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Abstract

Gold nanoclusters (Au NCs) exhibit broad fluorescent spectra from visible to near-infrared regions and good enzyme-mim-
icking catalytic activities. Combined with excellent stability and exceptional biocompatibility, the Au NCs have been widely
exploited in biomedicine such as biocatalysis and bioimaging. Especially, the long fluorescence lifetime and large Stokes
shift attribute Au NCs to good probes for fluorescence sensing and biological detection. In this review, we systematically
summarized the molecular structure and fluorescence properties of Au NCs and highlighted the advances in fluorescence
sensing and biological detection. The Au NCs display high sensitivity and specificity in detecting iodine ions, metal ions,
and reactive oxygen species, as well as certain diseases based on the fluorescence activities of Au NCs. We also proposed
several points to improve the practicability and accelerate the clinical translation of the Au NCs.
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Introduction

Metal nanoclusters consist of a few to several hundred
metal atoms with ultra-small size (<2 nm) and show
unique physicochemical properties [1, 2], such as strong
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fluorescence, quantized charging, and discrete redox
behavior [3]. Additionally, their properties can be tailored
in a controllable manner, and thus [4, 5], metal nanoclus-
ters were developed as nanozymes and fluorophores for
use in a wide range of fields from sensing and catalysis,
to biomedicine [6, 7].

In the past, researchers have developed various types of
organic, inorganic, and composite materials with fluorescent
properties, including single-walled carbon nanotubes (SWC-
NTs) [8], quantum dots (QDs) [9], rare-earth-doped nano-
particles (RE NPs) [10], semiconductor nanoparticles (SP
NPs) [11], small-molecule dyes (SMDs) [12], and aggrega-
tion-induced illuminating aggregates (AlEgens) [13], which
have greatly expanded the range of fluorophores available for
biomedical applications. Inorganic nanomaterials show high
quantum yield (QY) and strong resistance to photobleaching.
However, low fluorescence QY (< 1%) and poor biocompat-
ibility have limited their widespread use in bioimaging [9].
Water-soluble organic fluorophores with good biocompat-
ibility generally suffer from low QY, poor photostability,
and short emission wavelength [14]. Thereinto, the gold
nanoclusters (Au NCs) have been developed rapidly due
to their excellent properties such as good stability and bio-
compatibility [7, 15, 16]. The stability enables Au NCs to
retain their structure and properties under different environ-
mental conditions [17-19], rendering them more accessible
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for synthesis and application in biomedicine [18, 20]. Au
NCs exhibit molecular-like electron energy-level changes
from quasi-continuous to discrete energy-level fluorescence
behavior [21] and show strong enzyme-like catalytic activi-
ties and fluorescence performance [1, 22, 23]. Moreover, Au
NCs display advantages due to their unique physiochemical
properties [24], like high catalytic activities [25], low toxic-
ity [26], large Stokes shift [27], and long fluorescence life
[28]. Therefore, the Au NCs show promise in the fields of
fluorescence sensing [29], bioimaging [30], catalytic detec-
tion, and environmental monitoring [25].

Au NCs show excellent performance on several enzyme
mimics like glucose oxidase (Gox), peroxidase (POD), and
catalase (CAT) [3, 31, 32] and are used for the detection
and treatment of various diseases [33]. Especially, Au NCs
attract more attention to their fluorescence for their good
photostability [19], long Stokes shift [18], and emission
in the near-infrared II (NIR-II) region which show great
superiority in tissue penetration and high spatial-temporal
resolution [34]. Therefore, Au NCs were explored as optical
probes for bioimaging [35] and show prospects in a wide
range of applications in fluorescence sensing and biological
detection [15].

In addition to the fields of nanomedicine [36, 37], in vivo
imaging [38, 39], cell labeling, and drug delivery [26], the
biological detection usage of Au NCs and their complexes
has attracted more attention [7, 40]. Here, we systemati-
cally summarized the molecular structure and fluorescence
properties of Au NCs and highlighted the advances in fluo-
rescence sensing and biological detection [41]. We focus
on the detection of ions harmful to the living environment
(such as Hg?*, Cu**, CO**, Fe**, Pb*t, CN~, 17, Cr’*) and
the detection of components or ions in organisms (such as
glucose, hydrogen peroxide, phosphate, amino acids, various
enzymes, and other proteins) [42].

Fluorescence properties of Au NCs

In the past decades, significant progress in Au NCs has been
made in synthesis [43]. The structure and fluorescence prop-
erties of Au NCs are closely related to ligands [44], metal-
to-metal interactions, and assembly methods. Stable ligands
often play an important role in guiding their structures and
properties. In addition to the commonly employed small
mercaptan molecules as Au NC protection ligands [45],
more ligands, such as proteins [46], can be easily further
coupled, improving their application in biology and medi-
cine [47]. In the synthesis of self-assembled nanoparticles
[48], the collective interactions of the assembled compo-
nents can be controlled to effectively endow new materials
with special properties that enable them to have a wider
range of applications [49].
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Protein-stable Au NCs

Protein-stabilized gold nanomaterials are a unique class of
biological nanomaterials with strong luminescence [47],
which are suitable for chemical recognition in bioimaging
and chemical sensing [46]. Protein molecules can be used
as both stable ligands and structural directing agents to
promote the formation of ultra-small Au NCs [50].

D. M. Chevrier et al. reported the stable luminescent
Au NCs of bovine serum albumin by the one-pot self-
reduction synthesis method (Fig. 1a) [49]. To identify
the Au structure in Au bovine serum albumin (BSA), the
extended X-ray absorption fine structure (EXAFS) was
recorded, and the effective qualitative and quantitative
analysis of the scattering characteristics was performed in
the Fourier transform of EXAFS spectrum (FT-EXAFS).
As illustrated in Fig. 1b, the FT-EXAFS of luminescent
Au BSA with Au,5(SR),53 and Aug(SR),, were compared.
The results revealed that most gold atoms are in the SR-
Au-SR structure without a gold core structure, signifying
that the gold atoms in Au BSA are most likely in the oxi-
dation state of Au(I). In addition, an intermolecular gold
affinity interaction between SR-Au(I)-SR structures in Au
BSA can be obtained by analyzing the bond length [51].
Figure 1c displays the comparison of the experimental FT-
EXAFS of Au BSA with the simulated spectra of all avail-
able Au(I)-SR nanoclusters ((rings (Auy(SR),, Aus(SR)s,
Aug(SR)e) and interlocked rings or catenanes (Au;((SR),,
Auy(SR);y, Au,(SR)y,), and polymer ([Au(SR)],)).
It can be found that the scattering characteristics of the
Au ((SR),, alkane structure (two interlocked Aus(SR);
rings) closely resemble those of the four positions imme-
diately following the Au-S peak [52]. Moreover, the inter-
action distance between them shows a remarkable similar-
ity. According to the number of Au atoms of each BSA
and the main Au-S structure environment determined by
EXAFS, there may be two Au,4(SR);, alkane structures in
each BSA molecule. The additional 1-3 gold atoms can
be attributed to the small amount of Au(SR), monomer
formed in BSA. TOA*/toluene phase transfer experiment
was carried out with Au,,(SG),, to simulate the protec-
tion and hardening environment of protein and verify the
emission characteristics of Au BSA nanoclusters contain-
ing Au,4(SG),,. The photoluminescence (PL) intensity of
Au(I)-SR cluster in a nonrigid BSA molecule is decreased
by about 5 times with a maximum emission redshift of
15 nm (Fig. 1d). However, the luminescence of rigid
Au,((SG),, is enhanced more than 10 times (QY =5.0%)
with the blue shift of 15 nm (Fig. le), which is consistent
with the 15 nm red shift in the opposite direction of the
above Au BSA (Fig. 1d), further verifying the similar stiff-
ening effect on Au(I)-SR nanoclusters [53]. In addition,
the average PL decay life of rigid Au,,(SG),, also almost
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Fig. 1 Physical properties of protein-stabilized Au NCs. a Method
for synthesizing Au NCs from protein (bovine serum albumin).
b Au Ls;-edge FT-EXAFS of luminescent Au BSA (black line)
with Au,s(SR)¢ (red dot) and Ausg(SR),, (blue dot) (inset, respec-
tive models with Au (yellow) and S (red) atoms). ¢ Simulated Au
L;-edge FT-EXAFS of Au(I)-SR structures. d Resultant lumines-
cence decrease of Au BSA nanoclusters (un-rigidified, dark red line)
and e luminescence enhancement of Au,y(SG);, nanoclusters (rigidi-
fied, orange line). f Photoluminescence decay lifetime traces of Au
BSA nanoclusters (red), rigidified Au,y(SG),, nanoclusters (orange),

