considering water absorption through vibrational over-
tones, tissue scattering, and the detection capabilities of InGaAs
cameras within the range of approximately 900 to 2300 nm, the
NIR-II window can be divided into distinct biologically
transparent subwindows: NIR-Ila (1300—1400 nm), NIR-IIb
(1500—1700 nm), NIR-IIc (1700—2000 nm), and NIR-IId
(around 2100—2300 nm) windows.”"”*

The autofluorescence of endogenous molecules (NADPH,
flavin, elastin, etc.) is nearly diminished in the long end of NIR
wavelengths (Figure 1E). Thus, fluorescence imaging with
extended excitation and emission wavelengths in the NIR-II
window affords reduced light scattering and autofluorescence in
tissues, resulting in deeper penetration depth, reduced feature
smearing and hence enhanced spatial resolution and high signal-
to-background (SBR) ratios.

Since the first in vivo NIR-II imaging with single-walled
carbon nanotube probes, numerous groups have shown that
fluorescence imaging within the second near-infrared (1000—
3000 nm) window,”””*”* also referred to as short-wave infrared
(SWIR) region, afford much higher SBR and spatial resolution at
greater tissue depths (approximately S—20 mm) compared to
imaging in the visible (400—700 nm) and the traditional first
near-infrared (NIR-I, 700—900 nm) windows (around 1-—3
mm). In particular, light scattering and nearly zero tissue
autofluorescence are afforded for fluorescence detection in the
NIR-IIb (1500—1700 nm) under 808 nm excitation.””~"®

Over the years, many NIR-I and NIR-II fluorescent probes
have been developed to carry out bioimaging in cell cultures,
small animal models and in humans (only NIR-I), to reach
effective tumor targeting for disease treatment, to follow
immune responses in vivo and to develop novel and robust
vaccines for diseases and viral infections.”””® Indocyanine
green (ICG) was the first NIR-I fluorescent probe approved by
the FDA (U.S. Food and Drug Administration) for clinical use in
1959.°* 1t has since been widely used in various medical
applications, including diagnostics and imaging of angiogra-
phy,”™*° liver function assessment,”””’ and lymph node
mapping.gl_94 Ever since, the list of NIR-I probes has been
extended and many other probes have been developed and are
currently under Phases 1—3 clinical trials.””’® IRDye800CW is
another major NIR-I fluorophore (conjugated to various
antibodies) that is currently under clinical trials for head and
neck,”” ™ breast,"”® brain,'°"'** renal,'®® and colorectal'™*

cancers.
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NIR-II probes and imaging in the NIR-II window, however,
are primarily in preclinical stages using small animal models for

. . 70,80—83,105 .
various diseases. For example, single-walled carbon
nanotubes (SWCNTs), '3 quantum dots (QDs),""*™'*
down-conversion rare-earth nanoparticles,m’l%_130 small or-

: 131-138 : C 1o 139-148
ganic dyes, polymeric nanoparticles, and aggrega-
tion-induced emission (AIE) nanoparticles'*”~">" have been

. : L 144,155,159 .
extensively applied for vasculature imaging, brain
. 135,142,145,158 . 119,150,143,146,147,154,157,158
imaging, tumor targeting,
116,119,123,128 - .

treatment, and monitoring of immune re-
sponses.””'?”1?® Despite the tremendous potential of NIR-II
imaging, challenges remain, including the development of
biocompatible probes, the standardization of imaging protocols,
and the translation of research findings into clinical practice.
Addressing these challenges is essential for the widespread
adoption of NIR-II imaging in clinical settings.

Recently, molecular gold nanoclusters have emerged as a
promising class of NIR-I and NIR-II probes, offering enhanced
safety and biocompatibility. These nanoclusters exhibit wide
NIR-I to NIR-II emissions, making them novel fluorescent

agents for bioimaging with the potential for clinical translation
(vide infra) (Table 1)_32,160,151

2.3. Photoluminescence Mechanism in Common NIR-II
Probes

Photoluminescence (PL) mechanisms in NIR-II probes are
primarily dictated by intrinsic electronic transitions, which
govern their optical properties and emission behavior. Quantum
dots, as semiconducting nanostructures, exhibit pronounced
quantum confinement effects, leading to discretized electronic
states. 027 16% Upon excitation, an electron is promoted from the
valence band to the conduction band, generating a Coulombi-
cally bound exciton. PL arises from exciton recombination,
where radiative decay yields photon emission (Figure 2A). The
quantum confinement effect modulates the energy gap between
the conduction and valence bands,'®* resulting in size-
dependent emission wavelengths that are tunable across the
visible-to-NIR-II spectrum. Precise control over QD dimensions
enables systematic tuning of emission profiles, making them
versatile candidates for bioimaging in the NIR-II window.'**!%*

Similar quantum confinement effects govern the PL
mechanisms in single-walled carbon nanotubes, which exhibit
sharp electronic density of states maxima, known as van Hove
singularities,'®® in their energy band structures.'®® Upon
absorption of a photon with energy corresponding to the E,,
interband transition,’®” an exciton is generated and subse-
quently undergoes ultrafast nonradiative relaxation to the lowest
available energy states in both the conduction and valence bands
(Figure 2B). The radiative recombination of this exciton via the
E,, transition'®® results in strong PL emission, with emission
wavelengths dependent on nanotube chirality and diameter.
This intrinsic size-dependent electronic structure, combined
with excitonic effects, underlies the tunable optical properties of
SWCNTSs, making them promising candidates for NIR-II
bioimaging.'"”

Trivalent rare-earth ions exhibit characteristic 4f—4f elec-
tronic transitions, generating a rich spectrum of optical
absorption and emission lines due to the shielding of the 4f
orbitals by the outer Ss and Sp orbitals. The luminescence of
rare-earth nanoparticles arises from the resonance levels upon
excitation. In particular, the efficient *I;;, — *I;5,, energy
transition in Er’" ions results in intense down-conversion
emission centered at 1550 nm (Figure 2C).”*'*® Additionally,

https://doi.org/10.1021/acs.chemrev.4c00835
Chem. Rev. 2025, 125, 5195-5227


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00835?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

REVIEY

pubs.acs.org/CR

Chemical Reviews

9Tt

0Tt
61T

81T

€1T
144

681
981
[4y4
112°€0T

€81

Y81

0127'C81

EA:

Aderagoway)

ILId pue £1a8ms papm3-Surdewy
Aderayjorper pue SunaSrey roumy,
Aderapowayd pue 1 qd

1.ad pue SunaSrey rowny,

Aderayjounurur
pue IId/Ldd ‘Sunedre rowny,
1ad pue Sunedre; rowny,

Ldad
pue Sunadrey roumy ‘GuiBeun spou ydwd

JUSWIEDI} SISEISEIOW
sneydwd] pue SuiSeun apou ydwi

SwiSeun spou yduwidy

BunyaSrey zowny,

SunyaSrey rowny,

BunyaSrey rowny,

juounean) yy pue Suideun suog
uidewr suog

SuiSeun poe smsen

Suidewr 1o

Suidewr o

Suiewn 15

Guiewr 1aar7
Buidewr 19ar7

Guiewr 1oary

Sureun Lsupny
SuiSewn Asupry
Sureun Lsupny
SuiSewn Asupny
Suieun Lsupny
SuiSewn Asupny
BuiSewn siseyseowr zowmn,y, ‘GuiSewn urexg

Bureun ainjenoses
BurBeun amyenoses

SurSeun amyemosep

uonesrddy

wu 00ST—006 ‘%SE°0
%E~

wu 00ST—006 ‘%S"€

%S b~
wa 00ET—0€8 ‘%IT0

%11

%8Y'T
wu 00ST—006 ‘%8€0
wu 00ST—006 ‘%LT0

wu 00F1—006 ‘%¥'0—T0
wu 00ST—006 ‘%¥0°0

%IT°0

%St ~

%LT0

wu OSHT—0S8 ‘%S9°0
%6'T

%ST0

%9°T

%TT

wu 00F1—-006 ‘%81

%S0

%S0

%91°0

wu 00LT—000T ‘%T'T
wu 0¥ T—000T ‘%¥'T

wu 00ST—006 ‘%ET0~
%8'€

%9°0

%9

s8uer uonoajep
3y pue XO I-YIN

0801/808
0601/808
,0T0T~/808
0901/808

,0T0T PU® ,096/808

408TT pue ,0801/808
0S0T/808

$T01/808

0S01/808

0601/808
0€0T/88%
0S0T/808
0S0T1/808
,08CT Pue ,0801/808
0S0T/808
0S0T/808
0SOT/808
0S0T/808
08T1/S8L
0801/S8L
$S6/88%
0L0T/88%
00T11/808
0CI1/88%

0¥01/808
0S0T~/808
$76/808
0701/808
0S0T~/086
9701/808
0T11/808
0001/808
006/S8L
000T~/S8L
,0S0T~/0€8
,00T1/089

wu ‘q8uspaaem wy /Xy

an-g-oydessay

surjop [£roydsoydifusydourure-4 pue auoryyeinin
vsd

HSD pue gD-g-oidesoy

vsd

pioe d10zuaqoldesIgIN-

CTUIN

vsd
pueSi[ STuoLIaIMZ Paje[ory) SO IS

(SN) proe sruojmsid>spunoydesrow
-1T ‘pwoe osruoydsoydifospunojdesrow-11 “poe stouesspunoidessow-11 :, S

surjop [£roydsoydifusydourure-4 pue auoryyenio
19548\ 4

suoryen[n

ap-g-oydessay

ajeydsoyd-1-suedoid-ourure-¢ pue poe stozuaqoidessay-f
suoryen[n

surwredop(djod) pue HSDH

pioe oruordordoydestaiy-¢

V-oseN
LTT- dtuom|g pue ajeouedordojdestow-¢-[Ayag

o1} 1YJe [Apour-ngJ pue auersAxoyjowy [Adordojdestoin-¢
aur3s£o[4390Y-N
pe sruonsojdessjy

SPLIO[YD0IPAY [OIyaueyIdoUrEAYIaIp
-7 pue surure-[{yaoydesrow-g pagrpour spupAyue dSrae[AyIoung-¢7

aur3s£o[4390y-N

suoryjen[n

pwoe oruordordojdessain-¢

surwea)sA> pue poe slouexayo}dedssy-9

suoryen(3 pue poe sruojmsti-, ¢, ¢‘c-aurgdsoydduaydry,
suonyyeIn[o)

pioe oruordordojdestawi-¢ pue pe srouexayoldesIg-9

surejaqoj[ns paseq-poe srodry

09413 susdyyaene) [oryyIp pue poe douexayo}dedsN-9
puedry

SONIY

,0dny
SONOVOPD
SONDYOINDN/A
4SONDY

c~<m~§¢¢ﬂ<
LSONOY

,SONOY

“TSI(S) (L aS) Sy
,0dny

JHSOHNY

SSONTY
AdSONIY
SSONY

I VI
QEAEmvaNﬁ?«
GVA-SONTY
A—UUQNSA\ —uﬁm :~U¢Nﬁ<
SSONY

amm NNy-I
4SANDY-2

SSANDY
SONIYOUT
sAN'ny*8y

SINNY
4OVNOY
HSOD'mpny
JVAW'POYny
aE“@AU /VHINDY
HSD/S1dd1ny
.wwREmvaNﬂé
VdW/VHIN- POV

SSONDY

»LAL/VHNOY
aqoxd JI-9IN

»$2901d II"YIN Paseq-1o3snpoueN p[oD T JqeL,

Chem. Rev. 2025, 125, 5195-5227

https://doi.org/10.1021/acs.chemrev.4c00835

5199


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00835?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs.acs.org/CR

sensitization of Er** ions can be achieved through codoping with
Yb** ions, which absorb near-infrared light around 980 nm via
the °F,, — *F, transition. This energy is transferred to the Er**
ion, enhancing the overall luminescence efficiency and enabling
more efficient excitation of the Er’* emission bands. The Yb3*/
Er’* codoping strategy significantly improves the brightness of
the NIR-II emission, making these rare-earth doped nano-
particles promising candidates for advanced imaging applica-
tions.”%"?’

