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Small-molecule-protected silver nanoclusters have smaller
hydrodynamic diameter thus may hold greater potential in
biomedicine application compared with same core-sized,
macromolecule (i.e. DNA)-protected silver nanoclusters. However,
the live cell imaging labeled by small-molecule-protected silver
nanoclusters was not reported until now, and the synthesis and
atom-precise characterization of silver nanoclusters are
challenging for a long time. We develop a one-pot one-cluster
synthesis method to prepare silver nanoclusters capped with GSH
which is bio-compatible. The as-prepared silver nanoclusters are
identified to be Ag,,(SG),, (abbreviated as Ag,,, SG: glutathione)
by isotope-resolvable ESI-MS. The structure is probed by 1D NMR
spectroscopy together with 2D COSY and HSQC. This cluster
species is fluorescent and the fluorescence quantum vyield is
solvent-dependent. Very importantly, Ag,, was successfully
applied to label lung cancer cells (A549) for imaging, and this work
represents the first attempt to image live cells with small-
molecule-protected silver nanoclusters. Furthermore, it is
revealled that the Ag,, nanoclusters exhibit lower cytotoxicity
compared with some other silver species (including silver salt,
silver complex and large silver nanoparticles), and the explanation
is also provided. The comparisons of silver nanoclusters to state-
of-the-art labeling materials in terms of cytoxicity and

photobleaching lifetime were also conducted.

Noble-metal clusters have attracted great interest not only for
science studies but also for technological
explorations due to their unique physicochemical properties
bridging the gap between those of atoms (also small
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molecules) and of nanomaterials/nanocrystaIs.m Among the
noble metals, gold clusters have been extensively studied
primarily due to their relatively facile preparation. Since the
pioneering work of Brust et al in 1994, various synthesis
methods have been developed, and a range of different sized
Au, thiolate clusters such as Au19,[2] Au24,[3] Au25,[4] Au36,[5]
Au38,[6] Auss,m Au102[8] and Au144[9] have been successfully
synthesized and fully characterized. Although a breakthrough
on Ag,, structure was made recently,[lol the research on silver
nanoclusters obviously lags behind that of gold nanoclusters
mainly due to the synthesis difficulty and unstability of silver

nanoclusters. By far only a few mono-thiolated silver
nanoclusters including Ag7,[11'13] Ag ,[12'13] Agg,[14] Agls,[lsl
Ags, " Agss, ™ and Ag,™®'"' were synthesized and

characterized by high-resolution mass spectrometry. Overall,
the synthesis and precise composition determination of silver
nanoclusters still remain a challenge by far, largely hindering
the recognized applications[m] in biomedicine and live cell
imaging which have attracted reasonable research interest in
recent years."”!

Cell imaging labeled with small-molecule-protected silver
nanoclusters has not been reported to our best knowledge.
Due to smaller diameter (beneficial to renal clearance,“e'zol cell
penetration, etc.), other merits (easier
modification, well-defined composition and structure, etc.),

and surface
small-molecule-protected Ag clusters bear some advantages
over the macromolecule-protected ones. Also considering that
organic fluorophores are prone to photobleaching and
fluorescent semiconductor quantum dots are generally made
of toxic elements like Cd and Pb, developing small-molecule-
protected metal nanoclusters as imaging material is of great
importance.m] In this work, by subtle tuning of reaction
parameters synthesized a silver
nanocluster composed of fourteen silver atoms and eleven

we have successfully
glutathionate ligands (abbreviated as Agy,), in a one-pot one-
R T composition of the as-prepared
monodisperse nanocluster was precisely identified by high-

cluster fashion.

resolution mass spectrometry combined with other analyses.
The structure is probed by 1D NMR together with 2D COSY and
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HSQC. Further, Agy, is successfully applied to label lung cancer
cells (A549) for imaging, and this work represents the first
attempt to image live cells (as well as cytotoxicity
investigations) with small-molecule-protected silver
nanoclusters. A comparison of Ag;, to some other silver
species, quantum dots, organic fluorophores in terms of
cytoxicity and photobleaching lifetime were also conducted.

