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1 Introduction

Fluorescent metal nanoclusters (MNCs), usually
consisting of several to approximately a hundred
metal atoms [1], have attracted extensive atten-
tion over the past few decades. MNCs have size
down to less than 2 nm, which is comparable to
the Fermi wavelength of electrons [2], resulting in
the break up of the continuous density of states of

the particles into discrete energy levels
[1, 3]. MNCs exhibit distinct optical, electronic,
and chemical properties, including strong

photoluminescence, excellent photostability, and
good biocompatibility. These unique properties
make MNCs ideal probes for many applications
in biological imaging and diagnosis.

Especially, near-infrared (NIR) fluorescent
MNCs are promising probes for bioimaging,
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because biological tissues show very weak
absorption and autofluorescence in the NIR spec-
trum window (650-900 nm wavelengths)
[4, 5]. Also, NIR light can pass across several
centimeters of heterogeneous living tissues
[6]. Particularly, NIR-emitting MNC probes can
alleviate several limitations of conventional NIR
organic dyes and other nanoprobes like semicon-
ductor quantum dots (QDs). Organic dyes show
many drawbacks such as poor hydrophilicity and
photostability, insufficient stability in biological
systems, and weak multiplexing capability
[7]. Most reported QDs display high inherent
cytotoxicity and self-aggregation inside live
cells, which limit their practical
bio-applications [8].

Fluorescence lifetime imaging (FLIM) and
two-photon imaging have been widely adopted
in tissue and cell studies, and now have become
powerful tools in early diseases diagnosis as well
as guiding the disease treatment [9, 10]. Fluores-
cent MNCs possess much longer lifetime than
that of cellular autofluorescence and most organic
dyes, making them attractive markers for cellular
FLIM applications, which is independent of
fluorophore concentration and laser excitation
intensity [11]. Although one-photon fluorescence
imaging techniques are featured with good spatial
resolution and high sensitivity, they hardly obtain
anatomical or three-dimensional details of tumor
tissues in vivo [12]. Compared to one-photon
imaging, two-photon imaging is a powerful tech-
nique for enhanced tissue penetration depth
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(>500 pm), low tissue autofluorescence, and self-
absorption, as well as reduced photodamage
[10, 13, 14]. With relatively good biocompatibil-
ity and large two-photon absorption (TPA) cross
section, MNC:s are also considered as ideal probes
for two-photon imaging in biological system.

Besides fluorescence (FL) imaging, several
other imaging techniques have also been used in
the early-stage diagnosis of cancer, such as mag-
netic resonance imaging (MRI), X-ray computed
tomography (CT), photoacoustic imaging (PAI),
positron emission tomography (PET) imaging,
and single-photon emission computed tomogra-
phy (SPECT) [15, 16]. Each imaging modality
has its own unique advantages along with intrin-
sic limitations [17]. For example, CT imaging can
easily differentiate various tissue densities, and
allow three-dimensional visual reconstructions
of tissue, which suffers from poor sensitivity in
soft tissues with limited density differences
[18, 19]. MR imaging is able to provide high-
quality 3D information of soft tissues and
possesses high spatial resolution, but has the dis-
advantage of relatively low sensitivity [20-23]. In
contrary, FL. imaging has high sensitivity and
resolution for imaging at the cellular level, but it
cannot provide spatial resolution and 3D tissue
detail [24]. Therefore, the rational combination of
different modalities, known as “multimodal imag-
ing,” is a powerful method that can provide more
reliable and accurate detection of disease sites
[15, 25].

In this chapter, we mainly focus on the latest
progress in fluorescent MNCs probes for
biological imaging. Specifically, we summarize
recent advances in the synthesis and applications
of fluorescent MNCs (including Au, Ag, Cu, and
alloy NCs) as novel bioimaging probes, including
single-modal imaging (fluorescence intensity-
based imaging, FLIM, two-photon imaging,
PET imaging) probes and the combination of FL
imaging with several other imaging techniques to
form multimodal imaging (such as FL/CT/MRI,
FL/PAI/MRI, FL/SPECT, etc.) probes. In the
final section, we will give a brief outlook on the
challenges and opportunities for fluorescent
MNCs in bioimaging applications.
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2 Synthesis of Fluorescent MNCs

Up to now, many different methods have been
developed to synthesize MNCs with the
photoluminescence (PL) property. Generally,
these approaches can be classified into two
groups, “bottom-up” and “top—down” [26]. In
both strategies, surface ligands or templates play
an important role in defining their final properties.
Therefore, in the following, we will overview
each synthetic strategy based on the type of
templates or capping ligands (representative
examples summarized in Table 1).

2.1 Thiols

Owing to the strong interaction between thiols
and Au/Ag, small thiolate molecules are the
most commonly adopted stabilizers in MNC syn-
thesis [27]. Among them, glutathione (GSH) is
the most commonly adopted one, and
GSH-stabilized AuNCs with a maximum emis-
sion at 780 nm could be obtained via NaBH,
reduction. These AuNCs display strong one- and
two-photon emissions, good photostability and
biocompatibility [28]. By employing GSH as
reducing and protecting reagent simultaneously,
Zheng and coworkers [29] successfully
synthesized NIR-emitting GSH-AuNCs with a
core size 2.5 nm at 90 °C. Besides, water-soluble
GSH-capped AuNCs were also obtained by using
tetrabutylammonium borohydride (TBAB) as a
mild reductant, and the yielded GSH-AuNCs
showed excellent PL properties and low cytotox-
icity [30]. Wu et al. [31] developed a one-pot
one-cluster synthesis method to prepare mono-
sized Ag;4NCs capped with GSH. They found
that the fluorescence quantum yield (QY) of
Ag14(8G);; NCs is strongly solvent-dependent,
and the fluorescence intensity increases upon
decreasing the solvent polarity or dielectric con-
stant [32, 33]. Recently, a rapid sonochemical
route to synthesize fluorescent AgNCs using
hydrazine hydrate as reducing agent and GSH as
capping agent was developed [34]. The
as-prepared AgNCs show high photo-, time-,



Fluorescent Metal Nanoclusters for Bioimaging 99
Table 1 Summary of representative literatures on the synthesis of fluorescent MNCs

Metal Capping agent Aem (NM) QY Size (HD) Ref.
Au GSH 780 - 1.1 nmx [28]
Au GSH 810 ~0.5% 3.3 nm (2.5 nmx) [29]
Au GSH 650 1.6% 3.1 nm (1.9 nmx) [30]
Au GSH 685 1.3% - [49]
Ag GSH 670 - ~1.1 nmx [37]
Ag GSH 720 2.8% <2 nmx [50]
Ag GSH 645 8.2% ~2 nmx [34]
Ag GSH 640 - ~1 nmx [31]
Cu GSH 430 ~6% ~2.2 nmx [88]
Cu GSH 610 5.0% 2.3 nmx [35]
Cu GSH 610 4.5% 2.4 nmx [38]
Cu GSH 585 2.1% 2.2 nmx [89]
Ag,S GSH 679/727 0.3%, 0.1% 3.0 nmx, 3.7 nmx [40]
Ag,S 3-MPA 795 14% 7.5 nm (2.5 nmsx) [41]
AuCe GSH 570 - 1.2-2.2 nmx [90]
AuAg GSH 716 3.4% 1.8 nms [42]
AuAg LA 630 6.4% 3.6 nm (1.9 nmx) [91]
AuAg PEI-LA 680 14.56% - [92]
ZnAg L-cysteine, chicken egg white protein 657 13.3% 1.8 nmx [93]
Au DHLA 684 ~0.6% 3.2 nm [11]
Au DHLA 715 2.9% 3.3 nm (1.6 nmx) [44]
Au DHLA 720 10% 1.4 nmx [45]
Au DHLA 650 1-3% <5 nm [51]
Au DHLA 650 ~7% 2 nmx [52]
Ag DHLA 630 2.4% 2.1 nm (1.3 nmsx) [94]
Cu DHLA 650 7.2% 1.9 nmx [46]
Cu TA 430 14% 2.2 nmx [95]
Au 11-MUA 530 3.1% 1.33 nmsx [96]
Au 11-MUA, histidine 600 13.06% - [97]
Au DPA 610 1.3% 2.14 nm (1.8 nmx) [98]
Au MSA/tiopronin 785 3.4%, 3.8% ~1.5 nmx [47]
Ag TSA 612 25% 2-5 nmx [48]
Ag MT 632 - 1.9 nmx [99]
Ag Sodium cholate 406, 430 20.1% <1 nmx [100]
Pt MAA 470 18% - [84]
Au BSA 710 - ~2.7 nm [101]
Au BSA 665 - 3.74 nm [102]
Au BSA 670 ~6% <3 nmx [103]
Au BSA ~674 ~6% ~1 nmx [104]
Au BSA 660 ~4% 1 nmx [65]
Cd BSA 475 2.86% 7.5 nm (~1 nmx) [105]
Mg BSA 465 17% 12 nm (~8.5 nmx) [106]
Ag HSA, BSA 620, 510 13%, 10% 2.6 nm, 2 nm [107]
Ag dLys 640 — - [64]
Au Human transferrin 710 ~71.7% 2.6 nmx* [57]
Au Apoferritin 665 8.2% 1.2 nmx [58]
Au Human transferrin 695 ~4.3% <2 nmsx [59]
Cu Peptide 418 - 2.97 nmx [108]
Cu Lysozyme 450 18% 2.3 nmx [109]