doubled (from 0.120 to 0.210 ms) (Fig. 1f). In general,
the rigidity of Au;,(SG),, and the nonrigidity of Au(I)-SR
nanoclusters in Au BSA exhibit the similar luminescence
properties in the two systems, which further connects the
luminescence properties of small mercaptan-stabilized Au
NCs and the protein-stabilized Au NCs.

The visible absorption spectrum, PL excitation spectrum,
and emission spectrum of Au BSA are shown in Fig. 1g [46].
The decrease in absorption intensity of Au BSA is observed
at 280 nm and a shoulder at 375 nm without obvious absorp-
tion characteristics, and the Au NCs have excitation maxima
at 365 nm and 500 nm. Under the excitation of 365 nm, the
Au NCs exhibit two emission peaks. One is located around
450 nm, attributed to the weak luminescence of the protein,
while the other is at 645 nm, arising from the emission of
cluster [54]. For example, Fig. 1h shows the picture of the
Au NCs under visible and ultraviolet light, and the Au NCs
emit red light in ultraviolet light. According to the high-res-
olution transmission electron microscopy (HRTEM) analysis
in Fig. 1i, it can be found that the core of the Au NCs is

and original Au,,(SG),, nanoclusters (yellow) [49] (published with
permission from Chevrier et al. (2018), ©2018 The Royal Society of
Chemistry). g Comparison of UV-Vis spectra for (A) pure BSA and
(B) Auzg@BSA. PL (C) excitation and (D) emission spectra of the
cluster. h The photograph of cluster solution under visible and UV
light. i HRTEM image of the cluster. j Comparison between MALDI
MS of BSA and Auy;s@BSA. k The PL emission spectra of Ausg@
BSA [46] (published with permission from Mohanty et al. (2019),
©2019 American Chemical Society)

only below 2 nm. Matrix-assisted laser desorption ionization
mass spectrometry (MALDI MS) indicates that the number
of gold atoms in the core of the cluster is 38, and the Au NCs
is Au;gBSA with atomic precision (Fig. 1j) [46]. Moreover,
no enhancement of emission intensity over time is observed
in the experimental group in the controlled PL study, indicat-
ing the excellent stability of Au;gBSA (Fig. 1k). Therefore,
protein-stabilized gold nanomaterials suitable for bioimag-
ing and chemical sensing have wide applications.

Sulfide-stable Au NCs

The high stability and accessibility of polynuclear
gold(I)—chalcogenide complexes enable them to be used
as model compounds of cluster species in various fields,
including catalysis [55], bionics [45], nano-aggregates [56],
luminescence research, chemical sensing [57], structure con-
version, and chirality. Polynuclear gold(I)-chalcogenide
complexes are endowed with a variety of configurations and
structure-dependent photophysical properties based on the
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gold affinity interaction. These Au NCs exhibit fluorescent
properties with emission ranges in the visible region, dem-
onstrating good prospects for applications in bioimaging.
For example, the solid-state structures of three dif-
ferent polynuclear gold(I)-chalcogenide complexes
of L"Au,(S,-Cl, [Auy,(p3-S)e(p-bdppmapy)s]**, and
[Au18(p3-S)9(p—bdppmapy)6]2+ were further determined
by single-crystal X-ray diffraction (SCXRD) (Fig. 2a—c).
L"Au,S,-Cl crystallizes in a monoclinic p2,/n space group,
which is similar to propeller-shaped decanuclear gold(I) four
diphosphine ligand coordinates with eight gold(I) centers in a
large cycle, and the other two gold(I) centers are located in the
central part through Au-S coordination bond due to the inter-
action between Au (I)---Au (I) and Au---Au (I) (Fig. 2a) [58].
[Au,,(15-S)¢(1-bdppmapy)s]*+ crystallizes in the P1 space group
of the triclinic system; among them, [Au,,S4(bdppmapy)s]**
is composed of AugS,(bdppmap) unit and AugS,(bdppmap),
unit, which is interconnected by Au-S and metallophilic inter-
action (Fig. 2b) [59]. [Aul8(;13-S)9(u—bdppmapy)6]2+ in trian-
gle R3 and the [AulSSS(bdppmapy)6]2+ is composed of two

Au,yS ,(bdppmap); units interconnected by Au-S and eosino-
philia interactions (Fig. 2c) [59].

The ultraviolet-visible (UV-Vis) of LYAu,,S,-CI crystal
in dimethyl sulfoxide (DMSO) exhibits the absorption maxi-
mum and shoulder at 336 and 410 nm, respectively (Fig. 2d)
[60]. The solid-state emission spectrum of L"Au,,S,-Cl
at ambient temperature is illustrated in Fig. 2d, exhibit-
ing double-emission behavior with the maximum emission
value observed in the green (515 nm, t=4.3 ps) and red
(675 nm, T=>5.4 ps) regions, which are tentatively desig-
nated as metal-perturbed intraligand phosphorescence and
the triplet ligand-to-metal-metal charge-transfer transitions,
respectively [61]. The UV-Vis absorption spectrum reveals
that [Au14(p3—S)6(p—bdppmapy)5]2Jr has absorption peaks at
320 nm and 365 nm, while [Au,g(pi;-S)o(-bdppmapy)y]**
exhibits absorption peaks at 320 nm, 395 nm, and 440 nm
(Fig. 2e). In addition, the two Au NCs display excellent sta-
bility in the air and emit bright yellow—green light in the
solid-state ([Au14(p3-S)6(p-bdppmapy)5]2+ Aoy =540 nm;
[Au18(;13-5)9(p-bdppmapy)6]2+ Aem =518 nm) with the QYs of
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Fig.2 Physical properties of sulfide-stabilized Au NCs. Crys-
tal structures of a LM-Au,,S,-Cl [58] (published with permis-
sion from Yao et al. (2021), ©2021 American Chemical Society), b
[Auy4(p3-S)s(p-bdppmapy)s]** and ¢ [Auyg(y-S)g(p-bdppmapy)el**
[59] (published with permission from Liu et al. (2019), ©2019
American Chemical Society). Color legend: yellow, Au; red, S;
orange, P; gray, C; green or blue, N. Phenyl rings and hydrogen
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atoms have been omitted. d UV-vis spectrum in DMSO [58] (pub-
lished with permission from Yao et al. (2021), ©2021 American
Chemical Society). e UV-vis absorption spectra of bdppmapy and
[(AuCl),bdppmapy] (1), [Auy,(43-S)s(1-bdppmapy)s]** (2), and
[Au,g(13-S)g(pt-bdppmapy)s]** (3) in CH,Cl,, and (f) emission spec-
tra of (2) and (3) in the solid state [59] (published with permission
from Liu et al. (2019), ©2019 American Chemical Society)
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20.7% and 26.6% at room temperature, respectively (Fig. 2f)
[62]. The aforementioned properties demonstrate the favora-
ble photoluminescent characteristics of diverse structures
of polynuclear gold(I)—chalcogenide complexes, rendering
them promising probe for fluorescence sensing and biologi-
cal monitoring.

