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Fluorescent gold nanoclusters (AuNCs) have been extensively studied due to their unique construction and distinctive properties,
which place them between single metal atoms and larger nanoparticles. The dimension of AuNCs is comparable to the Fermi
wavelength of electrons, which lead to size-dependent fluorescence and other molecule-like properties. In this review, we
summarize various synthesis strategies of fluorescent AuNCs and recent advances of biological applications such as biosensing,
biolabeling, and bioimaging. The synthetic methods are considered as two routes: “Atoms to Clusters” and “Nanoparticles to
Clusters” The surface functionalization of AuNCs is described as the precondition for making future bioapplications possible,
which can eventually influence their stability, biocompatibility, and other properties. And then we focus on the recent advances of
AuNCs-based applications in biological sensing, biolabeling, and bioimaging and finally discuss the current challenges of AuNCs

in controllable synthesis and biological application.

1. Introduction

The word “nano” is for describing something which occurs
with size on nanometer range [1]. The worldwide emergence
of nanoscale technology and engineering was marked by
the announcement of the National Nanotechnology Initiative
(NNI) in January 2000 [2]. Nanotechnology, which became
an emerging and promising research field in the past decades,
is the combination of medicine, chemistry, physics, and
biology [3]. This multidisciplinary technology is considered
dedicating to assemble molecules into objects and reverse
this process. The confluence of biology and nanotechnol-
ogy is defined as nanobiotechnology, which is a field that
investigates biosystems and creates new biomaterials using
nanoscale principles and techniques [2]. The nanostructure
materials in biology and biomedical field can be useful tools
for biosensing, cell labeling, and molecular imaging.

Gold is the most extensively studied material among
worldwide groups due to its stable chemical property, facile
synthesis, and nontoxicity. Gold on bulk- or molecular-range
is highly stable; however, gold nanoparticles (NPs) exhibit
distinctive properties which differ from others such as their

surface plasmon resonance (SPR) effect, size-depending elec-
tronic properties, and their photothermal effect in biological
therapy [4]. For these fascinating aspects, gold NPs have been
considered as the key materials of nanoscience and nanotech-
nology in recent years. Due to quantum confinement effects
of gold nanoparticles with a dimension below 2 nm, they are
too small to support surface plasmon resonance effect [5].
The noble metal nanomaterials (which we call them gold
nanoclusters) are composed of several to roughly a hundred
atoms [6, 7]. The dimension occurring with gold nanoclusters
(AuNCs) is comparable to the Fermi wavelength of electrons
[8], which place them between single metal atoms and larger
nanoparticles [9]. Due to the strong quantum confinement
effect of free electrons in the particles, the continuous density
of states breaks up into discrete energy levels. These lead to
size-dependent fluorescence and other attractive molecule-
like properties such as facile surface tailor ability and color
tenability [10-13].

As to size-dependent fluorescence, the photophysical
properties of AuNCs are dictated by their sizes and shapes.
Recent advances make it much easier to synthesize water-
soluble AuNCs with tunable size or emission colors. AuNCs



has an extremely high surface-to-volume ratio, which can
make the NCs for further surface modification and control-
lable bioconjugation. With all the above properties, AuNCs
can be used in a wide range of applications, such as biode-
tection [14], biosensing [14], biological labeling [15-17], and
bioimaging [18].

When fluorophores absorb light with a particular wave-
length, fluorophores will then emit energy in a form of fluores-
cence equaling to the energy difference between the excited
state and the ground state. Fluorescent probes are the key
factor in biological fluorescent measurement. In last decades,
there are several different classes of fluorescent labels: organic
fluorophores such as cyanine dyes and fluorescein, the rare
earth NPs (quantum dots) [19], upconverting NPs, and
novel fluorescent dye-doped core-shell nanobeads. But the
use of these labels is limited by the poor photostability,
large physical size, and toxicity of heavy metals [17]. On
the contrary, AuNCs show strong photoluminescence, good
photostability and high emission rates, large Stokes shift, and
size-dependent tunable fluorescence, for which they can be
made as an optimum nanomaterial for biological imaging,
analysis, and sensing. Moreover, the surfaces of AuNCs
possess a subnanometer dimension, color tenability, facile
synthesis, and low toxicity [20, 21]. Compared with common
fluorophores, these advantages establish them to be a novel
ultrasmall fluorophores in biomedicine application [22-24].

In this review, we firstly will discuss the origin of fluores-
cence of AuNCs. Then we will summarize general synthesis
strategies of AuNCs and describe their distinctive properties,
which are followed by highlighting their fascinating photolu-
minescence properties. In the second part, we will discuss the
recent advances of AuNCs-based application to the biological
labeling and fluorescent imaging. In the final section, we will
give a brief outlook on the challenges and prospective for
future research of AuNCs.

2. Gold Nanoclusters: Fluorescence
Property and Synthetic Method

2.1. Fluorescence Mechanism of AuNCs. Gold nanomaterials
can be broadly categorized into two kinds according to their
dimensions: gold nanoparticles and gold nanoclusters. Zheng
has introduced the differences in structures and other prop-
erties between these two gold nanomaterials [25]. As he men-
tioned, gold nanoparticles which sizes are close to the wave-
length of light have similar optical properties to bulk gold.
What is more, the collective oscillation of conduction elec-
trons on the surface of gold nanoparticles can interact with
light and generate SPR effect when the frequency of oscil-
lating electrons matches the frequency of incident photons.
And when the gold nanoparticles have a dimension in 3-
100 nm, the SPR band locates in the visible light region, which
will lead to some size-dependent effects of gold NPs. The
interaction between nanoparticles, the dielectric medium,
and the protective ligands also has influences on the SPR
effect of gold NPs.

When size of gold nanomaterials is smaller than 3 nm, the
gold nanoclusters possess some distinguished properties due
to their ultrasmall dimension and special structure. Because
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the energy level spacing is inversely proportional to the radius
of AuNCs, AuNCs with a dimension close to Fermi wave-
length of an electron possess size-dependent electronic struc-
ture [26]. The AuNCs we are discussing in this review are sub-
nanoscale nanoparticles, which have a gold center containing
a countable number of gold atoms. So AuNCs are considered
as superatoms or molecular-like species. For these reasons,
the energy level spacing and free electronic density of AuNCs
are the key factors of transition energy of AuNCs. When the
energy level spacing is large enough, the free electrons behav-
ior can be observed in the discrete energy levels [27]. Accord-
ing to the structural analysis of Jin's group, the fluorescence of
AuNCs originates from the LUMO-HOMO transition [28].
To sum up, the distinct optical properties (absorption and
fluorescence) of molecular-like AuNCs are mainly affected by
their ultrasmall size and corresponding electronic structure.

In addition to the ultrasmall size, the ligands used for
AuNCs preparation also have impacts on their fluorescence
properties [5]. Ligands play very important roles in the
formation of AuNCs as protective agents, which can prevent
the superatoms from aggregation and then keep the size-
dependent fluorescence property. As for the demonstration
that Jin and coworkers mentioned, surface ligands of AuNCs
not only can be used as capping agent but also largely
affect the fluorescence of AuNCs by charging transfer from
surface ligand to the gold core. When the surface ligands
have strong electron donation capability, the fluorescence
can be enhanced. And the ligands with electron-rich atoms
or groups have been found as a very effective choice for
promising surface ligand of AuNCs to enhance the fluores-
cence. In this paper, we will discuss the synthesis of AuNCs
by using different ligands such as glutathione, dendrimers,
polymers, and protein; the as-prepared AuNCs based on dif-
ferent synthetic methods have various fluorescence quantum
yield (QY). Lots of researches have been carried out on the
origin of fluorescence from AuNCs and the enhancement
of fluorescence QY for the practical application such as
biological labeling, sensing, and imaging. In this section, we
have summarized the different fluorescence QYs of AuNCs
with different synthetic routes (Table 1).

2.2. Synthetic Methods of AuNCs. Small gold nanoclusters
with robust quantum effect have been extensively investi-
gated. The synthesis of AuNCs experiences several stages. In
the early time, the research was focused on gas state metal
clusters [29]. Since these metal clusters in the gas phase were
short-lived and hard to be functionalized, a novel method,
solution-phase synthesis, arose in the 1980s [30, 31]. These
synthetic strategies lead to gold nanoclusters with enhanced
stability and excellent physicochemical properties.

