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Abstract
Gold nanoclusters (AuNCs) are a class of novel luminescent nanomaterials that exhibit unique properties of ultra-small size, 
featuring strong anti-photo-bleaching ability, substantial Stokes shift, good biocompatibility, and low toxicity. Various bio-
molecules have been developed as templates or ligands to protect AuNCs with enhanced stability and luminescent properties 
for biomedical applications. In this review, the synthesis of AuNCs based on biomolecules including amino acids, peptides, 
proteins and DNA are summarized. Owing to the advantages of biomolecule-protected AuNCs, they have been employed 
extensively for diverse applications. The biological applications, particularly in bioimaging, biosensing, disease therapy and 
biocatalysis have been described in detail herein. Finally, current challenges and future potential prospects of bio-templated 
AuNCs in biological research are briefly discussed.
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Introduction

Gold nanoclusters (AuNCs) refer to a class of sub-nanoma-
terials consisting of several to hundreds of gold atoms [1–4]. 
The size of the metallic core of AuNCs is generally less than 
3 nm being comparable to the Fermi wavelength of electrons, 
which results in a quantum confinement effect and leads to 

unique luminescence properties. Moreover, endowed with 
the unique surface effects and a high surface-to-volume ratio 
of AuNCs, the aggregation on the surface of AuNCs can be 
readily generated, allowing AuNCs to be used in various 
applications. Nowadays, AuNCs have emerged as a prom-
ising candidate for sensing [5, 6], imaging [7, 8], catalysis 
[9–11] and biomedicine [12, 13]. A variety of strategies 
including chemical reduction, photoluminescence reduc-
tion, and etching, have been developed for the preparation of 
AuNCs [14, 15]. However, the prepared AuNCs show rela-
tively low stability and quantum yield (QY) of luminescence, 
which have become the bottleneck of luminescent AuNCs.

In recent years, various ligands have been developed for 
AuNCs preparation. Researches have demonstrated that 
appropriate ligands can significantly improve the stability, 
size control and fluorescence QY of AuNCs [16–19]. Among 
these ligands, the biological ones, such as amino acids, pep-
tides, proteins and DNA, have received particular attention 
[12, 20–22]. These biofunctional molecules can not only 
effectively prevent the aggregation of AuNCs and enhance 
the fluorescence performance, but also provide the synthe-
sized AuNCs with desirable biological functions [23–25]. 
There are several recent reviews relating bioligand-protected 
AuNCs and their biological application, which mainly focus 
on the methods of tailoring the AuNCs’ properties [26], the 
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conformation changes of bioligand [27], or the specific 
applications in nanomedical fields [26, 28, 29]. This review 
is organized in a novel way based on the molecular evolu-
tion of bioligand, which primarily focuses on the utiliza-
tion of biomolecules ligands from amino acids to peptides 
and ultimately to proteins, and from deoxynucleotides to 
DNA in the preparation of luminescent AuNCs followed 
by their exploration in bioimaging [30], biosensing [31], 
disease therapy [32] and biocatalysis [33] (Fig. 1). Besides, 
some other biomolecules as ligands and the other biological 
applications are described briefly.

Synthesis of luminescent AuNCs 
with biomolecules as ligands

The synthetic strategies of biomolecule‑protected 
luminescent AuNCs

Biomolecules such as amino acids, peptides, proteins and 
DNA have been widely developed as ligands to stabilize 
AuNCs with unique luminescent properties and improve 
biocompatibility. Generally, the preparation methods of 
biomolecule-protected AuNCs can be broadly categorized 
into the "bottom-up" template method and the "top-down" 
etching method (Fig. 2) [29, 34]. The former one has become 
a commonly used method for the synthesis of luminescent 
AuNCs. In this method, the biomolecules with special con-
figurations and spatial structures are used as templates to 
provide a stable microenvironment and "model" to fabricate 

AuNCs. Moreover, the template bioligands can reduce  Au3+ 
to  Au+ and  Au0 in the synthesis process. For example, Xie 
et al. [20] have simulated the process of biomineralization 
in nature, and prepared red-emitting AuNCs@BSA using 
bovine serum albumin (BSA) as a template via a simple and 
green route. In addition, phosphorothiolate (ps)-modified 
DNA has been used as a "model" to prepare AuNCs and it 
could finely tune the particle size of AuNCs for targeting 
cellular imaging [35].

The "top-down" etching method refers to the use of rela-
tively large gold nanoparticles (AuNPs) as a precursor mate-
rial and a suitable etchant to slowly etch the precursor and 
controllably decrease AuNPs’ size, thus obtain luminescent 
AuNCs. For example, Yang et al. [36] have constructed 
luminescent AuNCs using bi-phosphorothiolate (ps)-pro-
tected AuNPs as precursor and bidentate dihydrolipoic acid 
as etchant. The results suggested that the etched AuNCs have 
good stability and enhanced luminescence. In addition, using 
excess glutathione (GSH) as etchant, the non-luminescent 
AuNPs have been etched into the small and luminescent 
AuNCs [37]. The resulting AuNCs showed fluorescent sta-
bility in acidic liquid and were useful in the field of sensing 
and imaging.

Inspired by these two types of synthetic strategies, many 
novel preparation approaches have been derived from chang-
ing the synthesis ligands, steps, environmental conditions 
and bioligand modification strategies. Thus, a variety of 
AuNCs incorporated with different biomolecules as ligands 
have been prepared, which had specific properties and 
performed excellently in many fields such as bioimaging, 

Fig. 1  Schematic illustration of biomolecule-protected AuNCs and their applications
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biosensing, biocatalysis and disease therapy as well as other 
biological fields.

Amino acid‑protected luminescent AuNCs

Amino acids, as a class of biomolecules, have a uniform 
structural formula [38]. Each amino acid has an amino group 
and a carboxyl group, which allow amino acids having good 
water solubility, biocompatibility and being easy to com-
bine with other materials. Since most of the amino acids 
have electron-rich R groups, they can act as Lewis base and 
nucleophilically react with Au(I) components on the surface 
of AuNCs to form covalent or coordination bonds, thus sta-
bilize the binding on the surface.

A variety of amino acids with sulfhydryl, non-sulfhy-
dryl groups have been developed as the ligands to fabricate 
AuNCs. For example, amino acids with sulfhydryl groups 
(cysteine, methionine) can be stably bound to the gold 
surface through Au–S bonds to form fluorescent, well-
dispersed, and stable AuNCs [20, 39]. Jin et al. [40] have 
fabricated a series of thiolate-stabilized  Aun(SR)m with 
well-defined size and peculiar stability via a kinetically 
controlled method. Homocysteine with sulfhydryl groups 
has been used to prepare stable and biocompatible AuNCs 
by a simple and green method without adding other reduc-
ing agents [41]. The prepared AuNCs had orange-yellow 
fluorescence and were used as fluorescent probes for 
bioimaging. On the other hand, utilizing cysteine (Cys)-
protected AuNCs, a colorimetric detection system for 
citrate has been developed, to provide a novel method 
in early diagnosis of prostate cancer [42]. In the present 
of citrate, the AuNCs@Cys were prohibited to catalyse 
the oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB), 
which was the key process of generating blue dye. Fur-
thermore, the system could be applied on paper to detect 
citrate conveniently. In addition, the methionine (Met) has 
been introduced as a stabilizing and reducing agent to pre-
pare water-soluble and mono-dispersible AuNCs emitting 
orange fluorescence [43]. The as-prepared clusters showed 

selectively and sensitively enhanced fluorescence in the 
presence of Cd(II) ions with a linear response in the con-
centration range of 50 nM ~ 35 μM and a detection limit of 
12.25 nM for Cd(II) ions. Moreover, this nanoprobe also 
performed in various environmental, such as water or milk 
solution. It exhibited satisfactory performance, which 
indicated the practical applications of this probe.