Self-assembled Au NCs

The self-assembly of Au NCs into an ordered hierarchi-
cal structure represents a highly effective strategy for tai-
loring the properties of molecular-like materials [63] and
has gained increasing recognition in diverse fields such as
biomedicine, green catalysis [49], and clean energy [64].

Moreover, recent studies have demonstrated that the lumi-
nescence of Au NCs can be enhanced by the effective gold
affinity interaction between Au NCs based on this self-
assembled tight arrangement and ordered Au NCs [65].
For instance, Fig. 3a schematically illustrates the evolu-
tion of the self-assembly from the initial [Au,5(SR),3] NCs
to well-defined nanoribbons [66]. Under cyclic dialysis con-
ditions, the maternal [Au,5(P-MBA) 4] NCs undergo con-
trolled instability, leading to a transformation in the surface
motif of Au NCs from the original SR-[Au(I) SR], motifs to
a longer SR-[Au(I) SR], motif (x> 2), resulting in smaller
NCs. The formed smaller NCs exhibit the characteristic
structure of a small Au,, core covered by a compact long SR-
[Au(I) SR], motif (x >2). Due to the abundance of adjacent
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Fig.3 Physical properties of self-assembled Au NCs. a Schematic
illustration of self-assembly evolution from the original [Au,s(SR) ;]
NCs into well-defined nanoribbons. b Au L;-edge FT-EXAFS spec-
trum of [Au,s(p-MBA) 3] NCs (black line) and the as-assembled
nanoribbons (red line). ¢ The variation of emission spectra of nanor-
ibbons excited at 365 nm from 77 to 298 K [66] (published with
permission from Wu et al. (2019), ©2019 Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim). d Change of absorption spectra before

(black) and after Zn>* ion addition (red) and PL (blue, Aex =410 nm),
and PLE of GCA (magenta, A,,,=485 nm). e Excitation—emission
contour mapping of GCA. f DLS and g PL showing the gradual for-
mation of GCA by the addition of Zn”* ions. Inset of g: zoom in PL
spectra for 1, 2, and 4 h. h Time-resolve PL spectra of GCA depend-
ing on the emission wavelength as indicated [69] (published with per-
mission from Chang et al. (2021), ©2021 American Chemical Soci-
ety)
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components on the Au(I) surface [67], NCs induce strong
metallophilic interaction to form closely aligned nanowires.
In the FT-EXAFS spectrum of the Au L; edge (Fig. 3b), the
positions corresponding to Au-S and Au-Au are depicted in
green and yellow, respectively. The peaks of the centers of
Au-S, Aucenter-Auapex, Auapex-Auapex, Auapex-Austaple,
and Austaple-Austaple bonds are observed at approximately
1.83,2.64,3.12,3.59, and 4.11 A respectively [68]. Among
them, Adcenter, Auapex, and Austaple refer to the central
Au atoms, which are located at the apex of the icosahedral
Au,; nucleus and in the SR-[Au(I) SR], staple motif, respec-
tively. The most prominent spectral change after self-assem-
bly is attributed to the significant increase in protein content.
The Au-S and Austaple-Austaple characteristics provide
support for the formation of the long SR-[Au(I) SR], motif
(x>2), which is consistent with the description in Fig. 3a.
Hogan Chang et al. successfully synthesized self-assembled
Au,(MHA), nanoclusters through the interaction between
anionic carboxylic acid groups in MHA ligands and Zn*
ions in a cross-linking manner [69]. The absorption spec-
trum of the Au NCs displays three wide peaks at 327, 410,
and 455 nm, which is attributed to the discrete electronic
structure of the gold cluster assembly (GCA) (Fig. 3d, red
line) with a characteristic surface plasmon resonance peak
around 520 nm. It is worth noting that the blue—green emis-
sion of GCA is emitted at 485 nm under UV irradiation
(Fig. 3d, blue line). The half-maximum width of the peak
(~25 nm) indicates the high optical purity of GCA. The
consistency between PL excitation (PLE) and absorption
confirms that the blue emission originates from GCA itself
(Fig. 3d, magenta line) [55]. In addition, we confirm that
the fluorescence originates from a single emitting species
by analyzing the excitation—emission contour map of GCA,
which demonstrates the obvious independence of excita-
tion and emission wavelengths (Fig. 3e). This characteristic
minimizes any potential influence of excitation wavelength
on emission wavelength [70]. As shown in Fig. 3f and g,
an increase in intensity was observed when the average
size of GCA analyzed by dynamic light scattering (DLS)
increased, and even GCA of the same size showed stronger
emission after a long aging time. At a range of 450-460
nm, GCA showed PL dynamics associated with its emission
wavelength. While the main fluorescence was enhanced, an
instantaneous attenuation of 70 ps was observed at the blue
edge wavelength (Fig. 3e) [71]. In addition, self-assembled
gold nanoclusters also exhibit temperature sensitivity char-
acteristics. In self-assembled nanoribbons, T’ emission
(Fig. 3c) decreased with the increase of temperature; how-
ever, T” emission remains in the nanoribbons, but gradually
shifted to 655 nm (T"" state) at room temperature [72]. This
slight red shift indicates an affinity interaction between Au
NCs and their environment that is sensitive. Based on these
properties elucidated above, self-assembled Au NCs possess
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excellent PL and temperature sensing properties and can be
used as high-efficiency luminescent biomarkers for fluores-
cence sensing and biological monitoring.

Fluorescence sensing and biological
detection based on Au NCs

The strong PL, excellent photostability, favorable biocom-
patibility [73], and low toxicity of Au NCs have attracted
extensive research attention in the fields of fluorescence
sensing and bioimaging [74], including the detection of ions
or metal ions harmful to the natural living environment (such
as Hg?t, Ag*, Cu*t, Co’*, Fe’*, Pb’", CN~, 17, Cr*Y, H,S)
[75-77], as well as molecules or ions in organisms (such as
glucose, hydrogen peroxide [78], phosphate, amino acids
[79], and various enzymes [80] and other proteins [81]).

Quantitative detection of nonmetal ions

Nonmetal ions play an important role in environmental
impacts and various physiological and pathological pro-
cesses within living organisms. Iodide(I") plays an impor-
tant role in some human physiological activities, including
intellectual development [77] and basic metabolism [82].
Iodine deficiency and excessive intake may induce a variety
of diseases [83]. Cyanide one of the most potent toxins in the
environment is acutely hazardous to mammals and aquatic
organisms by inactivating cytochrome C oxidase and inhibit-
ing oxygen transport [84]. Many countries and organizations
have established guidelines and standards for cyanide levels
in drinking water [85]. Hydrogen sulfide (H,S) also plays an
important role in numerous physiological and pathological
processes within living organisms, including angiogenesis,
vasodilation, inflammation, apoptosis, and oxygen sensing
[86]. Dysregulated levels of H,S may be associated with
serious disorders, such as Down’s syndrome [87], Alzhei-
mer’s disease, diabetes mellitus, and decompensated cirrho-
sis [88]. Therefore, the development of sensitive and reliable
methods for nonmetal ion detection holds great importance
in living systems [89].