Since Brust et al. reported the synthesis of monolayer
protected metal nanoparticles, several novel advances have
emerged in the field of metal nanoclusters, especially in the
field of thiol-containing AuNCs. During the decades, the
synthetic strategies were generally considered as two routes:
“Atoms to Clusters” and “Nanoparticles to Clusters” The
approach of “Atoms to Clusters” is to reduce the gold ions
into zerovalent atoms, and then AuNCs are formed with the
nucleation of the Au atoms. However, the gold precursors
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TABLE 1: Summary of fluorescence QYs of AuNCs obtained by different synthetic approaches.
Synthesis Fluorescence QYs References
Protected by monolayers of glutathione (35+1.0)x107° [32]
Alkanethiol ligands 11-mercaptoundecanoic acid (11-MUA) as stabilizer 31x1072 (33]
Poly(amidoamine) (PAMAM) dendrimers as stabilizer and capping agent 41+ 5% [34]
Pentaerythritol tetrakis(?—mercaptopropionate)—terminated Polymethacrylic acid 3% (35]
(PTMP-pMAA) as capping agent
Employed poly(N-vinylpyrrolidone) (PVP) as stabilizer of the gold clusters 12.5% [36]
Bovine serum albumin molecules as templates and reductants ~6% (37]
Bovine pancreatic ribonuclease A (RNase-A) as the biotemplate ~12% [38]
DI,\IA as template to prepare gold/silver nanoclusters from Au’*, Ag*, and DNA 45% 39]
(5'-CCCTTAATCCCC-3')
Employing L-3,4-dihydroxyphenylalanine (L-DOPA) as a reducing/capping reagent L7%. [40]
D-penicillamine as capping agent 1.3+0.3% [41]
Mercapto-9-propyladenine as capping agent 1.2% [42]
N,N-dimethylformamide as a weak reducing agent as well as stabilizing ligand 14.28% [43]
Dissociation process of glutathione-gold(I) polymers in aqueous solution 4.0 +£0.4% [44]
GSH as r.eductant to form Au(I)-thiolate complexes, and the aggregation of ~15% 45]
Au(I)-thiolate complexes on the Au(0) to form Au(0)@Au(I)-thiolate NCs
11-Mercaptoundecanoic acid (11-MUA) as the protecting group to reduce Au>* with ~6.92% [46]
NaBH, in methanol solutions
Polyethylene glycol (PEG) appended with lipoic acid (LA) anchoring groups as 14% (47]

modular ligands

can be reduced into gold nanoparticles easier than into
nanoclusters due to the possibility of AuNCs to aggregate.
In order to solve the problem, some kinds of ligands should
be used for surface modification. Moreover, the protective
ligand capped on the surface can enhance the fluorescent
effect. These show that choosing appropriate ligands is the key
factor in stabilizing cluster from aggregation. The other route
for synthesizing the AuNCs is “Nanoparticles to Clusters”
route. Pradeep and coworker used excess MSA ligands in
toluene to etch (MSA-) protected large Ag nanoparticles into
fluorescent Ag NCs [48]. Recently, some advances have been
reported [49-51] to form more stable, monodisperse, and
highly fluorescent AuNCs.

2.2.1. “Atoms to Clusters” Route

(1) Template-Based Synthesis Methods. AuNCs with ultrafine
size and nontoxicity are very attractive for biolabeling and
bioimaging application. For the reason of low fluorescent
QY (107*-107'%) of thiol-protected AuNCs, Dickson’s group
developed NCs exhibiting ~40% QY by dendrimers-assisted
method in the early 2000s [34]. This synthesis can effec-
tively enhance the fluorescent effect of AuNCs with a fairly
long reaction time. According to the first template-assisted
techniques, a series of templates such as polymers [35, 52],
proteins [53, 54], dendrimers [55], and DNA [56, 57] have
been investigated for the synthetic method of AuNCs. Com-
pared with other synthetic techniques, template-protected
techniques use mild reductant in the presence of strong
stabilizer. The decreased clustering rate provides efficient
sequestering by stabilizers.

(i) Dendrimers. Dendrimers-encapsulated AuNCs exhibited
strong fluorescence in the range from blue to NIR region by
adjusting the generation of PAMAM and the ratio between
gold and the template [55]. Water-soluble, monodisperse,
highly fluorescent Aug NCs had been synthesized by using
the fourth generation of polyamidoamine (G4-OH PAMAM)
dendrimers as reduction agent and stabilizer [58, 59] by
Dickson and coworkers in the early 2000s [34, 55]. The as-
prepared AuNCs exhibit a strong fluorescence (QY~40%),
with an intensity of 100-fold higher than AuNCs prepared
by other methods, possessing strong blue luminescence with
excitation and emission peak at 385 nm and 450 nm, respec-
tively, shown in Figure 1.

Using charged PAMAM dendrimers of generation 6-9 to
prepare size-tunable fluorescent AuNCs in water have been
reported. The production have been characterized by a set of
methods such as tranmission electron microscopy (TEM) to
demonstrate gold atoms encapsulated by dendrimers. In 2007,
Bao et al. unveiled a new method for synthesizing nontoxicity,
highly stable AuNCs by using a mild reduction agent-ascorbic
acid or no reductant at physiological temperature [60]. This
approach produced highly green and red emission AuNCs
without forming large gold nanoparticles. Lin and coworkers
[61] exploited an amphipathic microcavity-template for
sequestering gold ions and synthesizing AuNCs with high QY
(20-60%) through microwave irradiation. In this strategy,
the fourth generation PAMAM with amine-terminated
groups (G4NH2) had a more hydrophilic microcavity than
hydroxyl-terminated G4OH PAMAM, which led to the
polarity-dependent ion-pair association (AuCl,/G4NH, pair
and AuBr,/G40H pair). The strong ion-pair association was
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F1GURE 1: (a) Excitation and emission spectra of G4-OH PAMAM-
templated AuNCs. (b) Emission from AuNCs under long-wave-
length UV lamp irradiation (366 nm). Reprinted with permission
from [34], ©2003, American Chemical Society.

capable of enhancing the quantum efficiency of AuNCs, and
the precise control of the reaction temperature assisted by
microwave irradiation could also lead to the same effects.

(ii) Polymers. Polymers are widespread macromolecule with
abundant functional groups, which have potential to be
templates for synthesizing AuNCs [62, 63]. Using polymers
to prepare AuNCs has been studied by several groups. For
example, AuNCs protected by multivalent polymers were
synthesized by ligand exchange with dodecylamine-capped
gold nanoparticles [64]. The ligand-induced etching method
leads to fluorescent AuNCs with a relatively low QY (10-
20%). The size of polymer-depended AuNCs is related to
several factors such as the structure of polymer, the nature of
polymer functional group, and the ratio of gold to polymer
[35, 65, 66]. A switch over nonfluorescent to fluorescent
polymer-capped AuNCs (core diameters: 1.1-1.7 nm) can be
finely tuned by adjusting the ratio of gold-to-polymer as
reported by Cooper et al. Moreover, Gonzalez et al. have
discovered a new simple method for preparing AuNCs
protected by poly(N-vinylpyrrolidone) (PVP), which possess
the fluorescent and magnetic features [36]. In this method,
an electrochemical synthesis has been used to pursue a
much simpler and quicker synthetic route. Most recently,
Jiang and coworkers have developed novel hybrid nanogels
based on the NIR fluorescent AuNCs and poly(acrylic acid)
(PAA) [67]. The core-hollow and shell-porous PAA nanogels
were employed as templates followed by in situ reduction
of HAuCl, in water, to synthesize AuNCs-encapsulated PPA
hybrid nanogels. The PAA nanogels were prepared by the
polymerization of acrylic acid monomer and then mixing the
products with cysteamine water solution through interaction
of COO™ group of PAA and NH,* of cysteamine. Au’" ions
were subsequently added and reduced by thiols of cysteamine
so as to encapsulate Au* into the cavities of PAA nanogels.
Finally, NaBH, was chosen to reduce the Au ions into AuNCs,
shown in Figure 2. This AuNCs entrapped in PAA nanogels
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Gold cluster-PAA hybrid nanogels

FIGURE 2: Schematic of synthetic method of gold cluster-encap-
sulated PAA hybrid nanogels. Reprinted with permission from [67],
©2013, American Chemical Society.

