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Abstract
Gold nanoclusters (AuNCs) with near-infrared II (NIR-II) photoluminescence (PL) have emerged as novel bioimaging 
probes for in vivo disease diagnosis. So far, it still lacks a systematic review focusing on the synthesis, PL tuning, and in vivo 
imaging of NIR-II luminescent AuNCs. In this review, we briefly introduce the synthesis of NIR-II luminescent AuNCs 
using various surface ligands. We discuss the origins and properties of NIR-II PL in AuNCs, and summarize the strategies 
for improving and/or tuning NIR-II PL emissions. We also provide an overview of the recent progress in the application 
of AuNCs in tumor-targeted imaging, molecular imaging, and other areas (such as the sensitive imaging of bones, vessels, 
lymph nodes, etc.). Finally, we present the prospects and challenges in the field of NIR-II luminescent AuNCs and related 
imaging applications, expecting to offer comprehensive understanding of this field, and thereby deepening and broadening 
the biological application of AuNCs.
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1 Introduction

Gold nanoclusters (AuNCs) with typical ultrasmall size of 
1–3 nm, as an emerging kind of bioimaging and therapeutic 
agents, have aroused increasing attentions in the biomedical 
fields [1–6]. In general, gold is considered as a biocompat-
ible element. Since the pioneer tried to utilize [KAu(CN)2] 
as an anti-bacteria drug in 1890, the past few decades have 
witnessed rapid development of gold-based therapeutic 
drugs for diverse diseases, including arthritis, psoriasis, 
and tumors [7–9]. For example, thiolated Au(I) complexes 
such as sodium aurothiomalate (Myocrisin™) are widely 
used to treat rheumatoid arthritis in clinics. Despite such 

achievements, Au(I) complexes may inhibit reductase activ-
ity and the mitochondrial function of thioredoxin, causing 
some potential toxicities [10–12]. It, thus, remains a big 
challenge to improve the therapeutic effect of gold-based 
complexes and lower their toxicity, which makes them less 
attractive than platinum-based drugs [13]. In this regard, 
the research upsurge of AuNCs may open a new avenue to 
engineer gold for clinical biomedical applications.

In comparison with the large-size gold nanoparticles 
(NPs, > 3 nm), AuNCs showed some unique physicochemi-
cal attributes, especially the definable structures, discrete 
electronic states, and photoluminescence (PL) properties 
[14–17]. Luminescent AuNCs have nowadays shown great 
promise for biomedical application, ranging from in vitro 
biosensing to in vivo bioimaging [18–22]. This motivates 
the exploration of new strategies to improve the PL quantum 
yield of AuNCs and the discovery of new PL performance, 
along with the increasing understanding of PL mechanisms 
and other functions (Fig. 1) [23–30]. In particular, NIR-II 
luminescent AuNCs (i.e., 1000–1700 nm) have attracted 
much interest in recent years, enabling better in  vivo 
imaging sensitivity and resolution than that of traditional 
AuNCs with visible and NIR-I emission (i.e., 400–800 nm) 
[31–33]. Recently, atomically precise NIR-II AuNCs can 
be elegantly synthesized and tailored for diverse in vivo 
bioimaging applications, such as blood vessel imaging, 
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molecular imaging, and disease-targeted specific imaging 
[34–36]. Together with good renal clearance and computed 
tomography(CT) imaging capabilities, NIR-II luminescent 
AuNCs are anticipated to provide promising tools for practi-
cal in vivo sensitive and multifunctional bioimaging in the 
future [26, 37, 38].

Despite such exciting advances, the research on NIR-II 
luminescent AuNCs is just on its infancy and there are also 
some challenges in this field. Currently, it still lacks a sys-
tematic review focusing on the synthesis, PL tuning, and 
in vivo bioimaging of NIR-II luminescent AuNCs. In this 
review, we first briefly introduced the synthesis of NIR-II 
luminescent AuNCs using different surface ligands. Then, 
the NIR-II PL origins and properties of AuNCs were dis-
cussed, along with summarizing the strategies to improve 
and/or tune the NIR-II PL emissions. We subsequently 
detailed the recent progress on the application of AuNCs 
in tumor-specific bioimaging and others (such as the sensi-
tive imaging of bones, vessels, lymph nodes, etc.). Finally, 
we presented the prospects and challenges in NIR-II lumi-
nescent AuNCs and related imaging applications, expect-
ing to offer comprehensive understanding of this field, and 
thereby deepening and broadening the biological application 
of AuNCs.