While amino acids with non-sulfhydryl groups (histidine, 
lysine, and tryptophan, etc.) can provide amino, imidazolyl, 
or hydroxyl groups to serve as stabilized groups for the 
synthesis of luminescent AuNCs [44, 45]. Among this kind 
of amino acids, histidine not only contains amino and car-
boxyl groups but also has its unique imidazole group, which 
can form coordination compounds with  Fe3+ or other metal 
ions. Basu et al. [46] have developed a luminescent crystal-
line inorganic complex, consisting of  Zn2+ ions and L-histi-
dine plus mercaptopropionic acid stabilized  Au14NCs. The 
resulting compounds were applied for hydrogen sensing as 
they could reversibly store hydrogen with luminescence at 
room temperature. The results indicated that the hydrogen 
adsorption capacity of this complex was 0.244 mM per 
gram of the complex at 20 °C and 20 bar. Using lysine (Lys) 
as a template, Xu and coworkers [47] have successfully 
fabricated highly fluorescent AuNCs@Lys as a fluorescent 
probe for the detection of  Cu2+ through a simple one-pot 
method using reagents of  HAuCl4,  N2H4-H2O and NaOH. 
Lys with -NH2 and -COOH groups linked to  Cu2+, and then 
quenched the fluorescence of AuNCs@Lys. As a result, it 
was used as a fluorescent sensor with high sensitivity and 
selectivity for  Cu2+ detection. Moreover, Lys has also been 
applied as a ligand to prepare fluorescence nanocomposite 
probe AuNCs@Lys-MnO2, which was successfully applied 
for glutathione (GSH) detection in human serum [48]. 
In this system,  MnO2 was bind to AuNCs@Lys through 
electrostatic interaction and quenched the fluorescence of 
AuNCs@Lys based on fluorescence resonance energy trans-
fer (FRET). Subsequently,  MnO2 would be degraded in the 
presence of GSH to release the fluorescent AuNCs@Lys, 
which resulted in partial recovery of fluorescence (Fig. 3). 

Fig. 2  Schematic diagram of the 
synthetic strategies of AuNCs
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This probe presented high sensitivity for the detection of 
GSH with the concentration range of 0.5 ~ 1000 μM and 
detection limit as low as 5 nM.

Some other amino acids, such as proline [49], tyrosine 
[50] have also been used as ligands for the synthesis of lumi-
nescent AuNCs, which exhibited good selectivity and sen-
sitivity to certain metal ions and were applied to construct 
corresponding biosensors. Due to the good biocompatibility, 
low toxicity, and excellent fluorescence properties, amino 
acids have been exploited as good templates to prepare lumi-
nescent AuNCs.

Peptide‑protected luminescent AuNCs

Peptides are formed by linking amino acids through pep-
tide bonds and are applied as biological ligands to decorate 
AuNCs [51, 52]. They contain various functional groups 
such as amino, sulfhydryl, and phenolic hydroxyl as well 
as imidazole groups which can stabilize AuNCs by form-
ing stable Au–S [53] or Au–N [54] bonds, and can be used 
as reducing and stabilizing agents to prepare luminescent 
AuNCs. Moreover, the surface functionalization of peptides 
enables the AuNCs to have corresponding or even syner-
gistic biological functions such as sensing, imaging, and 
disease therapy [55].

GSH, as a common short-chain polypeptide, plays an 
important role in various physiological functions of the 
human body and can be used as a ligand coordinating with 
AuNCs. Various AuNCs with different functions have been 
fabricated using GSH as a ligand. Wu et al. [56] have syn-
thesized a thermally stable, oxidation-resistant  Au25(SG)18 
via one-pot method, which could readily incorporate specific 
functionality such as -OH, -COOH, and the atom-transfer 
radical polymerization initiator -OC(O)C(CH3)2Br into the 
ligand shell of GSH. It offered convenient access to new 

types of  Au25 nanoclusters that were difficult to obtain by 
two-phase approach. In addition, GSH has been used as a 
reducing agent and ligand to prepare highly luminescent Au-
thiolate NCs with the quantum yield to ~ 15% through one-
pot synthesis [57]. Using GSH as a ligand endows AuNCs 
with various advantages in ion detection and biosensing. 
Well-defined  Au25(SG)18 protected with GSH have been syn-
thesized and applied to detect  Ag+ based on the fluorescence 
enhancement, exhibiting a good linear fluorescence response 
of  Ag+ in the concentration range of 20 nM ~ 11 μM and 
showing high selectivity among 20 types of metal cations 
[58]. In addition, GSH-stabilized green-emission AuNCs 
have been synthesized and applied for sensitive and selective 
detection of  Co2+ based on fluorescence bursting [59]. Many 
other GSH-protected AuNCs have also been developed as 
optical sensors to detect small biomolecules such as heparin, 
human trypsin, alkaline phosphatase, and integrins, as well 
as lysozyme (Lzm) [60, 61].

Compared with natural peptides, synthetic peptides can 
be designed more readily and play a pivotal role in areas 
such as sensing and disease therapy. The synthetic antimi-
crobial peptides (AMPs) are potential materials for antimi-
crobial therapy. Generally, AMPs include the cationic and 
hydrophobic segments. The former degrades the negatively 
charged bacterial membrane, and the latter can be ration-
ally designed to help AMPs insert into infection sites to 
realize precise therapy. Pranantyo et al. [62] have utilized 
Cys-terminated AMPs as a reducing ligand to construct 
AMP-coated AuNCs, which was then functioned with ani-
onic citraconyl (CA) moieties. This AMP-coated AuNCs 
with CA protection were regarded as a smart design of pH-
responsive antimicrobial agents with multiple functions of 
bacterial imaging, bacterial detection and anti-infection 
therapy. Apart from the AMPs, the peptides scaffold CCY, 
consisting of the cysteine (C) and the tyrosine (Y), have 

Fig. 3  Schematic illustration of 
AuNCs@Lys synthesis and the 
detection principle of GSH
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been discovered to be able to capture and reduce  Au3+/Au+ 
through the sulfhydryl group of C and phenolic hydroxyl 
group of Y, respectively. As a result, these CCY-contain-
ing peptides have been used to synthesize structurally sta-
ble AuNCs that could be utilized for molecular detection. 
A bifunctional CCY TAT  peptide containing a domain of 
RGRKKRRQRRR with cell nucleus targeting ability and a 
domain of CCY with the ability to biomineralize and capture 
Au clusters has been employed to synthesize AuNCs with 
red emission via a facile method (Fig. 4) [63]. The CCY TAT 
-AuNCs provided a new choice for specific cell nuclei stain-
ing. Some other synthetic peptides containing CCY scaf-
fold such as CCYR9, CCYRKKRRQRRR, CCYSIINFEKL, 
have also been incorporated into AuNCs to provide unique 
properties and be employed as biosensors, probes and drug 
delivery [29, 64–67].

Protein‑protected luminescent AuNCs

Protein is one of the six essential nutrients in the human 
body. It is mainly formed by one or more peptide chains 
of different lengths folded by disulfide bonding and has a 
certain spatial structure [68]. Proteins as ligands can be clas-
sified into three categories: nutrient proteins, functional pro-
teins, and natural protein matrix. In addition to containing 
amino and sulfhydryl groups in their amino acid residues, 
proteins also provide domain-limited space, and hence are 
one of the key ligands for synthesis of AuNCs [20]. When 
proteins are used as ligands to synthesize AuNCs, their spa-
tial structure capture  Au3+/Au+ in situ while the amino acid 
residues therein act as a reducing agent to stabilize AuNCs 
as well as a surface modifier [69]. The AuNCs synthesized 
with various functional proteins as ligands show promis-
ing applications in ion detection, sensing, bio-imaging and 
diseases treatment.

Various nutrient proteins have been employed for the syn-
thesis of AuNCs with high stability and unique fluorescence. 
BSA is the most commonly used nutrient protein ligand for 

the synthesis of AuNCs, which not only has a thiol group 
that can form a stable Au–S bond with gold, but also pro-
vides a limited space to prevent the cluster from growing 
further. Xie et al. [20] have synthesized AuNCs emitting 
strong red fluorescence via a kinetics-regulated method 
using BSA as ligand as well as reductant in an aqueous 
environment at ambient temperature and pressure (Fig. 5). 
The resulting AuNCs were subsequently found to be highly 
responsive to  Hg2+ among complex solution environments 
[70]. The detection mechanism revealed that the AuNCs 
underwent fluorescence quenching due to the strong specific 
interaction between  Hg2+ and  Au+. It demonstrated that this 
biosensor presented high sensitivity with the detection limit 
of 0.5 nM (0.1 ppb) for  Hg2+, which was much lower than 
the maximum allowable level of mercury in drinking water 
(2.0 ppb). Furthermore, Zhang et al. [71] have also applied 
BSA to synthesize BSA-stabilized AuNCs to successfully 
monitor the protein hydrolysis activity of trypsin and lacto-
trypsin in real-time. In addition, BSA possesses abundant 
binding sites on its shell, which can bind to bio-targeting 
molecules for cellular imaging, diagnosis and treatment of 
diseases. It reveals that AuNCs@BSA is a potential can-
didate for opening up possibilities for further applications.