Jiang et al. developed a simple colorimetric fluorescent
nanosensor based on carbon dots (CDs)/Au NCs for sensi-
tive quantitative detection of I~ (Fig. 4) [90]. CDs and Au
NCs were mixed in a certain proportion to form a colorimet-
ric fluorescence probe solution. Figure 4a shows the depend-
ence of the fluorescent intensity of the probe on I” con-
centration. The PL intensity increases with the increase of
I™ concentration. Correspondingly, the fluorescent color
changes from green to yellow and then to orange with the
increase of I” concentration. The relationship between PL
intensity and I concentration was quantitatively evaluated
by plotting the linear relationship between I /1,54 ratio and
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Fig.4 Au NCs for the quantitative detection of nonmetal. a FL spec-
tra of the colorimetric fluorescent probe with the addition of I™ (the
initial FL intensities of Au NCs and CDs were adjusted to a ratio of
3.5/1). The inset shows the corresponding fluorescence photo under
a 365 nm UV lamp. b Plotting the I4,y/I,5¢ ratio vs the concentra-
tions of I". ¢ Visual detections of iodide ions in urine. The photos
were taken under a 365 nm UV lamp. d The colorimetric fluorescent
responses to various inorganic anions [90] (published with permis-
sion from Jiang et al. (2021), ©2021 American Chemical Society).
e Fluorescence spectra (A, =380 nm) of the LysNP-Au NCs as a
function of the cyanide concentration. The arrow indicates the sig-
nal changes with increasing the cyanide concentration, 3, 4, 6, 8, 16,
32, 48, 64, 100, 200, 400, and 600 pM. f Effect of different metal
ions (300 pM) on the I,4; nm/Igqs nm value of the LysNP-Au NCs.

I” concentration (Fig. 4b) [91]. Figure 4d displays the colori-
metric fluorescence reaction of the fluorescent probe to com-
mon different interfering anions (F~, C1~, Br™, NO*-, CO32_,
S0,2~, CH,CO0~, HCO,", HPO,*~, H,PO, ", and C,0,>").
A single inorganic anion did not demonstrate the capacity to
induce a notable alteration in the fluorescence intensity ratio
(Ioo/14ge) Of the probe [92]. These experiments reveal the
good selectivity of CDs/Au NC fluorescent probes. Through
inkjet printing technology, the well-dispersed colorimetric
fluorescent probe solution is fixed on the filter paper to make
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g A plot of the I,c; nm/Igs¢ nm value versus the cyanide concentra-
tion. Inset in g: digital photos of the LysNP-Au NCs in the presence
of increasing cyanide concentration [95] (published with permission
from Tseng et al. (2021), ©2021 Elsevier Inc. All rights reserved).
h Fluorescence spectral responses of RBDA to H,S with varying
concentrations from O to 8 pM under the excitation wavelength of
470 nm. (Insets) The corresponding sample solutions under UV light
irradiation. i Fluorescence imaging of exogenous and endogenous
H,S in zebrafish. j Ratiometric fluorescence responses of the probe
to H,S and other coexistence species with the concentration of 8 pM.
k The relative fluorescence intensity ratio data in i [99] (published
with permission from Xiang et al. (2023), ©2023 American Chemical
Society)

a fluorescent paper strip for the visualization of iodine ion
detection. Under the excitation of a 365-nm ultraviolet lamp,
the paper sensor exhibits a highly uniform green lumines-
cence [93]. Upon addition of iodine ion solution, the obvi-
ous fluorescence color change can be observed by the naked
eye. In addition, when different concentrations of I~ solution
are dropped on the fluorescent paper strip, the fluorescence
color of the paper sensor gradually changes from green to
yellow and finally turns orange with the increase of iodine
ion concentration (Fig. 4c). The detection range of iodine
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ion solution concentration extends approximately from O to
30 pM [94]. Compared with other probes, CDs/Au NC fluo-
rescent probes exhibit a suitable limit of detection (LOD), a
wider detection range, and a more prominent visual detec-
tion effect. Furthermore, CDs/Au NC fluorescent probes can
be fabricated into a simple fluorescent detector to analyze
I” intuitively and conveniently in a real-time or on-site envi-
ronment and facilitate health screening in time.

Zeng et al. developed a strategy to fabricate lysozyme
nanoparticle-encapsulated gold nanoclusters (LysNP-Au
NCs) as dual-emission probes for ratiometric sensing of cya-
nide by fluorescence resonance energy transfer (FRET) [95].
Upon varying the cyanide concentration was varied in the
range of 0~600 pM, the fluorescence intensity of lysozyme
nanoparticles exhibits a gradual increase at 467 nm and a
corresponding decrease at 666 nm within the LysNP-Au
NCs (Fig. 4e). The 1,4; nm/I¢4 nm values of LysNP-Au
NCs exhibited linear variation (R>=0.9957) over the cya-
nide concentration range of 3 ~100 pM (Fig. 4g) [96]. The
relative standard deviations (RSDs) of the 1,4, nm/I¢4, nm
values obtained at each cyanide concentration were less than
2.7% (n=3), indicating excellent reproducibility provided
by LysNP-Au NCs for the quantitative analysis of cyanide.
Moreover, the LysNP-Au NC concentration could detect
concentrations as low as 10 pM even with naked eye obser-
vation (Fig. 4g), which is close to the maximum allowable
level of cyanide in drinking water set by the US Environ-
mental Protection Agency [97]. Subsequently, the selectiv-
ity of LysNP-Au NCs for cyanide over potentially interfer-
ing anions was evaluated. Only cyanide induced significant
changes in the I,4; nm/I¢¢ nm values, demonstrating the
high selectivity of LysNP-Au NCs (Fig. 4f). The excellent
selectivity offered by LysNP-Au NCs for cyanide may be
due to the strong binding of lysozyme to the gold surface,
which inhibits the corrosion of Au NCs by iodide, sulfide,
and thiosulfate [98]. The results indicate the great potential
of LysNP-Au NCs as a proportional probe for the determina-
tion of cyanide ions in composite matrices.

A novel ratiometric fluorescent probe (RBDA) was
designed by Xiang et al. for sensing the H,S based on the
fluorescence resonance energy transfer (FRET) induced by
electrostatic attraction between Au NCs and rhodamine B
[99]. The detection performance of the prepared probes was
explored through quantitative analysis. The fluorescence
intensity of the RBDA solution was measured after the add-
ing different concentrations of H,S. As shown in Fig. 4h,
the fluorescence peak at 520 nm gradually decreased with
the increase of H,S concentration n from 0 pM to 8 pM,
while the fluorescence peak at 575 nm remained unchanged
[100], demonstrating a proportional fluorescence response
to H,S. Unlike the individual Au NCs and rhodamine B with
FRET effect, the decrease of the emission peak at 520 nm
had no effect on the peak at 575 nm due to the slight change
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of the surface structure of the RBDA probe after assembly.
A gradual emission color change from green to yellow to
orange could be observed in the corresponding sample solu-
tion under UV light (inset in Fig. 4h) [101]. As shown in
Fig. 4j, negligible changes were observed in fluorescence
ratio in the presence of various biomolecules such as His,
Ser, Arg, Glu, Val, Gly, H,0,, Cys, and GSH. However, 15,/
I5;5 significantly reduced the presence of H,S, indicating the
high specificity of this probe toward detecting H,S presence.
Consequently, a novel H,S proportional fluorescent probe
with high sensitivity and selectivity was developed [102]. To
further investigate its imaging capability in vivo, zebrafish
larvae were chosen as a model for sensing exogenous and
endogenous H,S. RBDA was incubated with zebrafish for
2 h. Green and red fluorescence could be clearly observed
(Fig. 41), suggesting good tissue penetration and potential for
in vivo imaging [103]. The changes in exogenous H,S levels
in zebrafish were monitored by treating them with different
concentrations of NaHS (1 pM and 8 pM). It was observed
that the green fluorescence of zebrafish treated with both
probe and NaHS significantly decreased compared to those
treated with probe alone. The reduction in fluorescence
intensity exhibited a positive correlation with the concen-
tration of NaHS [104]. Subsequently, endogenous H,S levels
were assessed by incubating zebrafish with Cys to stimu-
late H,S production. As the concentration of Cys increased
(5 pM and 25 pM), a concentration-dependent decrease in
green fluorescence was observed, while the red fluorescence
remained relatively unchanged [105]. The relative quantita-
tive intensity data provided a more intuitive visualization of
proportional fluorescence changes (Fig. 4k). These results
demonstrate the ability of the designed RBDA nanoprobes
for quantification of H,S levels in vivo.