It is known that thiolates play an
protecting silver nanoclusters. For
dimercaptosuccinic acid (DMSA),[ua] mercaptosuccinic acid,
glutathione (GSH)“GI and 4-mercaptobenzoic acid™ have been
utilized to synthesize stable silver nanoclusters. Among the
investigated ligands, glutathione attracts considerable interest
due to the following advantages. i) It is water-soluble and bio-
compatible. ii) It is bio-active and actually a widely used drug
for anti-oxidation, anti-ageing and integrate detoxification. iii)
It can impart fluorescence to metal nanoclusters although the
ligand itself is of no fluorescence.? iv) It is a multidendate
ligand with functional groups such as —COOH and —NH, These
advantages are very important for biomedical applications. For
instances, the bio-compatibility is fundamental for biomedical
consideration,[le] the imparted fluorescence can be considered
for potential bio-imaging, and the additional functional groups
such as —COOH and —NH, can be covalently bonded with some
drug molecules for disease therapy. Therefore, it is a
reasonable choice to employ glutathione as the protecting
ligand to synthesize fluorescent silver nanoclusters.

Besides, a proper choice of the reaction medium is also a
key for the successful synthesis of Ag,, nanoclusters, i.e., the
reaction is solvent-sensitive, and the composition of the
product depends on the solvent. In all of the investigated
organic solvents (including methanol, N,N-
dimethylformamide (DMF), THF, etc.), monodisperse Agi,
nanoclusters were not obtained due to the poor solubility of
glutathione in those non-aqueous medium. We found that
water is a good solvent medium for the synthesis resulting in
high yield of Ag,, nanoclusters. The synthesis procedure was
carried out in water without avoiding light and air, and the
procedure involved three steps (see details in the Supporting
Information). First, silver salt (AgNO;, 84.9 mg, 0.5 mM) was
dissolved in water and the solution was cooled to 0 °C in an ice
bath; GSH (in a 1:4 molar ratio) was then added to form
intermediates (Figure S1a). Second, NaOH was added to adjust
the pH value (final pH = 7) and to assist the dispersion of white
precipitate (Figure S1 b). To be noted, the addition of NaOH is
very important for the high-yield synthesis of silver
nanoclusters. Without NaOH, a considerable amount of large
nanoparticles (ca. 8¥10 nm) was obtained. It was thus inferred
that NaOH plays multiple roles in our successful synthesis: it
could promote the dispersion of Ag-GSH complex, regulate the
parameters of Ag-GSH complex aggregates (such as the size
and structure) and tune the formation kinetics of silver
nanoclusters by reducing the reduction ability of NaBH, and
accelerating the etching ability of free glutathione.m] Third,
NaBH, (10-fold molar excess with respect to AgNO3) in ice
water was added drop by drop under vigorous stirring. The
reaction solution slowly turned from light yellow to deep

important role in

meso-2,3-
[12]