2  Synthesis of NIR‑II Luminescent AuNCs

In fact, most of NIR-II luminescent AuNCs have been pre-
viously synthesized, albeit a few exceptions. In 2019, Xie 
and Zhang reported the NIR-II PL in glutathione (GSH)-
protected  Au25NCs emitting at 1100–1350 nm [23]. The 
synthesis of this GSH-Au25NCs was conducted by using 
CO as reductant under alkaline condition, which was 
previously established by Xie’s group [39]. In addition, 
Xie et al. synthesized the NIR-II emitting  Au44MBA26 
NCs (MBA denotes 4-mercaptobenzoic acid) via NaOH-
mediated  NaBH4 reduction method, and the  Au44NCs 
displayed two PL emission peaks centered at ~ 1080 nm 
and ~ 1280 nm when excited at 808 nm [40]. Motivated 
by this, several ligands have been attempted to synthe-
size NIR-II luminescent AuNCs under similar conditions 
using monothiol, dithiol, and pegylated thiol ligands [35, 
36]. For example, we utilized a macromolecular ligand 
(i.e., thiolated cyclodextrin, CDS) as the surface protec-
tive agent and synthesized NIR-II-emitting CDS-AuNCs 
with PL at around 1050 nm [35]. To improve the NIR-II 
PL efficacy or tune biofate, dual or multiple ligands have 
recently been employed synergistically in the synthesis of 
NIR-II luminescent AuNCs, in which the thiolated Au(I) 

Fig. 1  Timeline of some significant events in the synthesis, properties and bioimaging of AuNCs. Reproduced with permission from Ref. [23–
30]. Copyright Wiley–VCH, American Chemical Society
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complexes are first formed, followed by the reduction of 
sodium borohydride at certain stoichiometric ratios [36, 
41].

Besides, proteins (e.g., bovine serum albumin, BSA) 
have been utilized as template to synthesize NIR-II AuNCs 
[42–45]. Unlike the synthesis of NIR-I-emitting BSA-
AuNCs using BSA as protective agent and reductant simul-
taneously, it needs to add additional reductants such as 
sodium borohydride in the reaction system. It is worthy to 
mention that, BSA-AuNCs not only enable improved stabil-
ity and blood circulation performance than that protected 
by small thiolated ligands, but also may confer them with 
multiple functional groups for further application. For exam-
ple, ribonuclease-A (RNase-A) protein with rich species of 
amino acids has been exploited as template to synthesize 
highly NIR-II luminescent AuNCs, meanwhile allowing for 
good stability and biocompatibility in the gastrointestinal 
tract [42]. Xiao et al. also synthesized NIR-II luminescent 
BSA-AuNCs and conjugated them with Gd-complexes for 
dual-modal bioimaging and photodynamic therapy [43]. 
Therefore, the synthesis of NIR-II AuNCs has no many dif-
ferences from the traditional protocols of AuNCs and can be 
adapted rationally according to particular protective agents 
and application requirements. But, it should be noted that the 
developed atomically precise AuNCs did not include many 
species, such as  Au25,  Au44,  Au11, and  Au23, which empha-
sized the need of future increasing exploration on NIR-II 
luminescent AuNCs [46, 47].

3  Properties and Regulation Strategies 
of NIR‑II PL

Understanding the origins (or mechanisms) of PL is 
highly important to explore new effective NIR-II lumines-
cent AuNCs. However, so far, there are only few reports 
addressing this aspect [48, 49]. Interestingly, atomically pre-
cise  Au25NCs with both visible and NIR-II PL are among 
the best candidates for studying PL origins correlating to 
structures. Zhou et al. systematically studied the origins 
of visible and NIR-II PL in the  Au25(SR)18 NCs through 
experimental characterizations and theoretical calcula-
tions [49]. Specially, by examining  Au25NCs with differ-
ent surface ligands, the researchers found that the NIR-II 
and visible PL in  Au25(SR)18 AuNCs likely originate from 
the  Au13 core state and core-surface charge transfer state, 
respectively. NIR-II PL can be enhanced by increasing the 
rigidity of surface ligands, and exhibits single- or double-
exponential lifetime decays obeying the energy gap law. In 
an effort to reveal the fundamental electronic transitions in 
NIR-II luminescent AuNCs, Li et al. investigated the NIR-II 
PL properties of rod-shaped bi-icosahedral  Au25NCs caped 
with triphenylphosphine and 2-phenylethanethiol ligands 