Lastly, small-molecule NIR-II dyes, such as indocyanine
green, are typically designed with a donor—acceptor—donor
(D—A-D) electronic architecture, where electron-rich donor
groups are positioned on either side of a conjugated 7-system
that serves as an electron acceptor.'®”'”" This structural motif
facilitates efficient charge transfer and enhances the electronic
transitions. The extended 7-conjugation lowers the energy gap
between HOMO and LUMO, leading to strong absorption and
emission in the NIR region.'”' The D—A-D framework
promotes intramolecular charge transfer (ICT), which further
stabilizes excited-state configurations and enhances the
fluorescence efficiency. In molecules with extensively con-
jugated m-electron systems, electron delocalization across the
framework becomes more pronounced with increasing con-
jugation length, further reducing the HOMO—-LUMO gap and
redshifting the absorption and emission spectra.'”!

2.4. Photoluminescent Molecular Gold Nanoclusters

The first report on photoluminescence in gold, copper, and
alloyed metals dates back to 1969'7* while the interest in
fluorescent gold nanoclusters jumped after the synthesis of
monodisperse thiolated AuNCs by Brust—Schiffrin in 1994.*
The size-dependent photoluminescent properties of AuNCs are
reflected by their quantized electronic states and determined by
the energy band gaps they exhibit. To correlate size-property
dependence and elucidate the PL mechanisms in AuNCs, it
requires extensive experimental and computational efforts.
AuNCs show rich absorption features in their optical spectra
corresponding to different electronic transitions including
intraband (sp—sp), interband (d—sp), and mixed intraband—
interband transitions.” The PL mechanism in AuNCs, however,
is far more complicated (Figure 3A). The visible-NIR
luminescence in AuNCs involves both metal core states (pure
gold transitions) and surface states (mixed gold—sulfur
transitions, Figure 3B).173_175 Thus, the fluorescence character-
istics of gold clusters are intricately modulated by optimizing the
number of gold atoms in the core and choosing appropriate
surface ligands.”"”®"”” For more details on the luminescence
mechanisms in gold nanoclusters, ranging from visible to NIR-II,
the reader is referred to a recent comprehensive review by Jin
and colleagues.174 Unlike other NIR-II materials, the clusters
tend to exhibit lower molar absorptivity and quantum yields
(QY), which significantly hinder their applications in sensing
and imaging. Over the years, various strateggies have been
proposed to enhance the brightness of AuNCs,”*" involving the
engineering of ligand shells (“surface-regulated” PL enhance-
ment)”*" and the modulation of the metallic frameworks (“core-
regulated” PL enhancement). 178179

In a “surface-regulated PL” strategy, the surface ligands
substantially influence the PL properties of clusters by
facilitating the charge transfer to the metallic core via the Au—
S bond and directly providing delocalized electrons from
electron-rich atoms or functional groups to the metal core.'”*"'*°
Therefore, ligands with robust electron-donating capabilities can

QY was determined using integrating sphere method.

gth in QY detection, while Em wavelength relates to the PL peak position at that excitation wavelength. The notations " and ” refer to the first and second emission
C

YQY was determined using external reference.

Note, Ex refers to excitation wavelen

Table 1. continued

peaks.
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with the emission wavelength dictated by the nanotube’s chirality and diameter. (C) Schematic illustration of the luminescence mechanism in doped
Er** down-conversion nanoparticles under 980 nm excitation, highlighting Yb** sensitization and energy transfer to Er**, leading to characteristic 1550

nm emission. Nanoparticles structures were created with BioRender.co

m.

be considered as a pivotal strategy for enhancing the
fluorescence intensity of gold clusters through ligand—metal
charge transfer (LMCT), metal—ligand charge transfer
(MLCT), or ligand—metal—metal charge transfer (LMMCT)
mechanisms (Figure 3B)."*”"*" Also, the rigidification of the
ligand is sought to restrict the vibrational and rotational, i.e.,
thermal, motions of the ligands, thus promoting the radiative
relaxation of excited electrons. This can be achieved by
introducing the second Ii§and either directly attaching to the
gold during synthesis'*”'®* or through ligand exchange
reactions'®"'®* and conjugating/electrostatically attaching to
the primary ligand.*®'®""'**'%5 For example, the ligand exchange
of mercaptohexanoic acid (MHA) protected Au,g cluster with
cysteamine (Cystm), 2-mercaptoethanol (ME), or DL-dithio-
threitol (DTT) afforded a 10-fold enhancement in the NIR-II
quantum yield.'®*® Bis-Schiff base linkages between
Au,,(GSH),4 nanoclusters and 2,6-pyridinedicarboxaldehyde
effectively restrict intramolecular motion of surface motifs at the
single-cluster level, enhancing the luminescence quantum yield
up to 48% in water-soluble gold nanoclusters within the NIR-I
window."*’

Since the electronic transitions in the core are dominant in
emission processes, in a “core-regulated PL” strategy, the
luminescent properties of AuNCs can be drastically improved
and even shift from the visible to NIR region by simply
modifying the number and the type of metals inside the core of
the clusters. In general, with increasing the size of the clusters,
the bang gap decreases and therefore, the emission peak
undergoes a bathochromic shift.'”*'®* Small clusters, typically
comprising fewer than 20 gold atoms, exhibit emissions within
the visible-to-NIR-I regions, while gradual increase in the gold
atoms within the core results in a systematic red shift of the
emission peaks toward NIR-II window.'”*'”® The heteroatom
doping of the metallic framework and substitution of at least one
gold atom in the core or at the surface is also considered an

i

5201

alternative way of modulating the PL properties due to the
electronic synergy between metals (Figure 3C). 1818 por
example, the doping of silver atoms inside the Au,; cluster core
led electronic perturbation to the HOMO and LUMO orbitals
by subsequently increasing the energy bandgap (thus blue
shifting the PL from 827 to 680 nm) causing 200-fold PL
enhancement (QY 40.1%)."”° A single substitution of the gold
atom in the staple motif with a Cd atom in 3-mercaptopropionic
acid (MPA)-protected Au,s cluster caused decrease of
HOMO-LUMO gap and facilitated the radiative relaxation
and hence resulted in ~56-fold enhancement in NIR-II intensity
(QY 1.1%)."* In accordance with the PL enhancement by metal
doping, the biological properties get affected as well."** For
example, Cu-doping of GSH-protected Au,, cluster afforded 18-
fold higher antioxidant, 90-fold higher catalase-like, and 3-fold
higher superoxide dismutase-like activities."*

Encapsulating the clusters inside polymer nanoparticles
or introducing “lock rings” and “lock atoms”*”*'* in the cluster
structure are alternative methods for improving the emission
and increasing the PL quantum yield of clusters. The Xie group
developed advanced synthetic ligand shell engineering strategies
to enhance the NIR-II photoluminescence properties of gold
nanoclusters.'”>~'"* By employing covalent and electrostatic
interactions, AuNCs were effectively incorporated into diverse
matrices, including polymers'>'®” and biomolecules'’>'?*
forming next-generation hydrophilic cluster-based nanoassem-
blies. This integration not only stabilized the nanoclusters in
biological environments but also modulated their electronic and
optical properties, leading to enhanced emission efficiency and
improved biocompatibility for high contrast bioimaging of lung
orthotopic tumors."””

Recently, the Jin group demonstrated that the absorption of
gold nanoclusters can be tuned from the NIR-I to the NIR-IIb
and Ilc subwindows by modulating the aspect ratio in a series of
rod-shaped gold clusters (Figure 3D).'””*%° The unidirectional

191,192
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Figure 3. (A) Emission mechanisms of atomically precise metal nanoclusters upon excitation at a specific wavelength. IC: internal conversion, VR:
vibrational relaxation, ISC: intersystem crossing, RISC: reverse intersystem crossing, and TADF: thermally activated delayed fluorescence. (B) The
contribution of Au,; core state excitations to NIR-II emission, alongside LMCT and LMMCT charge transfers within the staple motifs to NIR-I
emission in Au,s nanoclusters. (C) Heteroatom doping of the Au,; icosahedral core in Au,s nanoclusters as a strategy for tuning the HOMO—LUMO
energy gap. For the sake of clarity, the staple motifs are omitted. The metal doping sites in Au,s nanoclusters are preferentially located at the center of
the core for Group IX (Rh, Ir) and Group X (Ni, Pd, Pt) metals, while Group XI (Ag, Cu) and Group XII (Zn, Cd, Hg) metals predominantly occupy
the core surface sites. The energy gap values were obtained from refs.”*>*** (D) Modification of the energy gap in metal nanocluster-based anisotropic
rods across the series Au,,(PET)s,, Augg(PET) 4, Ausg(PET) 6, Atugs(PET)gs, and Au,,(PET)g,. For clarity, the staple motifs have been omitted, and
only the core of the cluster is represented as Au,g + (Au,,),, where n denotes the number of repeating units. The energy gap values were obtained from
ref 199. PET refers to the ligand 2-phenylethanethiol. The Au,; and Aug, core structures were prepared using UCSF Chimera program (version 1.16)
based on crystal structures data published in refs 204 and 199, respectively.

elongation of these anisotropic clusters, achieved through the
successive addition of (Au,,), repeating units to the Auy, cluster
(which contains an Au,, core), resulted in a decreased HOMO—
LUMO energy gap (Figure 3D) and a red-shift in absorption,
extending deep into the NIR-II window up to 1800 nm.
However, the PL properties in a series of rod-shaped clusters
have not been reported yet.

Note that recently, we have demonstrated that Au,; clusters
fluoresce across a broad range of excitations, exhibiting
excitation-independent behavior without any change in the PL
peak position (NIR-II PL max at 1090 nm).”"" In fact, in the
photoluminescence excitation/emission (PLE) spectra, the
clusters displayed an intense PL peak in the range of 900—
1450 nm (recorded with an InGaAs detector) upon excitation in
the 550—840 nm window. Visible to NIR-I fluorescence of
clusters (recorded with a silicon-based PMT detector) exhibited
a str0n§ peak around 750 nm when excited in the 600—900 nm
ramge.2 ' Thus, we found that the Au clusters were emissive in a
wide range of 600—1450 nm when excited at shorter
wavelengths and could be imaged in the visible and NIR-I and
NIR-IL.

In vitro, as well as in vivo, the intrinsic properties of many
fluorescent nanoparticles, including quantum dots and small
noble metal clusters, are expected to change upon internal-
ization or interaction with cellular components.”>™**" In
particular, the intracellular stability of nanoparticles is strongly

5202

influenced by their size and surface coating, as well as the
exposure of active sites upon interaction with biogenic thiols
such as glutathione and cysteine.”**” Such intracellular events
have been widely reported for relatively large nanoparticles and
have been correlated with dynamic changes in the protonation/
deprotonation of surface functional groups, particularly within
the acidic lysosomal compartments following endocytic uptake.
The fluorescence lifetime shortening of semiconducting QDs
emitting in the red region was directly attributed to surface
modifications and ligand displacement within the cytoplasm, as
demonstrated by fluorescence lifetime imaging microscopy
(FLIM).”****” In contrast to QDs, small gold nanoclusters
exhibited remarkable stability in vitro, with no significant
changes in their fluorescence lifetimes over 24 h of incubation.
This stability is attributed to the strong Au—S bond formations
on the cluster surface and effective shielding from protein corona
formation or in vitro biothiol-induced etching processes.””” We
have recently demonstrated that our NIR-II emissive gold
nanoclusters, protected with glutathione (AuGSH) and
phosphorylcholine (AuPC, PC refers to phosphorylcholine)
ligands, exhibited minimal interaction with serum proteins when
incubated with fetal bovine serum (FBS). The formation of
protein corona complexes accounted for only 2.7% and 1.74%
for AuGSH and AuPC, respectively.* Additionally, strong NIR-
II fluorescence signals were observed in the bladder and
collected urine samples, further highlighting the in vivo integrity
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and stability of our developed probes with no substantial
changes in fluorescence properties, at least in terms of intensity.
However, investigating potential changes in the fluorescence
lifetimes of NIR-II emissive clusters requires the development of
an FLIM microscopy imaging platform compatible with the
NIR-II window, which has yet to be established.