Functional proteins, such as transport proteins and 
catalytic proteins, can stabilize AuNCs in combination of 
decorating them with unique biological functions. Xavier 
et al. [72] have utilized lactoferrin (LF), a multifunctional 
transferrin, as a ligand to synthesize luminescent AuNCs 
that exhibited good stability across a wide pH range of 
1 ~ 14. These AuNCs were able to detect the concentra-
tion of  Cu2+ at the parts-per-million (ppm) level. Notably 
these clusters demonstrated consistent light emission even 
under varying pH conditions, suggesting their potential for 
in vivo cellular imaging. Furthermore, these clusters had the 
potential for molecular delivery owing to the iron-binding 
and immunomodulatory functions of LF. AuNCs@LF have 
offered a new therapeutic idea for the treatment of Parkin-
son's disease [73]. AuNCs modified with LF were efficiently 

Fig. 4  Schematic illustration of 
AuNCs@CCY TAT  formation
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localized in the vicinity of mitochondria. This localization 
not only protected mitochondria from oxidative stress but 
also enhanced the blood–brain barrier (BBB) permeability.

Apart from the synthesis of luminescent AuNCs in the 
protein solution phase, it can also be realized on natural 
matrix proteins, such as eggshell membranes [74], silk [75], 
plant protein [76], animal hair [77], etc. This unique synthesis 
strategy significantly reduces the synthesis cost and enhances 
the performance of natural matrix proteins, and consequently 
expands the biological applications of AuNCs. Silkworm silk 
is a natural protein-based fiber composed with two types of 
proteins namely firoin and sericin. The outer layer of silk 
collagen with numerous reducing groups can reduce the 
 Au3+/Au+ and the reduction product combine with the silk 
through Au–S covalent bond subsequntly. Coating AuNCs on 
the surface of silkworm silk has provided a new idea for the 
large-scale industrial production of novel silk-based materials 
through nanotechnology [75]. The “gold silk” prepared by 
this method exhibited better properties than the original silk, 
such as enhanced UV resistance and lower in vitro toxicity 
as well as allergic reaction chances. Feathers and animal hair 
containing sulfhydryl groups, rich keratin and fibroin pro-
teins can also stabilize AuNCs by reducing  Au3+ and form-
ing Au–S bonds with gold. Liu et al. [77] have synthesized 
water-soluble luminescent AuNCs by a one-step method 
using wool keratin (WK) and silk fibroin (SF) as stabilizers 
and reducing agents. They found that the ratio of WK and SF 
proteins would affect the fluorescence intensity of AuNCs. 
In addition, keratin from goose feathers has been employed 
as a stabilizer and reducing agent to synthesize red fluores-
cent AuNCs [78]. These AuNCs were etched to form Au(I) 
complexes with aggregation-induced emission (AIE) activity, 

which could be induced by  Cd2+ to produce strong lumines-
cence. Permanent fluorescent hair coloring has emerged as a 
contemporary method of hair coloring, catering to the grow-
ing desire for uniqueness and style. The luminescent AuNCs 
as fluorescent hair dyes have been embedded into the hair 
by a rapid protein-assisted biomineralization method under 
heating and alkaline conditions [79]. The hair scales were 
fully opened, enabling the dye precursors to penetrate deeply 
under the optimal temperature and alkalinity. The introduc-
tion of AuNCs gave new photophysical properties to the hair 
and greatly enhanced its antistatic, mechanical strength, dura-
bility, and biocompatibility.

DNA‑protected luminescent AuNCs

DNA contains four nitrogenous bases: adenine A, thymine T, 
guanine G, and cytosine C, having deoxyribose and a phos-
phate group (Fig. 6) [80]. Hydrophilic phosphate group car-
ries an abundance of electrons, while keto and imine groups 
in the bases having strong tendency to bind with metal ions. 
These structural advantages enable the nucleotides to cap-
ture  Au3+/Au+ by physical adsorption or chemisorption as 
AuNCs synthesis occur under mild reducing agents [81]. 
Using a series of adenine derivatives as ligands under citrate 
reduction, AuNCs with different fluorescence intensity have 
been synthesized [82].

Free deoxyribonucleotides are connected by phosphodies-
ter bonds to form single-stranded DNA [83]. Single-stranded 
DNA molecules possess specific base pair recognition ability, 
high biodegradability as well as biocompatibility, and their 
nitrogenous bases and negatively charged backbone provide 
numerous binding sites for  Au3+/Au+ through electrostatic 

Fig. 5  Schematic illustration of AuNCs@BSA formation. Reprinted with permission from Ref. [20].  Copyright 2009, American Chemical Soci-
ety
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or liganding effects [84]. They have become popular ligands 
for the synthesis of luminescent AuNCs performing well in 
gene detection [85], bio-therapy [86], bio-sensing [87], and 
other areas.

Currently, the mainstream ligands for synthesizing 
AuNCs are still mainly hydrophobic ligands with limited 
solubility in water, hindering the application of AuNCs 
in physiological environments. Gold ions are captured by 
hydrophilic macromolecular DNA through electrostatic 
adsorption and Au–N and Au-O interactions [88]. These 
gold ions are then arranged along the DNA backbone and 
synthesized into AuNCs with the help of mild reductants. 
Compared with the hydrophobic ligands, using hydrophilic 
ligands to synthesis fluorescence AuNCs is more complex. 
The length, sequence, and spatial configuration of the DNA 
strand, the acidity and alkalinity of the reaction environment 
as well as the type of reductant, jointly affect the fluores-
cence properties and intensity of the synthesized AuNCs. 
Under dimethylaminoborane (DMAB) reduction and using 
four base-corresponding poly-deoxyribonucleotide strands 
as ligands respectively, the effect of DNA sequence on the 
luminescence intensity of AuNCs has been investigated 
[89]. The findings revealed that the luminescence intensity 
of the synthesized clusters exhibited a decreasing trend as 
23-C > 23-A > 23-T > 23-G. Additionally, the maximum 
emission wavelengths also undergent blue-shift in the same 
order. Subsequently, the same team used DMAB as a reduc-
ing agent and hairpin-structured, single-stranded, as well as 
double-stranded DNA as templates to investigate the effect 
of spatial configuration of DNA sequences on the emission 
behavior of AuNCs (Fig. 7) [90]. The double-stranded DNA 
was structurally inefficient compared to hairpin-structured 
and single-stranded DNA, which did not favor the bind-
ing growth of AuNCs. Hairpin-structured DNA captured 
 Au3+/Au+ and facilitated the synthesis of reddish-glowing 

AuNCs under the action of the ring-containing carbon chain 
structure and the reducing agent. The luminescence inten-
sity was highly dependent on the ring sequence, with the 
cytosine ring (C5) being the most efficient host. Compared 
with single-stranded DNA, the hairpin structure of DNA was 
less prone to coil proximal and distal bases randomly, which 
better elucidated the effect of sequence on the luminescent 
properties of AuNCs. Using citrate as a reducing agent, the 
effect of pH as well as other various buffer conditions on the 
synthesis of AuNCs have been investigated. It was reported 
that AuNCs with blue fluorescence could be prepared in the 
presence of poly-cytosine DNAs at low pH and poly-adenine 
at neutral pH. In addition, Lopez and coworkers [91] have 
investigated the effect of reducing agents on the synthe-
sized luminescent AuNCs using poly-deoxyribonucleotide 
as a ligand. Apart from the widely used citrate and DMAB, 
potent reducing agents such as 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid and its sodium salt (HEPES) as well 
as 2-(N-morpholino)ethanesulfonic acid (MES) were also 
employed. Compared to these reducing agents, AuNCs@
DNA reduced by the strong reducing agent  NaBH4 had no 
fluorescence.

For the synthesis of DNA-protected AuNCs, in order to 
overcome the electrostatic hindrance of luminescent AuNCs' 
surface ligands exchanging with DNA, several strategies for 
in situ DNA-functionalized AuNCs have been developed 
based on DNA's affinity for positively charged substances 
or the formation of stronger bonds between modified DNA 
and gold. Wang et al. [92] have utilized peptide K4 (KRKC-
NH2, a tetrapeptide) to modify the AuNCs with positively 
charged surface and make it easy to assemble with DNA 
strands to form complex nanostructures. Besides, phospho-
rothioic acid-modified DNA (ps-DNA) has also been utilized 
as a ligand to enhanced the DNA's affinity for gold and to 
synthesize valence-controllable AuNCs in situ [35]. The size 

Fig. 6  Schematic illustration 
of DNA’s structure. Reprinted 
with permission from Ref. [80].  
Copyright 2017, Wiley–VCH
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of the resulted AuNCs was finely adjusted in the range of 
1.3 ~ 2.6 nm by adjusting the ps-DNA length. Apart from 
the advantage of making AuNCs to be size-controlled, ps-
DNA also contained a functional recognition domain, which 
could be designed to specifically recognize small molecules 
through base complementary pairing. These studies provide 
a new idea for the assembly and functionalization of novel 
luminescent AuNCs with DNA.