FIGURE 3: Schematic of the formation of BSA-templated AuNCs.
Reprinted with permission from [37], ©2009, American Chemical
Society.

possessed the NIR fluorescent property with deep tissue
penetration, which was suitable for NIR live imaging.

(iii) Proteins. Proteins, as biological macromolecules, have
certain configuration and spaces and can be utilized as tem-
plates for preparing fluorescent AuNCs. Xie and coworkers
have developed a class “green” synthesize method to prepare
protein-directed AuNCs [37]. In this method, a facile, one-
pot, “green” synthetic technique was developed based on
a common commercially available protein, bovine serum
albumin (BSA), as shown in Figure 3.

BSA, a plasma protein existing in abundance, was selected
as the model protein for the formation of AuNCs because
of its stability, lack of effect, and low cost. Similar to the
biomineralization behavior in nature, the Au’* ions were
added to the aqueous BSA solution, to be reduced to Au™ with
the help of tyrosine residues on the protein, and then metal
ions were sequestered and entrapped by thiol groups of the
protein. The as-prepared AuNCs were stable at the physiolog-
ical temperature and PH with a QY~6%. The as-synthesized
BSA-AuNCs have 25 gold atoms in the core, which exhibit
red emission (maximum of emission wavelength locates
in 640 nm), excellent stability, good biocompatibility, and
easy surface modification. This striking work is not only
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a novel method for creating highly fluorescent AuNCs, but
a promising protocol can be used for the other proteins and
noble metals. Following to this report, many groups studied
this “green” synthetic route with other bioactive proteins such
as insulin [68-70], lysozyme [71], transferrin [72], and egg
white proteins [53]. Chou et al. have firstly selected insulin as
the template for synthesizing the fluorescent AuNCs. The as-
prepared insulin-AuNCs are applicable for fluorescent imag-
ing, CT, and in vivo blood-glucose regulation. As innovative
imaging technique involving insulin, it should be extensively
studied in biolabeling and bioimaging application. The use
of BSA as a reductant and stabilizer has enlightened Lu et al.
to find some proteins expect BSA for preparing AuNCs.
They have discovered a way to prepare highly fluorescent
AuNCs by using lysozyme as reductant and stabilizer. The
as-synthesized lysozyme gold fluorescent NCs (LsGFC) have
a diameter of ~Inm and emission wavelength centered at
657 nm, which also can be specifically quenched by Hg**.
Very recently, chicken egg white (CEW), which is abundant
for being available and extremely cheap, has been exploited
as a template for synthesizing AuNCs by Geckerler et al. In
the method, researchers developed a green, rapid synthesis of
AuNCs using CEW at physiological temperature (37°C) with
pH~11. Under alkaline conditions, tyrosine and tryptophan
are predominantly responsible for reduction of Au’* ions
and obtained highly fluorescent, water-soluble AuNCs. Most
recently, Qiao and coworkers have exploited a novel fluo-
rescent nanoprobe which contains fluorescent ovalbumin-
capped AuNCs, biotarget folic acid, and homopolymers as the
linker [72]. Unlike most polymer-capped nanoclusters, folic
acid-functionalized fluorescent AuNCs can specificly label
the cell and tumor, which have superiority in biolabeling and
bioimaging applications.

(iv) DNA. The introduction of biological macromolecules
(protein, DNA) can make the synthetic method of AuNCs
greener and more biocompatible, which renders them more
possible for biological application. Some reports have been
published to make the affinity of DNA base pair and AuNCs
evident theoretically [73, 74], which provide the foundation
for the subsequent experiments to verify the feasibility
of theories. Chen and coworkers have unveiled atomically
monodispersed AuNCs with direction of DNA as etchant
of gold nanoparticles and rods [75]. Liu and colleagues
firstly reported that pH-dependent single-stranded DNA
(ssDNA) was feasible in synthesizing blue-emitting AuNCs
with a mild reductant [76]. Shao and colleagues developed
a nanoparticle-free method for synthesizing red-emitting
AuNCs in water with DNA as a template [77].

(v) Small Molecules. Most kinds of AuNCs are synthesized
by exploiting large templates such as dendrimers, biolog-
ical macromolecules (e.g. DNA, proteins) and polymers.
Meanwhile, small molecules used as the templates have
been paid much attention for synthesizing high fluorescent
AuNCs, especially the thiol-protected (glutathione, 11-mercap-
toundecanoic acid) AuNCs [79]. However, using small mol-
ecules as the templates and reductants has not drawn that
much attention for synthesizing high fluorescent AuNCs
compared with other templates. Several small molecules
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FIGURE 4: Schematic of DMF-AuNCs construction (a); the pho-
tographs of DMF-protected Au clusters in DMF under ambient light
(light yellow) and UV light of 365nm (blue) (b). Reprinted with
permission from [78], ©2010, Langmuir.

have been exploited in the fabrication of AuNCs such as
amino acid [80-83], peptide [84, 85], dimethylformamide
[43, 78], and Good’s buffers [86]. The report using amino
acid as a reactant for preparing AuNCs is scarce. Chen and
coworkers [83] have discovered a fast, facile method for
preparing AuNCs by blending Chloroauric Acid (HAuCl,)
with histidine. It is the first time for preparing AuNCs with
amino acid as the reductant and stabilizer at the same time.
Kawasaki et al. have reported the DMF-protected AuNCs
through the interactions of the amide groups of DMF with
AuNCs, which possess high thermal stability, high dispersion
stability in various solvents, and high photochemical stability,
as shown in Figure 4 [78].

2.2.2. Ligand-Protected Gold Nanoclusters. Early studies for
the AuNCs are focused on synthesizing by strong reducing
agent and strong capping agents such as thiol [87, 88],
dendrimers [34], and polymers [89]. For synthesizing high
yield of AuNCs, a practical way was discovered involving
weaker reducing agent in the present of strong capping agent.
This method can form nanoparticle-free AuNCs efficiently
with slower reduction rate [44]. Due to excellent optical,
electronic, and chemical properties, ligand-protected gold
nanoclusters have been extensively investigated, especially for
their potential applications in biomedicine and nanoelectron-
ics.

(1) Phosphine as Ligand [91]. In the infant stage, phosphine
molecules have been widely utilized as a ligand during the
preparation of AuNCs [92, 93]. The phosphine-capped
AuNCs are stable to the ambient conditions and controllable
over cluster core size. Generally, phosphine-capped AuNCs
are synthesized by sodium borohydride reduction. In
the 1960s, an 11 gold atoms phosphine-protected cluster,
Au,, (PPh;),(SCN),, was firstly reported [92]. And an Au,;-
centered icosahedral structure cluster was successfully pre-
pared in 1981 [94]. Schmid et al. reported Aus;-centered nano-
clusters with an average core size of ~1.4 nm [95]. The method
was optimized by Hutchison and coworkers, who developed
a more convenient, safer approach to synthesize phosphine-
capped gold nanoclusters [96]. In recent development of
phosphine-capped gold nanoclusters, Wan et al. isolated
new phosphine-protected Au,, nanoclusters through the
reduction of Au (PPhpy,) Cl [PPhpy, = bis (2-pyridyl)
phenylphosphine] by NaBH,, the Au,, core was the fusion of



Glutathione (GSH)
in water\ {

Auy,: PPh, {
in chloroform

Journal of Nanomaterials

}Auzs(SG)lS
~70mg

FIGURE 5: Phosphine-stabilized Au,, clusters in chloroform were reacted with glutathione (GSH) in water under a nitrogen atmosphere.
Reprinted with permission from [90], ©2005, American Chemical Society.

two Au,; clusters [97]. Although phosphine-capped AuNCs
are one of the important classes in the gold clusters families,
the synthetic method still faces some problems such as
tedious extractions, numerous steps, and unstable production
tending to decompose. Since gold atoms have a good affinity
to -SH groups, the unstable phosphine-stabilized AuNCs
could be transferred into thiol-stabilized gold clusters.
Hutchison and colleagues have reported a versatile ligand-
exchange reaction and first described the mechanism of thiol-
phosphine ligand exchanges [98]. As shown in Figure 5,
Shichibu et al. synthesized glutathione-capped AuNCs (Au,;
(SG),5) by ligand exchange with phosphine-stabilized Au,,
clusters. Teranishi and coworkers recently reported a bulk
solution synthetic method that permitted large scale, facile
synthesis of truly monodisperse Ausg nanoclusters, which
used a two-phase ligand exchange process based on GSH-Au
clusters, and led to monodisperse Au,g nanoclusters in high
purity [90].