2.5. Photothermal Effects in Molecular Gold Nanoclusters

Unlike gold nanoparticles (AuNPs), which exhibit strong
surface plasmon resonance (SPR) and efficient light-to-heat
conversion, gold nanoclusters lack collective plasmonic
oscillations due to their ultrasmall size, leading to distinct
photothermal mechanisms. The photothermal (PT) mechanism

5203

in nanoparticles is governed by a sequential energy conversion
process following light absorption.”***** Upon excitation,
collective electron oscillations generate a strong electromagnetic
field, leading to the formation of hot electron—hole pairs (Figure
4A). Through rapid nonradiative decay via Landau damping, the
excited carriers transfer energy to the individual electrons. The
energetic electrons then undergo electron—electron scattering,
redistributing energy and forming a hot Fermi—Dirac
distribution.”>® Subsequently, through electron—phonon cou-
pling, the hot electrons transfer energy to the metal lattice,
increasing its temperature. Finally, the accumulated heat
dissipates into the surrounding environment via phonon—

https://doi.org/10.1021/acs.chemrev.4c00835
Chem. Rev. 2025, 125, 5195—5227


https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00835?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00835?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00835?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00835?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00835?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00835?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00835?fig=fig5&ref=pdf
http://BioRender.com
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00835?fig=fig5&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00835?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs.acs.org/CR

A

AuMHA/TDT AuMHA/TDT AuMHA/TDT AuMHA/TDT

L

AusGSH,g Au;GSH,, Au;GSHyg

NIR-I

=3
o

Intensity
(23
o

-

N
»

85

NIR-Il

Intensity
o
o
o

(=23
=3
o

0 500 1000
Distance (pm)

nted image

+7.0° -5.5° -17.5°

Blue: thick vessels
sigma 3.0 pixels Red: thin vessels

Reverse contrast Gauss diffusion kernel 0-0/N—
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NIR-II (excited at 830 nm and emission collected >1250 nm) imaging of blood vasculature in WT 129/Ola mice after intravenous injection of
AuMHA/TDT clusters (200 uL, 360 uM).*'° Reproduced with permission from ref 210. Copyright 2020, American Chemical Society. (D) NIR-I
(left) and NIR-II (right) images of blood vessels in the left leg of a wild type CS7BL/6 mouse. The insets are zoomed-in regions highlighted within the
red squares. (E) The cross-sectional intensity profiles of blood vessels in the leg in NIR-I (top image) and NIR-II (bottom image) windows.'*
Reproduced with permission from ref 184. Copyright 2017, American Chemical Society. (F) NIR-II images of a Bnp9-KO mouse vasculature post-i.v.
injection of AuMHA/TDT probe. The raw vasculature image underwent Monte Carlo constrained restoration (MCR), a process designed to enhance
the spatial resolution by reducing tissue scattering. Following the MCR process, Frangi’s filtering and segmentation analyses were applied, enabling
detailed mapping of the blood network based on vessel thickness.”'® Reproduced with permission from ref 210. Copyright 2020, American Chemical
Society. (G) 3D SWIR imaging of blood vessel network at different angles.'®> Reproduced from ref 182 with permission from the Royal Society of
Chemistry.

phonon interactions, completing the photothermal conversion and the cluster’s electronic structure.”**”>** The energy transfer
process.”* to the lattice causes an increase in the lattice temperature. Once

In gold nanoclusters, the heat generation primarily arises from the lattice is heated by electron—phonon interactions, the
intrinsic electronic transitions and nonradiative relaxation phonons propagate through the cluster and interact with one
mechanisms.””’ Instead of plasmonic Landau damping, the another through phonon—phonon scattering. This allows the
energy dissipates through internal conversion (IC) and energy to spread throughout the nanocluster. The dissipated
intersystem crossing (ISC) pathways (Figure 4B).235 IC process heat is transferred to the surrounding environment, thereby
involves the rapid relaxation of excited electrons to lower energy cooling the nanocluster. This process is responsible for the
states within the same electronic manifold (usually singlet thermal relaxation”** of the system and plays a crucial role in

states) via electron—electron scattering. In the ISC process, photothermal applications in cancer therapy.

some excited electrons transition from singlet states to triplet

states. The hot electrons created from the excited states are not 3. BIOMEDICAL APPLICATIONS OF AUNCS IN NIR-II
in equilibrium with the lattice. Energy is transferred from the IMAGING

electrons to the lattice (phonons) through electron—phonon

coupling. This process involves the interaction between the 3.1. Pharmacokinetics and Biodistribution of Clusters

high-energy hot electrons and the vibrations of the atomic Due to their nanoscale dimensions (<2 nm in diameter), the
lattice. The electron—phonon coupling efficiency (which is nanoclusters exhibit rapid pharmacokinetics (PK): these
relatively less efficient compared to nanoparticles) depends on molecular probes could be absorbed more efficiently than larger
several factors such as the size of the nanoclusters, ligand effects, molecules, facilitating rapid entry into the bloodstream and
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Figure 7. (A) Dynamic NIR-II brain imaging of healthy mice, LPS injured and stroke mouse models under an excitation of 808 nm at 140 mW/cm?
with an exposure time of 300 ms. No significant NIR-II signal is found after 84.8 s in the healthy mouse, indicating rapid clearance from the brain, while
the LPS injured mouse shows longer NIR-II signal retention in the blood vessel. In the case of the stroke mouse model, blocking and reopening of brain
vessels cause vascular injury and neovascularization in the left brain, evidenced by more small vessels lightening up in the NIR-II window. Principal
component analysis (PCA) overlay images of arterial (red) and venous (blue) vessels in a stroke mouse model indicated a more pronounced injury
signal in the left hemisphere. (B) Time-dependent quantitative brain signals (highlighted within the red square) for a normal healthy mouse and an
LPS-injured mouse. (C) Blood perfusion of normal healthy mouse/LPS injured mouse (top image) and stroke mouse model (bottom image).203
Reproduced with permission from ref 203. Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (D) Comparison of Airy LSM
imaging of the three-dimensional structure of mouse cerebral vessels in the NIR-I and NIR-II regions. (E) x—y cross-sectional images of blood vessel
under different excitation wavelengths. (F) Intensity profiles along the line shown in panel F.*'' Reproduced with permission from ref 211. Copyright
2022, Elsevier Ltd.

subsequent distribution throughout the body (Figure S). The protein-corona formation in vivo™"**'7). Since the clusters are
distribution of nanoclusters is influenced by their physicochem- usually smaller than 5—6 nm, they are generally cleared by the
ical properties, including size’'>*'” and surface charge.'**'? kidneys and excreted in the urine. For example, systemically
The clusters typically have very short blood circulation half administered AuGSH clusters exhibit rapid whole-body

times of <30 min."*>'***® However, coating the cluster surface distribution <3 min postinjection, attributed to their swift
with a secondary ligand,”*® encapsulating inside the micelles/ intravasation from blood vessels and subsequent dissemination
92 . . . 45,203 1. . ..

polymer networks "~ or doping on the surface of large into major organs. Within 30 min postinjection, the
nanoparticles,”’ *** can enhance their circulation time. clusters underwent renal clearance with strong NIR-II signals
Excretion of nanoclusters typically follows renal and occasion- appearing in the bladder and were excreted via urine, accounting
ally hepatobiliary routes (when in vivo aggregation occurs due to for approximately 80% of the Au content in the collected urine
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samples post 24 h.***%* The biodistribution of gold in major
organs was found to be negligible, thus indicating no toxicity at
the cellular (in vitro cell viability test) and tissue levels
(pathological examination). However, obvious skeletal signals
were detected for AuGSH clusters (vide infra), potentially
accounting for the remaining ~20% of injected gold due to the
probable affinity of GSH for the hydroxyapatite in the bone
matrix.*>**" The surface modification of AuGSH clusters with
phosphorylcholine ligands imparted stealth properties, allowing
for nearly 100% clearance of injected AuPC probe.45 Thus, the
pharmacokinetic profile of nanoclusters underscores their rapid
absorption and distribution within the body. Their efficient
entry into the bloodstream and dissemination across major
organs highlight their potential as molecular probes in advancing
biomedical imaging and therapeutic strategies, supported by
their favorable pharmacokinetic behavior and minimal organ-
level toxicity.

3.2. Vasculature Imaging

Noninvasive fluorescence imaging of vascular networks largely is
important to assessing vascular disorders with minimum
interventions and risks involved. Real-time monitoring of the
vessel structure with intravenously (i.v.) administered NIR-II
emissive probes affords higher resolution down to micrometer
scale than other nonoptical modalities.

In 2019, Liu et al. employed water-soluble Au,(GSH),5 (QY
0.13%, Table 1) nanoclusters, emitting in the >1000 nm range,
for through-skull brain imaging with a specific focus on high-
contrast cerebral blood vessel visualization.””> These nano-
clusters enabled precise detection of vascular networks in vivo,
particularly in models of lipopolysaccharide (LPS)-induced
brain injury and stroke, offering enhanced resolution of the
blood vessel architecture (vide infra).

Le Guevel group prepared a series of AuNCs with very high
quantum yields in water for NIR-II imaging of vasculature and
related disorders.'®*'8%21%2%% Eor instance, the surface rigid-
ification of gold clusters by rigid dithiol ligand (LA-sulfobetaine:
lipoic acid-based sulfobetaine, QY 3.8%, Table 1)'** or
introducing anisotropic biligand coating (MHA/TDT ligands;
TDT: tetra(ethylene glycol) dithiol, QY 6%, Table 1)***'°
drastically improved the quantum yield of clusters ~1 order of
magnitude (compared to previously reported AuNCs) in water
(Figure 6A). Single metal doping in Aug clusters with biligand
coating (MHA/MPA, MPA: mercaptopropionic acid) also
afforded bright NIR-II clusters for vascular imaging.183 Overall,
the postsynthetic surface/core modifications of the clusters and
fine-tuning the reaction parameters allowed to extend the
imaging window up to 1500 nm without compromising the
NIR-II brightness of the prepared clusters (Figure 6B).”'" In
vivo, clear and deeper visualization of blood vasculature network
in mice was achieved in the NIR-II (emission collected at >1250
nm) window while NIR-I imaging (780 nm excitation and >830
nm emission, Silicon camera) suffered from low spatial
resolution and high back§round for the same probe admin-
istration (Figure 6C,D).”"” The blood vessels were successfully
imaged at 1.5, 5, 25, and 65 s within a 15 min imaging window
following probe administration.”'® Consequently, sharper and
more detailed cross-sectional profiles can be obtained with NIR-
Il imaging (Figure 6E)."** Monte Carlo and deep learning
processing of images further improved the image quality by
reducing the tissue scattering (Figure 6F)."*>?1% 1t also became
possible to reconstruct the 3D image of blood vessels at different

angles and depths (Figure 6G).'*
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3.3. NIR-ll Imaging of Small Animal Organs

3.3.1. Brain Imaging. Noninvasive neurological imaging
using CT, PET, MRI techniques provides clinical diagnosis on
physiological activity and cognitive function of the brain
(healthy vs perturbed brain).”*>**' Although these techniques
are remarkably advantageous for the clinical assessment of brain
function, they lack the necessary cellular resolution for imaging
and detecting changes in cellular structures before macroscopi-
cally or microscopically visible changes in cell morphology
occur. In contrast, preclinical optical imaging and especially
fluorescence imaging in the NIR-II window can afford high
spatiotemporal imaging of brain structure and vasculature
through intact skull of mice.”*' ~** Noninvasive NIR-II emissive
carbon nanotubes,' quantum dots,"*>****** down-conversion
rare-earth nanoparticles,”**** and organic fluorophores**”***
have provided a detailed structural and vascular imaging of brain
and cerebrovascular diseases”*”**” in murine models at imaging
depths of a few mm without craniotomy.

