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Abstract

Our fundamental understanding of cell biology and early diagnosis of human diseases have been greatly benefited from the
development of fluorescent probes. Over the past decade, luminescent gold nanoparticles (AuNPs) with diverse structural par-
ameters including particle size, surface ligands, valence state and grain size have been synthesized and have begun to emerge as
a new class of fluorescent probes for bioimaging because of their great biocompatibility, robust photophysical properties and
tunable emissions from the visible range to the near infrared region. In this minireview, we summarize the recent progress in
applications of different-sized luminescent AuNPs as imaging probes for both in vitro and in vivo levels.
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Introduction

Bioimaging techniques and related contrast agents have
greatly advanced our fundamental understanding of cell biol-
ogy and also make it feasible to achieve earlier diagnosis of
many diseases.'? Low-cost, portable and noninvasive fluores-
cence imaging is one of such techniques widely used in molecu-
lar imaging applications at both in vitro and in vivo levels.*®
To enhance the contrast of fluorescence-based imaging tech-
niques, a large number of fluorescent probes ranging from
organic dyes to fluorescent proteins and quantum dots
(QDs) have been developed.”'* However, each type of fluor-
escent probes has its own strengths and limitations. For exam-
ple, as the most widely used probes, small organic dyes such as
cyanine dyes exhibit bright and tunable emission from blue to
near infrared (NIR)." !> Since organic fluorophores often
exhibit low interference on the binding affinities and dynamics
of labelled biological molecules, they have been extensively
used in studying distributions of biomolecules of interest,
probing conformational dynamics of proteins and unravelling
complicated cellular structures at both ensemble and single
molecule level.'®!7 In addition, many organic dyes also serve
as contrast agents to image tumours and other diseases or as
indicators to report local biochemical environment at the
in vivo level.'® 2° More recently, these merits of small organic
probes also lead to new breakthroughs in bioimaging includ-
ing super-resolution fluorescence microscopy and fluores-
cence-guided cancer surgery.’'?> While organic dyes have
found broad bioimaging applications, a lack of specificity
for any particular protein and low permeability to the cell
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membrane often limit their applications to fixed or permeabi-
lized cells.'?

The emergence of fluorescent proteins not only successfully
addresses these challenges but also revolutionizes the cell ima-
ging by allowing realtime correlation of protein functioning
with biochemical processes in live cells.”>** Green fluorescent
protein and its variants with different emissions can be readily
fused to any protein of interest.”>?® This unique advantage of
fluorescent proteins allows us to quantify individual or mul-
tiple protein species, probe protein—protein interactions and
track the fate of specific protein populations in realtime
within the complex environment of the cells.'*?’” While these
genetically encodable fluorophores offer unprecedented
opportunities for bioimaging, their photobleaching and low-
emission intensities preclude them from many other imaging
applications that are involved with long-term tracking and
high-temporal studies.'?

Semiconductor QDs exhibit bright, robust and size-depen-
dent emissions, successfully addressing the long-stand chal-
lenges in photostability and brightness that organic
fluorophores and fluorescence proteins face.”®?* These
merits of QDs in optical properties further extend biomedical
application of fluorescence imaging techniques. In the past
decades, QDs not only have found broad applications in con-
ventional immunofluorescence assays, fluorescence in situ
hybridization, cell and animal imaging by greatly enhancing
signal-to-background ratios, but also led to the emergence of
new imaging approaches such as three-dimensional (3D) opti-
cal sectioning, correlated fluorescence-electron microscopy
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and multiplexing imaging.”'"-**** However, the large particle
size, complex surface chemistry and potential leaching of toxic
metal ions from QDs often limit their applications to in vitro
diagnosis, permeabilized cells, extracellular or endocytosed
proteins, and in vivo animal imaging.**>®