(continued)
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Table 1 (continued)

Metal Capping agent Aem (NM) QY Size (HD) Ref.
Cu Transferrin 670 6.2% 2.99 nmx* [63]
Au Trypsin 690 6.5% 2.7 nmx [60]
Au Human insulin 680 ~10% 5.36 nm [61]
AuAg Chicken egg white protein 600 5.4% 4.4 nmsx [110]
Au Bovine pancreatic ribonuclease A 682 ~12% 6.2 nm [62]
Au Peptide CCYTAT 677 11% 1.5 nmx [68]
Au Tripeptide 680 12.4% 1.6 nmx [111]
Ag ssDNA 705 34% ~2.5 nmx [71]
Ag ssDNA 700 52% 3 nm [72]
Ag DNA 550 17.4% ~3 nmx [79]
Ag DNA 550 - ~3 nmx [80]
Ag DNA (AS1411) 635 40.1% 1.5 nmx [112]
Ag C, ssDNA ~700 17% - [76]
Ag Cy4 ssSDNA 715 14% - [77]
Ag G-quadruplex (AS1411) 680 6.79% <2 nmx [78]
Cu DNA 584 - - [113]
Au PTMP-PMAA ~660 4.8% <31nm [81]
Au PEG 810 - 5.5 nm (2.3 nmx) [82]
Au PAMAM 458 25% <2 nmx [86]
Au PEI-LA 696 3.13% - [114]
Pt PEI 560 6.8% 2 nm (1.4 nmx) [85]
Ag SH-PEI 690 3% 12 nm (2.3 nmx) [83]
Cu PVP 518 44.67% 2.28 nmx [115]

* core size, HD hydrodynamic diameter, GSH glutathione, 3-MPA 3-mercaptopropionic acid, LA lipoic acid, PEI
polyethyleneimine, DHLA dihydrolipoic acid, TA tannic acid, //-MUA 11-mercaptoundecanoic acid, DPA
D-penicillamine, MSA 2-mercaptosuccinic acid, tiopronin N-(2-mercapto-propionyl) glycine, TSA thiosalicylic acid,
MT metallothionein, MAA mercaptoacetic acid, BSA bovine serum albumin, #SA human serum albumin, dLys denatured
lysozyme, CCYTAT H,N-CCYRGRKKRRQRRR-COOH, PTMP pentaerythritol tetrakis 3-mercaptopropionate, PMAA

poly(methacrylic acid), PEG poly(ethylene glycol), PAMAM poly(amidoamine), SH-PEI thiol-polyethyleneimine, PVP

poly(vinylpyrrolidone)

pH-, and ions-stability in aqueous solution,
and have been exploited as probes for monitoring
Pb>* in living cells. In another work, Song and
coworkers [35] reported a one-step synthetic
method to prepare GSH templated CuNCs. The
resultant CuNCs contain 1-3 atoms and exhibit
red fluorescence (Ao, = 610 nm) with high QY,
up to 5.0%. Interestingly, the fluorescence signal
of the CuNCs is reversibly responsive to the
environmental temperature in the range of
15-80 °C.

Wang and coworkers [36] proposed a different
strategy to in situ biosynthesize fluorescent
AuNCs inside cancer cells and tumor tissues.
They found that HAuCl, can undergo a more
rapid and efficient spontaneous reduction into
AuNCs inside cancerous cells than in normal

ones, enabling self-bio-imaging of cancer cells
and tumors by long-lasting fluorescent markers.
Subsequently, they reported the intracellular bio-
synthesis of AgNCs by cancerous cells incubated
with silver ions [37]. AgNCs were spontaneously
biosynthesized in situ by HeLa cancer cells
treated with a specific silver salt derivative [Ag
(GSH)]" and exogenous GSH. Recently, the same
group [38] explored the preparation of an intra-
cellular temperature nanoprobe specifically by in
situ biosynthesized fluorescent CuNCs in target
cancer cells upon incubation with a special cop-
per precursor (i.e., the complex solution of GSH
and copper(Il)). These fluorescent CuNCs could
be Dbiosynthesized spontaneously in MDA
-MB-231 cancer cells through a particular molec-
ular process, but not in normal cells (i.e., LO2
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cells). In a recent study, they demonstrated that
fluorescent ZnO nanoclusters and magnetic
Fe;0O4 nanoclusters can also be synthesized in
cancer cells [39].

Using GSH as a scaffold and sulfur—hydrazine
hydrate complex (S-N,H4-H,O) as the S
source, Wang et al. [40] developed a one-step
approach to prepare water-soluble fluorescent
Ag,S NCs with tunable PL properties. By
adjusting the amount of GSH and the ratio of
Ag" to S-N,H4-H,0, Ag,S NCs with different
PL wavelengths and sizes were obtained. Subse-
quently, Xian group [41] successfully synthesized
NIR-emitting fluorescence Ag,S QDs in aqueous
solution using  3-mercaptopropionic  acid
(3-MPA) as sulfur source and stabilizer. Interest-
ingly, the fluorescence intensity of Ag,S QDs was
obviously enhanced upon the addition of various
rare earth ions, especially in the presence of Gd**.
They speculated that the electrostatic interaction
and coordination between rare earth ions and
-COOH from MPA on Ag,S QDs results in QDs
aggregation and displays the feature of
aggregation-induced emission (AIE).

Wang and coworkers [42] used a galvanic
replacement reaction to prepare AgAu alloy
NCs. In the first step, the template (i.e., AgNCs)
was prepared by using GSH as the stabilizing
agent and N,H4-2H,0 as the reducing agent.
Then, when the AuCl,” ion and GSH were
added to the aqueous solution of AgNCs, the
galvanic replacement reaction occurred due to
higher standard reduction potential of AuCly/
Au pair (0.99 V vs SHE) than that of Ag*/Ag
pair (0.80 V vs SHE) [43]. The as-prepared AgAu
alloy NCs displayed NIR fluorescence centered at
716 nm and showed tunable luminescence from
visible red (614 nm) to NIR (716 nm) by
controlling the Ag/Au ratios.

In addition to GSH, bidentate dihydrolipoic
acid (DHLA) is another attractive ligand for
MNCs synthesis due to its strong binding affinity
to metal atoms. Shang et al. [11] synthesized
NIR-emitting DHLA-AuNCs with a one-pot
strategy by simply reducing a mixture of lipoic
acid (LA) and gold salt with NaBH, in aqueous
solution. The obtained AuNCs possess NIR emis-
sion and long fluorescence lifetime (>100 ns),
making them attractive as markers for cellular
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FLIM applications. Afterwards, the same group
developed a microwave-assisted strategy for
synthesizing DHLA-AuNCs [44]. Particularly,
irradiation with microwaves during the synthesis
enhanced the fluorescence QY of AuNCs by
about fivefold from ~0.6% to 2.9%, and it also
shortened the reaction time from hours to several
minutes. Moreover, by using microwave irradia-
tion, the emission peak red shifts from 690 nm to
715 nm upon excitation at 580 nm. Later, via a
slightly modified strategy, Nair et al. [45]
reported the synthesis of NIR-emitting
(Au);g(LA);4 NCs with a higher QY, 10%.
Besides AuNCs, Ghosh and coworkers [46]
reported the synthesis of brightly red fluorescent
DHLA-CuNCs, in combination with biocompat-
ible polymer poly(vinylpyrrolidone) (PVP) as
stabilizers. The fluorescence of CuNCs was
found to be pH sensitive, and the emission could
be tuned reversibly according to the pH.

Besides GSH and DHLA, other thiols such as
tiopronin and mercaptosuccinic acid (MSA) have
also been used as stabilizers, which yielded
AuNCs centered at 785 nm with QYs in the
range of 3—4% [47]. Recently, Zhou et al. [48]
synthesized hydrophobicity-guided self-assem-
bled particles of AgNCs with AIE (Fig. 1). They
adopted a hydrophobic ligand, thiosalicylic acid,
as capping agent to prepare AgNCs which
showed significant AIE behavior. This AIE prop-
erty of AgNCs enables them to sensitively
respond to multiple external stimuli such as sol-
vent polarity, pH, and environmental tempera-
ture. The hydrophobic nature of thiosalicylic
acid as the capping ligand of AgNCs drives the
formation of self-assembled particles of AgNCs
with bright luminescence.