[48]. Notably, the rod  Au25NCs showed NIR-II PL centered 
at around 1520 nm with a high PL quantum yield of approxi-
mately 8%, which was rarely observed in other AuNCs. The 
authors proved the great significance of the central Au atom 
in enhancing the NIR-II PL by suppressing the non-radiative 
transition, as corroborated by the density functional theory 
(DFT) calculations. This revealed the underlying origin of 
NIR-II PL and highlighted the vital role of atomic engineer-
ing in improving the NIR-II PL of AuNCs.

Many researches have been devoted to enhancing and 
tuning the emission of NIR-II luminescent AuNCs, which, 
however, is a tough task. This is because of the different 
underlying electronic transitions compared to traditional 
visible luminescent AuNCs, of which there are several 
available strategies to improve their PL quantum yields, 
such as atom doping, aggregation-induced emission effect 
and surface rigidification [25, 50, 51]. Currently, NIR-II 
PL of AuNCs can generally be enhanced using two main 
strategies, including atom doping and ligand engineering. 
The latter strategy can be achieved by regulating ligand 
properties, surface rigidification, and ligand exchange reac-
tions (Fig. 2). Zhang et al. studied the single-atom doping 
effect on the NIR-II PL of  Au25NCs, by doping various 
atoms such as Zn, Cd, Cu, Ag, and Pt (Fig. 3a) [52]. It 
was found that the majority of atom doping treatments 
can enhance NIR-II PL, and  Au25Cd1NCs exhibited the 

Fig. 2  Schematic illustration of the NIR-II PL regulation strategies 
of AuNCs. The NIR-II PL of AuNCs could be enhanced by doping 
atoms in the core or surface motifs, imparting suitable ligands (e.g., 
dithiol ligands), and encapsulating in the matrix (e.g., BSA). Repro-
duced with permission from Ref. [36, 40, 53, 54]. Copyright Wiley–
VCH, American Chemical Society, Royal Society of Chemistry
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highest NIR-II PL intensity, enabling about 56-fold higher 
than  Au25NCs. The electronic and optical properties of the 
Cd-doped  Au25NCs were studied by DFT. The results sug-
gested that the increased electron donation from the Cd to 
Au on the surface could create a new energy level, which 
may, thus, decrease the HOMO–LUMO gap and lead to 
the PL enhancement.

Regarding the ligand engineering strategy, it is achiev-
able to choose suitable thiolated ligand to synthesize NIR-
II luminescent AuNCs and improve the PL performance. 
For example, Guével et al. found that the utilization of 
bidentate dithiol ligands could largely increase the NIR-II 
PL of AuNCs, which also imparted the AuNCs with ani-
sotropic charges that may lead to the red-shift of PL and 
the self-assembly of AuNCs (Fig. 3b) [36]. The group fur-
ther observed effective PL enhancement (about 4.7-fold) 
of NIR-II luminescent AuNCs after the post-synthesis 

incorporation of thiolated  Au25NCs into BSA protein, 
together with the prolonged PL lifetime from 72.1 ns to 
936.1 ns (Fig. 3c) [55]. Such NIR-II PL enhancement 
could be attributed to the surface rigidification-reinforced 
intersystem crossing and the contribution of core–shell 
charge transfer states. In addition, Liu’s group recently 
demonstrated a ligand exchange way to improve the NIR-
II PL of AuNCs (Fig. 3d) [53]. In this work, the poorly 
luminescent AuNCs protected by the triphenylphosphine-
3,3′,3″-trisulfonic acid (TPPTS) ligands were primarily 
synthesized and could further be activated with GSH for 
boosting NIR-II PL, due to the enhanced ligand-to-metal 
charge transition effect. Considering the fact that cur-
rent NIR-II PL quantum yields in the hydrophilic AuNCs 
are frequently very low (e.g., < 1%), it is still extremely 
demanded to explore effective strategies to design high 
NIR-II luminescent AuNCs for bioapplications.

