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The rising incidence and severity of malignant tumors threaten human life and health, and the current lagged
diagnosis and single treatment in clinical practice are inadequate for tumor management. Gold nanoclusters
(AuNCs) are nanomaterials with small dimensions (<3 nm) and few atoms exhibiting unique optoelectronic and
physicochemical characteristics, such as fluorescence, photothermal effects, radiosensitization, and
biocompatibility.

gold nanoclusters cancer diagnosis combination therapy

| 1. Introduction

The high incidence and mortality rate of cancer pose grave risks to the lives and well-being of all humans. It has
long been a focus of research in life science to improve the accuracy of the early detection of malignant tumors and
to address the dearth of effective tumor treatments [, With the rapid development of nanotechnology, the diversity
of structures and functions of biological nanomaterials has been further enriched and spread at an alarming rate to
life sciences and clinical medicine, especially new nanomaterials that integrate multiple modes of diagnostic and
therapeutic strategies in one, making precise diagnosis and treatment integration and synergistic treatment

possible, and this is eagerly anticipated around the globe 2],

Gold nanoparticles (AuNPs) are a type of colloidal or agglomerated particle with diameters between a few and
hundreds of nanometers, composed of gold cores and surface shell layers. Due to their unique optical properties
(surface plasmon resonance, surface-enhanced Raman scattering, etc.) and excellent catalytic properties, they

hold great promise in a variety of applications, including biosensing, bioimaging, disease diagnosis, and treatment
(415161171,

Gold nanoclusters (AuNCs) are gold nanomaterials with significantly smaller dimensions (<3 nm) and typically
comprise a few to tens of atoms 8. Due to the quantum-limited effect, AUNCs have superior fluorescence
properties and are utilized in a variety of scientific fields, including environmental detection, molecular labeling, and
bioimaging RILIMALIZMAS] |n addition, because AUNCs are smaller than the renal threshold, they are easier to
eliminate from the body than AuNPs, resulting in greater biosafety and in vivo application potential 14, Physical,
chemical, and biological techniques are now used by production enterprises and lab researchers to create AUNCSs.
In situ synthesis employing biomolecules (DNA, proteins, peptides, etc.) as templates are one of the chemical

techniques that is gaining popularity among researchers 1326117 The principal causes are as follows. Firstly, the
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biomolecular template contains numerous active functional groups, such as -SH, -COOH, -NH,, and -OH, which
can bind gold atoms and improve their stability 2819 Secondly, some reducing amino acids (e.g., tryptophan,
tyrosine) can reduce Au®* ions to Au atoms in the presence of an appropriate pH environment, avoiding the use of
strong reducing agents (e.g., NaBH4, CTAB) and have an improved biocompatibility 29. Thirdly, the physical and
chemical properties of AUNCs, such as the number of atoms, particle size, and optical properties, can be rapidly
modified by adjusting the template amino acid or nucleotide sequences 21221231 | astly, the biological activities

and functional binding sites of biomolecules provide a rich platform for further multi-functionalization of AUNCs [24]
28],

Meanwhile, for tumor tissue enrichment, small AUNCs with high permeability and long retention are preferable.
Surface-modified AUNCs can reduce the reticuloendothelial system (RES) and non-specific uptake, as well as
specifically bind to overexpressed tumor cell receptors to enhance tumor cell accumulation, resulting in an
enhanced cytotoxic effect against tumor cells 2827, The AuNCs can be rapidly excreted via the kidney, thereby
minimizing damage to healthy tissues 24!, In comparison to large AuNPs, AuNCs possess a larger specific surface
area and, consequently, greater surface energy. Due to this surface effect, the surface atoms of AuNCs are
reactive and readily bondable with other atoms. Large payloads of drugs, genes, and other therapeutic molecules
can be effectively trapped and protected from enzymatic degradation in complex physiological microenvironments
(281291301 v/arious internal and external stimuli may be used to regulate the release of drug-carrying molecules from
functionalized AuNCs (e.g., pH, glutathione, light) Bl32 As a result, they can be used as carriers for efficient
targeted transport of therapeutic molecules, to enhance drug aqueous solubility, to prevent drug leakage in healthy

tissues prematurely, and mitigate potential side effects.

Indeed, numerous reviews have been conducted on the design and application of AUNCSs, particularly in terms of
fluorescence imaging. Nonetheless, an increasing number of studies are currently attempting to fully integrate the

various properties of AUNCs (Scheme 1).
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Scheme 1. Primary preparation strategies, distinctive properties, and combined applications in diagnosis and

therapies of AUNCs(created with BioRender.com).

| 2. AUNCs as Imaging Agents in Tumor Theranostic

Since the successful construction of ultra-small AuUNCs, the unique photoelectric effect resulting from their quantum

size effect has been valued by researchers and utilized in a variety of sensing, detection, and bioimaging fields 22!

[341[351(36]  AUNCs are ideally suited for integrated medical applications in diagnostics and treatment due to their

superior biocompatibility and functional versatility 738 The atomic-level investigation of AuNCs has accelerated

recently. Due to their precise size and composition, researchers have discovered that AUNCs have outstanding

self-assembly and crystallization properties which endow them with more unique and diverse fluorescence
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properties B949  To start, the researchers summarize the recent studies on the integration and visualization of

AuNC:s for diagnosis and treatment based on different imaging modalities of AUNCs, respectively (Table 1).