By analyzing the above properties, the CDs/Au NC fluo-
rescent probe exhibits a suitable detection limit and wider
detection range for iodide ions. The LysNP-Au NCs enable
ratiometric fluorescence sensing of 3—100 uM cyanide in tap
water, and the fluorescent nanoprobe RBDA based on Au
NCs has good dual-emission fluorescence properties with a
direct, fast, highly sensitive and selective proportional fluo-
rescence response to H,S [106]. Therefore, the gold nano-
probe can be utilized for the rapid and sensitive detection of
nonmetallic ions, providing a novel analytical platform for
their selective identification.

Quantitative detection of metal ions

Heavy metal pollution is a global problem, which harms the
environment and poses a serious medical threat to human
health [107]. Many heavy metal ions are known to be toxic
or carcinogenic due to their inability to biodegrade and
propensity to accumulate within organisms. Mercury ion
(Hg*"), for instance, is a highly toxic and widely distributed
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heavy metal pollutant that accumulates in organisms [108],
inducing significant harm to the brain [109], nervous system
[110], endocrine system [111], and even kidney [112], which
represents a severe threat to human health and the natural
environment [113]. Silver ions, which are extensively used
in electronics [76], photography, pharmaceuticals, and other
industries [114], are also released into the environment in
substantial quantities through waste and emissions every
year. Simultaneously, Ag* can inactivate sulthydryl enzyme
[115]; combine with amine, imidazole, and carboxyl groups
of various metabolites; and replace essential metal ions such
as Ca®* and Zn>" in hydroxyapatite in bone [116], causing
significant harm to organisms. Although copper is an essen-
tial trace element, its improper application may lead to toxic
reactions due to copper metabolism disorders, resulting in
the deposition of this element in the liver, brain, and other
tissues. Excess copper in the body can cause hepatomegaly
and other diseases. Therefore, the development of simple
methods to selectively and sensitively determine heavy metal
ions is undoubtedly an important step in environmental and
health monitoring [117].

Zhang et al. reported a bifunctional, rapid, ultra-sensi-
tive, and label-free fluorescent sensor based on cytidine-
stabilized Au NCs for the detection of Ag* and Hg*"
[118]. As depicted in Fig. 5a, the emission spectrum of
Au NCs excited at 370 nm shows an emission peak at
approximately 490 nm, which is attributed to the in-band
transition of free electrons in Au NCs. Concurrently, it
was observed that AuAg NCs exhibited strong yellow fluo-
rescence under 365 nm ultraviolet light (Fig. 5a) with the
emission spectrum red-shifted from 490 to 560 nm, and
the fluorescence of Au NCs was enhanced [119]. In addi-
tion, the addition of 0.1 mm Hg?* to AuAg NCs resulted
in a significant reduction of the emission intensity of the
system, and very weak fluorescence was observed under
365 nm ultraviolet light (inset of Fig. 5a). Importantly,
the correlation process between the enhancement of Au
NC fluorescence by Ag* and the quenching of AuAg NCs
fluorescence by Hg?" is very rapid with the fluorescence
reaching a constant value within 5 s (Fig. 5b) [120]. This
demonstrates that cytidine-stable Au NCs and AuAg NCs
possess excellent fluorescence properties for the detection
of Ag* and Hg?*. The results depicted in Fig. 5a and d
show that in the presence of Ag* and other metal ions (the
concentration is 7.5 times higher than Ag*), the relative
fluorescence intensity of Au NCs, excluding Ag*, has no
significant effect on the fluorescence intensity of Au NCs
[121]. The above results show that Au NCs possess high
sensitivity and specificity for Ag*, rendering them a suit-
able candidate for the biological monitoring of Ag™. In
addition, the fluorescence response to the other 12 essen-
tial metal ions at 100 mM concentration was further inves-
tigated (Fig. Se, f). It was observed that only Hg>* could

significantly reduce the fluorescence, and other metal ions
would not interfere with the detection of Hg?* [122]. The
results indicate that AuAg NCs exhibit excellent disper-
sion and high selectivity in aqueous solution, making them
suitable for the sensitive detection of Hg?* in a practical
sample system.

Furthermore, Saleh et al. proposed a novel strategy for
the synthesis of highly luminescent Au NCs based on cof-
fee Arabica seed extract (CASE) combined with ethylene
diamine tetraacetic acid (EDTA) and sodium borohydride
as a masking agent to improve the selectivity of Au NCs
toward Cu”** and Hg”* ions [117]. NaBH, possesses the
ability to reduce Hg?* but lacks the capability to reduce
weaker oxidizing properties such as Cu?*, Mg?*, and Ba’".
Consequently, it can be utilized as a discerning masking
agent for Hg?* ions. As illustrated in Fig. 5g, the fluo-
rescence intensity of CASE-Au NCs decreased with the
increase of Cu* ion concentration in a mixed solution
containing 100 uM NaBH,, 12 uM Hg?* ion, 20 mM phos-
phate buffer at pH 7.4, and CASE-Au NC solution [123].
The Stern Volmer equation was employed to construct a
plot of relative intensity (F/F) versus Cu** concentration,
as shown in Fig. 5h. A linear relationship was acquired in
the concentration range of 0~7 uM with a correlation coef-
ficient of R?=0.9988. The LOD was calculated to be 14.78
nM assuming an accuracy of + 1% for the quantification of
fluorescence intensity. EDTA served as a masking agent
for the Cu** and Hg?" also demonstrated a high binding
affinity for EDTA. The logarithm of the Hg(II)-EDTA for-
mation constant was 21.7, but the complex formed did
not change the oxidation state of the mercury ion Hg?",
and it also had the effect of binding to Au(I) and CASE-
Au NC fluorescence burst [124]. As shown in Fig. 5i, the
fluorescence intensity of CASE-Au NCs decreased during
the excess addition of Hg?* in a mixed solution contain-
ing 7 uM Cu?*, 50 uM EDTA, 20 mM phosphate buffer
at pH 7.4, and CASE-Au NC solution. Utilizing the Stern
Volmer equation, the relative intensity (F/F) was plot-
ted versus ngJr concentration (Fig. 5j) [125]. A linear
relationship was observed within the concentration range
of 0~ 14 uM with a correlation coefficient of R*=0.9992.
The LOD was estimated to be 35.21 nM, assuming that
the fluorescence intensity was measured with an accuracy
of +1%.

Based on the analysis of the aforementioned properties,
Au NCs and AuAg NCs demonstrate a significant rapid
response and high selectivity to Ag™ and Hg*" with the
detection concentrations of Ag™ and Hg?" at 10 and 30 nm,
respectively [126]. In addition, CASE-Au NCs were effec-
tive in detecting Cu®* and Hg?" cations in the presence of
masking agents. Therefore, Au NCs can be used as a new
analytical platform for the rapid and selective detection of
Ag*t, Hg**, and Cu?*.
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Fig.5 Au NCs for the quantitative detection of metal ions. a The
fluorescence emission spectra (A, =370 nm) of the as-prepared cyt-
idine-stabilized Au NCs in black line and upon addition of 10 Mm
Ag* (red line) and 0.1 Mm Hg2+ (blue line) successively. Inset: the
fluorescence photograph of Au NCs in the absence (i) and presence
(ii) of Ag* and AuAg NCs with Hg?*. (iii) upon excitation under a
UV lamp (365 nm). b Time course curves of Au NCs in the absence
(black line) and presence of Ag' (red line) and the fluorescence
quenching of AuAg NCs in the present of Hg?* (blue line) in aqueous
solution. ¢ Photographs of Au NCs in aqueous buffer solutions taken
under 365 nm UV illumination with various metal ions (15 mM) (up)
and the subsequent addition of Ag*™ (2 mM) to the solution (below).