While noble metal nanoparticles (NPs) have found broad
applications in bioimaging, they are seldom considered as
fluorophores for bioimaging. Indeed, conventional metal
NPs are not fluorescent because of their extremely large dens-
ity of states.>” Under the light excitation, collective oscillation
of free electrons rather than single-electron transitions is
induced; therefore, surface plasmons rather than fluorescence
are observed. Over the past decade, significant efforts have
been devoted to develop luminescent metal NPs, which can
give intrinsic emissions without conjugation of additional
fluorophores.**** Luminescent gold nanoparticles (AuNPs)
with size ranging from 0.3 to 20nm have been synthesized
by tuning various structural parameters including particle
size, surface ligands, valence state and grain size.*’
Generally, different-sized luminescent AulNPs can be classi-
fied into molecular luminescent AuNPs and plasmonic lumi-
nescent AuNPs, in which molecular AuNPs can be further
divided into two subclasses: few-atom Au nanoclusters
(AuNCs) and few-nm AuNPs (Scheme 1). In these lumines-
cent AuNPs, the molecular luminescent AuNPs generally are
lack of the characteristic surface plasmon of conventional
AuNPs due to the limited number of free electrons, but can
give a broad range of emissions from visible to NIR regions,
while both luminescence and surface plasmon can be attained
within single plasmonic luminescent AuNPs by tuning grain
size of NPs.** Although these newly developed luminescent
AuNPs have not yet as widely applied as conventional organic
dyes or semiconductor QDs in bioimaging, their biocompati-
bility, physiological stability, facile synthesis process and
diverse photophysical property make them very promising
candidates. In this minireview, we present the synthetic stra-
tegies for creating different-sized luminescent gold NPs and
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Scheme 1 Luminescent AuNPs can be divided into two major classes:
molecular NPs and plasmonic NPs. For molecular NPs, they can be further
divided into two subclasses: few-atom nanoclusters and few-nm NPs, where
particle size, surface ligands and valence states all have significant impacts on
their luminescence properties. For plasmonic NPs, grain size plays a key role in
the emission. (Reprinted from Ref. 43, with permission from Royal Society of
Chemistry.) AuNCs: gold nanoclusters; NPs: nanoparticles. (A colour version of
this figure is available in the online journal)

summarize their applications in the biomedical imaging at
both in vitro and in vivo levels.

Few-atom luminescent AUNCs

Electronic structure of a single AuNP is dependent on its par-
ticle size.** When particle size is close to electron Fermi wave-
length of gold metal (0.5nm), continuous band structure of
the NPs breaks into discrete energy states, which fail to sup-
port surface plasmon but result in molecular-like electronic
transition.*>*® On this extremely small size scale, AuNPs are
often denoted as AuNCs, whose behaviour is expected to
bridge a link between gold atoms and large AuNPs.*”#°

Dendrimers are often employed in the synthesis of mono-
disperse AuNCs. For example, poly-amidoamide (PAMAM)
dendrimers are utilized for their tertiary amine groups at the
branching points within the dendrimer.”® When introduced to
the aqueous dendrimer solution, gold ions generally form a
complex with the lone pair of electrons present at the tertiary
amines. After complexation, the ions are reduced to form NCs
that are encapsulated within the dendrimers. By using
PAMAM dendrimer as template, luminescent AuNCs with
quantum yield up to 70% were successfully synthesized.’!
The fluorescence emission of the AuNCs can be finely regu-
lated from the visible range to the NIR region (Figure 1a) by
tuning the molar ratio of dendrimers to gold salts.* In these
cases, the emission energy of AuNCs is totally dependent on
the number of gold atoms (N) in each AuNC and coincides
with a simple scaling relation of EFermi/N” 3 in which Epem; is
the Fermi energy of bulk gold (5.53¢V). As seen from Figure
1b, the electronic structure of dendrimer coated few-atom
AuNCs is determined by the number of free electrons in
AuNCs, in accordance with a free-electron (Jellium)
model.”*>* In addition, following a similar procedure illu-
strated above, diverse luminescent AuNCs with different emis-
sions can be also synthesized by coating with various ligands,
including polyethylenimine, glutathione (GSH), poly(N-vinyl-
pyrrolidone), bovine serum albumin (BSA), pepsin and other
molecules.” %