In addition to the above-mentioned strategy by
direct reduction of metal ions in the presence of
thiols, fluorescent MNCs can also be prepared by
etching large metal nanoparticles with thiols.
Auy3(SG)15 NCs (SG denotes GSH) were obtained
via the interfacial etching process using Au,5sSGg
NCs as the precursor. For interfacial etching, an
interface was created by making an immiscible
biphasic mixture of toluene containing octanethiol
(OT) and an aqueous solution of Au,sSGg. A
highly fluorescent, water-soluble Au,3(SG); g clus-
ter was obtained by etching at 25 °C
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Fig. 1 Schematic of the fabrication of self-assembled particles of AgNCs with AIE and their use in quantifying mercuric
ion and imaging cells. Reprinted with permission from Ref. [48]

[49]. Red-emitting AgNCs were produced by an
interfacial etching route using GSH as a ligand
etchant from MSA-protected AgNPs. These
AgNCs show high photostability over time and a
high stability for a wide pH range [50]. Lin and
coworkers [51] developed a strategy to synthesize
DHLA-AuNCs based on precursor-induced
AuNPs etching in organic phase and ligand
exchange with DHLA to transfer the particles
into aqueous solution. Subsequently, the same
group adopted a further 24 h thermal treatment at
70 °C to markedly increase the QY of AuNCs to
nearly 7% [52].

2.2 Proteins, Peptides, and DNA

Oligonucleotides

Biomacromolecules such as proteins and peptides
have also been extensively utilized as templates
for synthesizing fluorescent MNCs. Particularly,
proteins possess abundant binding sites that can
potentially bind and further reduce metal ions,
thus offering promising scaffolds for template-

driven formation of small MNCs [53, 54]. Nota-
bly, bovine serum albumin (BSA) was first
reported by Xie et al. as an excellent scaffold for
AuNC:s due to the strong force of Au—S bonding
and the steric protection (Fig. 2), where
NIR-emitting AuNCs with maximum emission
wavelength at about 640 nm can be obtained
[55]. Recently, Yu et al. [56] reported a kind of
novel hybrid membrane made with AuNC-
embedded BSA (AuNCs@BSA) fibrils and
activated graphene oxide (GO), which was used
to remove heavy metal ions, Hg2+, from water.
Later, researchers also tried many other proteins,
such as transferrin-family proteins [57-59], tryp-
sin [60], insulin [61], and ribonuclease A [62], as
potential bioscaffolds for synthesizing MNCs.
For example, transferrin (Tf)-templated CuNCs
have been synthesized at room temperature via a
biomineralization process, where ascorbic acid
was used as the reductant. The as-prepared
Tf-CuNCs exhibited intense NIR fluorescence
with a QY about 6.2% [63]. Using denatured
lysozyme (dLys) as the capping agent, a
ratiometric fluorescent AgNCs probe was
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Fig. 2 Schematic of the formation of AuNCs in BSA solution under alkaline conditions. Reprinted with permission
from Ref. [55]

developed [64]. This probe could be utilized for
ratiometric detection of H,0, and further
exploited to H,O,—generated oxidase-based
biosensing, such as glucose and acetylcholine
chloride. Also, dual channel fluorescence confo-
cal images of *OH in living cells was realized
using the dLys-AgNCs probe. Besides their
well-known roles as capping agents, proteins
such as BSA can also function as etching agents
for synthesizing fluorescent AuNCs in a few
cases. For example, Pradeep et al. [65] employed
a core etching method to synthesize BSA-AuNCs
from MSA-capped AuNPs.

In addition to proteins, the integration of
MNCs with peptides can also combine the dis-
tinct optical properties of MNCs with the
biological functions of peptides [66, 67]. For
example, Gao group [68] developed a one-step
biomineralization method to produce AuNCs by
using a bifunctional CCYTAT peptide, which
contains one domain for biomineralizing and cap-
turing AuNCs and another domain for targeting
cell nuclei. The as-prepared AuNCs showed a
maximum emission at 677 nm and possessed a
high fluorescence QY of about 11%. Recently, by
combining biomineralization and supramolecular
self-assembly ~ of  motif-designed  peptide
constructs, researchers reported that the emission

of peptide~AuNCs can be enhanced by nearly
70-fold, which largely increases their utility for
biological applications [69].

DNA have been employed in the design and
fabrication of various DNA-templated metal
nanostructures owing to their distinct interactions
with metal cations [70]. In 2008, Dickson group
[71] first reported the use of ssSDNA to synthesize
AgNCs with fluorescence tunable throughout the
visible and NIR range. Notably, these AgNCs
possessed a high QY up to 34%. Sharma et al.
[72] also reported four different DNA sequences
as AgNC templates with emission at different
wavelengths. The resulting NIR-emitting
AgNCs had QY greater than 50% and were very
promising as biolabels. It has been shown in
earlier reports that Ag™ has a higher binding affin-
ity to cytosine bases than other bases [73—
75]. Therefore, Dickson and coworkers [76, 77]
reported NIR-emitting AgNCs creating in single-
stranded oligo-DNA consisting of 12 or 24 cyto-
sine bases. By using more advanced DNA
structures, such as G-quadruplex, as the template,
Wang group [78] reported the synthesis of fluo-
rescent AgNCs made of 2—4 Ag atoms centered at
680 nm. Furthermore, intrinsically fluorescent
AgNCs—aptamer assemblies for cell recognition
were developed by Wang and coworkers
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[79]. They employed a cancer-targeted DNA
aptamer sequence (A-strand) and cytosine-rich
sequence for templated synthesis of fluorescent
AgNCs (C-strand). A fluorescent sgc8c—AgNCs
assembly with relatively high luminescence has
been achieved and exhibited specific binding to
target CCRF-CEM cells by using a six-base ade-
nine linker. Subsequently, adopting a similar
method, the same group [80] reported a label-
free and turn-on aptamer strategy for cancer cell
detection based on the recognition-induced con-
formation  alteration of  aptamer and
hybridization-induced fluorescence enhancement
effect of DNA—-AgNCs in proximity of guanine-
rich DNA sequences (Fig. 3). In this strategy, two
tailored DNA probes were designed, namely, a
recognition probe (R-Probe) and a signal probe
(S-Probe). In the presence of target cancer cells,
recognizing and binding of the aptamer to the
protein receptors on the cancer cells surface
enforces the R-Probe to undergo a conformational
alteration, causing the arm segment dissociation.
The hybridization between the arm segment in the
R-Probe and the link sequence in the S-Probe
could then be initiated. Finally, the S-Probe-
templated dark AgNCs are brought close to the
guanine-rich DNA sequences and changed to
bright AgNCs, leading to enhanced fluorescence
readout.

23 Polymers

There are also efforts on using polymer as
stabilizers for preparing fluorescent MNCs based
on their capability of sequestering metal ions
from solutions. Moreover, the terminal groups
on the polymer periphery are very useful for the
further bioconjugation of MNCs. For instance,
Huang and coworkers [81]  prepared
NIR-emitting AuNCs by using multidentate poly-
mer, thioether-terminated poly(methacrylic acid)
(PTMP-PMAA), as ligands. In another report,
fluorescent poly(ethylene glycol) (PEG)-AuNPs
with an emission peak at 810 nm were created by
thermally reducing HAuCl, in the presence of
thiolated PEG ligands with a molecular weight
(MW) of 1 kDa in aqueous solution

J. Xu and L. Shang

[82]. Similarly, Wang et al. [83] reported a
one-pot fabrication of thiol-terminated polyethy-
leneimine (SH-PEI) stabilized NIR-emitting
AgNCs. SH-PEI not only acts as an excellent
stabilizer for AgNCs but also facilitates post-
surface modification with functional
biomolecules. Inouye and coworkers [84]
synthesized Pts(MAA)gs NCs with an 18% QY
in water. Upon bioconjugating an antibody, they
successfully labeled chemokine receptors in liv-
ing HeLa cells. Afterwards, the same group
investigated the formation of yellow fluorescent
PEI-protected PtNCs (PtNCs@PEI) [85]. They
found that PtINCs were produced in the cavities
formed by coiled PEI ligands and were mostly
stabilized with the amino groups (-NH,). The size
and fluorescence properties of PINCs@PEI are
strongly related to the cavities formed by the
coiled PEI ligands. As shown in Fig. 4, under
alkaline pH conditions, PEI have the ability to
coil around the surface of PtNCs to form the
cavities. As for the neutral condition (all primary
amines protonated), the hydrodynamic size of
PtNCs is a little larger than ones produced under
basic condition, resulting in the slight shift to
longer emission wavelength. At acidic pH (most
amines protonated), both PEI and PEI-capped
NCs possess considerable positive charges, lead-
ing to an expansion of PEI chains because of the
repulsion between the charged amines. The
dimension of cavity in the acidic situation is
much bigger than that in the basic situation,

caused the larger PtNPs and no emitted
fluorescence.
Recently, poly(amidoamine) (PAMAM)

dendrimer-hosted AusNCs were successfully
synthesized through a two-stage growth process
with a high fluorescence QY up to 25% [86]. As
shown in Fig. 5, stage I presented a simultaneous
self-nucleation of AusNCs and subsequent
PAMAM-hosted self-assembly with a rapid rate
of fluorescence increase. At stage II, the fluores-
cence enhancement should be mainly dominated
by the self-assembly of AusNCs in PAMAM
matrix. First, the emission from self-assembled
aggregates was attributed to ligand-to-metal—
metal charge transfer (LMMCT) from electron-
rich-NH, groups in PAMAM to Au atoms, which



Fluorescent Metal Nanoclusters for Bioimaging 105

Off Turn-on

l i I'BrightagNcs 4w '

3 3|
I | I | , 3 5’|
I —  Linker _'AP“'“"; : 6 5 . |
I —> Dark Ag NCs | . SRR RRRRRRT4AR NI l
| 5 3 ] | o gt s Y :
|
R Recognitionprobe | o celtmembrane |

~ // \‘\-.
\h"\ -
\"‘\
b

B, B

R

g
Q W(;) %Q @G\ T lntaracton

Fig. 3 Schematic representation of the label-free and turn-on aptamer strategy for cancer cell detection based on DNA-
AgNCs fluorescence upon recognition-induced hybridization. Reprinted with permission from Ref. [80]
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Fig. 5 Schematic illustration of growth process and the structure of AusNCs self-assemblies in PAMAM matrix.