(2) Thiolate-Capped Gold Nanoclusters. Brust et al. have done
the pioneering work based on the reduction of the metal
precursors and the formation of metal core [99]. Owing to
a strong affinity for thiols and Au, thiol-containing small
molecules were extensively used to stabilize gold nanoclusters
in the aqueous solution [6]. Using thiol-containing small
molecules as stabilizers rendered much more controllable
AuNCs than phosphine-capped ones, contributing to the
stronger Au-S covalent bonding. Thus they have been
intensely pursued in last decades.

Generally, the method of synthesizing thiolate-capped
AuNCs has processes as follows. Gold salts [AuCl,]” are
dissolved in water and then transferred to an organic solvent
by phase transfer agent; the thiols are added to the mixture to
reduce Au®* ions into Au* ions and form Au*-SR complexes
or polymers; then the Au" polymers are reduced by adding
the reducing agent into thiolate-protective gold nanoclusters.

The fluorescence of thiolate-protected AuNCs (referred
to as Au,,(SR),,, where n and m are the respective number
of metal atoms and ligands) was effected by the kind of
ligand and core charge state. In order to enhance fluorescence,
different chain lengths of thiols will be chosen for the
biolabeling and imaging applications [100]. Jin and colleagues
discovered “size focusing” method to synthesize atomically
monodisperse thiolate-stabilized AuNCs using different thiol
ligand (-SR: -SC,H,Ph, -SC,H,;, SG, and SC,,H,,COOH)
[101].

Glutathione (GSH), a ubiquitous low-molecular weight
thiol, played a significant role in making AuNCs which

showed good water solubility, bioactive surface, and high
stability. It has been widely investigated for protecting the
Au’" ions when they were being reduced by sodium boro-
hydride (NaBH,) [102-104]. Whetten and coworkers have
unveiled an unprecedented thiol-protective AuNCs by using
the GSH (N-y-glutamyl-cysteinyl-glycine) as the stabilizer.
The as-synthesized AuNCs were fractionated by using poly-
acrylamide gel electrophoresis (PAGE) and characterized by
mass spectrometry (MS) [102]. Tsukuda and colleagues have
also reported the characterization of fractionated AuNCs
protected by GSH monolayers using mass spectrometric. The
as-prepared AuNCs were isolated into single-sized Au,, (SR),,
clusters by the PAGE method with »n = 18, 21, 25, 28, 32, 39
(called magic-numbered clusters) [103]. Liu and coworkers
employed GSH-stabilized AuNCs (GSH-Au NCs) as the sen-
sor of Cr (IIT) and Cr (VI) through fluorescence quenching
[105]. In the method, GSH was used as an environment
friendly reducing/protecting regent for preparing AuNCs in
physiological temperature for 24 h. The as-prepared AuNCs
exhibited yellow under visible light, but the color turned into
bright red when radiated by UV light, as shown in Figure 6.
Moreover, various other thiols can be used to stabilize the
AuNCs such as tiopronin [106], phenylethylthiolate [107], thi-
olate a-Cyclodextrin [108, 109], mercaptopropionic acid [110,
111], bidentate dihydrolipoic (DHLA) [112], dodecanethiol
[113], and D-penicillamine [41, 114, 115]. Using these mercap-
tolinkers above makes the AuNCs possess higher fluorescent
yield and monodispersion. Mattoussi and coworkers [47] pre-
pared a highly fluorescent gold nanoclusters with emission
centered at ~750 nm NIR region using bidentate ligand as
stabilizing agent. Shang et al. have reported a novel water-
soluble Au-SR using the D-penicillamine (DPA) and a mild
reductant. The DPA-capped AuNCs show an enhancement of
the fluorescence intensity and a remarkable stability (~QY =
1.3%), which have potential for bioimaging application.

2.3. “Nanoparticles to Clusters” Route. With the development
of techniques, a novel method is reported that involves
etching surface atoms of gold nanoparticles by appropriate
ligands. Different small molecules and polymers have been
exploited as the etchant such as thiols (e.g., glutathione,
dihydrolipoic acid, and phenylethylthiol) [16, 116, 117] and
biomacromolecules (e.g., BSA). Typical procedure contains
the following: first, mixing the surface-stabled gold nanopar-
ticles with excessive etchant (small molecules/polymers) and
then etching the gold NPs' surface via ligand exchange
and finally, generating etchant-gold complexation. Using this
method can enhance the fluorescent effect of AuNCs (QY~4-
20%).
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Direction.

2.3.1. Ligand-Induced Etching. In the past decades, a series of
protecting ligands have been exploited to prepare relatively
controllable monolayer protected clusters (MPCs). The lig-
ands such as phosphines, thiols, amines, and polymers have
multiple functions in effecting the cluster size and physical/
chemical properties. Besides the one-pot method by direct
reduction of Au’" ions in the presence of thiols mentioned
above, fluorescent gold MPCs can be synthesized by etching
Au core with excessive ligands. The study of monolayer gold
MPCs has been separated into three stages: polydispersed
nanoclusters; monodispersed nanoclusters; and atomically
precise nanoclusters [118]. Jin et al. have discovered a kinet-
ically controlled method based on ligand-induced etching
for preparing atomically monodisperse Au-SR, called “size
focusing” method. For instance, Jin and coworkers developed
a facile, high yielding synthetic approach to synthesize Ausg
(SC,H,Ph),, clusters with excess phenylethylthiol. Schaaff
and coworkers conducted thiol etching on a combination of
14k and 8k species, the result showed that the 8 kDa species
became enriched [119]. Duan and colleague have reported
synthesizing blue-emitting monodisperse AuNCs by exploit-
ing the etching property of hyperbranched and multivalent
polymers—polyethylenimine (PEI). In the approach, as-
prepared Au nanocrystals in dimension for ~8nm were
synthesized by modified Brust-Schiftrin method. Once acting
with excessive PEI, the separated AuNCs with 8 atoms emit-
ted intense green light under UV light irradiation (365 nm),
as shown in Figure 7 [64].

Parak and coworkers reported a precursor-induced etch-
ing method for the preparation of water-soluble fluores-
cent dihydrolipoic acid-capped AuNCs [16]. In the method,
gold NPs stabled by didodecyldimethylammonium bromide
(DDAB) were synthesized in the organic phase, followed by

precursor induced etching into AuNCs. Synthesis of water-
soluble AuNCs was depending on the ligand exchange with
reduced lipoic acid (DHLA). Upon the production transfer
to aqueous solution, they became intensely red-luminescent
with QY~3.45%. This report exhibited a totally novel method
for preparing ultrasmall fluorescent AuNCs even if the
detailed mechanisms have not yet been clearly elucidated.

2.3.2. Solvent-Induced Etching. Phase transfer is demon-
strated to be an effective approach for preparing the flu-
orescent metal NCs via the electrostatic interaction. Yuan
et al. [51] have developed a facile and versatile synthesis of
highly fluorescent, stable, and monodispersed AuNCs based
on a mild etching of originally polydispersed, nonfluorescent,
and unstable gold nanocrystals. Thiol-protected AuNCs were
synthesized by reducing the Au’-SR with the reducing
agent (NaBH,) in the presence of glutathione (GSH) and
then transferring the polydispersed thiol-protected AuNCs
into an organic phase by adding cetyltrimethylammonium
bromide (CTAB) due to the electrostatic interactions between
negatively charged carboxyl group in GSH and the positively
charged cations of the hydrophobic salt [(CTA)"(COO)7].
The mild etching happened in the organic phase which led
to enhanced fluorescent monodisperse AuNCs. Moreover,
the fluorescent AuNCs can easily be transferred back to the
aqueous solution by injecting a salt to remove the (CTA)".
This approach is used to fabricate highly fluorescent AuNCs
with excellent stability, biocompatible protecting ligands, and
monodispersion, which has a promising prospect in bioimag-
ing and biosensing application. Xie and coworkers have also
discovered a novel Au-thiolate NCs with highly lumines-
cence (QY~15%). The mechanism of aggregation-induced
emission (AIE) has been discovered. Due to the discovery,
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FIGURE 7: (a) and (c) are TEM of Au nanocrystals before and after ligand-induced etching. (b) UV-vis spectra of the original Au nanocrystals
(black), the etched nanocrystals after separation (red), the AuNCs mixture after etching (green), and the purified AuNCs after separation
(blue). (d) Color photographs of the original Au nanocrystals in chloroform (left) and the purified AuNCs in water (right). UV light (365 nm).
Reprinted with permission from [64], ©(2007), American Chemical Society.

the nonfluorescent oligomeric Au (I)-thiolate complexes can
generate strong luminescent under UV light depending on
the degree of aggregation. The AIE properties can be used
for designing AuNCs formed by the aggregation of Au (I)-
thiolate complexes and in situ generated Au core, which
aggregation was induced by adding a high concentration of
ethanol in water, as shown in Figure 8 [45].