Quantitative detection of highly reactive oxygen
species

Highly reactive oxygen species (hROS), such as hydroxyl
(eOH), hypochlorite (C107), and peroxynitrite (ONOO)™)
[127], exhibit strong oxidation characteristics that enable
them to directly oxidize nucleic acids [78], proteins, and
lipids, potentially causing severe damage within cells [128].
Excessive accumulation of hROS can lead to oxidative stress
and has been associated with various pathological conditions,
including cardiovascular disease [129], cancer, and nervous
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d Emission response of Au NCs to various metal ions. e Photographs
under UV light (365 nm) and f relative emission fluorescence (F/F) at
560 nm of aqueous AuAg NC solutions in the presence of 100 Mm of
various metal ions [118] (published with permission from Zhang et al.
(2015), ©2015 Elsevier B.V.). g Fluorescence titration of CASE-Au
NCs versus Cu®* jons and h application of the Stern Volmer relation
for the CASE-Au NCs system using 100 uM NaBH,, 12 uM Hg?*, and
20 mM phosphate buffer at pH 7.4 solutions. i Fluorescence titration of
CASE-Au NCs versus Hg?" ions and j application of the Stern Volmer
relation for the CASE-Au NCs system using 50 uM EDTA, 7 uM Cu?*,
and 20 Mm phosphate buffer at pH 7.4 solutions [117] (published with
permission from Jiang et al. (2021), ©2021 Elsevier B.V.)

system diseases [130]. Therefore, the development of a probe
for visualizing hROS is valuable for elucidating the biologi-
cal functions and potential molecular mechanism of these
hROS and could hold potential as a tool for medical diagnosis
and research [131]. Au NCs can play a role in the detection of
hROS. The fluorescence of the Au NCs can be sensitively and
selectively quenched by these hROS. In addition, Au NCs
can be utilized as nanoenzymes for specific catalytic roles.
Chen et al. employed Au NCs for the visualization
and monitoring of hROS in living cells and designed a
double-emission fluorescent nanocomposite (DEFN) as a
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nanosensor for hROS living cell imaging [132]. Figure 6a
illustrates the schematic diagram of the assembly of coronal
nanoparticles into DEFN. Coronal nanoparticles are com-
posed of a core-wrapped silica particle and multiple satel-
lite Au NCs. For instance, Fig. 6b shows the fluorescence
emission spectra of Au NCs (red) and DEFN (cyan). DEFN
exhibits a typical double-emission spectrum with a wave-
length difference of 130 nm, indicating that DEFN has a
superior resolution for ratio detection and imaging analysis
[133]. The fluorescence spectral response of DEFN to dif-
ferent concentrations of eOH is shown in Fig. 6¢. With the
increase of hROS concentration, the fluorescence intensity
at 435 nm remains virtually unchanged, while the fluores-
cence intensity at 565 nm decreases, and the resolvable
fluorescence color of DEFN shifts from red—purple to blue
[134]. The relationship between the fluorescence intensity
ratio at 435 and 565 nm and hROS concentration was ana-
lyzed, revealing a linear relationship, and the LODs for
eOH, ONOO™, and CIO~ were determined to be 0.03, 0.2,
and 0.5 pM, respectively (Fig. 6d), which spans its physi-
ological concentration range, demonstrating DEFN as an
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optimal ratio sensor for quantitative hROS [135]. Moreover,
in the presence of other reactive oxygen species and com-
mon species in the biological matrix, further examination
of fluorescence response revealed that these components
had a minimal quenching effect on DEFN (Fig. 6e), thereby
corroborating the high selectivity of DEFN for quantitative
analysis of hROS.

Investigating the capacity of DEFN to visualize hROS
in living cells facilitates its application in biological stud-
ies (Fig. 6f). Upon incubation of HeLa cells with DEFN, a
conspicuous fluorescent signal with characteristic cytosolic
co-localization was observed in both the blue and red chan-
nels (Fig. 6f (i)) [136]. Subsequently, the denitrified HeLa
cells were treated with different reactive oxygen species to
assess their reactivity (Fig. 6f (i), (iii), (iv)). As illustrated
in Fig. 6f (ii), following incubation of the cells loaded with
DEFN with H,O,, strong fluorescence signals were observed
on the blue and red channels, similar those to Fig. 6f (i),
which proved that Au NCs maintained high fluorescence
without oxidation [137]. In contrast, after incubation with
HCIO, the fluorescence signal almost disappeared in the
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Fig.6 Au NCs for the quantitative detection of highly reactive oxy-
gen species (hROS). a hROS detection using the DEFN constructed.
b Fluorescence emission spectra of dye-encapsulated silica nanopar-
ticles (black), Au NCs (red), and DEFN (cyan). The excitation wave-
length is 405 nm. ¢ Fluorescence spectral responses of the DEFN
to eOH of varying concentrations. The excitation wavelength was
405 nm. The inset is a photograph of fluorescence. d Working curves

ONOO-
“OH

of the DEFN-based ratiometric sensor in response to hROS. ¢OH
(triangle), ONOO™ (circle), and CIO™ (dot). e Ratiometric responses
of the DEFN sensor to hROS (100 pM CIO™, 90 pM ONOO™, and
40 pM eOH) and different coexistents (I mM). f Confocal fluores-
cence microscopy images of RAW 264.7 cells. Scale bar, 20 pm [132]
(published with permission from Chen et al. (2013), ©2013 American
Chemical Society)
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red channel, while a bright image was still visible in the
blue channel (Fig. 6f (iii)), suggesting that HC1O could
quickly and substantially oxidize Au NCs and quench the
fluorescence of Au NCs. The response of the DEFN sensor
to ONOO™ is similar to that of HCIO (Fig. 6f (iv)) [138].
The results of live cell imaging showed that DEFN exhibited
high selectivity and sensitivity for hROS.

Based on the above-mentioned properties, the DEFN
sensor based on Au NCs demonstrates high sensitivity and
selectivity for hROS. In addition, the fluorescence signal is
strong and stable, providing the possibility for high-contrast
imaging and possessing promising potential for fluorescence
sensing and biological detection [139].

Quantitative detection of cysteine

Cysteine (Cys), a common amino acid in organisms, is a
natural component of glutathione and contains active sulf-
hydryl (-SH) [140]. It can protect sulthydryl protease and
poisoned liver parenchymal cells, stimulate hematopoietic
function [141], increase leukocytes, and promote the repair
of skin damage. The quantitative detection of cysteine pro-
vides a convenient detection [142] method for the diagnosis
of heart disease [79], sepsis [143], HIV, and other cysteine-
related diseases.

Yu et al. designed a system utilizing carbon dots (CDs)
and Au NCs@GSH as an idea donor and acceptor in the
Forster resonance energy transfer (FRET) complex, serving
as a ratio probe. This method has been successfully applied
to the detection of cysteine [144]. As illustrated in Fig. 7a,
the fluorescence spectrum monitoring diagram of the elec-
trostatic binding process demonstrates that the emission
intensity of CDs at 465 nm differs from Au NCs@GSH,
which exhibits gradual quenching with increasing dop-
ing amount. At the same time, the fluorescence intensity
of Au NCs@GSH at 605 nm increased significantly [145].
Therefore, the intensity ratio at both wavelengths increases
significantly with the increase of the concentration of Au
NCs (Fig. 7b), which can be explained well with the FRET
model. The emission intensity at 465 nm of CD—Au NCs
after adding different amounts of cysteine remains virtually
unchanged, while the emission intensity at 605 nm gradually
decreases or even nearly quenches (Fig. 7¢) [146]. Further-
more, the fluorescence intensity ratio at 605—465 nm (Iy5/
L,45) demonstrates a nearly linear relationship with cysteine
concentration when the addition amount of cysteine is
less than 60 nm (Fig. 7d). This finding indicates that the
FRET complex is an excellent ratio probe for the detection
of cysteine [147]. The addition of various amino acids to
the solution containing the CD—Au NCs complex revealed
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Fig.7 CD-Au NCs@GSH for the quantitative detection of Cys. a
The fluorescence spectra of 250 pg/mL CDs in water were titrated
with different amounts of Au NCs@GSH (0-600 pg/mL). b The
related ratio changes of fluorescence intensity at 605-465 nm
(Aex=345 nm). ¢ Fluorescence spectra of CD-Au NCs (50 and
100 pg/mL) in HEPES-NaOH buffer solution (pH=7.4) which
were measured 60 min before and after adding different amounts
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of cysteine (Cys, from 1.0 to 200 pM). d The plot of the fluores-
cence intensity ratio changes with the concentration of cysteine
(Aey =345 nm). e The comparison of fluorescence spectra of CD—-Au
NCs (50 and 100 pg/mL) in the presence of different kinds of amino
acids (100 pM) in HEPES-NaOH buffer solution (pH=7.4). f The
corresponding intensity ratio at 605 and 465 nm changes [144] (pub-
lished with permission from Yu et al. (2018), ©2018 Elsevier B.V.)
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no significant fluorescence reduction, except for cysteine
(Fig. 7e, ). This finding confirms the excellent selectivity
of CD—Au NCs for the detection of cysteine.