Fig. 3  Regulation of NIR-II PL in AuNCs. a Structure of 
 Au24Cd1NCs and NIR-II PL images, spectra and integrated PL area of 
Cd-, Pt-, Ag-, and Zn-doped  Au25NCs, under an excitation of 808 nm. 
Reproduced with permission from Ref. [52]. Copyright 2023, Wiley–
VCH; b Scheme illustration of the structure and NIR-II PL of AuNCs 
protected by mercaptohexanoic acid (MHA)/tetra (ethylene gly-
col) dithiol (TDT), MHA, GSH, and etc. Reproduced with permis-
sion from Ref. [36]. Copyright 2020, American Chemical Society;  

c Scheme illustration of the incorporation of  Au25NCs into BSA and 
corresponding PL spectra (λex = 700  nm). Reproduced with permis-
sion from Ref. [55]. Copyright 2022, Elsevier; d Schematic illustra-
tion of ligand exchange process of TPPTS-AuNCs by GSH, and the 
PL spectra and intensity changes at different GSH concentrations. 
Reproduced with permission from Ref. [53]. Copyright 2022, Ameri-
can Chemical Society
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4  Bioimaging Applications of In Vivo NIR‑II 
PL

The emerging NIR-II PL has promoted bioimaging appli-
cation of AuNCs nanoprobes into a new realm of imaging 
resolution and sensitivity [31–33]. In the past five years, 
NIR-II luminescent AuNCs were carefully designed as 
biolabels and nanoprobes for in vivo bioimaging. In this 
section, we will summarize and discuss the design strat-
egies and imaging performances of NIR-II luminescent 
AuNCs in tumor imaging, biomarker imaging, and others 
(e.g., the imaging of kidney injury and blood vessels).

4.1  Tumor Imaging

Tumor is still one of the biggest challenges in the bio-
medical field, necessitating the development of sensitive 
diagnosis techniques [56–58]. Nowadays PL imaging as 
a nondestructive and sensitive imaging model has drawn 
increasing interest [59–61]. To apply AuNCs for in vivo 
tumor imaging, AuNCs are often engineered with pro-
teins or antibodies to capacitate relatively long blood 
circulation time. For example, RNase-A-capped AuNCs 
have been implemented to visualize the gastrointestinal 
tract and also diagnose intestinal tumors, which cannot 
be achieved by leveraging quantum dots and lanthanide 
NPs due to their low stability in the acidity condition 
of the gastrointestinal tract (Fig. 4a) [42]. The AuNCs 
can achieve the sensitive and high-resolution NIR-II PL 
imaging of intestinal tumors of size down to 2.5 mm, 
presenting their good imaging capability in harsh bio-
logical environment. To realize tumor-specific imaging, 
we developed a new class of NIR-II luminescent AuNCs 
protected by thiolated CD ligands that enabled facile 
conjugation to antibodies through the robust host–guest 
interaction between CDS and adamantane (Fig. 4b) [35]. 
This strategy could successfully label anti-CD326 anti-
body with CDS-AuNCs for the sensitive tumor-targeted 
NIR-II PL imaging.

NIR-II luminescent AuNCs can also be implemented for 
tracking tumor metastasis. Noteworthy, tumor metastasis 
is the leading cause of the death of tumor patients, and 
the sentinel lymph nodes are the first metastasis places 
[62–65]. It is, thus, an urgent need to realize the specific 
imaging of sentinel lymph nodes for evaluating tumor 
metastasis status and guiding surgical excision [66, 67]. 
Jiang et al. engineered AuNCs with the rational surface 
coating of dual or multiple ligands, which can impart them 
with suitable charge density and biostability for improv-
ing lymph node targeting capability (Fig. 5a) [41]. This 
AuNCs nanoprobe not only enabled the long-term tracking 
and surgical navigation of lymph nodes, but also can be 

incorporated with chemotherapeutic drugs for the ther-
apy of metastatic tumors in lymph nodes without causing 
hepatotoxicity. In recent years, the researchers have also 
devoted to a consistent pursuit of improving the targeting 
efficacy to certain disease tissues. To reduce the unspe-
cific accumulation of AuNCs in the bones, Dai’s group 
lately developed an interesting strategy by modifying 
GSH-AuNCs with 4-aminophenylphosphorylcholine (PC 
in short), which was found to effectively bypass their bone 
accumulation and augment lymph node targeting effect 
(Fig. 5b) [68]. Facilitated by the rapid renal clearance (up 
to about 100% at 24 h post injection), PC-modified AuNCs 
can be applied to sensitive NIR-II PL imaging of lymph 
nodes and the metastatic tumors with high signal-to-noise 
ratio, outperforming than GSH-AuNCs and the clinical 
used indocyanine green.