3. Application of Gold Nanoclusters:
Biosensing, Biolabeling, and Bioimaging

AuNCs as nanoprobes have several advantages, as follows.
AuNCs have good stability and monodispersion in the
physiological environment leading to enhanced sensitivity
and increased tracking lifetime; AuNCs possess ultrasmall
size which can be easily uptaken by cells; the biological
functions of bioentities conjugated with AuNCs will not be
disturbed; photoluminescence in the form of fluorescence is
an important property of AuNCs; with decreasing the core
size, their fluorescence will show a blue-shift from the NIR
region to ultraviolet; the QY of AuNCs is much higher than

bulk gold and gold NPs in magnitude; compared with the
harsh synthetic steps and tedious surface modification of
quantum dots, it is much more achievable to prepare AuNCs
and the functional groups induced by the templates and
stabilizers are much convenient for coupling with the dyes,
peptide, DNA, and other markers; owing to the low content of
metal, AuNCs have good biocompatibility for lots of in vitro
and in vivo applications.

As mentioned above, fluorescent AuNCs are promising
material as fluorescent biolabels and light-emitting sources
in nanoscale; therefore, they can be applied in biological
labeling, imaging, detection, and so on.

The precondition for making the applications possible is
appropriate surface modification for AuNCs, which can even-
tually influence their stability, biocompatibility, targeting,
and other properties. The method functionalizing AuNCs
involves surface chemistry and bioconjugation, which should
promise AuNCs survival in these conditions. Herein, we will
summarize the strategies which are widespread in synthe-
sizing functional AuNCs as fluorescent biological probes in
biolabeling, bioimaging, and biosensing applications.
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FIGURE 8: (a) Schematic illustration of solvent-induced AIE properties of oligomeric Au (I)-thiolate complexes. (b) Digital photos of Au (I)-
thiolate complexes in mixed solvents of ethanol and water with different f, under visible (top row) and UV (bottom row) light. (c) UV-vis
absorption and (d) photoemission spectra of Au (I)-thiolate complexes in mixed solvents with different f,. (Inset) Relationship between the
luminescence intensity and f,. The spectra were recorded 30 min after the sample preparation. Reprinted with permission from [45], ©(2012),

American Chemical Society.

3.1. Surface Functionalization. Nanoparticles are usually
modified with a variety of materials such as silica, synthetic
polymers, biopolymers, dendrimers, and small molecules
leading to introducing desired functionality [120, 121]. In the
early days, surface modification is based on chemisorption
through which bonds are weak and easy to rupture. A
novel strategy offering a stronger and more robust bond has
been discovered to modify NPs with more stable ligands
[122], which make it possible for AuNCs holding promising
applications in the biological field, in vitro and in vivo. Hence,
there are several demands to AuNCs: (1) they should be water-
soluble and stable in a physiological environment; (2) they
should possess targeting to specific tissue with high selectivity
in vivo; and (3) they should be efliciently discharged by the
metabolic system for lowest toxicity [121]. In order to fit the
bills, a mountain of work has been done to tailor functional
AuNCs with various coating and bioconjugation.

The silica coating, one of the most multifunctional meth-
ods of surface functionalization, can couple the advantage of
BSA-templated AuNCs with the silica particles. Guével and
coworkers [123] have highlighted a novel kind of fluorescent

core-shell nanoparticles by BSA-templated AuNCs. The as-
prepared AuNCs doped Si NPs show monodispersion, higher
stability, NIR emission wavelength, and enhanced fluorescent
intensity. Moreover, the silica shell allows AuNCs to be
conjugated with bioactive entities (e.g., peptide, folic acid
(FA), antibody, and polymer).

Bioconjugation is an effective route to introduce extra
functionality onto nanoclusters through several functional
groups such as primary amide, carboxylic acid, alcohols,
and thiols [124]. According to the synthesis of AuNCs as
we have discussed before, the majority of template-directed
and ligand-protected clusters possess the carboxylic acids on
the surface as functional groups, which can conjugate with
amino-terminal biomolecules. The reaction is commonly
catalyzed with 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide (EDC) and sulfo-N-hydroxysuccinimide (sulfo-NHS)
to form amide bond. Yan and colleagues have developed
an approach to conjugate Cyclo(Arg-Gly-Asp-D-Phe-Lys)
(RGD) peptide to BSA-stabilized AuNCs with the use of cou-
pling agents [125]. A simple one-pot method has been studied
by Shang and colleagues for synthesizing D-penicillamine-
capped AuNCs, which have both amino and carboxylic
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groups on the surface for further bioconjugation. Abad
and coworkers have synthesized AuNCs capped with dihy-
drolipoic acid (DHLA), which possess hydrophilic carboxyl
group providing an anchor for biological molecules conju-
gation such as covalent linkage [126]. AuNCs coated with
carboxylic acid have been bonded with polymers containing
amine functionalities by ion pairing without EDC and NHS.
Mattoussi and coworkers have reported preparing the AuNCs
stabilized with zwitterion-appended lipoic acid ligands, in
which process reactive groups (amine or carboxyl group) can
be inserted in situ on the surface of production for further
bioconjugation [47].

In addition to the further steps for surface function-
alization, the introduction of ultrabiocompatible interface
and the protection of AuNCs have occurred simultaneously
in terms of the template-directed fluorescent AuNCs. For
instant, proteins such as BSA are extensively exploited as
the stabilizers for preparing fluorescent AuNCs bringing in
controllable functional groups [127, 128].

3.2. Biological Sensing Application. The minitype sensor in
nanoscale is of interest in the wide array of biomedical
applications and environmental science for detection of metal
ions and biomolecules possessing high sensitivity and low
cost. The surface modified AuNCs can be utilized as biosen-
sors with the fluorescent AuNCs core as transducer and the
surface functionalized molecules as recognition component.

3.2.1. Heavy Metal Ions Detection. Due to high hazard and
bioaccumulation in vital organs and tissues of heavy metal
ions such as mercury, copper, and chromium ions, related
investigations of heavy metal ions detection have received
increasing attention. For the sake of protecting our environ-
ment and health, some effective strategies are highly desirable
for the sensitive and selective detection of heavy metal ions.

The detection of Hg*" is based on biomolecules (proteins
[129,130], antibodies [131], oligonucleotides [132], DNAzyme
[133, 134], etc.), gold nanoparticles [135, 136], small organic
molecules [137, 138], and other materials such as inorganic
molecules [139, 140]. Recently, AuNCs have been exploited
as the sensor of Hg**. Xie et al. initially developed a
method to synthesize AuNCs with BSA and further apply the
BSA-templated AuNCs to the Hg** sensing in 2010 [141].
This approach utilized the specific and strong interaction
between the Au™ and Hg**, which effectively quenched the
fluorescence of AuNCs. This process can specifically detect
and monitor Hg”" ions at minimal concentration of 0.5 nM.
Tseng and Lin have reported selectively sensing Hg** and
CH;Hg" using lysozyme type VI-stabilized AuNCs (Lys VI-
AuNCs) through the interaction between Hg**/CH,Hg" and
Au’ on the cluster surface, as shown in Figure 9. The limit
of detection (LOD) for Hg**/CH;Hg" was 3 pM and 4 nM,
respectively [54], which is much lower than the maximum
concentration in the drinking water permitted by the U.S.
Environmental Protection Agency (EPA).