Based on the above property analysis, the FRET complex
assembled by CD-Au NCs provides an efficient cysteine
detection method with very simple sample preparation, ratio
response, high selectivity, high sensitivity, and strong anti-
interference, providing a method for accurate measurement of
cysteine and a potential strategy for clinical detection [148].

Quantitative detection of enzymes

The enzyme, a type of biocatalyst, plays a crucial role in
regulating various catalytic processes, including biological
metabolism, nutrition, and energy conversion [149]. These
properties of enzymes enable the complex material metabo-
lism process in cells to proceed in an orderly manner, allow-
ing material metabolism to adapt to normal physiological
function [150]. Genetic defects or other factors that reduce
enzyme activity may lead to abnormal reactions catalyzed by
the enzyme [151], disorder material metabolism, and even
disease [152]. For instance, excessive levels of xanthine can
result in gout and uric acid deposition in the kidney in the
form of stones [153], causing renal damage [142]. This is
because xanthine is a precursor of uric acid, which is pro-
duced from xanthine by xanthine oxidase (XOD) enzymatic
reaction [154]. Serum alkaline phosphatase (ALP) level is
also closely associated with bone disease, diabetes, breast
cancer, prostate cancer [155], and hepatitis [156]. There-
fore, it is of great significance for the biological quantitative
detection of enzymes.

Zhang et al. reported a comprehensive single-atom
substitution method to create artificial enzymes based on
mercaptopropionic acid (MPA)-protected Au NCs, namely,
clusterzymes, which can achieve catalytic selectivity toward
glutathione peroxidase, catalase, and superoxide dismutase
nitrogen-related signaling molecules [157]. Wang et al.
developed a xanthine colorimetric detection method based
on BSA-stabilized Au NCs as a peroxidase simulant [157].
As with natural enzymatic-catalyzed reactions, there was
a strong dependence between the initial reaction rate and
hydrogen peroxide concentration. Figure 8a showed that the
reaction catalyzed by BSA-Au nanoclusters was inhibited at
high hydrogen peroxide concentrations (> 150 mM), while a
linear relationship existed at lower hydrogen peroxide con-
centrations. The detection mechanism involves that Au BSA
catalyzes TMB as a peroxidase simulant in the presence of
H,0,, quickly forming a blue charge-transfer complex and
causing the color change of the reaction system [158]. As
shown in Fig. 8b, the absorbance of the system increases
with the increase of H,O, concentration. Under the optimum
conditions (pH=3.0 and 40 °C), the calibration curve of
absorbance at 652 nm and H,0, concentration is linear from

5.0x1077 t0 2.0x 10~ M with the LOD of 2.0x 107 M
(Fig. 8b). Figure 8c demonstrates a linear response between
the absorbance (652 nm) and xanthine concentration in the
range of 1 x107%t0 2x 107 M (R=0.999) [159]. The above
analysis indicates that the system exhibits high sensitivity
and selectivity for xanthine and can be used to detect xan-
thine in buffer solution or urine and human serum samples.

Liu et al. developed an open fluorescent sensor to simply
and sensitively detect the activity of alkaline phosphatase
(ALP) through the internal filtration effect (IFE) of p-nitro-
phenyl phosphate (PNPP) on the fluorescence of Au NCs
[160]. The sensor’s detection mechanism is based on the
competitive absorption of PNPP, which reduces the fluo-
rescence measurement value of Au NCs. In the presence of
ALP, PNPP is catalytically hydrolyzed to nitrophenol (PNP),
thereby reducing competitive absorption and restoring the
reduced emission of Au NCs, enabling ALP detection [161].
Figure 8d displays the fluorescence emission spectrum of
Au NCs under the condition of increasing ALP concentra-
tion. It can be observed that the fluorescence of Au NCs
gradually recovers with the increase of ALP concentration
from O to 300 U/L, which is the result of PNPP hydrolysis
by ALP. Figure 8e represents the relationship between F-F
and ALP concentration between 0 and 300 U/L, showing a
linear fitting equation of F-F,=26.14 [ALP]+ 12.14, U/L
with a corresponding linear correlation coefficient of 0.98.
The LOD of ALP is as low as 0.002 U/L (S/N =3), proving
the sensor’s high detection sensitivity for ALP [162]. The
sensor was further tested for the detection of galactosidase,
glucose oxidase, thrombin, pepsin, trypsin, and other metal
ions (Mg?*, Zn?*, Fe’*, K*, Na*t, Ca2*, 100 uM). The addi-
tion of 10 U/L ALP to these solutions resulted in significant
fluorescence recovery (Fig. 8f), indicating the high selectiv-
ity of this sensing method for ALP. Na;VO,, a common ALP
inhibitor, is added to the ALP reaction system, limiting the
fluorescence recovery level in proportion to the amount of
inhibitor (Fig. 8g, h) [163]. The LOD of Na; VO, (S/N=3) is
0.06 pM (Fig. 8h). These results indicate that the developed
sensing approach could be employed for the screening of
ALP inhibitors in drug discovery. The fabricated fluorescent
sensor is employed for the quantification of human serum
samples ALP activity, assessing the reliability of the estab-
lished method in serum samples. As shown in Fig. 8i, the
results obtained by this sensing method exhibit a high degree
of concurrence with those obtained from clinical methods
[164]. These results show that the open fluorescent sensor
has high sensitivity and selectivity for ALP determination of
actual samples, which provides a new way for ALP sensing
in clinical diagnosis [165].

Based on the above analysis, Au NCs exhibit consider-
able sensitivity and selectivity for the quantitative detec-
tion of some enzymes and can be effectively utilized in their
biological detection, which provides the possibility for the
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Fig.8 Au NCs for the quantitative detection of enzymes. a The
typical absorption spectrum of the TMB solution in the presence of
H,0, at various concentrations using BSA-Au NCs as an artificial
enzyme. b Linear calibration plot between the absorbance at 652 nm
and concentration of H,0,. Inset: linear calibration plot for H,0,. ¢ A
dose-response curve for xanthine detection using XOD and BSA-Au
NCs. Inset: linear calibration plot for xanthine in the range 1x107°
to 2x10™ M [157] (published with permission from Wang et al.
(2011), ©2011 Elsevier B.V.). d Fluorescence emission spectra of Au
NCs and e plots of F-F,, versus ALP concentration from 0 to 300 U/L

clinical detection of enzyme-related diseases and expands
the potential application of metal nanoclusters.