Other biomolecule‑protected luminescent AuNCs

The biomolecules of amino acids, peptides, proteins and 
DNA have been proved to be promising ligands for the syn-
thesis of fluorescent AuNCs. Compared to these ligands, 
other biomolecules such as cellulose [93], chitosan [94] and 
biosurfactant (sodium cholate) [95] have also been employed 
for the synthesis of AuNCs. Cellulose is one of the largest 
natural polymers with biocompatibility, biodegradability and 
a capability to scatter low-visible light. Cellulose with nano 
size can form a nanoscale dispersion in water to form inter-
particle hydrogen bonds that promote network formation and 
prevent self-aggregation. Using cellulose crystal (CNC) as 
carriers and stabilizers, a ratiometric fluorescent probe based 
on CNC-protected AuNCs was fabricated for live-cell and 
zebrafish imaging of highly reactive oxygen species (ROS). 
Chitosan is a natural cationic biopolymer synthesized from 
alkaline N-deacetylation of natural chitin with amino and 
hydroxyl group in each repeating unit. Chitosan has good 
biodegradability, biocompatibility and low cytotoxicity, 
which is a promising material for the decoration of AuNCs. 
For example, chitosan grafted with N-acetyl-L-cysteine 

(NAC-CS) was prepared and used to synthesize AuNCs@
NAC-CS with biocompatibility, good fluorescence, low 
cytotoxicity, and low sensitivity to some content of living 
cells. In addition, other biosurfactant (sodium cholate) was 
applied as template to fabricate bright bluish-green emit-
ting AuNCs by a green chemical approach for in vivo bio-
imaging in zebrafish embryos. Compared to the commonly 
used bioligands with amino acids, peptides, proteins and 
DNA, the other biomolecule-stabilized AuCNs have been 
less reported.

Summary of different biomolecule‑protected 
luminescent AuNCs

Biomolecules (amino acids, peptides, proteins and DNA, 
etc.) are demonstrated to be promising templates for the 
fabrication of multifunctional fluorescent AuNCs. The bio-
templates can not only act as ligands to improve the stability, 
biocompatibility and sensitive optical properties of AuNCs, 
but also enable the AuNCs having biological activity and low 
toxicity. For example, though amino acid has the simplest 
structure and function, it possesses some important groups 
like sulfhydryl groups, amino, imidazolyl, or hydroxyl 
groups, which are able to stabilize AuNCs through strong 
Au–S bonds and reduce AuNCs without any other reduction. 
Furthermore, amino acid, with stable and definite structure, 
has been employed to fabricate atomically precise AuNCs 
[96].Compared to amino acids, peptides and proteins are 
complex and have abundant active functional groups to make 
protein-protected AuNCs outstanding among other AuNCs. 
Benefited from peptide synthesis engineering, designing 

Fig. 7  Schematic illustration of 
red emitting AuNCs conformed 
by hairpin-structured DNA. 
Reprinted with permission from 
Ref. [90]. Copyright 2012, IOP 
Publishing Ltd
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specific-function peptide is possible. The natural functional 
protein, such as, enzyme and transport proteins, can deco-
rate AuNCs with special biological functions for biomedical 
applications including biosensing, bioimaging, biolabeling, 
targeted cancer therapy and drug delivery. In some respect, 
the peptide or protein-functionalized AuNCs are preferable 
to conventional fluorescent probes due to the good stability, 
excellent compatibility, and prolonged fluorescence lifetime 
[97, 98]. Compared with hydrophobic ligand, hydrophilic 
macromolecular DNA endows AuNCs with gene detective 
ability as well as solubility in physiological environment. 
Despite many advantages of using biomolecule as template 
for AuNCs, in some extent, their luminescence is relatively 
weaker comparing to the conventional fluorescent dyes or 
quantum dots, which limits their applications. However, as 
the biomolecules become more complex, it is believed that 
more novel biomolecules and synthesis strategies would 
be developed to fabricate enhanced luminescent AuNCs to 
realize biological applications in changeable complex physi-
ological environment.

Major biological applications

With the advantages of biodegradability, biocompatibility, 
low cytotoxicity, large Stoke shifts and unique luminescence 
properties, biomolecules (amino acids, peptides, proteins 
and DNA) protected AuNCs have emerging as promising 
candidates in various fields, especially in biological applica-
tions including bioimaging, biosensing, disease therapy and 
biocatalysis, etc.

Bioimaging

In vitro bioimaging

Templates, such as amino acids, peptides, proteins and 
DNA, for fluorescent AuNCs have been widely applied in 
cell targeting imaging and metabolism studies in living cells. 
Folic acid (FA) serves as a bio-probe that facilitates the entry 
of substances into cells effectively. Modifying FA ligand 
with green-emitting fluorescein isothiocyanate (FITC), 
Ding et al. [99] have prepared an AuNCs-based fluorescence 
biosensor (FA-FITC@AuNCs) for specific bioimaging in 
cancer cells and ratiometric determination of intracellular 
pH. The obtained biosensor exhibited excellent sensitiv-
ity, high cyclic accuracy and good selectivity over various 
metal ions and biological species in a broad pH range of 
6.0 ~ 7.8. It was also successfully applied in targeted imaging 
for  FR+ve Hela cells and  FR−ve lung carcinoma cells A549. 
Hada et al. [100] have also used FA to functionalize BSA-
AuNCs for targeted fluorescence imaging of ovarian cancer 
cells (NIH:OVCAR-3). Compared to the BSA-AuNCs, the 

FA-functionalized BSA-AuNCs possessed good biocompat-
ibility and improved cellular uptake and staining ability. This 
research suggested that the synthesized FA-BSA-AuNCs 
could act as an efficient label-free contrast agent for early 
cancer diagnosis by cellular imaging. Retnakumari et al. 
[101] have used BSA as a template and ascorbic acid as a 
reducing agent to fabricate novel AuNCs. FA could attach 
to the BSA protein via a coupling agent and the FA-BSA-
AuNCs could be attached to oral cancer cells as fluorescent 
markers. Bhamore et al. [102] have created the viability of 
BSA-bromelain-AuNCs as a fluorescent probe for imaging 
of fungal cells. In addition, Bertorelle and coworkers [103] 
have introduced BSA to functionalize the surface of water-
soluble thiolated  Au25NCs. With the attachment of BSA, 
the AuNCs exhibited a significant enhancement of photo-
luminescence and a redshift in the near infrared II (NIR-II) 
window. This study provided a new strategy to tailor sensi-
tive probes with NIR-II photoluminescence via selectively 
binding protein onto the AuNCs for the optical detection of 
biomolecules in a cellular environment by living imaging.

GSH serves as a reducing agent and ligand to construct 
fluorescent AuNCs for live cell imaging, allowing the real-
time monitoring of changes in the intracellular environment 
[104]. Sun et al. [105] have synthesized GSH-protected 
AuNCs with fluorescent emission wavelength of 800 nm 
and they demonstrated that the GSH-AuNCs can be used 
for bioimaging of targeted tumor cells. The fluorescence 
intensity of GSH-AuNCs presented a reversible linear tem-
perature response and the addition of FA would not affect the 
fluorescence peak.  Au25(SR)18 is the most studied AuNCs 
structure and has shown good stability and dispersion prop-
erty in many studies. Liu et al. [106] have developed a water-
soluble and photostable  Au25(GSH)18 cage structure with a 
fluorescent emission in the range of 1120 ~ 1350 nm. The 
quantum yield of this  Au25(GSH)18 was greatly increased 
by metal-atom doping on its surface, which allowed pen-
etration into the skull for NIR-II cerebral blood vessel 
imaging. Using principal component analysis techniques, 
the primary tumor, blood vessel, and lymphatic metastasis 
could be clearly distinguished via cancer metastasis imaging 
(Fig. 8A). Li et al. [107] have constructed a GSH-stabilized 
 Au25(GSH)18 with a blue-shifted fluorescence mission at 
1050 nm.  Au25(GSH)18 attached efficiently to hydroxyapa-
tite (the main component of bone), resulting from the spe-
cific binding between the carboxyl group at the end of the 
GSH ligand in  Au25(GSH)18 and Ca in hydroxyapatite. The 
whole mouse body exhibited a vital NIR-II fluorescence 
within 8.5 min after  Au25(GSH)18 injection. As the time 
was extended, the  Au25(GSH)18 would remarkably decrease 
and its signal became weak in other body parts apart from 
in skeletal sites with enhanced signal. After 8.3 h of injec-
tion, almost all skeletal structures showed clear fluorescence 
(Fig. 8B). It indicated that this nanocluster was an excellent 
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NIR-II bone imaging probe and had great potential for 
fluorescence-guided skeletal surgery. Many other imaging 
probes based on GSH-AuNCs have been created and showed 
promising materials for biological applications [108–110]. 
Apart from the aforementioned BSA- or GSH-protected 
AuNCs-based nanoprobes, other novel fluorescent nano-
probes have been designed. For example, a photoswitchable 
fluorescent nanoprobe towards dual-color cellular imaging 
has been fabricated using ligand-protected AuNCs [111]. In 
this nanoprobe system, the AuNCs did not only act as FRET 
donors due to their intrinsic fluorescence properties, but also 
played a vital role in tuning the photochromic and aggregate 
properties of spiropyran via ligand-spiropyran interactions.