In vitro fluorescence imaging of few-atom
luminescent AuNCs

The receptor-mediated internalization of AuNCs by cells had
been observed by Lin et al.®® in 2008, where AuNCs functio-
nalized with nuclear-specific leading peptide SV40 NLS can
enter both the cytoplasm and nucleus of living HeLa cells after
1.5-h treatment. In addition, a nonspecific pathway that
AuNCs were internalized in cells was also observed by Jao
et al.®* They found that the positively charged dendrimer-
encapsulated blue-emitting Aug cluster core was able to pene-
trate into the HeLa cells due to the electrostatic interactions
with cell membrane and were predominantly localized in the
cytoplasm, while AuNCs coated with neutral charged dendri-
mer cannot be internalized. NIR-emitting AulNCs minimize
autofluorescence interference and phototoxicity, further
broadening the bioimaging applications of few-atom lumines-
cent AuNCs.%>% For example, Retnakumari et al.®” employed
folic acid-conjugated BSA-coated Au,s NCs with a maximum
emission at 674 nm to specifically target the folate receptor-
positive oral carcinoma cells. The labelled cells can be clearly



imaged with the NIR emission. Muhammed et al.®® used GSH
to etch mercaptosuccinic acid-protected AuNPs at pH 7-8 and
obtained GSH-coated Au,; clusters with NIR emission at
685nm. After conjugation with streptavidin, these AuNCs
could selectively target to human hepatoma cells (HepG2)
due to the strong binding between streptavidin and the over-
expressed biotin on HepG2 cells. Polavarapu et al.*’ also
investigated nanotoxicity of fluorescent AuNCs by incubating
SH-SYS5Y human neuroblastoma cells with GSH-coated
AuNCs with a maximum emission at 780nm for 24h
(Figure 2a and b). The detailed MTT studies showed that
the cells are still viable even after incubated with a concentra-
tion of AuNCs up to 400 pg/mL, indicating low cytotoxicity of
the luminescent AulNCs.

In addition to conventional one-photon excitation fluores-
cence imaging, two-photon excitation is a fluorescence ima-
ging technique that allows imaging living tissue at a high-
penetration depth and high-spatial resolution because of the
tissue scattering and autofluorescence background that are
minimized in multiphoton microscopy.”® > Ramakrishna
et al.”® studied the two-photon excitation of AuNCs in
hexane, showing that the two-photon absorption (TPA)
cross sections of Au,s and Aunye cluster were 427,000 GM
and 3,452,000 GM, respectively. Strong two-photon emission
of AuNCs can be also observed in aqueous solution.
Polavarapu et al.®” explored the two-photon emission of
GSH-coated AuNCs in water, where the TPA cross section
was quantified to be 189,740 GM under 800 nm excitation,
several orders higher than most of the currently used organic
dyes or QDs. The large TPA of AuNCs further broadens their
bioimaging applications. For example, Polavarapu et al.®’
reported the two-photon excitation cell imaging with GSH-
coated AuNCs. The SH-SYSY human neuroblastoma cells
can be clearly imaged without auto-fluorescence background
under an 800-nm pulse laser excitation (Figure 2¢ and d). Liu
et al.”* applied dextran-coated 11-mercaptoundecanoic acid
(MUA) functionalized-AuNCs to image human mesenchymal
stem cells (hMSCs) with two-photon excitation. Dextran
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polymers are widely used in biomedical and pharmaceutical
fields because of their ability to facilitate the internalization of
various kinds of biomaterials into tumour cells.”> Upon 800-
nm laser excitation, the hMSCs cells can be successfully
imaged based on the emission at 530 nm from the internalized
dextran-coated 11-MUA AuNCs.