In 2019, Liu et al. performed the first through-scalp and
through-skull cerebrovascular imaging in NIR-II window using
intravenously injecting Au, clusters (QY 0.13%, Table 1) in
normal, LPS induced brain injury or ischemic stroke models
(Figure 7A).*% The cluster allowed for the visualization of
inferior cerebral vein, superior sagittal sinus, transverse sinus,
arterial, and venous vessels with high resolution in normal mice
and disease models (LPS and stroke), revealing clear differences
in NIR-II signals in the vessels at different time-points post i.v.
injection (Figure 7B), corresponding to different diffusion and
perfusion rates among different study groups (Figure 7C).
Strong fluorescent signals associated with active neovasculariza-
tion caused by the stroke can be distinguished in the left
hemisphere of the brain (ischemic stroke), while completely
absent in the right hemisphere (healthy brain side). For deeper
imaging of brain tissue, the same group employed airy beam
assisted NIR-II light sheet microscope.”'" Ex vivo imaging of a
mouse brain (Figure 7D) after S min post-iv administration of
the cluster (while the probe is still in circulation) in both NIR-I
and NIR-II windows allowed for the visualization of the brain
vessels of the cerebral cortex at imaging depths of 1.3 mm.
Clearly, the imaging in NIR-II window afforded reduced
background (Figure 7E) and ~3-fold increase in SBR (Figure
7F), thus providing higher spatiotemporal resolution and the
premise for deep tissue NIR-II microscopy.

3.3.2. Noninvasive Kidney Imaging. The kidney is a
metabolic organ that functions as an organism’s filtering system
to remove xenobiotics and metabolic waste from the blood.
Renal-clearable small chemotherapeutic drugs most often cause
kidney injuries through renal function impairment. Clinical
diagnosis of kidney function relies on noninvasive imaging
modalities (SPECT,ZSl’252 PET,”"*** MR1,>* ultrasonogra-
phy”>) that suffer from high cost, radiation exposure and
contrast agent nephrotoxicity. Although renal biopsy is
informative, it is invasive and holds a risk of damaging other
organs.”*® Blood and serum analyses of renal filtration markers
(blood urea nitrogen: BUN, creatinine: CREA) are routine
procedures for kidney functions assessment.””” Unfortunately,
these biomarkers are not sensitive to early stage kidney
malfunction. Real-time optical imaging of kidney dysfunction
is an alternative noninvasive imaging modality. The imaging of
kidney and its dysfunction in murine models have been realized
with a few NIR-I agents including silica dots,”® small gold
nanoclusters,'°*>° organic dye ZW800-CDPL**° and NIR-II
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Figure 8. (A) Schematic representation of the NH,Cl-induced metabolic acidosis mice model. (B) In vivo NIR-II fluorescence imaging of injured mice
at different time points post-i.v. injection of TPPTS-AuNCs. The etching and exchange with liver sinusoidal GSH ligand activated bright NIR-II signal
in the kidney and bladder with inhibited renal clearance rates in injured mice model.”* Reproduced with permission from ref 212. Copyright 2023,
American Chemical Society. (C) Schematic representation of the unilateral ureteral obstruction (UUO) model development in mice. (D) NIR-II
fluorescence imaging of UUQ mice with ureteral ligation for 0 min and 24 h at different time points post-i.v. injection of MHA/Cystm-AuNCs.'*®
Reproduced with permission from ref 186. Copyright 2023, American Chemical Society. (E) Schematic representation of the cisplatin-induced AKI
mice model development and the experimental timeline for intraperitoneal (i.p.) drug-intravenous cluster administration.'*”*"> Reproduced with
permission from refs 189, 213. Copyright 2023, Wiley-VCH GmbH and Copyright 2023, American Chemical Society. (F) Real-time in vivo NIR-II
imaging of intravenously administered Au,,Cu, cluster signal in the kidney and bladder in the control and AKI groups under an 808 nm laser and 1000
nm long-pass filter. The renal clearance is fast (<30 min) in the normal heathy mice, while in AKI model the kidney drainage is increased up to 2 h post-
i.v. injection causing longer attenuation of NIR-II signal in the kidney and slower excretion into bladder.** Reproduced with permission from ref 44.
Copyright 2023, The American Association for the Advancement of Science. (G) CREA and BUN serum biomarkers and their expression levels 3 days
post-AKI after treatment with Au,,Cd; (n = 3 per group), respectively. Control group: saline; AKI group: cisplatin (20 mg/kg); Au,,Cd, group:
cisplatin+ Au,,Cd,. (H) IL-1p, IL-6, and TNFa expression levels in kidney tissues 3-days post-AKI with or without clusters treatment (n = 3 per
group).'®” Reproduced with permission from ref 189. Copyright 2023, Wiley-VCH GmbH.

In particular, several NIR-II emissive gold nanoclusters have
recently been reported for real-time preclinical in vivo imaging
of kidney and assessment of its function in healthy and disease

261,262 263,264
6 6. dyes, 6.

probes such as organic macromolecules,
267

: 265,266 .
lanthanide complexes, ” and semiconductor probes.

5207 https://doi.org/10.1021/acs.chemrev.4c00835
Chem. Rev. 2025, 125, 5195-5227


https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00835?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00835?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00835?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00835?fig=fig8&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00835?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs.acs.org/CR

A B C
$° 6] —Ln@AuNC _—
A : ‘ — 5 L:SA:NC2+NaHS ' ‘g ! \" - ——°
: Z 7\ h c 0.8
g4 /| 2 0s \
2 3 \ g
[ 75% |\ :
£ J g 04 \\\‘
o 14/ S 024 . 1100 nm
&, \. 0 L 1550 nm
AuNCs Ln@AuNCs Ln@AuNCs 1000 1200 1400 1600 0 20 40 60 80 100120
Wavelength (nm) Time (min)
E
15 min 1h 5h 10 h ~1.2] = 10500m
1050 1550 1050 1550 1050 1550 1050 1550 s 1550 nm
=10 T+ 3
2 1 ;
208 i i
g T~
c
=081 control GYY (30mg/kg) GYY (75mglkg)
o
0

00251 5 10 00251 5 10 00251 5 10
Time (h) Time (h) Time (h)

H

Noninvasive Invasive Ex vivo liver

Normal Tumor

Tumor

AuNCs

Normal

J Colities M Control
(7]
£ &
= o
3 -
o X
>
=
(7]
[
[
—_ -
o k=
bl
-
c
Q .
(&) 0 -
2 6 10
Time (h)

Figure 9. (A) Schematic representation of Ln@AuNCs synthesis and their NIR-II PL changes upon H,S treatment. (B) In vitro H,S detection based
on the PL changes of Ln@AuNCs nanoprobe after NaHS treatment (80 yM). (C) Time-dependent PL intensity changes at 1100 and 1550 nm
emission wavelengths. (D) NIR-II imaging of mice and (E) PL intensity changes at various treatments, including PBS (control group), low (30 mg/kg)
and high dosage (75 mg/kg) of GYY4137 prodrug.*'® Reproduced with permission from ref 216. Copyright 2022, American Chemical Society. (F)
NIR-II imaging of mice at various time points after the injection of AuNCs and Ag-doped clusters. The red and blue circles indicate regions of the liver
and bladder, respectively. (G) Schematic representation of NIR-II imaging of mice bearing a liver tumor. (H) Noninvasive, invasive (open abdominal
cavity), and ex vivo fluorescence imaging of liver post-12 h injection. The circles and arrows indicate the regions corresponding to the liver and tumor,
respectively. (I) Ex vivo tumor-to liver (Ipymor/Iiiver) fluorescence intensity ratios post-12 h of treatment with different nanoclusters.”'* Reproduced
with permission from ref 215. Copyright 2022, American Chemical Society. (J) Time-dependent fluorescence imaging of the gastrointestinal tract after
intragastrical (IG) administration of AuNC@polymer formulations and (K) the corresponding fluorescence intensity retention profiles.'”>
Reproduced with permission from ref 192. Copyright 2022, American Chemical Society. (L) NIR-II imaging of gastrointestinal peristalsis by orally
administered RNase-A@AuNCs (2 mg/kg dosage, 1000 nm LP, 200 ms, 808 nm excitation, 15 mW/ cmz).21 Reproduced with permission from ref
218. Copyright 2020, Wiley-VCH GmbH.

model.**"¥¢189212 The structure modification of the native shown drastic enhancement in NIR-II brightness for in vivo
clusters by ligand shell engineering (mixed ligand clusters, QY kidney imaging. For instance, the in vivo ligand exchange of
1.4%, Table 1)"***'* or by doping the metallic framework with triphenylphosphine-3,3’,3”-trisulfonic acid (TPPTS)-AuNCs
heteroatoms (doped clusters, QY 0.16—1.1%, Table 1)**'* has with liver sinusoid glutathione, imparted activable NIR-II
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properties in vivo and enhanced interactions with acidic renal
tubular epithelial cells for noninvasive monitoring of acidosis
induced early kidney injury (Figure 8A,B).”'> Furthermore, the
therapeutic efficacy of antiacidosis drugs across diverse dosages
and disease stages was effectively monitored in vivo utilizing
AuNCs cocoated with a pH-responsive ligand.”** Ex vivo ligand
exchange of MHA-protected Au,g cluster with Cystm, ME, or
DTT imparted a biligand engineered outer shell that was applied
for the imaging of renal ischemia-reperfusion (RIR) and
unilateral ureteral obstruction (UUO) in murine models (Figure
8C,D).'%¢

Acute kidney injury (AKI) caused by cisplatin chemo-
therapeutic drug administration at nephrotoxic dosages is
largely anticipated in cancer patients worldwide and is one of
the major hallmarks of chemotherapy. Real-time NIR-II imaging
of kidney and assessment of AKI noninvasively has been
achieved with native (QY 0.5%, Table 1)*"* and doped AuNCs
(QY 0.16—1.1%, Table 1)**'** (Figure 8E). In vivo NIR-II
imaging of kidney and bladder signal post cluster administration
can visualize the renal function differences in healthy and AKI
models (Figure 8F). Significant delays in renal clearance®®'**"3
were typical symptoms for kidney dysfunction with elevated
CREA and BUN levels in blood and serum (Figure 8G)
accompanied by up-regulation of inflammatory cytokines and
chemokines (Figure 8H)."®” The antioxidant and therapeutic
activities of clusters, however, downregulated the expression of
these markers to their normal serological and pathological levels,
thus restoring renal function and decelerating the inflammatory
responses.

3.3.3. Liver and Gastrointestinal Tract Imaging. NIR-IT
emissive CNTs, QDs, and rare-earth nanoparticles tend to
nonspecifically accumulate in the reticuloendothelial system
(RES, mostly due to their large sizes) and can be utilized for
studying liver and spleen functions in vivo. However, fast
pharmacokinetics and renal clearance of NIR-II emissive gold
nanoclusters, mostly governed by their small sizes, hamper their
ability to target and image other organs. A viable option to
prolong the pharmacokinetics and increase the blood circulation
of gold nanoclusters would be the doping of nanoclusters onto
the surface of larger nanoparticles or forming nanocluster-
nanoparticle assemblies.