In vivo bioimaging

As a powerful technique, in vivo imaging can localize 
and dynamically monitor biomolecules in living systems. 
Water-dispersible AuNCs with NIR emission are ideal 
candidates for in vivo imaging due to their higher penetra-
tion capacity and biocompatibility. Wu et al. [112] have 
explored a novel contrast imaging agent based on BSA-
modified AuNCs for tumor fluorescence imaging in vivo. 
The fluorescence signal of AuNCs in living organisms 

could be clearly distinguished and it showed high pho-
tostability, allowing continuous imaging in vivo. Using 
MDA-MB-45 and Hela tumor xenograft models, in vivo 
tumor targeting studies showed that BSA-AuNCs would 
highly accumulate in tumor sites due to the enhanced per-
meability and retention (EPR) effect. It demonstrated that 
this nanomaterial was a promising contrast imaging agents 
for in vivo fluorescence tumor imaging. Xu et al. [113] 
have also used BSA as template to prepare BSA-AuGd 
integrated nanoprobes for optical/MRI/CT triple-modal 
in vivo tumor imaging. This nanomaterial owned good 
biocompatibility, quick degradability and nontoxicity to 
normal tissue in vivo. Another fluorescent BSA-protected 
AuNCs have been fabricated via the surface modification 
of BSA-AuNCs with Met and MPA, the AuNCs could 
achieve targeted imaging of MDA-MB-231 tumors in liv-
ing cells [114]. Wang et al. [115] have developed novel 
probes based on BSA-AuNCs with good X-ray absorptive 
capacity, which were used for the 2D and 3D live imaging 
of murine kidneys. GSH can also be explored to fabricate 
AuNCs for in vivo imaging. For example, Yang et al. [116] 
have prepared GSH-protected AuNCs appearing as a novel 
neurofluorescent probe.

Fig. 8  (A) NIR-II fluorescence imaging of tumor metastasis through 
the intravenous injection of  Au25(GSH)18, and primary tumor, blood 
vessel, and lymphatic metastasis are distinguished. Reprinted with 
permission from Ref. [106].  Copyright 2019, WILEY‐VCH. (B) 

Specific bone targeting and high resolution NIR-II fluorescence imag-
ing of the whole mouse body. Reprinted with permission from Ref. 
[107]. Copyright 2020, Wiley‐VCH
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Apart from BSA and GSH, other biomolecules have 
also been developed as templates to synthesize AuNCs for 
in vivo imaging. Using one-step microwave-assisted method, 
Li et al. [30] have synthesized lysozyme-protected AuNCs 
(Lzm-AuNCs) with good biocompatibility, stability and red 
fluorescence, as well as low toxicity. After injection into 
the living cells, Lzm-AuNCs would be almost located lys-
osomes. Lzm-AuNCs could selectively and sentitively drive 
the detection of folate with a detection limit of 0.19 nM. 
Moreover, the hyaluronic acid (HA) coated Lzm-AuNCs 
showed significant targeting to tumors. This study indicated 
that Lzm-AuNCs could serve as sensing, in vivo fluores-
cence imaging and tumor targeting (Fig. 9A). Pang et al. 
[117] have synthesized dual-ligand/multi-ligand-coated 
AuNCs for specific targeting, NIR fluorescence imaging, 
diagnosis and treatment of lymph-node (LN) cancer metas-
tasis in in vivo mouse models.  Au25(SR1)n(SR2)18-n with 
highly effective LN targeting, good biocompatibility and 
stability and optimal body-retention time, could be obtained 
via optimization of the coating ligands. The Au nanomate-
rials exhibited bright NIR-II fluorescence, and more stable 
and friendly than ICG (a commonly used commercial LN 
imaging agent) (Fig. 9B). Compared to visible and NIR-I 
emission (400 ~ 800 nm), NIR-II emission (1000 ~ 1700 nm), 
exhibiting a longer wavelength and less light scattering, ena-
bles the clear imaging of deeper organisms and tissues possi-
bly. Biomolecule-protected AuNCs with fluorescence emis-
sion in the NIR-II window have attracted substantial research 
interest for bioimaging [118]. In addition, ribonuclease-A 
(RNase-A) has been utilized to encapsulate AuNCs (RNase-
A@AuNCs) for red-shifted emissions because it contains a 

desired cocktail of thiol group (Cys) and aromatic amino 
acids (histidine and tyrosine). The in vivo imaging capability 
of RNase-A@AuNCs in gastrointestinal imaging (GI) tract 
was investigated in mice by oral administration. This work 
demonstrated that RNase-A@AuNCs could be applied as 
nano-emitters for diagnosis of intestinal tumors [119].

Biosensing

Due to the unique fluorescent and physicochemical proper-
ties, a variety of biomolecule-protected AuNCs have already 
been developed for biosensing probes for detection of metal 
ions, small organic molecules, amino acids, polypeptides 
and proteins, etc. Compared to conventional organic labels, 
fluorescent biomolecule-coated AuNCs have the advantages 
of high sensitivity, excellent photostability and aqueous 
solubility. A list of recent advances in biomolecule-coated 
AuNCs and their bioconjugates is summarized in Table 1.

Fluorescent AuNCs have been widely introduced to detect 
metal ions such as  Hg2+,  Cu2+,  Cd2+,  Fe3+,  Ag+,  Co2+, etc. 
 Hg2+ is becoming a threat to the environment and human 
beings due to its highly hazardous and bio-accumulative 
properties. Many  Hg2+ detection approaches have been 
investigated. For example, Xie et al. [70] have developed 
a BSA-coated AuNCs via a simple label-free method for 
the determining  Hg2+. The presence of  Hg2+ would quickly 
quench the fluorescence of BSA-AuNCs within a second 
due to the strong-affinity metallophilic  Hg2+-Au+ interac-
tions. As clearly indicated from the photoemission spectra 
(Fig. 10A), this protocol showed high selectivity and sen-
sitivity towards  Hg2+ with the detection limit of  Hg2+ up 

Fig. 9  (A) Formation of Lzm-AuNCs and the applications in tumor 
cells targeted and in vivo living imaging. Reprinted with permission 
from Ref. [30].  Copyright 2022, Elsevier. (B) Formation of dual-

ligand-coated AuNCs and the NIR-II fluorescence of AuNCs used 
in vivo imaging. Reprinted with permission from Ref. [117]. Copy-
right 2022, Pang. et al. Published by American Chemical Society
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to 0.5 nM, 20 times less than the United States Environ-
mental Protection Agency safe limit for  Hg2+ in drinking 
water. Yu et al. [120] have prepared a novel BSA-AuNCs 
with combination of graphene oxide (GO) hybrid membrane 

to achieve the detection and separation of  Hg2+ effectively 
(Fig. 10B). It demonstrated that the effective separation of 
 Hg2+ resulted from the intense interaction of  Hg2+-Au+, 
the specific binding of  Hg2+ and the Cys residue of BSA 

Table 1  Analytical applications 
of AuNCs for sensing

Ligand λex/λem (nm) Size
(nm)