In vivo fluorescence imaging of few-atom
luminescent AuNCs

Not limited to in vitro imaging elaborated above, few-atom
fluorescent AuNCs also find applications in animal imaging.
Recently, Wu et al.”® investigated tumour targeting of NIR
emitting BSA-stabilized AuNCs. NIR fluorescence of the
AuNCs significantly improved tissue penetration depth up
to few millimetres. Due to their small hydrodynamic radius
(~2.7nm), injected BSA-coated AuNCs were found to mainly
accumulate in liver (29 +3.7%), spleen (13 +£4.4%) and kid-
neys, which were relatively smaller compared to other NP-
based contrast imaging agents. In addition, because of the
enhanced permeability and retention effects, these BSA-
AuNCs were highly uptaken by the tumours and can be
imaged with a distinguishable tumour-to-background ratio
(Figure 3).7°

Few-nanometre luminescent AuNPs

Due to the large density of states and extremely small electron
Fermi wavelength (0.5nm) of gold metal, luminescence of
AuNC s is extremely sensitive to the size, in which quantized
states rapidly diminish with the increase of the particle size
from few atoms to few nanometres.?® Therefore, AuNCs with
few-nm size typically no longer emit fluorescence. However, in
the past decade, a large number of few-nm luminescent
AuNPs (1.5-3.0nm) have been developed.”” %* Different
from those few-atom luminescent AuNCs, few-nm lumines-
cent AuNPs generally have two distinct aspects:** (i) a rela-
tively large amount of gold atoms in +1 oxidation state
(denoted as Au(l) atoms) and (ii) large Stokes shifts (several
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(a) Excitation (dashed) and emission (solid) spectra of different AUNCs. Excitation and emission maxima shift to longer wavelength with the increase of

cluster size, suggesting that particle size governs emission from these few-atom luminescent AuNCs; (b) correlation of the number of atoms, N, per cluster with
emission energy. Emission energy decreases with increasing number of atoms. The correlation of emission energy with N is quantitatively fit with Eremi/N'2, as
predicted by the spherical jellium model. (Reprinted from Ref. 49, with permission from American Physical Society.) AuNCs: gold nanoclusters. (A colour version of this

figure is available in the online journal)
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Figure 2 (a) One-photon and (c) two-photon excitation fluorescence images of SH-SY5Y neuroblastoma cells that were incubated with the AuNCs. The images on
the right (b and d) are the overlaid pictures of the fluorescence images and the corresponding differential interference contrast (DIC) images. (Reprinted from Ref. 69,
with permission from Royal Society of Chemistry.) AuNCs: gold nanoclusters. (A colour version of this figure is available in the online journal)

muscie tumor

Figure 3 Fluorescence in vivo images of mice bearing a (a) MDA-MB-45 tumor and (c) a HeLa tumor after injection of BSA-AuNCs. Strong signal from AuNCs was
observed in the tumor (marked by the red circle), demonstrating significant passive accumulation in the tumour by the EPR effect. The arrowheads indicated the tumour.
Ex vivo fluorescence images of the (b) MDA-MB-45 tumour tissue and (d) HeLa tumour tissue and their comparisons with muscle tissue around the tumour from the mice
used in (a) and (c), respectively. (Reprinted from Ref. 76, with permission from Royal Society of Chemistry.) AuNCs: gold nanoclusters; BSA: bovine serum albumin.
(A colour version of this figure is available in the online journal)

In vitro fluorescence imaging of few-nm

hundred nanometres) similar to those of luminescent Au(I)- luminescent AuNPs

thiol complexes/polynuclear Au(I) clusters where S—Au charge
transfer is involved in the emission. Huang et al.® successfully applied thioether-terminated
poly(methacrylic acid)-coated luminescent AuNPs with red