4.2  Molecular Imaging of Biomarkers

Molecular imaging is a booming research discipline that 
aims at achieving specific analysis of molecular targets 
associated with the occurrence and progression of diseases 
[69–71]. It is particularly helpful to the personalized diag-
nosis and treatment of diseases. In this application scenario, 
the inherent responsiveness of AuNCs to target molecules 
such as reactive oxygen species (ROS) and hydrogen sulfide 
 (H2S) can be utilized for specific molecular imaging in vivo 
[72–76]. We recently developed a smart nanoprobe based on 
the core-satellite assemblies of NIR-II luminescent AuNCs 
and lanthanide NPs, which emitted at 1100 nm and 1550 nm, 
respectively (Fig. 6a) [34]. The NIR-II PL of AuNCs can be 
quenched by  H2S, while the NIR-II PL of lanthanide NPs 
kept unchanged, thus realizing in vivo ratiometric NIR-II 
PL imaging of  H2S in mice liver. The sensing mechanism 
of AuNCs towards  H2S was found to be related with the 
high reducibility of  H2S, which reduces Au(I) species and 
destroy AuNCs’ structure. These nanoprobes enabled sen-
sitive in vitro  H2S detection and in vivo delivery efficacy 
evaluation of the  H2S-prodrugs in the liver. Similarly, Zhang 
et al. constructed the nanoassemblies based on AuNCs and 
down-/up-conversion lanthanide NPs, in which the AuNCs 
were engineered with dual ligands for conferring GSH-acti-
vated turn on of NIR-II PL (Fig. 6b) [77]. The platform was 
designed for tumor-associated GSH imaging and synergistic 
chemo-/photodynamic therapy, showing an effective tumor 
theranostic strategy.

Based on the fact that surface ligands can seriously 
affect the PL of AuNCs, Liu et al. presented a ligand 
exchange strategy for in vivo molecular imaging applica-
tions (Fig. 6c) [53]. It was found that TPPTS-protected 
AuNCs can be sensitively activated by GSH, resulting in 
the giant enhancement of NIR-II PL intensity. TPPTS-
AuNCs were demonstrated for in vivo low-background 
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imaging of GSH and long-term tracking of acidosis-
induced kidney injury. In addition, activatable AuNCs 
nanoprobes can be designed by coupling with other recog-
nition units and signal generation mechanisms. In a recent 
study, NIR-II luminescent GSH-AuNCs were embedded 
in poly-dopamine NPs and further integrated with methyl-
ene blue (MB), which quenches the NIR-II PL of AuNCs 
through the photo-induced electron transfer (PET) effect 
(Fig. 6d) [78]. Interestingly, MB could be released under 

acid condition, causing the NIR-II PL turn on of AuNCs. 
This nanoprobe, thus, enabled the NIR-II PL monitoring 
of gastric acid secretion in mice and also sensitive diagno-
sis of gastric ulcer diseases. It is worthy to be mentioned 
that NIR-II luminescent AuNCs hold great promise for 
sensitive in vivo molecular imaging with high signal-to-
noise ratios as a consequence of their good renal clear-
ance and low nonspecific tissue accumulation capabilities 
[79–81].

Fig. 4  NIR-II Luminescent AuNCs-based tumor imaging.  
a Schematic representation of the synthesis of RNase-A@AuNCs, 
and the comparison of their NIR-II PL stability with  Ag2S quantum 
dots and  NaYF4:Er/Yb NPs in simulated gastric juice (SGJ) and 
PBS. Sensitive NIR-II PL imaging of intestinal tumors was achieved 
by using the AuNCs. Reproduced with permission from Ref. [42]. 