In 2022, Li et al, through ligand-mediated anchoring, N-
acetylcysteine (NAC)-protected AuNCs were assembled on a
lanthanide NPs (LaNPs) surface (Figure 9A) leading to the
formation of a nanocomposite with dual fluorescence in NIR-II
window: 1100 nm associated with AuNCs (QY 0.52%, Table 1)
and 1550 nm originated from LaNPs (Figure 9B).”'° Such
structural modification not only caused 2.5-fold enhancement of
1100 nm PL due to restriction of intramolecular motions in
AuNCs, but also improved the pharmacokinetics and
completely changed the clearance from renal to biliary. In
vitro, the sensitivity and selectivity of the emission at 1100 nm
toward H,S (Figure 9B and C) (due to the reduction of Au(I) in
the staple motifs surrounding the cluster core by H,S while the
PL at 1550 nm remained unchanged) made the nanocomposite
an ideal ratiometric probe for NIR-II detection of H,S release
from GYY4137 prodrug in the liver. Compared to the control
group, the gradual decrease of the liver signal (Figure 9D)
postprodrug administration (low dose and high dose, Figure 9E)
indicated the successful accumulation of the prodrug and the
release of H,S in the liver and consequent quenching of the
cluster emission. Such structural assembly not only allowed
prolonging cluster circulation but also imparted diagnostic

5209

properties for in vivo drug efficacy monitoring. Alternatively, the
cluster sizes and in vivo biodistributions can be modulated by
incorporating them into micellar organizations. For instance,
high concentrations of polymers (higher than critical micelle
concentration: CMC) lead to the entrapment of clusters inside
the hydrophobic cores of the micelles through hydrophobic
interparticle interactions (QY 1.6%, Table 1)."”* At concen-
trations lower than the CMC, the clusters interact with
polymeric unimers through intraparticle hydrophobic inter-
actions. Either way, such structural modifications led to the
formulation of biliary excretable AuNC based NIR-II probes for
liver and gut imaging (QY 0.25%, Table 1).""*

The liver accumulation of nanoparticles due to their larger
sizes or in vivo instability (protein—corona formation) could
lead to long-term retention and toxicity, hindering possible
clinical translation. The capture of nanoparticles from the
bloodstream and subsequent phagocytose in liver sinusoids
through the mononuclear-phagocyte system (MPS) affects the
circulatory retention of the particles, traps them in the liver
without hepatic internalization, and hence shortens tumor
targeting abilities. Tan et al. showed that silver metal-doping in
NIR-II emissive gold clusters (that can form protein—corona
complexes) alters the in vivo behavior of clusters by undergoing
rapid biotransformation in liver sinusoids.”'®> The oxidation of
silver on the cluster surface by oxygen and subsequent etching
with sinusoidal GSH led to cluster passivation (inhibiting
protein-corona formation) and prompted the release back to the
bloodstream (Figure 9F). As evidenced by in vivo NIR-II
imaging, the renal clearance is directly proportional to the
number of doped silver atoms in the cluster composition (Figure
9F). By controlling doping, the clusters can eventually be
applied for liver tumor imaging (Figure 9G) without
fluorescence interference from healthy liver tissue (Figure 9H,I).

Zhou et al. demonstrated that large gold nano assemblies
(NIR-II emissive, QY 1.8%, Table 1) with silane and thiolated
PEG ligand coatings could undergo a disassembly process at
weak acidic media due to hydrolytic degradation of cross-linked
Si—O—=Si and transformed/disassembled into smaller nano-
clusters (QY 12%, Table 1). Such a transformation not only
changed the in vivo behavior from biliary excretion to renal
clearance with negligible probe retentions in RES organs but
also resulted in the emission blue shift and a 6-fold enhancement
of obtained clusters (disassembly induced emission enhance-
ment).”"”

Small gold nanoparticles and especially clusters, once
transported to the liver, undergo active secretion from
hepatocytes into biliary canaliculus, and drain into the intestines
and initiate fecal excretion.”*® The biliary excretion pathway of
clusters is beneficial for imaging the gastrointestinal (GI) tract
and related disorders. For instance, Tang et al. utilized large
AuNC@micelle and AuNC/unimer particles for injured
intestinal mucosa in colitis imaging (Figure 97)."** Compared
to healthy mice, the NIR-II signals in the injured mice decayed
gradually with an intensity retention of 38% (Figure 9K) and
remained longer in the inflammatory colon. Encapsulating
metal-doped clusters inside liposomes covered with neutrophile
and red blood cell membranes (for in vivo cloaking) afforded
highly efficient ROS-scavenging NIR-II probe for inflammatory
targetin$, imaging and simultaneous therapeutic treatment of
colitis.”’” Ribonuclease-A protected AuNCs (RNase-A@
AuNCs, QY 1.9%, Table 1) were successfully applied for the
GI tract imaging and monitoring of the probe passage in the
digestive system (Figure 9L).”'® Pathological changes, impedi-
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Figure 10. (A) In vivo wide-field NIR-II fluorescence imaging with i.v. injected AuGSH clusters (4X, ~1.2 mg) excited by an 808 nm laser at a power
density of 70 mW/cm? exposure times 40 ms, 1100 nm long pass filter at different time points (6 to 7 weeks old female Balb/c, n = 3). (B)
Biodistribution in major organs at 24 h (left) and rapid renal excretion profiles (right) after iv administration of the AuGSH probe. The insets represent
NIR-II fluorescence images of collected urine samples at different time points.*> Reproduced with permission from ref 45. Copyright 2022, Springer
Nature. (C) NIR-II imaging of skeletal system postiv injection of AuGSH clusters (40 ug/g weight, 200 uL). Fluorescence images of the upper body
(left picture, nasal bone: NA, maxilla: Mx, mandible: Ma), ribs (middle picture), and hindlimb (right picture) 8.3 h p.i. of clusters (808 nm laser, 140
mW/cm’® power density, 1000 nm long-pass filter, exposure time 3000 ms). (D) Time-dependent changes of SBR defined as the ratio of maximal
fluorescence intensity on the spine (S) and the surrounding soft tissue (BR). (E) Ex vivo fluorescence imaging of spinal pedicles after the removal of the
paravertebral muscles. (F) Analysis of the fwhm and SBRs for vertebrae pedicles: vertical (left) and horizontal (right) cross-sectional intensity profiles.
(G) Scoliosis simulation on the bent spine and (H) horizontal cross-sectional profiles for pedicle and spinal canal differentiation under NIR-II
imaging.22] Reproduced with permission from ref 221. Copyright 2020, Wiley-VCH GmbH. (I) Serum levels of pro-inflammatory cytokines TNF-q,
IL-1f3, IL-6, and PGE, in collagen immunization-induced rheumatoid arthritis (CIA) rats over 6 weeks of treatment with saline, methotrexate (MTX),
Auy,, and Auy,—P clusters and nonimmunized normal rats (healthy). (J) Histopathological images of joint sections from healthy and CIA rats. (K)
Microcomputed tomography (micro-CT) images of metatarsal bone and ankle articulations in CIA rats.”** Reproduced with permission from ref 222.
Copyright 2023, John Wiley and Sons.

ment of peristaltic movements of clusters, and hence disrupted 0.65%, Table 1) and loaded with methylene blue as a quencher
NIR-II signal distributions along the colon endorsed the demonstrated pH-responsive gastric acid imaging in feeding,
noninvasive localization of the intestinal tumor and high fasting, acid secretion-inhibited drug, and ulcer models.*?° In
accuracy. AuNCs encapsulated with (poly)dopamine (QY vivo recovery of cluster fluorescence, facilitated by the
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Figure 11. (A) Crystallographic structure of the Au, cluster. Color codes of the elements: Au (0) in the core: yellow, Au (I) in the staple motif: orange,
S in the staple motif: green. (B) Postfunctionalization of AuGSH cluster with phosphorylcholine ligand (PC ligand) resulted in the formation of AuPC
conjugate. For clarity, only one staple motif and adjacent gold core atoms are shown. For simplicity, the conjugation of PC ligand to glycine carboxylic
group is omitted and it is only shown with y-glutamate carboxylic functional group of GSH. Wide-field NIR-II fluorescence images (excited by an 808
nm laser at a power density of 70 mW/cm?, exposure times 20 and 40 ms for AuPC and AuGSH, respectively, 1100 nm long pass filter) of (peri)
intratumoral (i.t.) injected (C) AuPC conjugate (1X, ~300 ug) and (D) AuGSH cluster (1X, ~300 yg) probes into a 4T1 tumor bearing mouse at
different time points. Normalized fluorescence intensities (left Y axes) and lymph node signal-to-background (LN/B) ratios (right Y axes)
postinjection of (E) AuPC conjugate and (F) AuGSH cluster.*’ Reproduced with permission from ref 45. Copyright 2022, Springer Nature. (G) The
chemical structures of the thiolated CS and anionic ligands used for the preparation of Au,5(SR’),(SR") 5_, clusters. CS: thiolated zwitterionic ligand,
MUA: 11-mercaptoundecanoic ligand, MUP: 11-mercaptoundecylphosphonic ligand, and MUS: 11-mercaptoundecylsulfonic ligand. (H) In vivo
distribution of dual-ligand-capped AuNCs with different proportions of anionic ligands after i.v. injection of AuNCs (5 mg kg™") for 6 h (S, supine
position; P, prone position). 40—60% MUA feeding ratio in AuNCs afforded effective accumulation in the LNs located in the sciatic area (labeled with

green ovals, 30 ms, 20 mW/cm?).>*® Reproduced with permission from ref 226. Copyright 2022, American Chemical Society.
protonation of polydopamine and release of methylene blue, for various organs can be tuned in a controlled manner in
enabled NIR-II imaging of the stomach without the need for preclinical mouse models.
dissection. 3.3.4. Skeletal System Imaging. Bone scintigraphy is
Thus, by utilization of various strategies for cluster size vastly employed for the evaluation of bone pathologies during
manipulation, the imaging and diagnostic properties of clusters growth and remodeling, bone metastasis, and diseases.”®” Planar
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imaging largely relies on the intravenous administration of 99m-
Tc diphosphonates radiopharmaceuticals as bone targeting
agents specifically binding to the hydroxyapatite (HA) crystals
in the bone matrix.”*” As an imaging modality and diagnostic
tool in clinical practice and nuclear medicine, bone scintigraphy
has been instrumental; however, it does raise many concerns
regarding radioisotope administration for certain groups of
patients. Thus, developing safer and cheaper imaging agents
with high specificity toward the skeletal system remains a
challenge.

Recently, NIR-II fluorescence imaging of bones with
polymeric nanoparticles,””’ down-conversion rare-earth nano-
particles’”" and carbon nanotubes''" allowed for noninvasive
and long-term monitoring of bone pathology and diseases. It has
been shown that glutathione protected Au,s clusters®**'
(AuGSH, QY 0.27%, Table 1) and phosphorylated Auy,
clusters®** (Auy,—P, QY ~ 4.5%, Table 1) have strong affinities
in accumulating and nonspecifically (in case of AuGSH) or
specifically (in case of Au,,—P) binding to the skeletal system in
murine models regardless of administration route.’”**' The
strong binding of clusters to bones was mostly attributed to the
strong affinity of the GSH and phosphate ligands toward HA of
the bone matrix based on in vitro experiments.”*"*** Although
these clusters are easily renal clearable (Figure 10A), a
substantiable amount (~25%) does remain in the body strongly
bound to the skeletal system (Figure 10B).* The mandible,
cervical vertebrae, ribs, sternum, femur, lumbar, knee, and pelvis
of the skeletal system can be visualized in the NIR-II window
(Figure 10C) with high resolution and extraordinary imaging
quality without interference of internal organs (due to fast renal
clearance) under intact skin (skin removal is usually performed
for in vivo imaging with other bone affinity fluorophores).”*" All
the bony structures in animals can be visualized within minutes
postinjection of the AuGSH cluster (Figure 10C), thus
drastically shortening the wait times usually acquired for other
imaging modalities. High spine to normal soft tissue (SBR)
ratios of >4 can be achieved 24 h postinjection of AuGSH
clusters with a gradual decrease in intensity over the course of
weeks (Figure 10D). Ex vivo imaging of spinal pedicles (Figure
10E) and SBR analyses on vertical and cross-sectional profiles
(Figure 10F) allowed us to distinguish different pedicles and
differentiate them from spinal canal, respectively. More
importantly, the SBR differences between pedicles and spinal
canal could be a way of simulating scoliosis under NIR-II
imaging without the risk of nerve damaging during spine pedicle
screw implantation (Figure 10G,H). Lastly, NIR-II imaging of
bones can be developed into a diagnostic tool for imaging,
evaluation of progression, or treatment efficacy in various bone
diseases, e.g, rheumatoid arthritis. The specific targeting and
accumulation of Au,,—P clusters in bones and joints (post 24 h
of injection) facilitated in vivo NIR-II imaging and diagnosis, as
well as the simultaneous monitoring of therapeutic efficacy in
rheumatoid arthritis rats following cluster administration.”*”
Additionally, these clusters demonstrated efficacy in down-
regulating pro-inflammatory cytokines TNF-q, IL-1f, IL-6, and
PGE, production (Figure 10I) and reversing bone erosion and
joint deformities (Figure 10],K).