Chang and colleagues have unveiled a new assay for the
highly selective and sensitive detection of Hg*" ions based
on aggregation-induced quenching of the fluorescence of 11-
mercaptoundecanoic acid (1I-MUA) protected AuNCs. This
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FIGURE 9: Relative fluorescence intensities [(Ip, — I;:)/I5,] at 631 nm
of solutions of Lys VI-AuNCs after the addition of (a) Hg2+
(100 nM), CH;Hg" (100 nM), and other metal ions (50 uM) and (b)
anions (50 uM). The excitation wavelength was set to 400 nm. The
incubation time was 10 min. It should be noted that Iy, and I are
the fluorescence intensities of the AuNCs before and after adding
analytes, respectively. Reprinted with permission from [54], ©2010,
Analytical Chemistry.

fluorescence quenching induced by the aggregation of gold
NPs in the present of Hg*" was firstly reported as a method
for sensing metal ions [33].

Copper widely exists and is essential for all the plants
and animals for being the key factor in producing numerous
enzymes and involved in various physiologic processes;
however, excessive copper ions will lead to cellular toxicity,
liver damage, and other damages of organisms [54, 142, 143].
Thus, considerable efforts have been made in the field of Cu®*
detection using fluorescent AuNCs as a sensor. Gaetke and
colleagues have demonstrated a novel method using GSH-
stabilized AuNCs as highly sensitive and selective fluorescent
sensor for copper ions based on ion-induced aggregation
of AuNCs [144]. In addition, the quenched fluorescence of
AuNCs can be recovered through adding a strong metal
ion chelator, ethylenediaminetetraacetate (EDTA). Guo and
coworkers also reported a novel synthetic approach of NIR
fluorescent AuNCs recently, which was realized by the heat-
assisted reduction of an Au"-thiol complex. The as-prepared
AuNCs are able to selectively and sensitively detect copper
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FIGURE 10: Schematic of the formation and the H,O, directed quenching of HRP-AuNCs. Reprinted with permission from [127], ©2011,

American Chemical Society.

ions with a minimal concentration as low as 1.6 nM [145].
Guo and coworkers published the detection method of Cu**
employing lysine-functionalized AuNCs (AuNCs@Lys) as
fluorescent probes [146]. The mechanism of this sensing
process is the tunable fluorescent signal of AuNCs@Lys
quenched by the link of copper ions and lysine. The concen-
trate scale the probe can determine is from 10 nM to 7 uM,
which is far low than the maximum level of Cu in drinking
water (20 uM) permitted by the EPA of the U.S. [147].
A masking method for improving selectivity of AuNCs has
been developed by Cao and coworkers for higher selective
detection of mercury and copper ions. By adding the “mask-
ing” agents, respectively, Cu®" and Hg”" ions are inhibited
to interact with AuNCs and eliminated the corresponding
quenching effect; thus the ions without being inhibited can
be detected [148].

Moreover, Ho and coworkers have described a facile one-
pot method to sense ferric ions by the fluorescent AuNCs
stabilized and reduced by L-3, 4-dihydroxyphenylalanine
(L-DOPA). The as-prepared AuNCs exhibited a fluorescent
quench based on the ferric ions-induced aggregation, whose
detection limit of the Fe’* was lower than the maximum level
allowed by the U.S. EPA (5.4 uM) [149].

3.2.2. Small Molecules and Biomacromolecules Detection. In
addition to heavy metal ion detection, fluorescent AuNCs
can also be exploited detecting small molecules (hydrogen
peroxide [40, 150], enzymes [151-153], dopamine [154-156],
nitrite [157], cholesterol [158], folic acid [159], ciprofloxacin
[160], etc.) and biological macromolecules (proteins [161-
166], glucose [40, 167], etc.). Zhang and coworkers have
showed a biomineralization strategy for the detection of
hydrogen peroxide by synthesizing the AuNCs by a func-
tional template-Horseradish peroxidase (HRP) at physio-
logical conditions [127]. The fluorescence of HRP-stabilized

AuNCs was quenched upon the addition of H, O, in the range
from 100 nM to 100 uM with a LOD of 30 nM, as shown in
Figure 10.

The detection of biological thiols such as cysteine (Cys)
and glutathione (GSH) has been extensively investigated.
Cys plays an important role in biological system from the
protein formation to being an antidote for alcoholic adverse
reactions. GSH is the most abundant thiol in cells which
participates in numerous biological reactions such as neu-
tralizing free radicals and peroxides, HIV expression, and
cancer therapy, which show that the altering level of GSH is
related to the diabetes and HIV disease. So the level of GSH in
biological organism is measured with great importance. Park
and coworkers have elaborated the detection of biological
thiols systematically by using the BSA-stabilized AuNCs. The
method is based on Hg**-induced fluorescence quenching
through high affinity of Au* and Hg®" and blocking this
interaction by selective coordination of thiols with Hg>'.
This fluorescence-based sensing method for biothiols has
advantages such as simple steps, fast reaction time, and cost-
effectiveness. Recently, Huang et al. have reported a simple,
immune-dependent, and label-free method for cystatin C
(Cys C) detection. To achieve the detection, BSA-templated
AuNCs have been employed as the fluorescent probe, which
process is based on the papain-induced quenching of AuNCs
and the fluorescent recovery by the coexistence of Cys
C. Papain can digest the scaffold of AuNCs, BSA, based
on its protease activity, and Cys C as a powerful cysteine
proteinase inhibitors, capable of inhibiting the activity of
papain to protect the AuNCs from aggregation. Fluorescent
AuNCs enable detecting Cys C in the range of 25ng/mL-
2.0 ug/mL. Tseng et al. have also presented a method for
sensing glutathione (GSH) by (Lysozyme Type VI) stabilized
(Lys VI) AuNCs (contain 8 gold atoms). The PH-dependent
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blue-emitting AuNCs could detect GSH resulted from the
formation of GSH-Au" complexes. By specific etching reac-
tion of GSH and AuNCs core, the fluorescence of AuNCs was
quenched to show the altering level of GSH with a sensing
limitation of 20 nM.

Dopamine (DA), as a vital catecholamine neurotrans-
mitter, plays a significant role in the central nervous, renal,
and hormonal systems [168]. The detection of DA with
simple, high performance, nontoxicity has been developed
employing the AuNCs as biosensor. Qu and coworkers
have firstly discussed the detection of dopamine involving
BSA-templated AuNCs electrogenerated chemiluminescence
(ECL) study [155]. The process was realized by injecting
DA into the electrolyte, the ECL of the AuNCs exhibited
a distinct linear increase response to the increase of DA
concentration. The highly sensitive and selective fluorescence
and colorimetric sensing of DA was in the first time described
using a BSA-stabilized AuNCs by Sony and colleague [154].
The fluorescence of BSA-AuNCs showed a decrease once
adding DA due to the photoinduced electron transfer of DA
to AuNCs. In the meantime, the peroxidase-like activity of
AuNCs was inhibited in the present of DA leading to a visual
detection with highly selectivity.

AuNCs-based fluorescent protein sensor can be achieved
by coupled selective recognition molecules with the fluores-
cent AuNCs. Of the substantial trial for forming AuNCs-
based protein sensors, Leblanc’s group initially reported the
conjugation of anti-human IgG to the PAMAM-stabilized
AuNCs for detecting the human IgG antigen [161]. Linear
fluorescence quenching coordinated with the formation of
antigen-antibody immunocomplexes. Chang and colleagues
unveiled a novel protein sensor by using the light switching
system based on biofunctional 11-MUA-protected AuNCs
and bioconjugated 13nm gold NPs [165]. Platelet-derived
growth factor AA (PDGF AA), as a breast cancer marker
protein, can be conjugated to AuNCs (PDGF AA- AA-
Lunp)- Thiol-derivation aptamers (Apt) with high affinity to
PDGFs interacted with gold NPs (Apt-Qnp)- PDGF AA-
L ,unp can attach to the Apt-Q, wp leading to the fluorescence
quenching by resonance energy transfer. Upon the addition
of free PDGF or PDGF a-receptor, the fluorescence can be
recovered as a result of competitive reaction of PDGF/Apt-
Qaunp Of PDGF a-receptor/PDGF AA-L,p, as shown in
Figure 11. The mannose-protected AuNCs have also been
synthesized for the detection of Concanavalin A (Con A)
with high sensitivity and other proteins and lectins [166].
In this method, the fluorescent AuNCs were synthesized
by etching the THPC-reduced AuNCs by excessive Man-
SH, which showed a high sensing limitation to Con A and
E. coli attributed to multivalent cooperative interactions
between Man-AuNCs and proteins. This approach provided
the lowest LOD value for Con A (75 pM) and yielded brightly
fluorescent cell clusters when binding to bacteria.