Reprinted with permission from Ref. [86]

generated radiative relaxation through a metal-
centered triplet state. In addition, because
PAMAM endowed AuNCs with stronger inner
interactions compared to those isolated species,
enhanced aurophilic interactions greatly promote
excited-state relaxation dynamics and enhanced
rigid structures reduced the level of nonradiative
relaxation of excited states, which was also
responsible for enhanced emission [87].

3 MNCs for Fluorescence
Bioimaging

With many attractive features including ultra-
small size, good biocompatibility, brightness,
and photostability, MNCs are promising fluores-
cence probes for biological imaging. Indeed,
great progress has been achieved in recent years
on employing fluorescent MNCs for biological
imaging applications, as summarized in Table 2.

In 2012, Shang et al. [44] demonstrated the utili-
zation of DHLA—-AuNC:s for imaging intracellu-
lar Hg®* in living HeLa cells, where they
observed the intracellular fluorescence quenching
effect upon addition of Hg** ions. Subsequently,
the same group [94] systematically investigated
the interactions of AgNCs with human serum
albumin (HSA). They found that protein adsorp-
tion markedly changes the uptake behavior as
well the cytotoxicity of AgNCs. The amount of
AgNCs internalized by the cells is substantially
reduced in the presence of HSA. Moreover, the
fluorescence from intracellular AgNCs is stronger
than that from membrane-associated particles in
both cases, the fluorescence decrease in the mem-
brane region (ca. 13-fold) is much larger than for
inside the cells (ca. sevenfold). Afterwards, they
systematically varied the surface charge of HSA
to examine the effect of Coulomb forces in
modulating the biological interactions of AuNCs
[116]. By utilizing confocal fluorescence
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Table 2 Fluorescent MNCs as single-modal fluorescence imaging probes
Aem | Imaging
Metal Capping agent Functionalization | (nm) | modal Biosystems Ref.
Au DHLA - 715 Intensity | HeLa cells [44]
Au DHLA - 684 | Intensity | HeLa cells [116]
Au CCYTAT - 677 | Intensity | HeLa cells [68]
Ag G-quadruplex - 680 | Intensity | HeLa cells [78]
(AS1411)
Ag GSH - 645 | Intensity | HeLa cells [34]
Ag DHLA - 630 | Intensity | HeLa cells [94]
AuAg LA — 630 | Intensity | HeLa cells [91]
Cu Lysozyme - 450 | Intensity |HeLa cells [109]
Cu Transferrin - 670 | Intensity | HeLa cells [63]
Cu DHLA - 650 | Intensity | HeLa cells [46]
Cu GSH - 585 Intensity | HeLa cells [89]
Cu GSH - 430 |Intensity | HeLa, MDAMB-231, [88]
A549 cells
Cu GSH - 610 | Intensity | MC3T3-El cells [35]
Cu GSH - 610 | Intensity | MDA-MB-231 cancer cells [38]
Cu TA - 430 | Intensity | A549 cells [95]
Mg BSA — 465 | Intensity | A549 cells [106]
Au Human transferrin | - 695 | Intensity | A549 lung tumor cells [59]
Au PTMP-PMAA - ~660 | Intensity | Hematopoietic cancer cells K562 [81]
Ag GSH - 720 | Intensity | Epithelial lung cancer cells (A549) | [50]
Ag GSH - 640 | Intensity | Lung cancer cells (A549) [31]
Ag TSA - 612 | Intensity | Human A549 cells [48]
Ag dLys — 640 | Intensity | PC-3 cells [64]
Ag Sodium cholate - 406, | Intensity |Zebrafish embryos [100]
430
Ag DNA — 550 | Intensity | CCRF-CEM cancer cells [80]
Ag DNA (AS1411) - 635 | Intensity | MCF-7 human breast cancer cells [112]
AgrS GSH — 679 | Intensity | MC3T3-EI cells [40]
Ag,S 3-MPA - 795 | Intensity | MDA-MB-468 cells [41]
AuAg GSH - 716 | Intensity | CAL-27 cells [42]
AuAg PEI-LA - 680 |Intensity | B16F10, HeLa, and CHO cells, [92]
BALB/C nude mice
AuCe GSH - 570 Intensity | HeLa cells, cervical carcinoma [90]
tumor xenograft mice
AuCe BSA — 650 | Intensity | HeLa cells [127]
Au BSA - 710 | Intensity | MDA-MB-45 tumor and Hela tumor | [101]
xenograft mice
Au Apoferritin - 665 Intensity | Human Caco-2 cells, nude mice [58]
Au GSH — 810 | Intensity | MCF-7 tumor-bearing mice [29]
Au PEG - 810 | Intensity | MCF-7 tumor-bearing mice [82]
Ag GSH - 670 | Intensity | HeLa cells, tumor-bearing mice [37]
Au Human insulin - 680 | Intensity | Chondrocytes, mice [61]
Au BSA FA ~674 | Intensity | Oral carcinoma KB cells [104]
Au BSA FA 660 | Intensity | Oral carcinoma KB cells [65]
Au BSA FA 665 Intensity | FR-positive tumor cells, tumor- [102]
bearing mice
Au BSA FA 655 | Intensity | MCF-7 cells, MCF-7 xenograft [140]

tumors

(continued)
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Table 2 (continued)

Aem | Imaging
Metal Capping agent Functionalization | (nm) | modal Biosystems Ref.
Au Ovalbumin FA 626 Intensity | HeLa cells [141]
Au GSH FA 642 | Intensity | HeLa and KB cells [142]
Au LA FA 720 | Intensity | C6 rat glial cancer cells, [45]
subcutaneous C6 glial tumor mouse
Au Trypsin FA 690 | Intensity | HeLa tumor-bearing mice [60]
Ag MT FA 632 | Intensity | HeLa cells [99]
Ag SH-PEI FA 690 | Intensity | MCF-7 cells; tumor-bearing mice [83]
Cd BSA HA 475 Intensity | MCF-7 breast cancer cells [105]
Au GSH Streptavidin 685 | Intensity | Human hepatoma cells (HepG2) [49]
Au DHLA Streptavidin 650 | Intensity | Human hepatoma cells (HepG2) [51]
Au Bovine pancreatic Vitamin By, 682 | Intensity | Human Caco-2 cells [62]
ribonuclease A
Au BSA SiO, 670 | Intensity | Lung tumor cells [103]
Au GSH SiO, 565 Intensity | HeLa cells [126]
Au Chitosan TPP 440 | Intensity |HeLa cells [124]
Au N-acetyl- Chitosan 680 | Intensity | HeLa cells [122]
L-cysteine
Pt MAA Anti-CXCR4-Ab | 470 |Intensity | HeLa cells [84]
antibody
Pt PEI Anti-CXCR4-Ab | 560 Intensity | HeLa cells [85]
antibody
Ag ssDNA SWCNTs 620 | Intensity | HeLa cells [143]
Ag DNA Aptamer 595 |Intensity | HeLa cells [144]
Au BSA Met 655 | Intensity | Met receptor positive tumor cells, [120]
tumor-bearing mice
Au BSA GSH 660 | Intensity | 4TI breast cancer cells, 4T1 tumor- | [121]
bearing mice
Au Human transferrin | GO 710 | Intensity | HeLa cells, HeLa tumor-bearing [57]
mice
Au DHLA Liposome 650 Intensity | Human endothelial cells, hindlimb [52]
ischemic mice
Cu BSA LHRH peptide ~410 | PET Orthotopic A549 lung tumor- [131]
bearing mice
“CuAu |GSH - 800 |PET BALB/c mice [145]
*CuAu | TA-PEG Plerixafor - PET 4T1 tumor-bearing mice [133]
Au DHLA - 684 | FLIM HeLa cells [11]
Au MSA/tiopronin PEG 785 FLIM HeLa cells [47]
Au LA - 715 | FLIM HeLa cells [136]
Au BSA Herceptin 640 | FLIM SK-BR3 cells [137]
Ag HSA, BSA GO 620, |FLIM K562 cells [107]
510
Au 11-MUA Dextran 530 | Two- Human mesenchymal stem cells [96]
photon (hMSCs)
Au GSH - 780 | Two- SH-SYS5Y human neuroblastoma [28]
photon cells
Au DPA - 610 | Two- HelLa cells [98]
photon
Au BSA DOX 655 | Two- HeLa cells [138]
photon