Table 1. Application of AUNCs.

Size  Imagin
Multifunctional Nanoplatform Role of AuNCs Therapeutic Agent (nm) ¥, gd e Cancer Types Therapy Method Activity Ref
nm ode

vivo
AuNCs-Ag@Keratin-Gd Imaging NM 5 FL, MRI Breast cancer Chemotherapy  and 27
in
vitro
In
| S vivo
maging, dru
CDGM NPs . .g . CAD, Ce6 2 FL Lung cancer PDT and [l
delivery )
in
vitro
In
U11 peptide, . Vivo
) ) Pancreatic »
AuS-Ul1l PTT-carrier cyanine dye 10 FL . PTT, PDT and 42
carcinoma )
Cy5.5, 5-ALA in
vitro
. Au 2.1, Breast cancer, In 5
Au NBPs@PDA/AUNCs Imaging FL ) PTT ) 3]
NBPs@PDA 3.3 hepatocarcinoma vitro
In
Vivo
) PTT, i
Dox@HG-CAHs Imaging HA-ALD, Dox 2.8 FL,CT Osteosarcoma and @4
chemotherapy
in
vitro
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Multifunctional Nanoplatform

AuNCs—-LHRHa

GTSL-CYC-HER2

Ce6&AUNCs/Gd-LDH

AuNCs-ICG

Qu-GNCs

Fe304@PAA/AUNCS/ZIF-8
NPs

AuNCs@GTMS-FA

Role of AUNCs

Imaging, PTT

Changed the zeta
potential of
liposomes, superior

photothermal effect

Imaging

Imaging,
radiosensitizing

effects

Imaging

Imaging

Imaging,
phototherapeutic

agents

Therapeutic Agent

LHRH

analogues

HER2-modified
thermosensitive
liposome,

cyclopamine

Ceb

ICG

DOX

FA

Size

(nm)

2.4

NA

1-3

NA

2.8

Imaging
Mode

FL, CT

CT, PTI

MRI, FL

FL, PAI,
CT

FL

MRI,
CT, FL

FL

Cancer Types

Prostatic cancer

Breast cancer

Hepatocarcinoma

Breast cancer

Lung cancer

Hepatocarcinoma

Breast cancer

Therapy Method Activity Ref

PTT

Chemotherapy,
PTT

PDT

PDT, RT

Chemotherapy

Chemotherapy

PTT, PDT

vivo
and

vitro

Vivo

and

vitro

vivo

and

vitro

vivo

and

vitro

vitro
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Multifunctional Nanoplatform

AuNCs/Dzs-Dox

HG-GNCs/GO-5FU

AuNCs@mSiO,@MnO,

Au8NC

Aug-10 NP-cRGD

PML-MF nanocarrier
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Role of AUNCs

NSET effect, shelter

therapeutic cargos

Bioimaging,

phototherapeutic

Photosensitizer

Radiosensitizing

effects

Imaging,
radiosensitizing

effects

Imaging

Therapeutic Agent

Dzs-Dox

HA, SFU

MnO,

nanozyme

Levonorgestrel

10 nanocluster

IO@AUNPS

Size

(nm)

~1.76

NA

=2

NA

Imaging
Cancer Types
Mode
FL Breast cancer
Lung cancer,
FL
breast cancer
MRI Breast cancer
Esophagus
FL -
cancer
FL, MRI Breast cancer
FL Cervical cancer

Therapy Method Activity Ref

h vivo
Gene therapy, and 12
chemotherapy )
in
vitro

Chemotherapy, In

53]
PDT, PTT vitro
In
vivo

PDT and B4
in
vitro
In
vivo

RT and B8
in
vitro
In
= vivo

' and B8
chemotherapy )
in
vitro

PPTT, L R—
chemotherapy  vitro
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Multifunctional Nanoplatform

WLPD-AUzs

AuNCs/Cas9—gRNA

K-AuNCs

EA-AB

Ce6-GNCs-Ab-CIK

AusCus/Auzs@Lip

MB-loaded Au NC-mucin
NPs

Role of AUNCs

Photosensitizer,

drug delivery
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delivery
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delivery

Imaging

Drug delivery
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Imaging
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Size  Imaging

Multifunctional Nanoplatform Role of AuNCs Therapeutic Agent (nm) . Cancer Types Therapy Method Activity Ref
nm ode
1 as
In
ISQ@BSA Amelanoti vivo
- melanotic
SERS substrate DAC, ISQ NA NM PTT, PDT and 3 te
AuUNC@AUNR@DAC@DR5 Melanoma .
in
Y
i mnsitive
30.

17. Cui, H.; Shao, Z.S.; Song, Z.; Wang, Y.B.; Wang, H.S. Development of gold nanoclusters: From
preparation to applications in the field of biomedicine. J. Mater. Chem. C 2020, 8, 14312-14333.
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flcm -protected AuNCs in a droplet- based microreactor for sensing serum ferric ions. Talanta 2019,

200, 547-552.