3.4. Preclinical Cancer Imaging and Treatment

3.4.1. Sentinel Lymph Node Imaging. Tumor metastasis

remains a hallmark in current oncology and accounts for more

than 90% of deaths in cancer patients worldwide.””> While
surgical resections of primary tumors and immunochemothera-
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pies afterward vastly improve patient outcomes, the metastatic
spread of intravasated primary cells through circulatory system
and colonization at a distant organ remains unpredictable and
imminent.””>*”* Targeted molecular therapies against tumor
progression and metastasis play a crucial role in preventing
cancer recurrence and improving patient outcomes undergoing
invasive surgical interventions and chemotherapeutic treat-
ments.””**’® Cancer metastasis through lymphatic spread is
usually initiated in the first draining node, known as the sentinel
lymph node (SLN). SLN biopsy (SLNB)>"” therefore is widely
accepted oncological procedure for tumor metastasis evaluation
and cancer staging that involves the peritumoral administration
of technetium-99m radioisotope (lymphoscintigraphy),””**””
indocyanine green (NIR-I dye)”>** and visual dye methylene
blue (MB).**” However, the established SLN detection methods
sometimes show high mis-detection rates and suffer from
harmful radiation exposure (in case of lymphoscintigraphy) and
side effects (in case of organic dyes).

Recently, as an alternative to clinically approved ICG dye,
NIR-II emissive gold clusters with specifically engineered ligand
shells have been developed as effective LN-targeting agents in
vivo.*?****” Lymph node draining performances of NIR-II
AuNCs were reported to drastically improve when modifying
the surface coating of Au,5(SR),¢ clusters by postsynthetically
coupling to another ligand* or introducing secondary thiolated
ligand during synthesis.””® For instance, covalently attaching
phosphorylcholine ligand (PC ligand) to Au,s(GSH); clusters
(abbreviated as AuGSH, QY 0.27%, Table 1) via EDC chemistry
(AuPC clusters, QY 0.38%, Table 1, Figure 11A,B), the
intratumorally injected NIR-II emissive AuPC clusters showed
drastically improved LN draining properties in preclinical breast
(4T1 tumor) and colon (CT26 tumor) cancer models.*> The
surface coating with biocompatible hydrophilic PC ligand
extended the SLN detection window up to ~2 h (Figure 11C)
compared to the parent AuGSH cluster (detection window ~10
min, Figure 11D) or ICG (detection window exhibited
variability across different groups, introducing uncertainty in
the imaging results) thus allowing sufficient time from probe
administration to LN detection with ~2-fold higher lymph
node-to-background (LN/B) ratios (Figure 11E, F). Besides,
the AuPC clusters exhibited significantly reduced trapping and
retention at both the injection site and throughout the body
relative to ICG and AuGSH clusters. This behavior underscores
their pronounced stealth characteristics, attributed to the surface
phosphocholine ligands, which effectively minimized non-
specific interactions with proteins, cells, and tissues. The
reduced biofouling conferred by these ligands enhances the
biocompatibility and circulation kinetics of the AuPC clusters,
thereby mitigating the undesired accumulation in tissues or
organs.

LN draining properties of gold nanoclusters are directly
influenced by the surface charge state of the clusters. For
example, in mixed ligand Au,5(SR”),(SR')5_, clusters (where
SR”s are either MUA: 11-mercaptoundecanoic ligand, MUP:
11-mercaptoundecylphosphonic ligand or MUS: 11-mercap-
toundecylsulfonic ligand, while SR" is C5: thiolated zwitterionic
ligand) LN draining properties strongly influenced by the feed
ratio of the second SR” ligand and the charge state of overall
cluster (QY 1.48%, Table 1, Figure 11G).”* For example, at full
coverage of the zwitterionic SR’ ligand, the surface charge
density is effectively neutralized, leading to superior antifouling
properties and significantly reducing protein corona formation.
As the proportion of anionic SR” ligands increases, the net
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Figure 12. (A) NIR-II imaging of mice at various time points post-i.v. injection of CD-AuNCs (nontarget) and Ab@AuNCs (target). The circles
indicate the tumor sites. (B) Time-dependent tumor accumulation of clusters after injection. (C) Ex vivo NIR-II images and PL intensity comparison
of excised tumors post-24 h of injection. All NIR-II images were acquired by InGaAs camera upon 808 nm laser excitation (0.2 W/cm?).>*®
Reproduced with permission from ref 223. Copyright 2020, Wiley-VCH GmbH. (D) Schematic representation of AUNC@AS1411 with discrete DNA
valences (top) and valence-dependent subcellular transport (bottom) in the tumor. (E) NIR-II images (lateral position) of 4T1 tumor-bearing mice at
various time points postiv injection of probes. The yellow and gray arrows indicate the tumor location and kidney, respectively.”*> Reproduced with
permission from ref 225. Copyright 2023, Wiley-VCH GmbH. (F) NIR-I and NIR-II images of 4T1 tumor-bearing mice at various time points post-i.v.
injection of BSA@Au. (G) Comparison of SBR between in vivo NIR-I and NIR-II images of the 4T1 tumor. NIR-I imaging was performed using an
excitation wavelength of 675 nm and an emission wavelength of 800 nm. For NIR-II imaging, the conditions included an excitation wavelength of 808
nm, a long-pass filter set at 1000 nm, and an exposure time of 800 ms.”*’ Reproduced with permission from ref 229. Copyright 2022, MDPL. (H)
Intracellular GSH level in 7404 cells treated with AuNCs-Pt conjugates. (I) In vivo LUC, NIR-I and NIR-II imaging at 12 h post-ip administration of
AuNCs-Pt (Pt: 3.5 mg/kg). (J) Pt biodistribution in the heart (H), liver (Li), spleen (S), lung (Lu), kidney (K), and tumor (T) post-12 h injection.”**
Reproduced with permission from ref 224. Copyright 2020, American Chemical Society.

surface charge of the cluster shifts toward more negative values, 50% MUA feed) near the afferent lymphatics, in subcapsular
thereby enhancing protein corona formation and prolonging sinus and follicular area thus making them excellent theragnostic
systemic retention time in vivo. A 40—60% feed ratio of anionic
ligands provided higher LN signals in vivo. A further increase of
the second ligand introduced more negative charges and
induced instability in vivo, causing protein—corona complex
formation (Figure 11H). Consequently, the nanocluster

agent for LN imaging and LN-invaded tumor metastasis
treatment.

Proteins have long been exploited as capping ligands for the
synthesis of NIR-I AuNCs. In early 2021, Tang et al. reported

biodistribution profiles switched from renal clearance to biliary the first NIR-II gold clusters protected with bovine serum
excretion without draining to LNs. Moreover, ex vivo NIR-II albumin (BSA, QY 1.1%, Table 1), a major circulatory
imaging of the LN histological slices located the clusters (with protein.””” Intradermally administered BSA-capped AuNCs
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Figure 13. (A) In vivo NIR-II imaging-guided tumor resection was performed on a mouse bearing a 4T1 tumor on the right hindlimb (3 to 6-week-old
female Balb/c, n = 8). The tumor was intratumorally administered with AuPC clusters in PBS buffer (pH 7.4, 1X, 300 ug). Presurgical, intraoperative,
and postsurgical NIR-II imaging were conducted using a wide-field NIR-II fluorescence imaging system, with excitation provided by an 808 nm laser at
a power density of 70 mW/cm® Exposure times were 3 and 7 ms for 1X and 5X magnifications, respectively, using a 1100 nm long-pass filter. The
tumor area, indicated by a rectangle, was imaged at SX magnification (exposure time 7 ms). For surgical resection, the skin covering the tumor was
meticulously excised to allow NIR-II imaging of the exposed tumor, which was then removed in one step. Scale bars are 1 cm and 2 mm for 1X and 5X
objectives, respectively. (B) The tumor-to-background tissue (TBR) ratio was calculated using the fluorescence intensity of tumor and nearby
background after resection.”®" Reproduced with permission from ref 201. Copyright 2024, National Academy of Sciences. (C) Schematic illustration
of BSA@Au nanoclusters as a PDT agent for cancer treatment.”*” Reproduced with permission from ref 229. Copyright 2022, MDPL (D) Wide-field
NIR-II imaging of mice before and after PTT, as well as at later time points, using an 808 nm laser excitation at a power density of 70 mW/cm? with a
1100 nm long-pass filter, exposure time was set to 40 ms. The insets display low-exposure (1 ms) NIR-II images. Arrows indicate the tumor and
inguinal lymph node (iLN). A 1X objective; scale bar is 1 cm. (E) Thermal camera images of mice before and during PTT treatment; scale bar is 1 cm.
(F) Color pictures of mice before and after PTT, showing obvious morphological changes on the tumor surface 1 day post-treatment, with noticeable
scab formation. (G) Temperature and tumor volume changes in (H) AuPC and (I) control groups during and after post-PTT treatment, respectively.
(J) Kaplan—Mesier survival analyses of AuPC and control groups.””* Reproduced with permission from ref 201. Copyright 2024, National Academy of
Sciences.
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visualized the sacral and popliteal lymph nodes for an extended
period (up to 3 days).

3.4.2. Tumor Imaging. The treatment efficacy of murine
and clinical tumors relies on the efficient delivery of therapeutic
agents or drug formulations to the tumor microenvironment via
systemic administration with negligible “off-target” toxicity.
Passive accumulation of anticancer drugs, fluorescent nano-
particles and organic dyes in solid tumors is mostly governed by
the extravasation from the aberrant and leaky vasculature (EPR
effect)”®" which results in low drug concentrations within tumor.
In contrast, active targeting relies on directed delivery of drug-
nanoparticle conjugates to overexpressed receptors on cancer
cells thus assuring higher drug dosage availability in
tumors.”"*** Such targeting efficacy difference between
passive and active delivery routes can directly be visualized on
the molecular level with NIR-II imaging. Not only NIR-II
imaging provides higher tissue-to-background (TBR) contrast
compared to the NIR-I window, with active targeting at least an
order of magnitude higher tumor-to-normal tissue (TNT) ratios
can be achieved. High TNT values are prerequisites and
qualitative measures for effective targeting assessment. Quan-
tum dots,”>!2>128:285 organic dyes,28 287 and rare-earth nano-
particles’®"*%**%?% yiith targeting moieties have been widely
employed in preclinical research for tumor targeting, achieving
TNT values of >40 for imaging in the NIR-IIb (>1500 nm)
window.'”® In contrast, tumor targeting properties of gold
nanoclusters are scarcely studied partially because of their small
sizes, short blood circulations, and fast renal clearance. Although
passive targeting with AuNCs via the EPR effect is ineffective,
active targeting of AuNCs to tumors via conjugation to
antibodies (directed targeting) or proteins (mostly altering the
overall cluster size) can be achieved.