Analyte Linear range(μM) LOD (nM) Ref

Lysine 338/418  ~ 3.0 Cu2+ 0.01 ~ 7 3 [47]
DNA 370/455  ~ 4.0 Cu2+ 0.5 ~ 80 500 [121]
Insulin 365/490 2.0 ± 0.8 Cu2+ 0.05 ~ 1.70 7.5 [122]
BSA 470/640  ~ 1.0 Hg2+ 0.001 ~ 0.02 0.5 [70]
BSA-GO 470/635  ~ 8.0 Hg2+ 0.01 ~ 0.2 0.0238 [120]
Methionine 420/565 1.5 ~ 2.0 Cd2+ 0.05 ~ 35 12.25 [43]
L-proline 360/440  ~ 2.0 Fe3+ 5 ~ 2000 2000 [49]
GSH 514/670  ~ 2.0 Ag+ 0.02 ~ 11 200 [58]
Lysine 338/425 3 ± 0.5 GSH 0.5 ~ 1000 5 [48]
Insulin 365/490 2.0 ± 0.8 GSH 0.05 ~ 1.50 9.2 [122]
Cysteine 365/630 4.0 ~ 6.0 Citrate 0.5 ~ 1000 100 [42]
L-tyrosine 385/470 1.0 ~ 3.0 Tyrosinase 0.5 ~ 200 80 [50]
HSA 365/670  ~ 5.0 Nitrite 0 ~ 20 46 [124]
BSA-Cu2+ 365/635  ~ 1.8 Pyrophosphate ion 0.16 ~ 78.1 83 [125]
BSA-Ce 325/410,658 - CN− 0.1 ~ 15 50 [126]
BSA 480/622  ~ 2.82 Dopamine 0 ~ 3.5 10 [127]
BSA 370/629  ~ 2.0 Folic acid 75 ~ 272 40 [129]
LTN 375/470  ~ 3.2 Oxytetracycline 0.5 ~ 15 300 [132]

Fig. 10  (A) Detection of  Hg2+ with BSA-AuNCs. Reprinted with 
permission from Ref. [70].  Copyright 2010, Royal Society of Chem-
istry. (B) Detection of  Hg2+ using BSA-AuNCs with combination of 
GO hybrid membrane. Reprinted with permission from Ref. [120]. 
Copyright 2018, Elsevier. (C) Detection of GSH and  Cu2+ with insu-

lin-capped AuNCs. Reprinted with permission from Ref. [122]. Cop-
yright 2023, American Chemical Society. (D) Synthesis of L-proline-
stabilized fluorescent AuNCs and the application for  Fe3+ detection. 
Reprinted with permission from Ref. [49]. Copyright 2013, Elsevier
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as well as the electrostatic interaction. Over-accumulation 
 Cu2+ will cause toxicity and bring serious diseases to human 
beings. Currently, biomolecule-modified AuNCs have been 
fabricated for the detection of  Cu2+ [47, 121, 122]. Sham-
sipur et al. [122] have developed an on-off-on fluorescence 
probe based on green-light-emitting insulin-capped AuNCs 
for rapid, sensitive and selective detection of  Cu2+ ions and 
GSH (Fig. 10C). The fluorescence intensity of these nano-
clusters was significantly decreased by  Cu2+ resulting from 
an aggregation-caused quenching, while it could be recov-
ered by addition of GSH. The detection limits for  Cu2+ and 
GSH were ~ 7.5 and 9.2 nM, with linear ranges of 0.05 to 
1.7 μM and 0.05 to 1.5 μM, respectively. Some other bio-
ligands including Lys [47] and DNA [121], have also been 
applied for the synthesis of AuNCs for the determination of 
 Cu2+. In addition, novel water-soluble Met-capped AuNCs 
have been synthesized by a green and facile method, and 
used as a fluorescence-enhanced probe for  Cd2+ sensing 
with a linear response in the range of 50 nM to 35 μM and 
a detection limit of 12.25 nM [43]. The fluorescence of the 
Met-AuNCs was selectively and sensitively enhanced in the 
presence of  Cd2+ attributed to the  Cd2+-induced aggregation 
of nanoclusters. Mu et al. [49] have synthesized L-proline-
stabilized fluorescent AuNCs serving as sensing probes for 
serum iron based on the aggregation-induced fluorescence 
quenching (Fig. 10D). Biomolecule-functionalized AuNCs 
are also utilized for determination of other inorganic ions 
such as citrate [42], sulfide [123], nitrite [124], pyrophos-
phate [125] and cyanide [126].

Fluorescent AuNCs can be also used for the sensing of 
small molecules. Aswathy et al. [127] have developed a flu-
orescence “turn on” sensor to detect dopamine (DA) using 
 Cu2+-decorated BSA-AuNCs. The fluorescence of BSA-
AuNCs was initially quenched by  Cu2+, and recovered by the 
introduction of DA due to the conformity between  Cu2+ and 
the amino group of DA (LOD: 0.01 μm). Novel BSA-function-
alized AuNCs have been fabricated for detection of acetylcho-
line [128], folic acid [129], glutaraldehyde [130], cholesterol 
[131] with excellent selectivity and sensitivity. Moreover, the 
biomolecule-protected AuNCs have also been employed for 
the amino acids, peptides, proteins sensing. L-tryptophanon-
itrile (LTN)-protected AuNCs (LTN@AuNCs) have been 
successfully fabricated and applied to detect oxytetracycline 
via colorimetric analysis based on their enzyme-like activity 
[132]. Oxytetracycline caused the aggregation of positively 
charged LTN@AuNCs with the negatively charged drug, 
and then the aggregated LTN@AuNCs would produce more 
ROS and improve their peroxidase (POD)-like activity. As a 
result, a colorimetric technique for the detection of oxytetra-
cycline with high specificity and sensitivity was developed. 
This method exhibited the detection limit of 0.3 μM and a 
good linear relationship for ultraviolet–visible absorbance of 
the aggregated LTN@AuNCs at a wavelength of 650 nm with 

oxytetracycline in a range of 0.5 ~ 15.0 μM  (R2 = 0.994). Apart 
from these studies, an alternative method, known as “chemi-
cal nose-tongue” strategy, has been investigated on sensing 
protein. Yu et al. [133] have prepared a novel fluorescent probe 
in the sensing array by the integration of seven fluorescent 
probes with GO. This assay was capable of identifying differ-
ent proteins at different concentrations (47 out of 50 different 
proteins with accuracy of 94%) due to the interactions between 
GO and the fluorescent probes.

Biomolecule-functionalized AuNCs have also gained 
substantial attention for ratiometric fluorescent probes due 
to their prospective potential in biosensing and bioimaging 
[134, 135]. Peptide-protected (GSH) and protein-protected 
(BSA, lzm) AuNCs show red-emitting property in NIR, 
which has low absorption and autofluorescence from tis-
sues and organisms [136]. Therefore, peptide-protected 
and protein-protected AuNCs are widely attractive in liv-
ing cell biosensing and bioimaging. Modified GSH-capped 
AuNCs with green-emitting FITC molecules, the FITC-
GSH-AuNCs exhibited dual emission peak at 520 nm and 
675 nm, among which the red emission signal was sensi-
tive to the  Hg2+ while the green fluorescence peak was 
constant [31]. Furthermore, the ratiometric fluorescent 
probe has realized sensing and imaging of  Hg2+ changes in 
living cells and zebrafish. In addition, FITC has also been 
conjugated with the amino groups of BSA-capped AuNCs, 
and the compound emitted at 525 nm and 670 nm achiev-
ing sensitive detection of solution pH and  H2O2 [137]. 
Apart from FITC, glutaraldehyde has been utilized to 
modify Lzm-AuNCs and aggregate red-emitting AuNCs 
into green-emitting Lzm-AuNPs through the conforma-
tion of C = N bonds [138]. While the pH changed slightly 
from 7.5 to 9.5, the green fluorescence of Lzm-AuNPs 
was increase but the red fluorescence of Lzm-AuNCs 
remained unchanged. The ratiometric probe has been 
applied to monitor pH change in dexamethasone-treated 
HeLa cells. In addition, another nanoprobe has been devel-
oped through self-assembly of GSH-AuNCs and using 
FITC-functionalized HA for ratiometric sensing and bio-
imaging of highly reactive oxygen species (hROS) [139]. 
Fluorescent AuNCs were also tried to in situ encapsule 
into zeolite imidazolate frameworks-8 (ZIF-8) to construct 
as nanosensors for ratiometric fluorescence sensing of ace-
tylcholinesterase [140].