Glucose on one hand is the major energy source of
living cells, of significance in the synthesis of other complex
molecules, and an important factor of human health con-
dition; on the other hand, it leads to many diseases such
as diabetes when holding at an abnormal level. Typically,
the detection of glucose by the fluorescent AuNCs probes is
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as follows: the biomolecules-stabilized AuNCs were synthe-
sized; moreover, glucose can be oxidized by oxygen incubated
with glucose oxidase (GOD) which produces H,O, as the
intermediation. The H,O,-induced aggregation of AuNCs
can lead to the fluorescence quenching and vicariously
detecting the glucose [168, 169].

3.3. Biological Labeling and Imaging. AuNCs, as an emerging
fluorescent nanomaterial, possess a dramatic number of char-
acteristics as follows: ultrasmall size, good water solubility,
biocompatibility, photostability, and large Stokes shifts; all
these properties make them promising fluorescent probes for
biological labeling and imaging [170, 171].

The fluorescent AuNCs as cell labels are considered to
realize the long observation times and stable emission of
fluorescence microscopy in live cells so as to understand the
dynamics of intracellular networks better. Parak et al. have
prepared water-soluble fluorescent DHLA-protected AuNCs
(AuNCs@DHLA), then bioconjugated with streptavidin for
specific probing of the intracellular distribution of endoge-
nous biotin in liver cell [16]. Thereafter, an investigation
was also described by Chang and coworkers to elucidate
the fluorescent and biocompatibility features of AuNCs by
labeling the endothelial progenitor cells (EPC) [172]. The
result indicated that the fluorescence of labeled cells did not
decrease as well as maintained intact angiogenic potential.
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Furthermore, AuNCs are attractive in the biomedicine
field for diagnostics and therapeutics due to ultrasmall
size, strong fluorescence emission and good biocompatibility
[172-176]. Irudayaraj and coworkers have described the flu-
orescent BSA-protected AuNCs conjugated with Herceptin
(AuNCs-Her) for targeting fluorescent imaging and cancer
therapy at the same time [177]. The ultrafine novel fluorescent
probes were demonstrated having the ability to enter the
nucleus with high targeting specificity and nuclear localiza-
tion capability for effective drug delivery and therapeutic
efficacy. Botella and coworkers have designed a photother-
anostic agent based on chlorin e6 (Ce6) photosensitizer-
conjugated silica-coated AuNCs (AuNC@SiO,-Ce6) for flu-
orescent imaging-guided photodynamic therapy [175]. And
most recently, Cheng and colleagues have published the first
report of using Dendrimer-encapsulated gold nanoparticles
(DEGNPs) as the scaffold to develop stimuli-responsive drug
delivery systems, as shown in Figure 12 [178]. The DEGNPs
can be loaded with thiolates anticancer drugs via Au-S bond.
After triggering to the tumor cell by GSH, the drugs can be
released in tumors. This strategy opened up new possibilities
to exploit subnanosized NPs for an “oft-on” drug release
system.

In addition to achieve more effective therapeutic effect,
AuNCs-based probes can also be utilized for highly specific
and accurate cancer diagnosis. Most recently, to achieve high
accuracy and specificity of cancer diagnosis, novel fluores-
cence enzyme mimetic nanoprobes have been described by
Chen et al. based on folic acid modified gold nanoclusters
[173]. In this method, the BSA-stabilized AuNCs were syn-
thesized to facilitate a rapid, cost-effective, and versatile NIR
imaging/visualizing cancer diagnosis system. The peroxidase
mimetic AuNCs conjugated to folic acid possess enhanced
targeting ability to folate receptor over-expressing tumors,
and combined with other superior properties, they can
be employed for a colocalization staining method which
diagnoses cancer rapidly through microscopic imaging with
bright field and fluorescent imaging simultaneously.

Biological imaging in vivo is confronted with much more
challenges than cellular imaging such as difficulty in survive
in complex physiological environment and weak intensity
of visible light blocking by organic tissue. The emitted light
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in the NIR region of AuNCs is capable of penetrating into
deeper tissue and detecting stronger intensity due to weakest
biological autofluorescence. Besides, unlike the toxic QDs
and low-stability organic dyes, AuNCs with ultrafine size,
good water-solubility, biocompatibility, and good photosta-
bility are of great interest to be fluorescent nanoprobes for
biological imaging. As mentioned above, AuNCs are ideal
bioprobes for bioimaging in vivo. Herein, we will show the
latest development in bioimaging.

The two-photon excitation photoluminescence measure-
ment was utilized to demonstrate the strong advantage in live
cell imaging compared with organic dyes and quantum dots
such as the ability of deeper inside tissues and the reduced
phototoxicity of NIR light. Goodson and colleagues have
investigated two-photo absorption (TPA) of Au,; clusters
in NIR region in organic phase, and TPA cross-sections
increase to an extremely high level at 800 nm which make
it possible for applications in optical power limiting nano-
lithography [182]. Xu and coworkers have investigated the
one- and two-photon excitation properties of water-soluble
GSH-protected AuNCs and their applications in bioimaging
[183]. In this report, the TPA property and application as
fluorescence imaging contrast agents of GSH-AuNCs have
been explored. The TPA cross section of GSH-AuNCs is
much larger compared with organic dyes and QDs as well
as the low toxicity and exceptional photostability which
show their as promising in live cell fluorescent imaging
and other bioimaging in vivo. Shang et al. have studied the
process that DPA-AuNCs are internalized by HeLa cells in
endosomal vesicles through two-photo imaging [41]. After
2 hours of incubation of DPA-AuNCs and HeLa cells, the
images were captured by confocal microscopy with two-
photon excitation. The fluorescence of probes ingested by
the HeLa cells can easily be seen through 3D reconstruction
images which reveal the nanoclusters inside the cells as well
as those attached to the outside of the plasma membrane.
The study of two-photon induced luminescence of 11-MUA-
AuNCs has been reported by Chou and co-workers. The
two-photon induced fluorescent imaging was used to human
mesenchymal stem cells (hMSCs) through the stable and
nontoxicity nanoprobes, which revealed that the 11-MUA-
AuNCs were internalized into the cells and mainly resided in
the cytoplasm nearby the nucleus, as shown in Figure 13 [179].

Compared with fluorescent intensity imaging, fluorescent
lifetime imaging microscopy (FLIM) could separate the
species based on differences in the exponential decay rate
of fluorescence (lifetime), which is independent of the local
concentration of fluorescent molecules and the excitation
intensity [184]. Shang and colleagues have investigated the
fluorescent DHLA-AuNC:s in HeLa cells by the FLIM tech-
nique. The lifetimes of DHLA-AuNCs (>100 ns) is two order
of magnitude longer than the lifetime of biological fluorescent
fluorophores. Owing to this, the biological imaging can be
achieved in the complete absence of cellular autofluorescence.
The intensity and lifetime images of cell without and with
AuNCs have been shown and indicated that the AuNCs
have been internalized by the cells. The as-prepared NCs
have many other features for promising candidate of wide
applications in biomedical field. In the meantime, Irudayaraj
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FIGURE 13: hMSCs were treated with dextran-coated 11IMUA-Au nanodots for 24h and then processed for two-photon and confocal
microscopic examination. (a) Cell nucleus was stained with DAPI (blue color). (b) Actin fiber was stained with rhodamine phalloidin to
confirm the cell boundary (red color). (c) Dextran-coated 11IMUA-Au nanodots exhibit a two-photon emission (green luminescence) for in
vitro bioapplication. (d) Fluorescence image overlay of the three images demonstrating the internalization of 11IMUA-Au nanodots residing
near the nucleus. Reprinted with permission from [179], ©2009, American Chemical Society.

and workmates have exploited FLIM combined with fluores-
cent correlation spectroscopy (FCS) to track the diffusion of
Herceptin-conjugated AuNCs and its entry into the nucleus
in SK-BR3 cells [177]. The SK-BR3 cell is a human breast
cancer cell overexpressing human epidermal growth factor
receptor 2 (HER2) on the cell membrane. The AuNCs-Her
was specifically endocytosed into the nucleus of SK-BR3
cells causing DNA damage showed by FLIM, as shown in
Figure 14.