In 2021 Song et al. reported NIR-II emissive gold nano-
clusters (QY 0.11%, Table 1) using thiolated cyclodextrin as
both the ligand for cluster passivation and binding moiety for
adamantly modified BSA (Ada-BSA) and anti-CD326 antibody
(Ada-aCD326) via a host—guest complexation strategy.””” The
antibody-cluster formulation imparted active targeting proper-
ties (Figure 12A) providing ~4-fold higher gold content (Figure
12B) and ~3-fold stronger NIR-II cluster signals (Figure 12C)
in a breast (MCF-7 tumors) cancer model. In breast (4T1
tumors) cancer model, active tumor targeting has been realized
using sulfur functionalized AS1411 DNA aptamers (QY 0.2—
0.4%, Table 1) with various valences in their designed sequences
(Figure 12D, top).”*® In vitro, subcellular distributions of the
AuNC@AS1411 were directly dependent on the DNA valences:
moderate valences lead to the binding of the AuNC@AS1411 to
the nucleolin protein in the nucleus, while higher DNA valences
lead to the affective cell membrane binding (Figure 12D,
bottom). In vivo, the designed probe was efficiently transported
to the tumor site upon i.v. injection with strong NIR-II signals in
the tumor persisting up to 12 h (Figure 12E).

Complexation of BSA to clusters”” or directly preparing BSA-
capped clusters””' did induce targeting properties to some
extent (much lower TNT values), it is passive in nature and is
mostly due to the change in the apparent particle size to favor
EPR effect and prolonged in vivo pharmacokinetics. For
instance, BSA-AuNCs (QY 3.5%, Table 1) were able to
passively target breast (4T1 tumors) cancer model and imaged
in vivo in both NIR-I and NIR-II windows*’ (Figure 12F)
reaching higher tumor signal at 6 h**” and 10 h**’ post-iv.
injection. A high SBR of ~7.3 with clearly visualized tumor
margin could be observed for NIR-II window (Figure 12G).**
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An SBR of 8.2 was reached with BSA-AuNCs loaded with Gd
ions (QY ~ 3%, Table 1) allowing simultaneous NIR-II and
MRI imaging of tumors.””" Similar targeting properties were
achieved (TNT of ~7) when small ligand protected clusters
were linked to Cy7 molecules”” or Neutral Red (NR, QY 0.21%,
Table 1)*** via click reactions to afford a dye molecule-loaded
AuNCs probes. In a recent study from the Xie group, a novel
strategy for enhancing the tumor-targeting efficiency of gold
nanoclusters was developed using organotropic engineering,'”’
This approach involved modifying the surface chemistry of
AuNCs through electrostatic interactions with positively
charged chitosan, followed by coassembly with Gd**. These
modifications significantly extended the circulation time of
AuNCs and promoted their preferential accumulation of breast-
cancer-infected (LUC* 4T1 tumors) orthotopic lung tumors,
addressing the challenge of rapid renal clearance. In vivo studies
demonstrated that these engineered AuNCs enabled high-
contrast tumor imaging with SBR of ~8, underscoring their
potential for noninvasive cancer diagnostics and targeted
imaging applications.

Drug-loaded clusters can also increase treatment efficacy by
overcoming the tumor resistance toward chemotherapeutic
drugs. One of the major obstacles for platinum drugs (cisplatin:
CDDP, oxaliplatin: OxaPt, carboplatin: CarPt) resistance in
cancer patients is sought to be triggered by overexpression of
intracellular glutathione which binds to anticancer drugs and
reduces the treatment efficacy.”” Exogenous AuNCs (QY
0.04%, Table 1) were shown to scavenge and deplete GSH levels
in cells (Figure 12H) and sensitize the drugs in vitro thus making
even the resistant cells susceptible to treatment.””* AuGSH-Pt
prodrug formulations upon intraperitoneal administration to
xenograft high-grade serous ovarian cancer model (HGSOC
model, LUC* OVCARS tumors) assured effective accumulation
of the probe inside the tumor (Figure 12I) with ~4-fold higher
Pt amounts compared to free CDDP (Figure 12J). In orthotopic
tumor models, the AuGSH—Pt conjugate effectively suppressed
tumor growth and extended the survival rate without significant
systemic toxicity.

For more details on recent advances in tumor diagnosis and
treatment using gold nanoclusters, the reader is referred to a
recent comprehensive review by Zhang and colleagues.””"

3.4.3.Image-Guided Surgical Resections and PDT/PTT
Treatment. Once the tumors are successfully targeted
(passively or actively), subsequent surgical or treatment actions
can be followed. Alternatively, intratumoral (i.t.) injections may
be employed for probes with insufficient systemic targeting
abilities owing to their small sizes. For example, we have recently
shown that AuPC clusters (QY 0.38%, Table 1) can successfully
and uniformly distribute inside the preclinical breast (4T1)
tumor bed <3 min postintratumoral administration (Figure
13A).%”" Due to its stealth nature, ~33% and ~31% of AuPC
and AuGSH clusters respectively, penetrated the tumor
interstitium and homogeneously spread out within the tumor
bed, evidenced by the NIR-II signals in the extracted tumor
interstitial fluid (TIF) samples and significant decrease in
brightness in the excised tumors before and after centrifuga-
tion.””" In contrast, only ~6% of ICG was extracted into the TIF,
while the tumor became even brighter due to strong association
of ICG with tumor cells/proteins.””> A high TBR ~50 (Figure
13B) and homogeneous NIR-II signal across the tumor
provided sufficiently improved tumor margin visualization and
subsequent surgical resection. Notably that for intratumoral
injection, few probes or drugs are known to distribute
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homogeneously inside tumors as most injected particles stayed
predominantly localized near the injection site, hindering tumor
imaging or therapeutic effects.

The gold nanoclusters served as ghotosensitizers for photo-
dynamic therapy (PDT)*®**’~**" or heat generators for
photothermal therapy (PTT)*"** for simultaneous NIR-II
imaging and breast (4T1 tumors) cancer treatment applications.
For example, BSA-protected AuNCs after passively targeting the
tumors, showed catalase-like activity that decomposed endog-
enous H,0, and converted released oxygen to singlet oxygen
upon 808 nm laser irradiation (Figure 13C).”*”**’ Thus,
promoting sufficient ROS generation in hypoxic tumors for
PDT treatment results from drastically inhibiting tumor growth
to even complete eradication. The assembly of AuNCs-
decorated up-conversion and down-conversion nanoparticles,
loaded with doxorubicin for chemotherapy and methylene blue
for PDT, conferred multimodal theragnostic capabilities for
tumor treatment.”*’ Additionally, ferrocene-loaded AuNCs
were effectively utilized as chemotherapeutic agents, demon-
strating the potential to generate reactive oxygen species (¢OH
in particular) from endogenous hydrogen peroxide within the
breast (MCF-7) tumor microenvironment.”*> Atomically
precise Auys”’" (PC ligand, QY 0.38%, Table 1) and Au,,*”*
(MBA ligand, QY ~ 4.5%, Table 1) clusters showed high
photothermal conversion efficiencies making them ideal
candidates for PTT applications in breast (4T1 tumors) cancer
model (Figure 13D). By leveraging the homogeneous
distributions of AuPC clusters inside the tumor post intratumor
administration, we have demonstrated its capability to uniformly
heat the tumor up to 60 °C upon 808 nm laser irradiation, thus
generating sufficient heat for tumor’s thermal ablation (Figure
13E,G) and scab formation (Figure 13F).>%! Following PTT,
the tumor volume drastically reduced, and overtime disappeared
(Figure 13H), unlike the control group (Figure 13I), thus
assuring 95%°" (Figure 13]) survival rates. Moreover, intra-
venously injected PbS/CdS core—shell quantum dot'*>'**—
Annexin V conjugates demonstrated a strong NIR-IIb signal
localized to the tumor periphery 24 h post-PTT, with an absence
of signal in the core, indicative of PTT-induced cellular death
and vascular disruption. Furthermore, a 4-fold higher TNT ratio
calculated for the AuPC-mediated PTT group compared to the
control groups indicated that in vivo NIR-II molecular imaging
of Annexin V enabled noninvasive, longitudinal assessment of
apoptosis. Ex vivo flow cytometry and TUNEL staining of
excised tumors 24 h post-PTT further corroborated the elevated
levels of cellular apoptosis within tumor tissues.

Au™* clusters conjugated to Cy7*” or small-molecule immune
checkpoint inhibitor NLG919™ through a singlet oxygen-
cleavable linker exhibited both PDT and PTT properties, while
also allowing controlled release of NLG919 for cancer
immunotherapy in breast (4T1 tumors) cancer model. In vivo,
the PDT/PTT combined with the immunotherapeutic efficacy
of the clusters generated reactive oxygen species (ROS) in
primary tumors for PDT and elevated temperatures for PTT,
leading to tumor ablation. The release of NLG919 activated the
systemic immune response by upregulating the proliferation and
activation of cytotoxic T lymphocytes, thereby suppressing the
growth of both primary and distant tumors.

4. SUMMARY AND OUTLOOK

This comprehensive review highlights recent advancements in
atomically precise gold nanoclusters with a primary focus on
their photoluminescent properties. We provide an in-depth
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discussion of the fundamental mechanisms governing photo-
luminescence pathways and strategic approaches for modulating
radiative relaxation kinetics to enhance emission yields for
fluorescence imaging. Furthermore, we outline the nonradiative
decay processes that govern photothermal effects in clusters and
that are crucial for effective photothermal therapy. However,
here we aim to address the key challenges and potential
solutions, beginning with the scalable synthesis required for
mass production, followed by the precise tuning of their
physicochemical properties, and concluding with the potential
obstacles during their clinical translation.

4.1. Current Challenges in the Synthesis of NIR-Il Emissive
Molecular Gold Nanoclusters

Despite significant advancements in the synthesis of atomically
precise gold nanoclusters, several critical challenges remain that
hinder their widespread application in NIR-II imaging and
biomedical research. The main obstacle in AuNC synthesis is
obtaining atomically precise nanoclusters with a high yield.
Unlike larger gold nanoparticles, whose properties, are size-
dependent but not atomically defined, AuNCs require precise
control at the atomic level to ensure uniformity in the electronic
structure, optical properties, and stability. The formation of
atomically precise clusters is highly sensitive to reaction
conditions, including temperature, ligand-to-metal ratio, and
reaction time. Small variations in reaction conditions can lead to
polydisperse clusters with different nuclearities, necessitating
additional postsynthetic purification steps to isolate atomically
precise single clusters sizes. Besides, many synthetic approaches,
such as ligand exchange and etching methods, yield only small
quantities of desired AuNCs, limiting their large-scale
production for applications. Although significant progress has
been made in the synthesis and atomic-level control of
composition for organic solvent-soluble gold nanoclusters,
largely due to the greater availability of protective ligands and
the ease of structural functionalization, achieving similar control
for water-soluble clusters remains considerably more challeng-
ing. One major limitation is the restricted selection of water-
soluble ligands suitable for stabilizing clusters during the
synthesis. Additionally, pH regulation in aqueous solutions
introduces another layer of complexity as it profoundly
influences ligand binding, nucleation dynamics, and the overall
stability of the clusters. Reproducibility is another hurdle in
scaling up synthetic procedures for the mass production of gold
nanoclusters. Variations in reaction conditions can lead to
inconsistencies in the cluster size, composition, and optical
properties. Maintaining consistent purity and preventing
unwanted aggregation require fine-tuned control over the
reaction kinetics, posing further challenges for large-scale
production. Addressing these issues will require the develop-
ment of robust, reproducible protocols that can be translated
from the laboratory to the industrial-scale synthesis. Therefore,
the realization of a truly selective “one synthesis, one size”
approach remains a major challenge. We remain hopeful that
future efforts, driven by extensive and systematic investigations
into reaction conditions, will bring us closer to achieving precise
size control in gold nanocluster synthesis for industrial mass-
production.