(continued)
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Table 2 (continued)

}‘fem
Metal Capping agent Functionalization | (nm)
Au ‘ BSA ‘ RGD ‘ 650
Cu Peptide

- ‘ 460

109
Imaging
modal Biosystems Ref.

‘ Two- ‘ U87-MG cancer cells ‘ [139]
photon

‘ Two- ‘ HeLa cells, A549 cells ‘ [108]
photon

DHLA dihydrolipoic acid, LA lipoic acid, CCYTAT H,N-CCYRGRKKRRQRRR-COOH, TA tannic acid, PTMP
pentaerythritol tetrakis 3-mercaptopropionate, PMAA poly(methacrylic acid), GSH glutathione, PEG poly(ethylene
glycol), TSA thiosalicylic acid, dLys denatured lysozyme, BSA bovine serum albumin, FA folic acid, PEI polyethy-
leneimine, LA lipoic acid, MT metallothionein, SH-PEI thiol-polyethyleneimine, HA hyaluronic acid, TPP triphenylpho-
sphonium, MAA mercaptoacetic acid, PEI polyethylenimine, SWCNT's single-walled carbon nanotubes; Met methionine,
GO graphene oxide, PET positron emission tomography, LHRH luteinizing hormone releasing hormone, TA-PEG
thioctic acid—polyethylene glycol, MSA 2-mercaptosuccinic acid, tiopronin N-(2-mercapto-propionyl) glycine, FLIM
fluorescence lifetime imaging, //-MUA 11-mercaptoundecanoic acid, DPA D-penicillamine, DOX doxorubicin

microscopy to observe the uptake and localization
of AuNCs in HeLa cells, they found distinct dif-
ference in the cellular uptake of AuNCs adsorbed
with differently modified HSA (Fig. 6): nHSA
(native HSA) suppressed cellular uptake, aHSA
(HSA with more negative surface charges)
showed negligible effect, and cHSA (HSA with
more positive surface charges) enhanced cellular
uptake. The results provide helpful information in
designing NIR AuNCs aiming to highly efficient
cell labeling applications.

Gao and coworkers [68] found that peptide—
AuNCs with a bifunctional CCYTAT peptide
could specifically target the nucleus of three dif-
ferent cell lines, including normal cells human
gastric mucosa cells (GES-1), human embryonic
lung fibroblast cells (MRC-5), and human cervi-
cal cancer cells (HeLa). Ai et al. [78] successfully
employed G-quadruplex AS1411-templated
AgNCs for specific bioimaging HeLa -cells.
Besides, Guével et al. [50] employed
GSH-AgNCs as optical probes for NIR fluores-
cence imaging of epithelial lung cancer A549
cells. Confocal images showed that AgNCs were
taken up in the cytoplasm and more specifically in
the vesicles of A549 cells, but were absent in the
nucleus. In contrast, Wang and coworkers
[40, 42] observed that GSH-capped Ag,S NCs
and AgAu alloy NCs were distributed in both
cytoplasm and the cellular nucleus of MC3T3-
EI cells and CAL-27 cells. These differences in
the intracellular localization of MNCs upon the
internalization suggest that not only the surface

ligands but also the cell types can influence their
intracellular fate.

A large number of reports have also focused
on tumor imaging in vivo currently. For example,
Wu et al. [101] reported the first example of
tumor imaging with BSA-AuNCs. Their in vivo
tumor targeting and ex vivo imaging studies
showed that these ultrasmall AuNCs were highly
accumulated in the tumor areas (Fig. 7) due to the
enhanced permeability and retention (EPR)
effects. Sun and coworkers [58] achieved ferritin
receptor-mediated targeting and bioimaging with
far-red emitting paired AuNCs. These far-red
luminescent AuNCs could act as an excellent
probe  for  targeting  ferritin  receptor-
overexpressed human Caco-2 cells and whole
female nude mice body imaging with specific
targeting to the kidney. In addition, renal-
clearable = NIR-emitting GSH-AuNCs and
PEG-AuNCs have been reported for in vivo NIR
tumor targeting of MCF-7 tumor-bearing mice
[29, 82]. They not only exhibited efficient renal
clearance and low reticuloendothelial system
(RES) accumulation but also showed a much
longer tumor retention time and faster normal
tissue clearance.

Furthermore, Wang et al. [37] reported the use
of biosynthesized NIR-emitting AgNCs for in situ
imaging cancer cells and tumors, which did not
occur in normal cells and tissues. The same group
also explored the possibility of imaging cancer
cells through in situ self-biosynthesized ZnNCs
[117]. Particularly, in vivo imaging of
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Fig. 6 Three-dimensional
fluorescence confocal
images of HeLa cells upon
incubation with AuNCs
(2.5 pM, green) for 2 h: (a)
without proteins and with
2.5 uM (b) nHSA, (¢)
aHSA, and (d) cHSA. Cell
membranes were stained
with CellMask DeepRed
(red). The data are shown as
sections in the x-y plane
(upper left), x-z plane
(lower left), and y-z plane
(right). Scale bar, 10 pm.
Reprinted with permission
from Ref. [116]

Fig. 7 (a) Fluorescence
images of mice bearing an
MDA-MB-45 tumor.
Strong signal from AuNCs
was observed in the tumor
(marked by the red circle).
The arrowheads indicated
the tumor. (b) Ex vivo
fluorescence image of the
tumor tissue and the muscle
tissue around the tumor
from the mice used in

A. Reprinted with
permission from Ref. [101]

muscle

subcutaneous xenografted tumors in nude mice
has also established the validity of this strategy
for the rapid and precise target self-bioimaging of
tumors by subcutaneous injections of zinc gluco-
nate solutions, without significant dissemination
to the surrounding normal tissues. Recently, they
explored a facile and green strategy to in situ

J. Xu and L. Shang

tumor

biosynthesize fluorescent CuNCs in cancer cells
[38]. As shown in Fig. 8, it is evident that fluores-
cent CuNCs could be spontaneously
biosynthesized in cancer cells for intracellular
fluorescence imaging, which could not be
biosynthesized in normal cells. More importantly,
the relevant fluorescence intensity of the in situ
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biosynthesized CuNCs was reversibly and sensi-
tively responsive to physiological temperature
changes in MDA-MB-231 cancer cells. Besides,
Liu et al. [61] successfully synthesized fluores-
cent human insulin—~Au nanodots (NDs) for
in vivo imaging of insulin metabolism.
Investigations on mice ear and ex vivo assays on
human fat tissues showed that cells with rich
insulin receptors had higher uptake of
administrated insulin.

For targeted imaging of cancer cells and
tumors, MNCs are modified with specific recog-
nition units such as folic acid (FA) and
streptavidin. For example, targeted imaging of
folate receptor (FR) positive oral carcinoma KB
cells using FA-conjugated BSA-AuNCs has been
reported [65, 104]. Tumor targeting and specific
affinity of FA-conjugated AuNCs for FR over-
expressed tumors facilitated the accumulation of
AuNCs in the tumor site, which enhanced the
fluorescence signal in the tumor site, enabling
in vivo targeted imaging of tumors with high
specificity and also the subsequent tumor therapy
[45, 60, 102]. Recently, Wang et al. [83] reported
the conjugation of PEI-AgNCs with FA for both
in vitro and in vivo targeted imaging. Their
results indicated that the clearance rate of
FA-conjugated AgNCs in the tumor-bearing
mice was much slower than that in the normal
mice because the high affinity of FA to target
tumors inhibited FA-AgNCs from being
metabolized. Moreover, Chen et al. [118]
synthesized core—shell structured multifunctional
nanocarriers for targeted anticancer drug delivery,
where FA-conjugated amphiphilic hyperbranched
block copolymer was used as shell on the surface
of AuNCs. The nanocarriers specifically targeted
cancer cells because of the enhanced cell uptake
mediated by FA moiety. Similarly, the multifunc-
tional anticancer drug paclitaxel (PTX)-loaded
AuNCs/FA-modified poly(DBAM-co-NAS-co-
HEMA) (PDNH) core-satellites nanocomposites
were fabricated, which possessed simultaneous
cancer imaging, targeted drug delivery, and con-
trolled anticancer drug release [119]. In vivo stud-
ies showed the selective accumulation of
FA-conjugated nanocomposites in tumor tissues,
and the drug delivery process could be

J. Xu and L. Shang

continuously monitored by the imaging probes,
AuNCs.  Similarly, streptavidin-conjugated
AuNCs have been reported to specifically label
endogeneous biotin within human hepatoma cells
(HepG?2) using the specific interactions between
streptavidin and biotin [49, 51].