Figure 4 pH-dependent adsorption of luminescent GC-AuNPs on live HelLa cell membrane. Bright field (a, c) and fluorescence (b, d) images of live HelLa cells
incubated with 0.2 mg/mL GC-AuNPs at pH 7.4 (a, b) and pH 5.3 (c, d) in PBS at 25°C for 10 min, respectively (scalar bar, 20 um). (Reprinted from Ref. 89, with
permission from American Chemical Society.) (A colour version of this figure is available in the online journal)

emission to image cord blood mononuclear cells and K562
cancer cells after 24-h incubation with these AuNPs in the
cell-culture medium. Chou and co-workers used red-emitting
insulin-coated AuNPs with maximum emission at 670 nm to
serve as a fluorescent biomarker to distinguish the differen-
tiated versus undifferentiated C2C12 mouse myoblasts due to
the overexpression of insulin receptors on the differentiated
C2C12 but not on the undifferentiated C2C12 cells.*® By uti-
lizing ferritin-encapsulated luminescent AuNPs, Sun et al.*’
also demonstrated the fluorescence imaging of human colo-
rectal carcinoma cell line Caco-2 by targeting the ferritin
receptors on the Caco-2 plasma membrane. In addition, Lin
et al.® showed that the dihydrolipoic acid-coated few-nm
AuNPs (AuNPs@DHLA) with a maximum emission at
674nm could be used to image the endogenous biotin of
HepG?2 cells. By further conjugating the streptavidin with
AuNPs@DHLA, the streptavidin-conjugated
AuNPs@DHLA successfully stained the endogenous biotin
of HepG?2 cells with high intensity because of the strong bind-
ing affinity between streptavidin and biotin.*®

We recently developed few-nm luminescent AuNPs with
pH-dependent cell membrane adsorption.® pH is a critical

parameter in many biological processes and also an important
indicator for disease progression. However, most metal NPs
generally are insensitive to extracellular pH in a native bio-
logical environment because serum proteins are often
adsorbed onto the metal NPs and form protein ‘corona’,
which actually governs the interactions between NPs and the
cell membrane.’® ** In this study, we employed reduced GSH,
abundant in the cytoplasm, to minimize protein adsorption on
the NPs.”* The simplest stable aminothiol, cysteamine, was
used as surface ligands to grant the particles pH-dependent
adsorption onto the live-cell membrane within a biological pH
range (5.3-7.4).%° These glutathione/cysteamine-coated
AuNPs (GC-AuNPs) exhibited little interaction with cells at
pH 7.4 in phosphate-buffered saline (PBS) (Figure 4a and b).
Once the extracellular pH was further dropped to 5.3, lumi-
nescence intensities of the cell membranes observed under
fluorescence microscope were increased up to 40 times, indi-
cating the significantly increased adsorption of the GC-
AuNPs to the cell membrane in a slightly acidic environment
(Figure 4c and d). More interestingly, such pH-dependent
behavior was well maintained in the presence of serum pro-
tein. The reason is attributed to the increment of global charge
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Figure 5 Fluorescence intensity (a, c) and lifetime images (b, d) of HeLa cells only (a and b) and HelLa cells incubated with DHLA-AuNPs (c and d) taken with confocal
microscope. (Scale bar: 10 um). Lifetime maps were calculated by determining the lifetime from the fluorescence decays of all the photon counts registered for each
pixel. (Reprinted from Ref. 80, with permission from John Wiley & Sons Inc.) (A colour version of this figure is available in the online journal)

attraction between positively charge cysteamine and nega-
tively charged cell membrane in the acidic environment,
whereas glutathione prevents nonspecific protein adsorption.