4.2, Current Challenges in Modifying the Electronic and
Optical Properties of NIR-1l Emissive Molecular Gold
Nanoclusters

The optical properties and stability of AuNCs are heavily
influenced by ligand—metal interactions. However, designing
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ligands that provide both strong metal binding and desirable
optical properties remains a major challenge. Many ligands used
in AuNC synthesis (e.g., thiols and phosphines) can undergo
exchange reactions in biological environments, leading to
instability and aggregation. While strong metal—ligand inter-
actions improve stability, they can also introduce nonradiative
decay pathways that quench fluorescence. Most reported
AuNCs and currently used ligands favor emissions in the visible
or NIR-I range with limited success in pushing the emission
beyond 1000 nm into the NIR-II window. The challenge lies in
fine-tuning the electronic structure of AuNCs to achieve lower-
energy transitions while maintaining a high quantum yield.
Unlike semiconductor quantum dots, AuNCs rely on discrete
molecular orbitals rather than extended band structures, limiting
the ability to red-shift emissions. One significant limitation of
AuNCs is their inherently low quantum yields in aqueous
environments. For example, Au,s nanoclusters have shown
potential as effective NIR-II probes for fluorescence imaging in
small animals; their emission is typically peaked at around 1100
nm, with a relatively low quantum yield of 0.3%. This limited
quantum yield constrains their sensitivity and effectiveness for in
vivo imaging applications, emphasizing the need for further
optimization to enhance fluorescence efficiency and achieve a
further redshift in the PL peak toward the NIR-IIb window. Such
optimization would enable enhanced tissue penetration,
reduced scattering, and minimized background autofluores-
cence, thereby improving the signal-to-noise ratio and overall
imaging performance. Similar to semiconducting QDs, as the
energy gap decreases, the emission of gold nanoclusters
undergoes a redshift. In fact, it has been demonstrated that
doping the cluster core with heteroatoms is an effective strategy
for modulating the energy gap, thereby enabling the tuning of
photoluminescence in the desired direction. Meanwhile, the
selection and optimization of ligands can significantly enhance
the quantum yield, further improving the overall fluorescence
efficiency. Similarly, increasing the size of the cluster allows for a
red shift in emission, as the larger clusters typically exhibit
smaller energy gaps. The Jin group has recently developed
synthetic protocols for preparing rod-shaped nanoclusters that
exhibit plasmonic-like absorption features, which can be further
tuned to the NIR-IIc window. However, their PL properties
have yet to be fully explored. Additionally, these clusters are
soluble in organic solvents, and potential applications will likely
involve their transfer into aqueous environments via their
encapsulation into micellar vehicles. Therefore, achieving highly
emissive gold nanoclusters with emission beyond 1100 nm
remains a significant challenge. Controlling the synthesis to tune
the optical properties and size with high precision is critical,
especially when the demands for in vivo applications. Given the
extensive focus on optimizing the properties of nanoclusters for
bioimaging, this challenge aligns with our goal of enhancing their
fluorescence efficiency while simultaneously shifting their
emission into the NIR-IIb or even the NIR-IIc subwindows
for better tissue penetration and lower autofluorescence. It will
be interesting to see how developments in ligand engineering,
doping strategies, and precise size control can overcome this
hurdle in the future.

4.3. Current Challenges of NIR-II Emissive Molecular Gold
Nanoclusters in Biomedical Applications

In this comprehensive review, we highlighted the recent
advancements in near-infrared II (NIR-II) imaging utilizing
atomically precise gold nanoclusters, i.e.,, molecular clusters.
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Gold nanoclusters offer significant advantages over carbon
nanotubes, quantum dots, and small organic dyes due to their
superior biocompatibility and smaller sizes. Unlike biliary
excretable SWCNTs and QDs, which can remain in the liver
and intestines longer, posing a higher risk of adverse effects, gold
nanoclusters are rapidly filtered through the kidneys, thus
minimizing the likelihood of long-term accumulation in the
body and significantly reducing the risk of potential acute
toxicity. These probes enable dynamic imaging of renal function
over time, offering valuable insights into renal clearance rates
and efficiency. This capability is essential for monitoring kidney
health and disease progression, particularly in the early stages
when standard imaging modalities and diagnostic tests may not
provide adequate information. Compared with small organic
dyes, molecular gold nanoclusters exhibit significantly enhanced
long-term stability, resistance to photobleaching, and minimal
interaction with tissues, thereby ensuring a much lower
background signal. Unlike QDs and CNTs, the short circulation
time of gold nanoclusters limits their efficacy for systemic tumor
targeting. Thus, refining synthetic strategies to produce long-
wavelength emissive gold nanoclusters with significantly
improved blood circulation could greatly enhance their tumor
targeting properties, achieving higher TNT ratios. This
advancement could pave the way for designing more effective
treatment options and rendering them ideal for vaccine
applications. Recent studies have shown that doping clusters
onto the surface of larger nanoparticles or preparing protein—
cluster complexes can enhance their circulation half-life.
However, these processes have not yet been fully refined and
require further modifications and optimization to achieve
consistent and efficient results. Long-circulating clusters would
significantly benefit cancer-targeting interventions by providing
an extended time for tumor accumulation, improving the overall
efficacy of targeting strategies, and enhancing therapeutic
outcomes. We have demonstrated that AuNCs hold great
promise for cancer treatment, serving as both imaging probes
and photothermal therapy agents. This dual-functional platform
enables enhanced diagnosis and treatment, particularly when
administered locally to targeted areas, allowing for more precise
and effective therapeutic interventions and monitoring of
treatment. However, for PTT applications of gold nanoclusters,
further synthetic advancements are needed to increase photo-
thermal conversion rates, potentially at the expense of
fluorescence, to optimize their effectiveness in cancer therapy.
Therefore, there is a trade-off between fluorescence imaging and
thermal effects, which must be carefully balanced, depending on
the specific application being targeted. As we have already
mentioned above, one significant limitation of AuNCs is their
inherently low quantum yields in aqueous environments.
Therefore, there is a strong emphasis on manipulating their
properties and structures to achieve the maximum quantum
efficiency for bioimaging.

4.4, Potential Applications of AUNCs in Other Imaging
Modalities

AuNCs exhibit unique optical properties that make them
promising candidates for potential time-domain in vivo imaging
applications. Their ultrasmall size results in discrete electronic
states, leading to fluorescence emission that is highly dependent
on both cluster size and surface chemistry. One of the key
advantages of AuNCs in time-domain imaging is their tunable
fluorescence lifetime, which can range from nanoseconds to
microseconds depending on the core structure, ligand environ-
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ment, solvent interactions, and local biological milieu. Their
long-lived fluorescence lifetimes, especially when modified with
specific surface ligands, can significantly reduce background
autofluorescence in biological tissues, enhancing signal-to-noise
ratios for improved imaging contrast. This property is
particularly useful in detecting subtle biochemical changes in
the tumor microenvironment, monitoring metabolic processes,
and studying the real-time pharmacokinetics of nanomedicines.
This property enables their potential use in fluorescence lifetime
imaging microscopy, where lifetime variations can provide
molecular and environmental insights independent of fluo-
rescence intensity. However, combining the fluorescence
lifetime imaging of AuNCs with their fluorescence imaging
tuned for the NIR-II window is still far from realization due to
several fundamental and technical challenges. One major
limitation is the relatively weak fluorescence quantum yield of
AuNCs in the aqueous phase in the NIR-II region, which often
results in lower photon counts, making accurate lifetime
measurements challenging, especially in deep-tissue imaging,
where scattering and absorption further attenuate the signal.
Additionally, the fluorescence lifetimes of AuNCs are highly
dependent on their surface chemistry, aggregation state, and
surrounding biological environment, leading to variability that
complicates precise lifetime quantification in complex in vivo
settings. Furthermore, existing time-domain detection systems
optimized for FLIM predominantly operate in the visible to
NIR-I range (400—900 nm), whereas efficient time-resolved
detection in the NIR-II region (1000—3000 nm) remains
technologically underdeveloped. The limited availability of high-
sensitivity detectors, such as superconducting nanowire single-
photon detectors (SNSPDs) and high-efficiency InGaAs-based
time-resolved photodetectors, further restricts the effective
implementation of NIR-II FLIM. Additionally, challenges in
designing NIR-II fluorophores with both long fluorescence
lifetimes and high brightness must be addressed to fully exploit
time-gated imaging for deep-tissue applications. Overcoming
these hurdles will require advances in cluster engineering to
enhance the NIR-II fluorescence quantum yield, improvements
in time-resolved detection technologies, and the development of
biocompatible probes with optimized lifetime properties for in
vivo imaging. Despite these challenges, the combination of
FLIM and NIR-II fluorescence imaging holds immense potential
for high-contrast, functional imaging of deep tissues, enabling
new possibilities in disease diagnostics, neuroimaging, and
theragnostic applications.

4.5, Potential Clinical Translation of NIR-Il Emissive
Molecular Gold Nanoclusters

The potential clinical translation of NIR-II emissive molecular
gold nanoclusters holds great promise for advancing noninvasive
bioimaging techniques, offering enhanced tissue penetration,
reduced scattering, and minimal autofluorescence. By leveraging
their unique optical properties, these clusters could significantly
improve the accuracy of early disease detection, guide surgical
procedures, and enable the real-time monitoring of therapeutic
interventions. However, successful clinical translation will
require addressing challenges in synthesis, stability, biodistribu-
tion, and optimization of their fluorescence and photothermal
properties for specific medical applications. The real-life
application of NIR-II emissive molecular gold nanoclusters
requires several key translational steps. (i) The synthesis of
nanoclusters needs to be scaled up for cost-effective mass
production, addressing current challenges related to reproduci-

5218

bility and consistency. This would involve refining synthetic
protocols for large-scale production while maintaining high-
quality and size-controlled nanoclusters. (ii) Optimizing their
biocompatibility, stability, and biodistribution is essential for
safe in vivo applications. Developing suitable strategies for
functionalization and surface modification will be critical to
ensure their stability in biological environments and enhance
tumor-targeting capabilities. (iii) Rigorous preclinical studies
must be conducted to assess the efficacy and safety of these
nanoclusters for fluorescence imaging and disease treatment.
This includes long-term toxicity studies, pharmacokinetics, and
biodistribution analysis to ensure minimal toxicity and effective
targeting. (iv) The clinical translation of these nanoclusters will
involve regulatory approval processes, including compliance
with Good Manufacturing Practices (GMP) for clinical-grade
nanomaterials and demonstrating their cost-effectiveness
relative to current diagnostic and therapeutic technologies.
Addressing these factors, such as the high costs of production,
will be crucial for making NIR-II emissive gold nanoclusters
viable for widespread clinical use, ensuring that their potential in
cancer treatment and diagnostic imaging can be fully realized.
Finally, we provide a preliminary estimate of the potential cost
per dose in Table 2.

Table 2. Research and Development Costs

Estimated cost
(USD)

1 g of gold is 93$
&

Study stage Dose calculation

Preclinical studies AuNCs concentration:

(in vitro and in 10 mg/mL alue from gold
vivo) avenue)
Desired dose for in vivo AuNCs yield is ~30%
imaging: 1 mg per mouse (03g)
Injection volume: 100 yL 1 g AuNCs would cost
~310$
Clinical trials 1—5 mg per kg of body weight ~ Cost per dose: 22—
(Phases I-I1II) for humans 103$

Average adult human weighs
~70 kg

Injection dose: 70 mg (for 1
mg/kg) to 350 mg
(for S mg/kg)

Note, these roughly estimated values would increase
drastically considering factors such as extended clinical trial
durations, unforeseen regulatory hurdles, complex manufactur-
ing scale-up, the need for specialized storage and distribution
(e.g., cold chain logistics), intellectual property-related costs,
and potential postmarket surveillance requirements.

In conclusion, considering the stealth, biocompatibility, and
multifunctional capabilities of molecular gold clusters, we hold a
highly optimiztic outlook for their eventual integration into
clinical practice for disease diagnostics, advanced imaging, and
targeted treatment. Their intrinsic fluorescence, tunable NIR-II
emission, and efficient renal clearance position them as ideal
candidates for noninvasive, high-contrast imaging and precision
medicine. With continuous advancements in synthetic strat-
egies, surface engineering, and biomedical applications, these
nanoclusters are on a promising trajectory toward revolutioniz-
ing patient care. As research progresses and regulatory
frameworks adapt to emerging nanotechnologies, molecular
gold clusters have the potential to transform diagnostics and
therapy, enabling safer, more effective, and highly specific
medical interventions that improve patient outcomes and
redefine modern healthcare.
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