Apart from FA and streptavidin, other
functionalized molecules have also been used to
conjugate with MNCs. For instance, Kong et al.
[62] developed a multifunctional nanoprobe for
simultaneous targeting and imaging of human
colon carcinoma Caco-2 cells by conjugating
vitamin B, to the ribonuclease A-stabilized
AuNCs. Chen et al. [120] fabricated a fluorescent
nanoprobe capable of specifically targeting carci-
noma cells and tumors by coupling methionine
(Met) and an NIR organic fluorescent dye MPA
to BSA-AuNCs (Au-Met-MPA). Cui et al. [121]
synthesized well-defined AuNCs nanoassembly
by the self-assembly of reduced AuNCs using
GSH as linkers. The as-prepared nanoassembly
displayed highly effective cellular uptake and
precise tumor targeting for NIRFL imaging
in vivo compared to that of individual AuNCs.
Wang et al. [57] reported the fabrication of
Tf-AuNCs/GO nanocomposite (Tf-AuNCs/GO)
for turn-on NIR fluorescence bioimaging of trans-
ferrin receptor (TfR) over-expressed HeLa cells
and HeLa tumor-bearing mice.

Duan et al. [122] applied chitosan grafted with
N-acetyl-L-cysteine (NAC-CS) as the template to
prepare NIR fluorescent AuNCs (AuNCs @NAC-
CS), which possessed many advantages in cell
imaging, such as low cytotoxicity, low sensitivity
to tumor cells contents (H,O, and protease), and
long-time cell imaging. During in vivo
experiments, the obvious fluorescence signal of
AuNCs@NAC-CS appeared in the liver and kid-
ney of the normal mice after 6 h injection. The
ultrasmall NPs were efficiently cleared which
overcomes the toxicity by nonspecific accumula-
tion in healthy tissues/organs from renal in vivo
[123]. Triphenylphosphonium (TPP), a kind of
delocalized lipophilic cations capable of selec-
tively accumulating into highly negatively
charged mitochondria of living cells, has been
employed in functionalizing chitosan—AuNC
composites (AuNCs@CS-TPP) for targeted



Fluorescent Metal Nanoclusters for Bioimaging

mitochondrial imaging in living cells [124]. By
functionalizing of TAT peptide on the surface of
AuNCs, multifunctional TAT peptide—AuNCs
are designed for simultaneous fluorescence imag-
ing as well as NIR light activated nucleus-
targeting photodynamic therapy [125]. Recently,
by combining biomineralization and supramolec-
ular self-assembly of motif-designed peptide
constructs containing an RGD sequence, Su
et al. [69] have demonstrated the utility of
AuNC-incorporated peptide nanofibers for
targeted imaging of cancer cells.

Taking advantage of their good cellular imag-
ing properties, metal NC-based composites have
been developed for real-time imaging of impor-
tant physiological events in the intracellular
environment. For instance, a novel
nanocomposite has been developed through a
crown-like assembly of dye-encapsulated silica
particles decorated with satellite AuNCs for
imaging of highly reactive oxygen species
(hROS) in live cells [126]. This composite
exhibits single-excitation and dual-emission
fluorescent properties, one emission at 565 nm
originating from the AuNCs, which fluorescence
can be quenched substantially by hROS, and the
other at 435 nm arising from the silica particles
acting as an internal reference (Fig. 9a). When
the composite-loaded cells were incubated with
H,0,, a kind of weak ROS, strong fluorescence
signals at both the blue and the red channels
remained constant (Fig. 9b). However, a remark-
able change was observed in the fluorescence
images when the composite-loaded cells were
incubated with hROS, such as HCIO and
ONOO™, 3-morpholinosydnon-imine (SIN-1)
can slowly releases ONOO™. Chen et al. [127]
reported a dual-emission BSA-templated
(cerium) CeAuNCs probe for ratiometric deter-
mination of local pH values inside -cells.
Recently, Pan et al. [128] used viscosity-
sensitive GSH-AuNCs with diffusion-dependent
emission for viscosity imaging in live cells. Nys-
tatin can induce mitochondrial malfunction by
causing structural changes or swelling of
mitochondria, resulting in a sharp increase of
viscosity in the cells [129, 130]. A remarkable
fluorescence enhancement effect can be
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observed for the cells successively treated with
nystatin and AuNCs.

Gao et al. [131] first developed ultrasmall
chelator-free radioactive [64Cu]CuNCs using
BSA as a scaffold for PET imaging in an
orthotopic lung cancer model. By preconjugating
tumor target peptide luteinizing hormone releas-
ing hormone (LHRH) to the BSA shell, the
prepared  [**Cu]CuNC@BSA-LHRH showed
high uptake in A549 human lung tumor, high
radiolabeling stability, and rapid renal clearance
characteristics. After injecting via tail vein into
mice bearing orthotopic A549 lung tumors, the
orthotopic A549 tumors of the left lung were
clearly delineated with very little local back-
ground in the whole-body PET imaging of mice
injected  with  [**Cu]CuNC@BSA-LHRH
(Fig. 10b). It is noticeable, however, that a signif-
icant difference in [64Cu]CuNCs uptake between
[**CulCuNC@BSA and [**Cu]CuNC@BSA-
LHRH is observable after 0.5-4 h post-injection.
The [**Cu]CuNC@BSA-LHRH was retained
preferentially in the orthotopic lung tumor by
combined active targeting and passive targeting
after injection [132].  Although [64Cu]
CuNC@BSA also showed partial tumor localiza-
tion due to passive targeting by the effective EPR
effect [132], most of the [**Cu]CuNC@BSA
distributed in the kidney and bladder (Fig. 10a).
In another study, Liu and coworkers [133]
prepared ®Cu doped AuNCs (**CuAuNCs)
functionalized with AMD3100 (or Plerixafor)
for targeted PET imaging of CXCR4, an
up-regulated receptor on primary tumor and
lung metastasis in a mouse 4 T1 orthotopic breast
cancer model. In contrast to the ligand tracer
alone (**Cu-AMD3100) and NCs (**CuAuNCs)
without the conjugation of AMD3100, the
targeted  **CuAuNCs—AMD3100  exhibited
higher sensitivity, better accuracy, and much ear-
lier detection of CXCR4 expression in lung
metastasis. Radionuclide 64Cu-doped alloy
%4CuAuNCs have also be used as targeted probes
for PET imaging in U87MG glioblastoma
xenografted mice [134] and prostate cancer bear-
ing mice [135].

FLIM is a powerful technique for cell imaging,
which can take advantage of MNCs that typically
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Fig. 9 (a) Schematic
illustration of hROS
detection using
dye-encapsulated silica
particles decorated with
satellite AuNC:s. (b)
Confocal fluorescence
microscopy images of
HeLa cells after incubation
with silica-AuNC
composites for 1 h. Cells
were (a) untreated or treated
with (b) 1 mM H,0, for
10 min, (c) 200 pM HCIO
for 5 min, and (d) 3 mM
SIN-1 for 40 min.
Reprinted with permission
from Ref. [126]
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possess longer fluorescence lifetime than the life
time of the autofluorescence from cellular
organelles, and thus they can easily be imaged
by using lifetime gating. Upon FLIM imaging,
the researchers observed that AuNCs located near
the cell membrane displayed longer lifetimes than
those internalized inside the cells [11], indicating
that FLIM imaging not only reveals the cellular
uptake of AuNCs but also provides information

A em=425-475nm A em=520-620nm

J. Xu and L. Shang

Em:435nm Em:435nm

Merge

on their different local environment. Later, based
on the fact that the fluorescence intensity as well
as the lifetime of DHLA—AuNC:S is highly depen-
dent on the temperature, Shang et al. [136]
demonstrated the utilization of AuNC-based
FLIM imaging for temperature sensing in live
cells. As shown in Fig. 11, with increasing the
temperature, the fluorescence lifetime decreased
markedly from 970 ns at 14 °C to 670 ns at 43 °C,
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Fig. 10 In vivo PET imaging and biodistribution. Repre-
sentative PET images of coronal single slices on
orthotopic A549 lung tumor-bearing mice after intrave-
nous injection of 6.7 MBq of [**Cu]CuNC @BSA (a) and
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in

[**Cu]CuNC@BSA-LHRH (b). Images were acquired at
0.5, 1, 2, and 4 h. White arrows indicate the lung tumor.
Reprinted with permission from Ref. [131]

600 ns

Fig. 11 Typical FLIM images of HeLa cells with internalized AuNCs at four different temperatures. Reprinted with

permission from Ref. [136]

suggesting the potential of AuNC-based system
for thermal sensing at the subcellular level via
FLIM. In another report, Zhang and coworkers
[47] demonstrated FLIM-based cellular imaging

by using MSA- and tiopronin-capped AuNCs and
further covalently bound PEG moieties to
improve their capability of staining HeLa cells.
Particularly, they observed that these PEGlyated
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Fig. 12 Fluorescence images show the apoptosis induced
by AuNCs alone (a), AuNCs-Her (b), and Herceptin (c) by
staining the nucleus with Hoechst 33258 (excited by UV
light and the emission is 460 nm). FLIM shows DNA
damage of SK-BR3 cells induced by AuNCs-Her (d) and