Copyright 2020, Wiley–VCH. b Schematic diagram of tumor-targeted 
NIR-II PL imaging based on CDS-AuNCs that enabled the labeling 
of antibody (Ab) via host–guest interaction. NIR-II PL imaging of 
mice was shown at various time points post intravenous injection of 
non-target and target probes, respectively. Reproduced with permis-
sion from Ref. [35]. Copyright 2021, Wiley–VCH
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4.3  Others

4.3.1  Blood vessel imaging

It is of vital importance to monitor blood vessel structures 
and blood flow dynamics in disease diagnosis and therapy 
[82, 83]. For instance, blood vessel injury could cause abnor-
mal blood perfusion and further lead to the damage of brain 
functions [84, 85]. The sensitive visualization of tumor angi-
ogenesis will help to evaluate tumor invasion and metastasis 
status [86]. In 2017, Bruns and Bawendi first employed renal 
clearable AuNCs for in vivo NIR-II PL imaging and enabled 
higher imaging resolution of mice hindlimb vessels than that 
of the traditional visible/NIR-I emitting AuNCs (Fig. 7a) 
[24]. Therewith, Zhang et al. utilized the atomically precise 
AuNCs for NIR-II PL imaging of the blood vessels in brain 
and were able to visualize the abnormal blood perfusion in 
brain injury areas (Fig. 7b) [23]. These works demonstrated 
the good blood vessel imaging capability of NIR-II lumines-
cent AuNCs. Significantly, Guével and colleagues engineered 
AuNCs with dithiol pegylated ligands to largely increase 

NIR-II PL intensity and extend the blood circulation half-
life (Fig. 7c) [36]. Such design achieved the high-resolution 
NIR-II PL imaging of the subtle vascular disorders in mice, 
as assisted by using a Monte Carlo constrained restoration 
(MCR) method to process images.

4.3.2  Bone imaging

In vivo bone imaging is a necessary technique to monitor the 
growth, metabolism, and repair of bone, and also to diagnose 
bone diseases [88–90]. Currently, there are some fluorescent 
dyes and NPs for bone imaging, which is generally based 
on the high affinity of functional phosphate groups to the 
bone matrix (e.g., hydroxyapatite, HA) [91–93]. In 2020, 
Cheng and Jia found that GSH-Au25NCs tended to circulate 
into the bone tissues, except that the majority of AuNCs 
were eliminated into urine (Fig. 7d) [87]. The AuNCs were 
demonstrated to bind tightly to HA and further implemented 
for NIR-II PL imaging of whole-body bony structures. This 
may provide a new effective strategy for clinical bone imag-
ing in the future.

Fig. 5  NIR-II luminescent AuNCs-based tumor metastasis tracking. 
a Schematic of the synthesis and lymph node imaging of AuNCs. 
In vivo lymph node imaging was performed on tumor-bearing mice, 
along with showing NIR-II PL distribution areas in the legs of 
tumor-bearing and normal mice. Reproduced with permission from 
Ref. [41]. Copyright 2022, American Chemical Society. b Lymph 
node imaging studies based on PC-modified AuNCs. The structure 

of AuNCs and PC modification were shown. NIR-II PL images of 
mice were presented after the intratumor injection of AuNCs and 
PC-AuNCs, respectively. The excretion rates were also determined, 
revealing the higher renal clearance efficiency of PC-AuNCs than 
AuNCs. Reproduced with permission from Ref. [68]. Copyright 
2022, Springer Nature
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5  Conclusion

In summary, we have comprehensively summarized and dis-
cussed recent progress in the synthesis, PL tuning strategies, 
and bioimaging applications of NIR-II luminescent AuNCs. 
With the development of optical characterization methods, 
the fantastic NIR-II PL properties of AuNCs are increasingly 
discovered, accompanied by their emerging in vivo bioap-
plications. The review details the fundamental NIR-II PL 
origins and emission tuning strategies of AuNCs, which have 
realized the precise synthesis of NIR-II luminescent AuNCs 
with quantum yields of about 1% (sometimes exceeding 5%). 
Due to the rapid renal clearance and low nonspecific liver 
accumulation, AuNCs generally show high signal-to-noise 
ratios in diverse NIR-II PL bioimaging studies. We have 
also summarized the design principles and NIR-II PL imag-
ing performance of AuNCs-based nanoprobes. It is believed 

that the exploration of AuNCs as NIR-II nanoprobes could 
overcome some challenges faced by other large-size lumi-
nescent NPs, thus enabling better imaging specificity and 
higher clinical translation potential. Therefore, NIR-II lumi-
nescent AuNCs are anticipated to offer new powerful tools 
for the diagnosis and treatment of diverse diseases.