Biological imaging in vivo is confronted with much more
challenges than cellular imaging such as difficulty in survive
in complex physiological environment and weak intensity
of visible light blocking by organic tissue. The emitted light
in the NIR region of AuNCs is capable of penetrating into
deeper tissue and detecting stronger intensity due to weakest
biological autofluorescence. Besides, unlike the toxic QDs
and low-stability organic dyes, AuNCs with ultrafine size,
good water-solubility, biocompatibility, and good photosta-
bility are of great interest to be fluorescent nanoprobes for
biological imaging. All of these properties indicates that
AuNCs are ideal bioprobes for bioimaging in vivo. Herein, we
will show the latest development in bioimaging.

Zhang et al. have developed the utilization of AuNCs
into multimodal imaging technique for early cancer diagnosis

[185]. In this method, BSA-stabilized AuNCs are synthe-
sized as the highly fluorescent and strong X-ray absorption
coefficient contrast agent for fluorescent and X-ray dual-
modality imaging. Coincidentally, Cui and coworkers have
prepared FA-conjugated AuNCs@SiO, nanoprobes for in
vivo dual-modal fluorescent and X-ray computed tomogra-
phy gastric cancer targeting imaging [180]. Nude mice model
with xenograft tumor based on MGC-803 cells was injected
with these targeting fluorescent nanoprobes via tail vein
followed by dual-modal imaging. The experimental results
demonstrated that FA-conjugated AuNCs@SiO, can effec-
tively target in vivo gastric cancer cells and exhibited excellent
NIR fluorescent imaging and presented distinguished CT
signals in X-ray imaging, as shown in Figure 15.

Moreover, a multimodal imaging method blending NIR
fluorescent imaging and magnetic resonance imaging (MRI)
has been achieved by Koyakutty and coworkers recently with
the aid of gadolinium oxide and Au (Gd,O5/Au) hybrid
targeting nanoprobes [186]. The as-synthesized nanoclusters
fabricated by biomineralization showed both intense red-
emitting fluorescence and good magnetic resonance imaging
ability and were further functionalized with RGD peptide
for realizing the targeted tumor imaging application in vivo.
In addition, the over expression of ay 35 integrin in U87
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FIGURE 14: Fluorescent images showed the cell apoptosis induced by (a) AuNCs alone; (b) AuNCs-Her; (c) Herceptin by staining the nucleus
with Hoechst 33258 (UV light 460 nm). FLIM shows the DNA damage of SK-BR3 cells induced by (d) AuNCs-Her; (e) Herceptin indicated by
the bright yellow dots. (f) Quantitative evaluation of DNA damage of cells as a percentage of the total number of cells for different treatments.
Reprinted with permission from [177], ©2011, American Chemical Society.

tumor cell can enhance the specific accumulation of RGD-
Gd,05/Au. RGD conjugated Gd,05/Au (RGD-Gd,05/Au)
nanoclusters injected into U87-MG tumor-bearing mice via
tail vein showed distinguished specific accumulation in U87
tumor with longer retain time for targeted bioimaging in
vivo. Currently, the majority of nanoprobes conjugated to
targetable molecules are synthesized in labs followed by the
purify steps and then injected into live animals. Although
possessing ultrasmall size (nanoscale), relative stability in
biological systems, and validated biocompatibility, the exoge-
nous nanoprobes will reach the specific site through organic

circulation, which inevitably triggers the clearance effect of
biosystems. In order to overcome this problem, Wang and
companions have created a biosynthesize method of AuNCs
inside the cytoplasm through enforcing an efficient sponta-
neous reduction of chloroauric acid biocompatible salts by
cancer cells, as shown in Figure 16 [181]. Although the mech-
anism of this novel bioimaging of cancer cells and tumors is
still unknown, AuNCs have been successfully formed inside
the cytoplasm and confirmed in vivo for specially labeling on
the xenograft tumor mouse modal by fluorescent imaging.
Thus, this novel method is remarkable not only for facilitating
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FIGURE 15: AuNCs@SiO,-FA nanoprobes for fluorescence imaging. (a) In vitro fluorescence image of AuNCs@SiO,-FA in 0.01 M PBS with
different concentrations; (b) In vivo fluorescence image of 50 uL AuNCs@SiO,-FA injected subcutaneously at three different doses (area-1:
56 mg/mL; area-2: 112 mg/mL; area-3: 226 mg/mL) into the left mice. The left mice without injection was selected as control; (c) fluorescence
image of tumor tissues with tail vein injection at the concentration of 287 mg/mL at 6 h postinjection. Reprinted with permission from [180],

©2013, Journal of Nanobiotechnology.

fluorescent nanoprobes with biosynthetic, self-imaging, and
NPs circulation elusion peculiarities but also for showing a
different concept of highly sensitive and specific nanoprobes
for bioimaging application compared with current system.

4. Summary and Outlook

Fluorescent AuNCs, as an emerging fluorescent nanoma-
terial, possess a great deal of exceptional advantages such
as good water-solubility, high photostability, large Stokes
shift, ultrasmall size, nontoxicity, and good biocompatibility,
compared with conventional organic dyes, rare earth-based
quantum dots, and other luminescent materials. Herein, first
of all, we have briefly summarized various approaches that
have been employed for preparing AuNCs based on two
routes: “bottom-up” and “top-down” routes. Recent advances
of the development of the synthetic methods have a far-
reaching influence on the future functionalization of AuNCs.
The surface modification of AuNCs endows a number of
new functionalities for them like targeting imaging properties
and therapeutic effects. In the second part, the most recent
advances of bioapplications have been summed up such as

fluorescent detection of metal ions/biomolecules, fluorescent
cell labeling, and bioimaging in live animal.

Although a huge progression has been achieved to
develop the promising novel fluorescent nanoprobes, a vari-
ety of challenges in the way still make the future progress of
AuNCs.

With regard to the synthesis method and physical proper-
ties, there are several challenges we need to face in the future
study. Even with making tremendous efforts to optimize
the synthetic routes, problems remain existent such as the
unpurified AuNCs being polydispersed in the solvent and
exhibiting quantum yield lower than 20% within a broad
emission band. What is more, there is scarce strategy for
preparing size-focusing AuNCs with high reactive yield and
monodisperse advantage. Finally, the relationship between
the structure and optical properties of AuNCs requires deeper
investigation.

For the application of AuNCs, most of biological applica-
tions focus on employing them as biosensors or fluorescent
nanoprobes in bioimaging, and more applications involved
in the therapy of tumor can be developed. Furthermore,
the interaction between biological environment and AuNCs
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FIGURE 16: Schematic illustration of in situ biosynthesis of gold nanoclusters in cells and tumor imaging (top). Representative xenograft tumor
mouse models of hepatocellular carcinoma observed in normal light (a) or by in vivo fluorescence imaging (b) 24 h after a subcutaneous
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tumor. (d) Control mouse observed by in vivo fluorescence imaging 48 h after a subcutaneous injection of 10 mmol/L HAuCl, solution in
the right side of their abdomen (bottom). Reprinted from the permission of [181], Copyright ©2013, Rights Managed by Nature Publishing

Group.

is significant for the biological application of nanoprobes;
however, most investigators judge the performance in organ-
ism centering in the matter of nanomaterial themselves
(photostability, size-depending properties, etc.), but ignoring
the interaction between the organism and AuNCs which is
related to the safety of AuNCs used in the bionanotechnology
and the mechanism of biological applications.

In a word, gold nanoclusters with fascinating properties
have been extensively investigated and achieved marked
advance. Nevertheless, the application of AuNCs in biological
fields is still in the preliminary stage, and large amounts of
study are waiting for us in the synthesis, comprehending of
interaction mechanism, making full use of the decent features
of AuNCs, and extending the range of biological applications.
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