AuNCs widely distribute throughout the cells and
especially accumulate in the areas close to the cell
nucleus. Irudayaraj et al. [137] reported the use of
Herceptin-conjugated BSA-AuNCs (AuNCs-
Her) for simultaneous imaging and enhanced can-
cer therapy because of its ability to induce nuclear
DNA damage and apoptosis. Importantly, they
found that the endocytosed AuNCs-Her could
escape the endolysosomal pathway and enter the
nucleus of cancer cells to enhance the therapeutic
efficacy of Herceptin. FLIM indicated that almost
all of the cells cultured with AuNCs-Her had
specific fluorescence staining, representing DNA
damage (Fig. 12d). In contrast, only a small
amount of cells treated with Herceptin alone
shows DNA damage under the same condition
(Fig. 12e). Quantification of apoptosis positive
cells as a percentage of the total number of cells
revealed that only 35% of the cells treated with
Herceptin underwent apoptosis due to DNA
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Herceptin alone (e) indicated by the bright yellow dots.
Quantitative evaluation of DNA damage of cells as a
percentage of the total number of cells for different
treatments (f). Reprinted with permission from Ref. [137]

damage compared to 95% of the AuNCs-Her
(Fig. 12f) treated cells.

The outstanding TPA cross sections of MNCs
make them good candidates for application in
two-photon cellular imaging, which is another
attractive imaging technique because of its ability
of imaging depth inside tissues and low phototox-
icity of NIR light. Polavarapu and coworkers [28]
investigated the two-photon excitation fluores-
cence imaging of SH-SY5Y human neuroblas-
toma cells incubated with GSH-AuNCs under
excitation of femtoseond laser pulses at 800 nm.
The two-photon imaging and z-stack sectioning
results clearly confirmed that AuNCs were
internalized inside the cells. Khandelia et al.
[138] reported the use of anticancer drug doxoru-
bicin (DOX) loaded BSA-AuNCs for imaging
HeLa cells by two-photon excitation at 730 nm.
Their results demonstrated that DOX-loaded
AuNCs not only helped in tracking the delivery
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Fig. 13 A schematic 2
illustration of the formation o
of DOX-loaded AuNC- A i e
embedded BSA A
nanoparticles, followed by Tk
uptake and release of DOX St
inside HeLa cells, leading it
to apoptotic cell death, as i :
visualized by two-photon
imaging. Reprinted with
permission from Ref. [138]
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but also released drugs to the cancer cells, leading
to apoptotic cell death (Fig. 13). In a recent work,
Gu et al. [139] prepared RGD conjugated
BSA-AuNC nano-capsules for two-photon fluo-
rescence imaging of U87-MG cancer cells. The
Z-stack sectioning of two-photon images revealed
that hybrid nano-capsules were mainly resided in
the cytoplasm nearby the nucleus.

4 Fluorescent MNCs
as Multimodal Bioimaging
Probes

At present, multimodal imaging probes based on
fluorescent AuNCs for tumor imaging have also
attracted plenty of attention (see the summary in
Table 3). In an early work, Zhou et al. [146]
reported multimodal imaging of NIR-emitting
radioactive GSH-AuNPs, which were
incorporated with a gold radioisotope '“®Au.
The 'Au in GSH-['"®Au] AuNPs not only
helps to quantify the pharmacokinetics of these
NIR-emitting AuNPs rapidly but also allows their
utility for in vivo SPECT imaging by emitting
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gamma rays. Thus these NIR-emitting radioactive
AuNPs can serve as dual-modality imaging
probes with both SPECT and FL imaging
capabilities (Fig. 14). Chen and coworkers [147]
recently fabricated a dual-modality FL/CT
iodinated BSA-AuNC:s for early accurate diagno-
sis of thyroid cancer. They accomplished in vivo
FL and CT imaging via an orthotopic human
thyroid cancer patient tissue derived xenograft
(PDX) mouse model. Adopting the similar FL
and CT dual-modal imaging techniques, insulin—
AuNCs were used to distinguish the differentiated
C2C12 myoblasts from undifferentiated ones
[148]. Also, FA-conjugated GSH-AuNCs and
lysozyme-AuNCs have been used for in vivo
targeted dual-modal FL/CT imaging of
MGC-803 tumor-bearing mice and HeLa tumor-
bearing nude mice, respectively [30, 149]. Sarkar
et al. [107] synthesized protein-capped AgNCs
impregnated onto GO sheets for FLIM. Further-
more, AgNCs/GO assembly have a great poten-
tial as CT imaging contrasting agents, and CT
images show significant contrast enhancement
of bone tissues in mice models.
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Table 3 Fluorescent MNCs as multimodal bioimaging probes

}\em
Metal | Capping agent Functionalization | (nm)
Au |GSH %8 Au 810
Au BSA Iodine 680
Au Insulin - 670
Au GSH FA 650
Au Lysozyme FA 690
Ag HSA, BSA GO 620,

510
Au BSA Gd(1I) 700
Au Cyclodecapeptide Gd(1I) ~660
Au GSH Fe;04 NPs 650
Au BSA Fe;04 NPs ~650
Au BSA Fe;04 NPs, 650

AuNRs

Au  |HSA %Cu ~667
Au Thioctic-zwitterion | — ~750
Au GSH Gd(1I) ~652
Au Albumin DTPA-Gd(III) 660
Au BSA Gd,05, ICG 635
Au BSA GddII), FA 660
Au GSH Gd*, Sio, 595
Au Triphenylphosphine | SiO, 827

Imaging

modals Biosystems Ref.

NIRFL/ Live mouse [146]

SPECT

NIRFL/CT Human thyroid cancer PDX [147]
nude mouse

NIRFL/CT Differentiated C2C12 mouse [148]
myoblasts

NIRFL/CT MGC-803 tumor-bearing mice [30]

NIRFL/CT HeLa tumor-bearing nude mice | [149]

FL/CT Swiss albino mice [107]

NIRFL/MRI | U87-MG tumor-bearing mice [150]

NIRFL/MRI | Kunming mouse [151]

NIRFL/MRI |293 T cells [152]

NIRFL/MRI | H1650 cells [153]

NIRFL/MRI | HeLa cells [156]

NIRFL/PET | U87MG glioblastoma [134]
Xenograft mice

NIRFL/PAI | U87MG cells; mice [164]

NIRFL/CT/ | A549 tumor-bearing mice [157]

MRI

NIRFL/CT/ | MCF-7 tumor-bearing mice [158]

MRI

NIRFL/CT/ Kunming mice [159]

MRI

NIRFL/CT/ KB tumor-bearing mice [161]

MRI

FL/CT/MRI | MCF-7 cells, tumor-bearing [162]
BALB/c mice

NIRFL/PAI/ | LS174T tumor-bearing mice [163]

MRI

GSH glutathione, BSA bovine serum albumin, FA folic acid, Cyclodecapeptide c (Asp-Arg-Glu-Pro-Cys-Glu-Tyr-Asp-
Pro-Cys), HSA human serum albumin, GO graphene oxide, AuNRs gold nanorods, DTPA diethylene triamine pentaacetic
acid, NIRFL near-infrared fluorescence, SPECT single-photon emission computed tomography, CT imaging X-ray
computed tomography imaging, MRI magnetic resonance imaging, /CG indocyanine green, PET positron emission

tomography, PAI photoacoustic imaging

NIRFL and MR dual-modal imaging have
been reported through coupling AuNCs with
magnetic agents such as Gd,O3 and Fe;0, NPs.
For example, Sun et al. [150] employed Gd,O3
functionalized BSA-AuNCs as probes for dual-
modal NIRFL and MR blood pool imaging
in vivo. By further bioconjugation of
BSA-Gd,03;/AuNCs  with  arginine—glycine—
aspartic acid peptide (RGD), they can be used
for in vivo targeted tumor imaging of U87-MG
tumor-bearing mice. Liang and coworkers [151]

constructed Gd**-functionalized AuNCs for dual-
model NIRFL/MR imaging by using a
cyclodecapeptide as the template. Recently,
Wang et al. [152] demonstrated a facile strategy
of fabricating GSH-AuNC probes decorated with
magnetic Fe304 NPs for bimodal NIRFL/MR cell
imaging. Alternatively, dual-modal bioimaging
probes can be fabricated by conjugating
biotinylated NIR fluorescent BSA-AuNCs to
streptavidin functionalized Fe;O4 NPs [153].
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Fig. 14 Representative
SPECT images (top row) of
BALB/c mice injected with
GSH-['"®Au] AuNPs. (a)
10 min, (b) 1 h, (¢) 4 h, and
(d) 24 h p.i.. In vivo FL
imaging (bottom row) of a
live mouse (e)
pre-injection, and (f) 5 min,
(g) 20 min, (h) 1 h, (i) 24 h
after IV injection of
GSH-['**Au] AuNPs.
Reprinted with permission