3. AUNCs as Transport Agents in Combined Therapy
. Purohit, R.; Singh, S. Fluorescent gold nanoclusters for efficient cancer cell targeting. Int. J.

Aum@q@@eﬂid%@lﬁsé@,f&5déﬁ- delivery and controlled release in vivo and ex vivo as one of the metallic
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a g&ﬁﬁﬁiE@@@ﬁH%&ﬁ?&&Mf@ j{pmiaﬁéiﬂft%r[%]m',”ﬁaé'éjgﬁj%%@%ﬁ g@ﬁple and inert internal core that can

shield encapsulated drug molecules. Further, AUNCs have a high surface to volume ratio and can be loaded with a

2 tnttaMyu SR o shiall b1 e NER S MERFESS BHYRSSE U YRR INRIARIZES 90IchBARRCAIRIES @5 be
targHEIRRS RIARID LR RANEES ENS R LA SRt RIGRRNS . 8N RN CANGRI RPN PRIk ARG or
actlgg?%e%%‘%e.%ﬁ r?fgé?ﬁec??az}get molecules), thereby enhancing the bioavailability of drugs 5967 Moreover,

2he Migia; smajzanPaTucHEes e nableuprecieHargeXnuof puanagWieHOProRNM sSBtgbilie® ¢ Ghds thrun dBxgiend
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chepmaat, WoBYLas-6D4ANCs, they can achieve controlled and precise strikes against the internal environmental
response of tumors and external _signal st|muI| consecl]__gently reducmg the toxic side effects that accompany

25. Hada, A.M.; Craciun, A.M.: Focsan, M.: Borlan Soritau, O'; Todea, M.; Astilean, S. Folic acid
chemotherapy.

functlonallzed gold nanoclusters for enabling targeted fluorescence imaging of human ovarian

The %ggreﬁ?lﬁbgﬁi@?%zggﬁez%\%ﬁ;]sgﬁ&e generally adopts sodium borohydride reduction and ligand
28 pRgement Lmeathogsh@ndghezheimgoyaleny ungmaxmaaly Mieludes leaHosEta, iMergetifte poe| hgpeeifiedic

inteflgeiiersde radsthioainerradioe dgisickisan dtigstedados itheigdiect ifitggangreidiesy Tellahtp2pasd
AuN@g |gzsigd2@th adriamycin by a “green chemistry” approach using green tea extract, in which adriamycin was

co-polymerized with the nanoclusters by T1-1t superposition and electrostatic interactions. The drug delivery system
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epidermal stem cells. Biomaterials 2014, 35, 5605-5618.
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Roghayeh et al. demonstrated that the targeted AUNCs may infiltrate breast cancer SK-BR3 cells through HER-2-

mediated mechanisms 78, Luo et al. created therapeutic AUNCs that can function as prostate cancer (PCa)-
BR300 Aol py ear Y- lind oA Piak &80 RratdUaadn Ve bHREESRIY-
by FRGRROSIYRIGE RS HA SERRIINARTQUTLIQY ARey At AL PRI YRR VASRREILNA W Brostate-
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amplifisation) (SN toohistelnaroigid. hrisidzeaMmaese. 2020)3@6IUSRE IBBplexes in PC3pip tumor-

beari_n%(animals than in PC3flu tumor-bearing mice, as shown by in vivo tests (29 Wuy et al. created transformable

37. L1, Y.; Cao, Y.; Wei, L.; Wang, J.; Zhang, M.; Yanlg, X.; ang, W.; Yang, G. The assembly of

gold nanocluster (AuNC) aggregates (called AUNC-ASON) using anfisense oligonucleotides fASONﬁ/that target
protein-templated gold nanhoclusters for enhanced fluorescence emission and multifunctional

survivin. mRNA. The acidic tumor mlcroenwronmerbft3 modifies the electrostatic interactions between the

applications. Acta Biomater. 2020, 101, 436—4 _ B _
polyelectrolyte poly(allylamine) (PAH) and glutathione surface ligands that stabilize AuNC, causing gold

nanocluster aggregates to separate into 2 nm AuNCs and triggering the release of loaded antisense
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4Qeldpk@aV.; Zhang, H.; Nonappa; Kostiainen, M.A.; Ikkala, O. From Precision Colloidal Hybrid
Materials to Advanced Functional Assemblies. Acc. Chem. Res. 2022, 55, 1785-1795.
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ABNRERYeFsion el RIS - Xing, H.; Guan, L.; Yang, Z.; Li, X.; Zvyagin, A.V.; Lin, Q.; Qu, W.
AuUNCs-LHRHa nano-system for FL/CT dual-mode imaging and photothermal therapy of targeted
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Ultrasmall theranostic nanozymes to modulate tumor hypoxia for augmenting photodynamic

Fo%pg@n 4hg ?ﬁ%%ﬁé?&ﬁf%%rﬂfa%. @efp%y@g%@% 0HAYNCs, recently, Yin's group developed AuNCs

as highly efficient photothermal treatment agents and provided a semiquantitative technique for determining their
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