Quantitative detection of human immunodeficiency
virus (HIV)

Acquired immune deficiency syndrome (AIDS) is a dev-
astating infectious disease, resulting from infection by the
AIDS virus (HIV). HIV is a virus that attacks the human
immune system, primarily assaulting CD4* T lymphocytes,
which are crucial to immune function. This destruction of
cells in large quantities leads to a significant loss of immune
function [166]. Therefore, the human body is predisposed to

@ Springer
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(inset: its corresponding linear relationship from 0.02 to 50 U/L). f
Selectivity of ALP assays in the presence of different enzymes and
different metal ions. g Fluorescence intensity of Au NCs in the pres-
ence of various concentrations of Na;VO, and their calibration plots.
h The inhibitors were incubated with 20 U/L enzymes, | mM PNPP,
and 0.1 pM MgSO,. i Detection of ALP in three adult volunteers
serums by the clinic method and our method [160] (published with
permission from Liu et al. (2016), ©2016 American Chemical Soci-

ety)

various diseases and malignant tumors with high mortality.
The average incubation period of HIV in the human body is
8-9 years. During the incubation period of the AIDS virus,
individuals can live and work without any symptoms for
many years [167]. However, once the virus progresses to
AIDS, patients will have various clinical manifestations in a
short time. Currently, there is no effective treatment or drug
available for AIDS. Therefore, the early detection of HIV is
vital for inhibiting the progression of the disease.
Kurdekar et al. employed streptavidin-bound Au NCs
(Au NC-SA) for Au NC immunoassay (GNCIA) to detect
HIV-1 p** antigen to identify early HIV infection cases
[168]. The immunoassay of Au NCs employed a sandwich
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immunoassay format, consisting of an antibody—anti-
gen—antibody sandwich complex, to detect the chemical
reaction between antibody and Au NC—SA based on a bioti-
nylation detector, as schematically depicted in Fig. 9a. As
illustrated in Fig. 9b, the UV-Vis and PL of glutathione func-
tionalized Au NCs presented that the Au NCs exhibit high
fluorescence intensity with a strong emission peak at 615

m [169]. The primary interaction involved in the detec-
tion process is the strong noncovalent chemical interaction
between biotin and streptavidin, which fixes the fluoro-
phore on the sandwich complex. The emitted fluorophore
signal intensity is directly proportional to the quantity of
Au NC-SA under excitation. The quantity of Au NC-SA is
directly proportional to the presence of HIV-1 p** antigen
in the sample, thus determining the signal intensity [170].
Subsequently, the fluorescence signal intensity was recorded
using a spectrophotometer, and a calibration curve between
the signal intensity and the concentration of purified HIV-1
p** antigen was constructed using the measured data. As
shown in Fig. 9c, an excellent linear correlation between the
concentration of HIV-1 p?* and the fluorescence intensity in
GNCIA is evident, which is further confirmed by the value
R?>=0.99941 [171]. The study assessed the sensitivity of

GNCIA by testing the samples from infected individuals
(HIV-positive samples). For instance, Fig. 9d displays the
GNCIA results for 10 randomly selected HIV-positive sam-
ples, demonstrating a large LOD and thereby proving the
high sensitivity of GNCIA. Figure 9e presents the results of
GNCIA results of HIV-negative samples, minimum positive
test samples, and blank control. Figure 9f employs 10 HBV-
positive/HIV-negative and 10 HCV-positive/HIV-negative
plasma samples to contrast the intensity with the minimum
positive test samples and blank samples, demonstrating that
GNCIA exhibits excellent selectivity for the identification of
samples other than HIV-positive samples [166, 170], which
validates that the detection method is specific for p** anti-
gen and is minimally influenced by the cross-reactivity with
other virus particles and biomolecules.

Unlike previously reported detection methods, GNCIA
can achieve high sensitivity without complex equipment
and expensive reagents [172]. Characterized by stable sig-
nal intensity and a high signal-to-noise ratio, GNCIA repre-
sents a highly sensitive immunoassay method. GNCIA has
the potential to develop into a rapid and ultra-sensitive test
platform for clinical diagnosis and laboratory research in a
resource-limited environment.
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Fig.9 Au NCs for the quantitative detection of HIV. a Schematic
representation of GNCIA in the detection of HIV-1 p24 antigen. b
Absorption and emission spectra of Au NCs. ¢ Calibration plot of
GNCIA. d Results of GNCIA for the 10 samples tested as HIV posi-
tive were chosen at random (blue bars). e Results of GNCIA for two
randomly chosen samples tested as HIV negative in comparison with
the lowest positive tested sample and blank. Blue and black bars indi-
cate the intensity of the HIV-positive sample and the blank. f Results
of GNCIA for two randomly chosen HIV-negative, HBV-positive/

HIV-negative, and HCV-positive/HIV-negative samples, respectively,
in comparison with the intensity of the lowest positive tested sample
and blank. Blue and black bars indicate the intensity of the HIV-posi-
tive sample and the blank, while the red, green, and yellow bars indi-
cate HIV-negative, HBV-positive/HIV-negative, and HCV-positive/
HIV-negative samples, respectively [168] (published with permission
from Kurdekar et al. (2023), ©2023 American Association for the
Advancement of Science)
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Conclusions

Au NCs possess several advantages. The simple one-pot
synthesis method enables the easy fabrication of Au NCs
[4]. With an impressive quantum yield of up to 100% and
enhanced luminescence efficiency, Au NCs exhibit a more
efficient luminescence process [173]. The gold nanoclus-
ters with a size smaller than the renal clearance thresh-
old of 5.5 nm can be rapidly excreted through the uri-
nary system without cumulative toxicity, providing ideal
biosafety [174]. Complex excited state processes and small
absorption coefficients for band-edge leaps lead to large
Stokes shifts and long PL lifetimes widely observed in
gold nanoclusters [1, 175]. Therefore, research on their
synthesis [176], characterization, bioconjugation [177],
and applications of Au NCs is a thriving and evolving field
[23]. Fluorescence Au NCs can be utilized for the quan-
titative detection of inorganic and metal ions, effectively
monitoring the ion content [178], which helps prevent and
detect the possibility of related diseases [179]. They can
be employed for the quantitative detection of common bio-
logical macromolecules such as amino acids and enzymes
and play a good monitoring role in controlling biological
material metabolism and normal physiological function
[7]. Additionally, Au NCs can be directly employed for
pathogen detection of some disease-related viruses and
intercepted during the early stage of the disease [180].
Meanwhile, gold nanoclusters can also be utilized for pre-
operative tumor localization, intraoperative surgical guid-
ance, and postoperative prognostic assessment, showing
promise for imaging and therapy [39]. Therefore, Au NCs
exhibit great potential for clinical applications.
Significant advancements have been made in Au NC
structure and fluorescence tune as well as biological detec-
tion methods [181] and show potential for biomedicine.
However, there are several areas to improve, such as the
short emission wavelength and low brightness of the devel-
oped Au NCs [182]. At present, the commonly utilized Au
NCs for biological detection are primarily in the NIR-I
window in 700-900 nm with limited resolution [183]
and have low imaging performance [3]. While the NIR-
II region exhibits exceptional spatial-temporal resolution
and high tissue penetration with a maximum penetration
depth of 1 ~2 mm [184]. It is well documented that the
physiochemical properties of Au NCs are largely depend-
ent on the composition, surface, and structure [3, 15]; thus,
there are several ways for the improvement. First, NIR-II
Au NCs with long emission wavelengths can be designed
by altering the ligands and doping metal elements com-
bined to achieve high imaging resolution and deep penetra-
tion [15, 19]. Second, single-atom doping can introduce a
new catalytic center to boost the enzymatic activities of Au
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NCs and improve the potential as nanozymes for detection
and treatment usage in biomedicine. Finally, biosafety is
a key factor in clinical use [32, 39]; the biocompatibility
of Au NCs can be improved by optimizing ligands and
constructing reasonable spatial structure [185]. It can be
seen that Au NCs possess wide application prospects and
great significance in the field of fluorescence sensing and
biological detection [186]. The development of biosafety
Au NCs with specific functions and applications in the
medical field can promote clinical translation.
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