Disease therapy

Cancer therapy

Fluorescent AuNCs capped with biomolecules are promising 
nanomaterials for targeted cancer therapy via radiotherapy, 
photodynamic therapy (PDT), photothermal therapy (PTT) 
and combination therapy. BSA-AuNCs have been explored 
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as radiosensitizers [141, 142]. For example, Ghahremani 
et al. [143] have combined BSA-AuNCs with an antiprolif-
erative oligonucleotide (AS1411 aptamer), widely used as 
a tumor-targeting agent. The combination of BSA-AuNCs 
and AS1411 aptamer exhibited good tumor cell targeting 
ability and improved efficacy of radiation therapy. Ultras-
mall fluorescent GSH-AuNCs (~ 2 nm) have been widely 
investigated to be applied as radiosensitizers for radiation 
therapy. These untrasmall AuNCs could readily penetrate 
tumor tissue and move in blood vessels. Moreover, the low 
lymphatic outflow from tumor tissue made GSH-AuNCs less 
susceptible to clearance [106, 144]. GSH-AuNCs with EPR 
effect, could accumulate in tumors and show a strong radio-
sensitizing effect on cancer radiotherapy. They also had effec-
tive renal clearance and excellent biocompatibility in vivo. In 
addition, histidine-functionalized AuNCs have been devel-
oped for radiosensitizer with sensitization rate up to ~ 1.54 
(Fig. 11A) [145]. Other fluorescent AuNCs functionalized 
targeting peptides and oligonucleotide aptamers have also 
been explored as radiosensitizers to enhance the cancer radio-
therapy effects [146, 147]. These studies indicated that fluo-
rescent bioligands-modified AuNCs are becoming one the 
most promising radiosensitizers for cancer therapy.

Photodynamic therapy (PDT) is approved a noninvasive 
therapeutic technique for cancer and other diseases treatments. 
It contains two separate nontoxic components: photosensitiz-
ers (PSs) and specific wavelengths of light to activate the PSs 
[148]. AuNCs modified with biomolecules have been applied 
as effective photosensitizers for imaging-guided PDT. For 
example, multifunctional AuNCs co-modified with human 
serum albumin (HSA) and catalase (CAT) have been devel-
oped as a multifunctional, therapeutic, diagnostic nano-agents 

[149]. The HSA-CAT-AuNCs produced singlet oxygen under 
a laser excitation (1064 nm), which exactly located in the 
NIR-II window, enabling NIR-II-triggered PDT. Compared 
to the conventional visible light-triggered PDT, NIR-II-
induced PDT exhibited increased tissue penetration due to 
the low tissue absorption and scattering. This study indi-
cated the HSA-CAT-AuNCs could act as a photosensitizing 
nano-agent for in vivo fluorescence imaging, tumor hypoxia 
relief, and NIR-II-triggered in vivo PDT in the treatment of 
cancer. BSA-AuNCs have been also employed as photosen-
sitizers to improve PDT. Fluorescent AuNCs encapsulated 
into BSA nanospheres exhibited enhanced PDT effect, which 
had good cellular uptake, high 1O2 production and excellent 
biocompatibility [150]. Dan et al. [151] have prepared novel 
BSA-AuNCs as photosensitizers with NIR-II fluorescence and 
peroxide-like activity, which possessed oxygen self-supply 
ability to enhance PDT. The study further demonstrated the 
BSA-AuNCs with enhanced PDT could be applied for cancer 
and bacterial infection treatments (Fig. 11B).

AuNCs functionalized with biomolecules have also been 
developed PTT, which relied on a photothermal transducer 
(PTA) to generate sufficient heat under NIR light irradia-
tion for tumor inhibition or ablation [152].  Au25(SG)18 
NCs have been synthesized and applied for PTT study of 
breast cancer cells. The NCs displayed good photother-
mal activity under 10 W  cm−2 power irradiation and the 
cell death would reach up to 100% under the 10 W  cm−2 
power irradiation as 808 nm laser source. In addition, novel 
BSA-AuNCs and GSH-AuNCs nanomaterials have been 
introduced for PTT of tumors [153, 154]. Due to the com-
plicated nature of tumor tissue, it is often difficult to eradi-
cate the tumor thoroughly with a single treatment modality. 

Fig. 11  (A) Schematic illustration of the therapeutic principle based 
on histidine-functionalized AuNCs for simultaneously increasing 
ROS generation, depleting GSH and regulating cell cycle. Reprinted 
with permission from Ref. [145].  Copyright 2018, American Chemi-
cal Society. (B) Schematic illustration of synthesis of NIR-II BSA-

AuNCs combining with PDT against breast cancer and methicillin-
resistant Staphylococcus aureus (MRSA) infection. Reprinted with 
permission from Ref. [151]. Copyright 2022, Qing Dan et  al. Pub-
lished by MDPI
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Therefore, the integration of different treatment modalities 
is promising for tumor therapy. Currently, biomolecule-
functionalized AuNCs-related PDT/PTT combination ther-
apies, PTT/acoustic-photodynamic combination therapies, 
and photo-controlled PDT/PTT/chemotherapy combination 
therapies have also been investigated [155–158].

Antibacterial agents

Some of biomolecule-functionalized AuNCs, exhibiting 
high catalytic activity to generate ROS, can be applied as 
antibacterial agents to kill bacteria or microbial. Zheng 
et  al. [159] have developed AuNPs protected with the 
ligand of 6-mercaptohexanoic acid (MHA) via precisely 
adjusting their size in the nanoclusters range. The resulted 
ultrasmall AuNCs exhibited efficient wide-spectrum anti-
microbial activity, and the capability of killing both gram-
positive and gram-negative bacteria via intracellular ROS 
induced by AuNCs [160]. Many other biomolecules are 
also introduced for the synthesis of AuNCs with antibac-
terial ability. Cys-protected AuNCs have been fabricated 
with orange-red-emitting fluorescence, high aqueous solu-
bility and excellent biocompatibility [39] (Fig. 12A). The 
fluorescence intensity of Cys-AuNCs decreased in the 
presence of E. coli and the metabolism of Cys-AuNCs by 
E. coli accelerated the generation of intracellular ROS to 

kill E. coli. It suggested that Cys-AuNCs could be applied 
for bacterial detection and antimicrobial agents. Xie et al. 
[158] have synthesized deoxyribonuclease (DNase)-
functionalized AuNCs, which killed the gram-positive 
and gram-negative bacteria (Fig. 12B). The extracellular 
polymeric substance matrix was decomposed by DNase 
and then the defenseless bacteria were exposed to PTT 
and PDT by DNase-AuNCs under 808 nm laser irradia-
tion. ~ 90% Bacteria were killed in the process. In con-
trast to general belief that anionic nanoparticles were more 
likely to kill bacteria since it had positively charged cell 
wall, Li and coworkers [161] have constructed cationic 
AuAgNCs@BSA that could induce severe disruption of 
outer membrane metabolism due to strong electrostatic 
interactions and increase ROS accumulation leading bac-
teria to demise (Fig. 12C). It demonstrated that lumines-
cent biomolecule-protected AuNCs had great potential for 
antimicrobial agents. In addition, novel AuNCs functional-
ized with quaternary ammonium (QA) salts have also been 
developed for antibiotic agent targeting multidrug-positive 
bacteria both in vitro and in vivo [32] (Fig. 12D).

Biocatalysis

The conventional biocatalysts are natural enzymes with 
capability of catalyzing chemical and biochemical reactions 

Fig. 12  (A) Schematic illustration of the mechanism of Cys-AuNCs 
killing E. coli. Reprinted with permission from Ref. [39].  Copyright 
2019, American Chemical Society. (B) Schematic illustration of the 
cooperation of DNase-AuNCs with PTT and PDT to damage bacteria. 
Reprinted with permission from Ref. [158]. Copyright 2020, Ameri-
can Chemical Society. (C) Schematic illustration of the synthesis of 

cationic AuAgNCs@BSA and their applications in bioimaging and 
antibacterial agents. Reprinted with permission from Ref. [161]. Cop-
yright 2022, Tsinghua University Press. (D) Schematic illustration 
of QA-AuNCs targeting multidrug-resistant bacteria. Reprinted with 
permission from Ref. [32]. Copyright 2018, Wiley–VCH
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with superior catalytic activity and high substrate specificity. 
However, these natural enzymes are highly sensitive to envi-
ronmental changes and can be readily denatured by stringent 
conditions. Mimetic enzymes have been widely developed 
with aims to obtain artificial biocatalysts with the advan-
tages of easy and low-cost preparation, long-term stability, 
and tunable catalytic activity [162–164]. Among the investi-
gated artificial enzymes, biomolecule-functionalized AuNCs 
have attracted particular attention [165]. Various nanozyme-
like AuNCs have been developed and exhibited the POD-
like, superoxide dismutase (SOD)-like, glucose oxidase-like, 
catalase (CAT)-like, protease-like, and nuclease-like activi-
ties, which can be used for biocatalysis and therapy.