Similar to few-atom AuNCs, few-nm luminescent AuNPs
have been also used for two-photon excitation fluorescence
imaging. Nienhaus and co-workers have utilized D-penicilla-
mine-coated few-nm luminescent AuNPs (DPA-AuNPs) for
two-photon fluorescence imaging of live HeLa cells under the
excitation of an 810-nm laser.** A 3D reconstruction of images
collected at different z-positions confirmed the internalization
of these AulNPs inside the cells as well as adhering to the cell
membrane. Specific endocytosis pathways were likely involved
in the internalization of DPA-AuNPs because most DPA-
AuNPs existed in the form of large aggregates inside the
cells. In addition to traditional intensity-based fluorescence
imaging, Shang et al.** pioneered to utilize the long lumines-
cence lifetime of few-nm AuNPs for cell-imaging application.
As shown in Figure 5, long luminescence lifetimes (500—
800 ns) were observed inside the cells after incubating NIR
emitting DHLA-coated AuNPs with HeLa cells for 1 h, indi-
cating the internalization of these AuNPs by the cells. The
obtained fluorescence lifetime images also demonstrated an
amplified contrast of DHLA-coated AuNPs in cells, where

longer lifetimes were observed from the AuNPs near the cell
membrane than those inside the cells, indicating that this tech-
nique has potential application in the observation of local
microenvironment.

In vivo fluorescence imaging of few-nm
luminescent AuNPs

To investigate the possible in vivo application of few-nm lumi-
nescent AuNPs, Sun et al.%” used red-emitting ferritin-encap-
sulated AuNPs as fluorescence probes for in vivo imaging.
After injection of 0.8nmol/g body weight of the AuNPs
throught the tail vein into female nude mice, whole-body fluor-
escence images were obtained at different time points.
Fluorescent signals with a kidney-like shape were observed on
each side of the spine 30-min postinjection and reached the high-
est intensity 3—5 h after injection. The high accumulation of NPs
in kidneys observed might be attributed to a specific uptake
mechanism related to the certain ferritin receptors in the
kidney. Further ex vivo fluorescence imaging and inductively
coupled plasma mass spectrometry (ICP-MS) results indicated
strong uptake of these AuNPs by liver and spleen with quanti-
tative biodistribution results comparable with those of BSA-
coated AuNCs.”®
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Figure 6 Renal clearance and biodistribution studies of ~2-nm luminescent GS-AuNPs. (a) Luminescence spectra of urine (black), GS-AuNPs (blue), the urine
collected 2-h post-injection (p.i.) (red) and the spectrum (green) after subtracting the urine background (excitation at 420 nm). Inset: Luminescence images of GS-AuNPs
in the urine at 2 and 24 h p.i. and control urine under excitation with UV light with a 630/75 bandpass filter. (b) Gold concentrations in the urine at 2, 6, 24, 48, 72 and 120 h
p.i. measured by ICP-MS. (c) Biodistribution of GS-AuNPs in mice (n = 3) 24 h after intravenous injection. The percentage of the injected dose was calculated based on
the gold concentration measured by ICP-MS. (Reprinted from Ref. 100, with permission from John Wiley & Sons Inc.) ICP-MS: inductively coupled plasma mass
spectrometry; UV: ultraviolet. (A colour version of this figure is available in the online journal)

While most noble metal NPs exhibited strong nonspecific
accumulation in reticuloendothelial system (RES) organs after
administration, ideal nanomaterial-based imaging agents for
in vivo studies should be effectively cleared out of the body
and have little accumulation in healthy organs to minimize the
nanotoxicity.”> ® Thus, it is vitally important to develop lumi-
nescent AuNPs with efficient clearance profile for future clin-
ical applications. Although NPs with hydrodynamic diameters
smaller than ~5.5 nm are generally considered to be stealthy to
the RES organs and can be cleared out from the body,”® par-
ticle size is not the only parameter that governs the renal clear-
ance of the particles. For example, ~1.4 nm AuNPs coated by
bis(p-sulfonatophenyl)phenylphosphine still severely seques-
tered in RES.” Recently, we discovered that ~2-nm GSH-
coated luminescent AuNPs (GS-AuNPs) can be efficiently
cleared out of body through urinary system, which is nearly
10-100 times better than those of the similar-sized AuNPs
(Figure 6).'° Such behaviour can be ascribed to both the
very small particle size and low affinities to serum protein.**
The fluorescence property of these GS-AuNPs also allowed us
to investigate their physiological stability and renal clearance