In spite of such developments, the research on NIR-II 
luminescent AuNCs is still on its infancy. Noteworthy, 
there remains some challenges to the rational engineering 
of the NIR-II luminescent AuNCs for in vivo bioimaging 
and future clinical translation. First, it is a big challenge to 
keep hydrophilic AuNCs with atomically precise structures 
in the biological environment. Although it is generally 
achievable to obtain atomically precise AuNCs in certain 
reaction conditions, their stability in complex environment, 
especially in the living organism, is unclear, which also 
needs more valid characterization methods. Second, the 

Fig. 6  NIR-II luminescent AuNCs-based molecular imaging applica-
tions. a Schematic illustration of the ratiometric NIR-II PL imaging 
of  H2S based on AuNCs-coated lanthanide NPs assemblies. Repro-
duced with permission from Ref. [34]. Copyright 2022, American 
Chemical Society; b Schematic illustration of the assemblies of 
AuNCs and lanthanide NPs and their in vivo NIR-II PL imaging of 
mice tumors. Reproduced with permission from Ref. [77]. Copyright 
2023, American Chemical Society; c Schematic illustration of in vivo 

GSH imaging of AuNCs based on the ligand exchange strategy, 
which enabled early imaging of metabolic acidosis-induced kidney 
injury. Reproduced with permission from Ref. [53]. Copyright 2023, 
American Chemical Society; d Schematic diagram of the synthesis of 
poly-dopamine-coated AuNCs (with loading of MB) for in vivo NIR-
II PL imaging of gastric acid secretion. Reproduced with permission 
from Ref. [78]. Copyright 2022, Elsevier
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NIR-II PL quantum yields of AuNCs are relatively low 
(e.g., < 5%), which are far lower than other luminescent 
NPs such as quantum dots and lanthanide NPs. So far, atom 
doping and ligand engineering strategies are frequently uti-
lized; however, it needs to further enhance quantum yields 
to enable more sensitive molecular imaging in vivo. Third, 
it currently seems hard to tune the NIR-II PL wavelength of 
AuNCs and most of them emitted at around 1100 nm. This 
hinders the multiple labeling of AuNCs on molecules/cells/
tissues for multiplex NIR-II PL imaging. Therefore, it is 
desired to develop new potent strategies to construct NIR-
II PL-tunable AuNCs. Fourth, in vivo targeting efficacy 

of AuNCs should be further improved, along with clearly 
unraveling the in vivo transport, biotransformation, and 
toxicity behaviors. These aspects are the prerequisite for 
their clinical translation.

Nevertheless, past few years have witnessed the exciting 
advances of AuNCs in the NIR-II PL bioimaging applica-
tion. It is believed that NIR-II luminescent AuNCs could 
provide biocompatible and multifunctional nanoprobes to 
meet diverse bioapplication scenarios in vivo. With the 
deepening understandings of materials synthesis, optical 
tuning and nanoprobe design, NIR-II luminescent AuNCs 
will show more power in the biomedical fields.

Fig. 7  NIR-II luminescent AuNCs-based blood vessel imaging and 
bone imaging. a NIR-II PL imaging of mice legs after injecting 
AuNCs with the use of 850-nm LP filter (left) and a 1250-LP filter 
(right), respectively. Reproduced with permission from Ref. [24]. 
Copyright 2017, American Chemical Society; b Dynamic brain imag-
ing of stroke mouse and PCA overlaid images with arterial (red) and 
venous (blue) vessels. Reproduced with permission from Ref. [23]. 
Copyright 2019, Wiley–VCH; c Scheme of the MHA/TDT-Au NCs 

and NIR-II PL images of a Bmp9-KO mouse after MCR processing. 
Reproduced with permission from Ref. [36]. Copyright 2020, Ameri-
can Chemical Society; d White-light images and NIR-II PL images of 
the precipitates of HA and different concentrations of AuNCs. NIR-
II PL images of mice revealed the sensitive bone imaging capability 
of AuNCs. Reproduced with permission from Ref. [87]. Copyright 
2020, Wiley–VCH
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