BSA-modified AuNCs show prominent intrinsic POD-
like activity [166]. BSA-AuNCs with nanozyme activity 
have been applied to catalyze the oxidation of a typical per-
oxidase substrate TMB in the presence of  H2O2 to generate 
a blue-colored, oxidized substance (oxTMB). Due to the 
intrinsic POD-like activity, BSA-AuNCs have been used 
as sensitive and selective colorimetric sensors or probes 
for biological applications [167, 168]. For example, Tao 
et al. [169] have applied a robust biosensor based on the 
prominent artificial POD activity of BSA-AuNCs-loaded 
liposomes for the colorimetric detection of human epider-
mal growth factor receptor 2 (HER 2). Another BSA-capped 
AuNCs were developed and exhibited photo-stimulated 
POD-like activity upon irradiating with visible light in a 
reaction without  H2O2. Due to the photo-stimulated artifi-
cial enzyme activity, the BSA-capped AuNCs can be used 
as biocompatible nanozymes for subsequent applications in 
bioimaging and biosensing [170].

SOD, as a metal holoenzyme and widely existing in plants, 
animals and microbes, can convert superoxide anions into 

hydrogen peroxide and oxygen, which then are converted to 
water by other enzymes. In recent years, mimetic enzymes 
with SOD-like activity, especially gold nanomaterials-based 
enzymes, have been widely designed and created because 
they can remove excess ROS and maintain the stability of the 
body, which are used in biomedicine, clinical and other fields 
[171, 172]. For the SOD catalytic process, it proposed that 
the Au nanozymes can adsorb  O2·− or  HO2· and transfer their 
electrons to Au nanozymes, and then to catalyze the dena-
turation of  O2·−. Meanwhile, the Au cores have the electron 
storage capacity, acting as an electron reservoir [173, 174]. 
Red luminescent gold nanoclusters (CS-GSH-AuNCs) have 
been fabricated in HeLa cells using GSH as a template and 
cationic polymeric chitosan (CS) as crosslinker and stabilizer. 
The in situ synthesized CS-GSH-AuNCs had both SOD- and 
POD-like activities, which accelerated  O2·− to form  H2O2 
and then ·OH. The enzyme-like activity of the AuNCs was 
effectively activated under acidic conditions, and exhibited 
an excellent killing effect on tumor cells but with low toxicity 
to normal cells (Fig. 13A) [175].

Multifunctional gold clusterzymes (LC-AuNCs) co-
incorporated with lysozyme and curcumin (LC) have 
been synthesized, showing glucose oxidase-like activity 
and ROS-clearing capacity [33], which enabled the effi-
cient removal excess glucose without producing additional 
 H2O2, thereby alleviating the oxidative stress. In this work, 
LC-AuNCs-incorporated hydrogels was subsequently fab-
ricated, acting as multifunctional dressings for regulating 
the regeneration cascade and promoting the healing of 
infected diabetic wound in vivo (Fig. 13B). Besides, Au 
nanomaterials with glucose oxidase-like activity have also 
been designed and fabricated for the detection of different 
analytes such as glucose. The mechanism investigation 

Fig. 13  (A) Schematic illustration of the in situ synthesized CS-GSH-
AuNCs exhibit both SOD and POD-like activities in the  nucleus. 
Reprinted with permission from Ref. [175].  Copyright 2021, Elsevier 

B.V. (B) Schematic illustration of the synthesis of LC-AuNCs and 
their application in diabetic wound healing. Reprinted with permis-
sion from Ref. [33]. Copyright 2024, Elsevier B.V
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indicated that in the catalytic process, glucose and  O2 
could co-adsorb onto the surface of AuNCs, which would 
promote two H atoms transfer to  O2 from glucose to  H2O2, 
and then complete the catalytic cycle [176].

Catalase (CAT)-like nanozyme, regarding as an essen-
tial part of the regulation of ROS, has attracted great atten-
tion in recent years. AuNCs have been demonstrated to 
possess multifarious intrinsic enzyme properties including 
CAT-like activity [177]. Amine-terminated PAMAM den-
drimer-entrapped AuNCs have been prepared, exhibiting 
POD-like activity and CAT-like activity. It demonstrated 
that the CAT-like activity still remained in physiological 
conditions while the POD-like activity would be lost in the 
same conditions [178]. In addition to the aforementioned 
enzyme-like activities, biomolecule-protected AuNCs 
with other enzymatic activities have also been investi-
gated, such as protease-like [179], nuclease-like [180] 
and hydrolase enzyme-like activity [181], etc. Besides, the 
active AuNCs with enzyme-like activity can be developed 
other biomedical applications. For example, catalytically-
active AuNCs with atomic precision have been fabricated 
for noninvasive early intervention of neurotrauma [182]. 
The AuNCs alleviated the oxidative stress and decreased 
the excessive  O2·− and  H2O2 in vitro and in vivo. They 
could also promote the wound healing of brain trauma and 
relieve inflammation through inhibiting the activation of 
astrocytes and microglia via noninvasive administration 
to decrease  O2·− and  H2O2 in brain tissue. In addition, a 
novel nano-platform (BGN-AuNCs) based on the super-
charged AuNCs with enhanced enzyme-mimic activity 
as interface modulator of bioactive glass nanoparticles 
(BGN) has been constructed for infected wound treatment 
[183]. The supercharged AuNCs, showing strong affinity 
to BGN, would functionalize onto BGN and result in the 
robust immobilization of AuNCs on BGN. The AuNCs-
functionalized BGN exhibited superior POD-like activity 
for catalytic antibacterial action.

In recent decades, fluorescent biomolecule-templated 
AuNCs have been widely synthesized via a variety of dif-
ferent approaches and these nanomaterials have drawn great 
attention in various biological applications. Apart from the 
above-mentioned applications in bioimaging, biosensing, 
cancer therapy, antibacterial agents and biocatalysis (espe-
cially nanozymes), they can also be applied for drug deliv-
ery [23]. Drug-loaded AuNCs have shown enhanced tumor 
penetrability and accumulation due to the EPR effect.

Conclusion and outlook

Biomolecule-templated AuNCs have been extensively 
investigated in the past decades due to their unique proper-
ties: ultrasmall size, large Stoke shifts, high fluorescence, 

good photostability, excellent biocompatibility as well as 
tunable emissions via bioligand modifications. A variety 
of biomolecules including amino acids, peptides, proteins 
and DNA have been developed for the functionalization of 
AuNCs for biological applications. They are widely used as 
bioimaging probes, biocatalysts and biosensors for detec-
tion of metal ions, small molecules, peptides and proteins. 
Also, they can be applied for cancer therapy, antibacterial 
agents, and nanomedicine applications.

Recent studies suggest the great progress on the syn-
thetic strategies and the biological applications of fluo-
rescent AuNCs. However, there are still challenges for the 
biomolecule-protected fluorescent AuNCs. Firstly, new 
synthetic approaches should be continuously exploited to 
prepare atomically precise AuNCs, and new ligands with 
some universality and controlled reduction can be created to 
help control the fabrication of AuNCs and stabilize AuNCs. 
Secondly, the precise structure of bioligand-stabilized 
AuNCs remains unclear and more advanced characteriza-
tion techniques can be introduced to identify the structure. 
The development of efficient strategies for the purification 
of bio-templated AuNCs is beneficial for the identification of 
their precise structure. Thirdly, the toxicity, metabolic kinet-
ics and mechanism of fluorescent AuNCs in living organ-
isms require to be further studied and clarified. In addition, 
for the cancer therapy, more new protocols with combina-
tion of multi-therapies can be further developed to improve 
the efficacy of tumor therapy. Also, more different drug can 
be tried to load onto AuNCs to expand their nanomedicine 
applications. Moreover, to advance their applications, the 
aforementioned limitations of biomolecule-protected AuNCs 
due to their relatively weak luminescence and low quan-
tum yield should be addressed. Currently, certain efficient 
strategies have been proposed and developed to prepare 
ultrabright biomolecule-protected AuNCs: 1) developing 
AuNCs-based composites by integrating with other func-
tional motifs [184]; 2) using templates containing electron-
rich elements [185, 186]; 3) increasing the electro-positivity 
of the Au core [53]; 4) functionalizing the surface ligands of 
AuNCs to restrict the intramolecular motion [187].
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