from Ref. [146] I

At present, multifunctional theranostic
systems with strong clinical imaging-guided
capability, phototherapy function, and target
specificity have been developed for cancer
therapy. Yang et al. [154] fabricated a new
imaging-guided and multifunctional cancer ther-
apy platform with multimodal imaging and dual
phototherapy function by assembling the
captopril-protected Au,sNCs  (Au,s(Capt);g™)
into mesoporous silica-coated Nd>*-sensitized
upconversion nanoparticles (UCNPs@SiO,).
Under 808 nm NIR irradiation, the
UCNPs@Si0,-Au,s(Capt);g~  nanocomposite
can simultaneously exhibit tri-modal
upconversion luminescence, photothermal, and
photoacoustic imaging features in vivo. Besides,
the composite can also present the MR and CT
imaging effects due to the Gd** and Yb>" ions in
the UCNPs. Subsequently, the same group
designed Fe;0,@ZIF-8-Au,s5(Capt) g~
nanocomposites for multimodal imaging and syn-
ergistic cancer therapy [155]. Under 808 nm NIR
irradiation, the attached photosensitizer agent
Au,s(Capt)g~ clusters can produce highly reac-
tive singlet oxygen ('O,) for photodynamic ther-
apy (PDT). In addition, the magnetic properties of
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encapsulated Fe;O, nanocrystals can simulta-
neously produce hyperthermal effects for
photothermal therapy (PTT) and present targeting
and MR imaging capability. Protein-based multi-
functional nanocarriers (MFNCs) were success-
fully constructed by assembling gold nanorods,
superparamagnetic iron oxide NPs, and AuNCs
within BSA (Fig. 15) [156], without affecting
their individual properties. The MFNCs showed
simultaneous integration of corresponding
plasmonic, magnetic, and luminescence
properties, which can be used for plasmonic
photothermal therapy (PPTT), two-photon and
MR imaging in vitro. Moreover, the MFNCs
demonstrated efficient loading and delivery of
DOX to HeLa cells, resulting in efficient killing
of cancer cells and tracking the delivery and
release of the drug through confocal fluorescence
microscopy.

In addition to the NIRFL and MRI contrasts
offered by the probe, the green fluorescence of the
endoperoxide triggered by 'O, can provide addi-
tional modality for live cell imaging [153]. With
the co-existence of GSH-AuNCs and Gd>* ions,
the nanoprobes can act as a multifunctional
nanoplatform for triple-modal NIRFL/CT/MR



120

J. Xu and L. Shang

2

g
*]
&
W
©
=
o

. Mixed | g i ¢ > Acetone
v : Heat
! o

oA

MRI Contrasting Capacity

Low luminescence
intensity

High luminescence
intensity

Magnetic Targeted imaging

Fig. 15 Schematic depiction of preparing MFNCs, using
for plasmonic photothermal therapy and two-photon/MR
imaging in vitro, following successful loading and

imaging of A549 cancer cells and xenografted
A549 tumor models [157]. Similarly, Hu and
coworkers [158] prepared Au—Gd NC hybrids
by using albumin as the stabilizer, which were
suitable for in vivo triple-modal NIRFL/CT/MRI
imaging of MCF-7 tumor-bearing mice (Fig. 16).
Upon intravenously injected, the hybrid NCs
were effectively accumulated in tumor tissues
and quickly cleared by renal excretion, indicating
their capacity of tumor targeting and low body
residues. Recently, Wang and coworkers [159]
developed a facile approach to construct
BSA-stabilized Gd,03-AuNCs nanoplatform for
multimodal imaging and cancer therapy. The
nanocomposites ~ exhibit  photoluminescent

Excitation 488 nm or
730 nm two photon

Bio- imaging

Emission 650 nm Cell Blebbing

AuNRs @@ AuNCs
© FeONPs o Dox

delivery of anticancer drug Dox induced cancer cells
death. Reprinted with permission from Ref. [156]

capability in NIR region, and are able to generate
singlet oxygen ('0,) species under NIR laser
irradiation at 808 nm for photodynamic therapy.
After loading indocyanine green (ICG), the
Gd,03-AuNCs-ICG nanocomposites exhibited
excellent in vivo triple-modal NIRFL/MR/CT
imaging capability, as well as combined photody-
namic and photothermal therapy. Wang et al.
[160] reported a new method for targeted multi-
modal tumor bioimaging by using in situ self-
biosynthesized AuNCs and iron complexes
composites via simple introduction of AuCl,~
(i.e., HAuCl,) and Fe?* (i.e., FeCl,) ions to the
cancer cells or xenograft tumor mice model. In a
recent study, the same group [39] explored a
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Fig. 16 (a) (a and b) In vivo FL imaging of MCF-7
tumor-bearing mice after the tail-vein injection of hybrid
NCs. Inset image is the FL reflectance images of urine. (b)
In vivo CT images of MCF-7 tumor-bearing mice injected
with the hybrid Au—-Gd NCs. The arrow and red dotted

novel in vivo multimodal NIRFL/MR/CT
bioimaging method for the early detection of
tumors based on in situ biosynthesized Zn&Fe
oxide NCs. By introducing Zn** and Fe** ions
via a single injection, fluorescent ZnO NCs and
superparamagnetic Fe;O, nanoparticles can be
spontaneously  self-biosynthesized in tumor
cells/tissues. Xu et al. [161] synthesized AuNC-
Gd,0; integrated nanoprobe (denoted as AuGds)
using BSA as the template via a biomineralization
approach. After being chemically modified with
FA, the FA-AuGds could specifically target FRs
on KB tumor cells, and permitted in vivo NIRFL,
MR, and CT imaging of xenografted KB tumor-

121

circle indicate the tumor site. (¢) (a and b) In vivo MRI
images of MCF-7 tumor-bearing mice injected with the
hybrid Au-Gd NCs. The arrow and red dotted circle
indicate the tumor (a) and bladder (b) sites, respectively.
Reprinted with permission from Ref. [158]

bearing mice. Gd’*-aggregated  AuNCs
encapsulated by SiO, shell (Gd**-AuNCs@SiO,
NPs) were strategically designed and prepared. In
the presence of Gd** ions, the GSH-capped
AuNCs show aggregation-induced fluorescence
(AEF) effect. The as-prepared composites can be
used for in vitro and in vivo multimodal FL/MR/
CT cancer imaging [162]. Hembury and
coworkers [163] synthesized highly
monodispersed SiO,/AuNCs by nucleating gold
within hollow mesoporous silica particles in a
one-phase synthetic route. These SiO,/AuNCs
possessed stable NIR fluorescence and paramag-
netism, thus it could be used as a promising probe
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for in vivo NIRFL/PAI/MR imaging of colorectal
carcinoma tumor (LS174T)-bearing mice.

5 Conclusions and Outlooks

In this chapter, we have systematically
summarized recent advances in the synthesis
strategies and bioimaging applications of fluores-
cent MNCs. In the past few years, fluorescent
MNCs have been largely explored for bioimaging
due to their ultrasmall size, good biocompatibil-
ity, and easy functionalization. Although a large
number of researches have been reported about
MNCs currently, there are still a lot of rooms to
further improve and many unclear questions to
reveal.

First of all, most MNCs possess a relatively
low QY (usually less than 10%) in comparison to
other fluorophores such as semiconductor QDs
and many organic dyes. In addition, MNCs
often show size heterogeneity in the crude prod-
uct, and it still remains challenging to obtain
atomically precise water-soluble MNCs suitable
for bioimaging applications, which markedly
precludes quantitative tracking in organisms.
Therefore, researchers still need to make greater
effort to explore more efficient synthesis routes
for size-controllable fluorescent MNCs with rela-
tively high QY and high  purity
[165, 166]. Second, the present bioimaging stud-
ies mainly concentrate on fluorescent AuNCs due
to their good stability and easy synthesis. Consid-
ering gold is relatively expensive compared to
other metals, it would be attractive to further
exploit potential bioimaging applications of
other MNCs or alloy NCs. Third, up to now,
relatively little is known about the behavior of
these ultrasmall MNCs within the complex
biological environment [167], which is actually
highly important regarding the safe as well as
efficient use of MNCs in bioimaging applications.
Thus, further study to understand the mechanism
of cellular and intravital uptake of MNCs and
long-term effect after entering into biosystems
would be necessary and important. Furthermore,
in order to advance potential utility of MNCs as
multifunctional probes for applications besides

J. Xu and L. Shang

imaging, more types of MNCs-based
nanocomposites should be developed by
integrating other functional nanomaterials.

In the past years, significant progress has been
achieved in developing fluorescent MNCs for
bioimaging, but many challenges still remain to
face and resolve in the future. With continuing
development and more efforts within the commu-
nity, we believe that more robust fluorescent
MNCs will be available, which will then further
advance imaging-based applications of these
novel nanoprobes in medical diagnose and ther-
apy researches.

Acknowledgements This chapter was modified from the
paper published by our group in Chinese Chemical Letters
(Xu and Shang 2018; 29:1436-1444). The related contents
are re-used with the permission.
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