kinetics. Strong luminescence was observed from the urine 2-h
postinjection, which was identical to the GS-AuNPs solution
in PBS (Figure 6a), further indicating that the luminescent
GS-AuNPs were renal clearable and highly stable during
body-internal-circulation.'” ICP-MS results justified that
more than 50% of the GS-AuNPs were excreted out of the
body within 24 h p.i. and up to 65% after 72 h p.i. (Figure 6b),
while only 3.7+ 1.9% and 0.3 £0.1% of the GS-AuNPs were
accumulated in the liver and spleen, respectively (Figure 6c¢),
remarkably different from those of NPs accumulated in the
hepatic route, including similar-sized AuNPs with other lig-
ands,”®1% sych as BSA, bis(p-sulfonatophenyl)-phenylpho-
sphine, citrate and cysteamine, providing important
foundation for the future development of few-nm luminescent
AuNPs. More recently, we further examined the pharmaco-
kinetics of the radioactive NIR-emitting GS-AuNPs, which
exhibited a small-molecule-like pharmacokinetics after sys-
temic administration with a distribution half-life (t;,,) of
5.0min and elimination half-life (t;25) of 12.7h.'”" The
bright NIR-emitting fluorescence and the radioactive
gamma emission from '"Au render these GS-['**Au]AuNPs
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Figure 7 MBA-pAuNPs-cRGD served as a multimodality probe that enables a, 3 integrin receptors on U87MG cancer cells to be imaged with four different imaging
techniques at the single-cell level. (a) Strong single particle luminescence from pAuNPs enabled the integrin receptors on a single U87MG cell to be imaged using

fluorescence microscopic imaging modality. (b) Raman image of a U87MG cancer cell labelled by MBA-pAuNPs-cRGD, which was constructed based on the Raman
vibration of MBA at 1579 + 10 cm ™" (fluorescence background was subtracted). (c) Bright-field image of the cancer cells labelled by the NPs. Strong surface plasmons
of the pAuNPs made the cells purplish. (d) Strong surface plasmon scattering of pAuNPs allows the cancer cells to be visualized using dark-field imaging modality.
(Reprinted from Ref. 102, with permission from Royal Society of Chemistry.) MBA: mercaptobenzoic acid; NPs: nanoparticles; pAUNPs: polycrystalline AuNPs. (A colour

version of this figure is available in the online journal)

with potential applications as dual-modality imaging probes
for the strength integration of both fluorescence and single
photon emission computed tomography imaging techniques.

Plasmonic luminescent AuNPs

While tuning particle size and valence state of gold atoms
allow us to create a variety of molecular luminescent AuNPs
with few-nm sizes, no surface plasmons were observed from
these NPs because of the limited number of free electrons.***?
Thus, the integration of fluorescence properties into plasmo-
nic AulNPs is of importance in developing multimodality ima-
ging probes. By tuning grain size of a polycrystalline AuNP,
we successfully created ~20-nm plasmonic luminescent
AuNPs.'%? These plasmonic luminescent AuNPs were synthe-
sized in solid state through thermal reduction of gold—glycine
complex and exhibited highly polycrystalline structures with
grain size down to 1 nm (denoted as polycrystalline AulNPs;
pAuNPs). Different from conventional plasmonic AuNPs that
were often nonfluorescent, the co-existence of continuous

electron band and discrete energy states within one single
NP results in strong single-particle emission due to the cou-
pling between surface plasmons and luminescence within a
single particle.'® In addition to the thermal reduction
method, Gaiduk et al.'®® used a high-energy pulsed laser to
convert nonluminescent 20 nm AuNPs into emissive ones with
a quantum yield of ~1.4 x 107%. However, the limitation of
this method is that no enough plasmonic luminescent AuNPs
are generated, limiting their practical applications.

Imaging applications of plasmonic luminescent AuNPs

While the in vivo behaviour of plasmonic luminescent AuNPs
remained little known due to the limited reported studies, the
current explorations on imaging applications of pAuNPs
mainly focused on in vitro cellular level. Recently, we
employed pAulNPs to demonstrate their applications as a
multimodal nanoprobe for optical microscopic imaging of
U87MG cancer cells based on their both fluorescence and
plasmonic properties.!%> After conjugation with a Raman



tag mercaptobenzoic acid (MBA) and thiolated Cyclic Arg-
Gly-Asp (cRGD) peptide, a specific peptide exhibits high-
binding affinity (IC50=~8nM) to «,P; integrin receptors
on USTMG cancer cells,* the cells labelled with MBA-
pAuNPs—<cRGD can be imaged with four different imaging
techniques (Figure 7). Under mercury-lamp excitation, the
diffraction-limited fluorescence spots of MBA-pAuNPs—
c¢RGD can be readily observed on the U87MG cell membrane
under fluorescence microscopy (Figure 7a). The blinking/
intensity fluctuation was also observed, indicating that the
majority of the NPs were monodispersed on the cell mem-
brane while they were bound to the receptors. In addition to
fluorescence imaging, the plasmonic properties of pAuNPs
also enabled us to more readily image cancer cells with other
optical microscopies. For example, the SERS image of
labelled U87MG cells can be constructed by utilizing the char-
acteristic vibrations of MBA at 1579+ 10cm™" (Figure 7b)
using a confocal scanning Raman microscope. Chemical ima-
ging of targeting molecule cRGD peptide can be also achieved
with the strong SERS signal containing characteristic vibra-
tions of both cRGD peptide and MBA. Strong surface plas-
mon absorption of MBA-—pAuNPs—cRGD resulted in pink
colour of the labelled U87MG cells and can be observed
even with naked eyes (Figure 7c), which offered a simple
way for the detection of cRGD receptors. The large surface
plasmon scattering from MBA-—pAuNPs—cRGD also allowed
us to image these cancer cells with a dark-field imaging tech-
nique at the single particle level (Figure 7d). With the inte-
grated and enhanced plasmonic and luminescence properties,
these pAuNPs are expected to further help unravel cellular
structures with chemical information at a high spatial and
temporal resolution in the future.

In addition to bioimaging applications we demonstrated,
He et al.'® showed that plasmonic luminescent AuNPs of
38 nm can be internalized by the HeLa cells and accumulated
inside the cytoplasm of these cells.

Summary and future prospects

After one-decade’s efforts, the synthesis of luminescent
AuNPs is no longer a challenge. Luminescent AuNPs with
different sizes and surface chemistries have been successfully
created. In this minireview, we briefly summarized the recent
advances in bioimaging applications of different-sized lumi-
nescent AuNPs at both in vitro and in vivo levels. As we can
see, the great potential of luminescent metal NPs has not been
fully explored. Therefore, it is predicable that the future of
luminescent metal NPs will mainly focus on their biomedical
applications due to their biocompatibility and physiological
stabilities. For example, since intrinsic emission arising from
AuNPs rather than the surface ligands, we can use them to
probe the interactions between surface ligands and cell mem-
branes. Multimodality of plasmonic luminescent AuNPs will
allow us to unravel chemical interactions involved in the
internalization of AuNPs. The efficient renal clearance of
luminescent AulNPs might lead to the development of a new
generation of multimodal probes for clinical cancer imaging
with low toxicity. With these unique merits of luminescent
metal NPs, we have no doubt that luminescent metal NPs
can serve as a new generation of nanoprobes to address

many challenges in the fundamental understanding of cell
biology and clinical disease diagnosis that current probes
might not easily tackle.
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