instances,

ethanol,
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brown (Figure S1c and d), indicating the reduction of precursor
and the formation of silver nanoclusters. After ageing for ~ 7
hours, the pure product was obtained by direct precipitation
with excess methanol without extra purification process since
the cluster product was mono-disperse. The mono-dispersity
of the product was checked by polyacrylamide gel
electrophoresis (PAGE) analysis. The initial product (1 hour
after the addition of NaBH,) shows two diffuse and broad
bands in PAGE analysis: the first lies in brown purple and the
second is bright-orange in visible light. With reaction time
increasing, the purple band in the product gradually decreases
and eventually disappears completely after ~7 hours and only
the well-defined orange band (Figure 1A inset, and Figure S2)
is observed in various conditions of PAGE operation (Figure S3),
indicating a high purity of as-prepared product. The fact that
recrystallization twice doesn’t lead to changes of UV-Vis
absorption and PAGE results further confirms the purity of the
product (Figure 1B, inset d). It is important to note that the
reaction can be readily scaled up (e.g., by 10-fold, ~1 g clusters
can be obtained, see Figure 1B inset c).. The high yield in this
study is likely due to subtle tuning of reaction conditions (the
control of pH value, the choice of solvent, the adequate
prolongation of reaction time, etc). By carefully controlling the
reaction kinetics and thermodynamics,[z'na’u] a specific
chemical environment could be attained leading to the
formation of mono-sized silver nanoclusters.
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Fig. 1. A) UV-Vis absorption evolution with the extending of reaction time from 1h to 8h
(recorded per hour). The peak at ~480 nm finally turns into the platform from ~374 nm
to 485 nm. Inset, the UV-Vis absorption spectra and PAGE photos taken after 1 hour's
(a) and 7 hours' (b) ageing. Note: the reaction mixture was characterized directly
without any purification. B) UV-Vis absorption spectra of the as-prepared product and
the further purified product (recrystallized for twice). Inset, (c) ~1 gram of Ag14(SG)11
pictured with a stainless ruler for scale (the product is about 1 inch in height and 2
inches in width); (d) PAGE analysis of the as-prepared product (left) and the further
purified product (right) (recrystallized for twice).

For the as-purified silver nanoclustes we have firstly
performed UV-vis absorption measurements and found that,
instead of a plasmon band at ~450 nm known for silver
nanoparticles (e.g., larger than 3 nm), there displays a special
absorption platform from 374 nm to 485 nm (Figure 1B), which
is similar to those of recently reported clusters.”™  Mass
spectrometry (MS) is well recognized as a powerful tool to
identify metal nanoclusters, but comes across a challenge in
determining the exact formula of silver clusters likely due to
two facts. One is that silver itself has a complicated isotopic
distribution; and the other is that the silver clusters are
generally not as stable as gold nanoclusters. In striking
contrast to numerous gold nanoclusters, only a couple of
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mono-thiolated silver clusters were identified by isotope-
resolved MS until now.™ " In this work we have paid great
efforts endeavouring to improve the stability and purity of the
analyte, until finally we succeeded in ESI-MS analysis of the
intact silver clusters. The dominant peak was found at m/z
1625.1725 (Figure 2A) in the ESI-MS spectrum (acquired in the
negative ion mode). The spacing of the isotope peaks was near
0.33 (Figure 2A inset) indicating that the ionized clusters bear a
-3 charge (z), thus the m/z value of the peak represents one

third of molecular ion mass, which matches with the
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theoretical mass of [Ag14(SG)11—3H]37 (1625.4945, deviation
0.3220), but doesn’t match with the recently reported ESI data
of Aggs(SG)lg.[lec] Careful calculation reveals that the m/z value
of the base peak matches better with the theoretical mass of
[Ag14(SG)11—4H]37 (1625.1586, deviation 0.0139). Based on the
high performance of the MS facility (error < 5 ppm at m/z =
1000, external calibration), the assignment for [Ag.4(SG)i1-
4H]37 should be more accurate, and it is supported by the
excellent agreement of the simulated and experimental
isotopic distributions (Figure 2A inset).
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Fig. 2. Electrospray-ionization mass spectrum (acquired in negative ion mode) of the final product (A). Peaks at 1522, 1660, 1763, 1798 m/z are fragment or adducts with -3 charge

state (see Supporting Information for more details). Inset A, shows the experimental (black) and simulated (red) isotopic patterns of [Ag14(SG)11-4H]*". NMR spectra of Agi4(SG)1

clusters (B) and free GSH (C). The carbon atoms in GSH were labled by the numbers 1-10, see inset in (C).

Besides the dominant peak in the mass spectrum, a few
minor peaks at m/z 1522.8301, 1660.4990, etc. can also be
observed in Figure 2A. These peaks are assigned to the
fragments and adducts of the parent [Ag14(SG)11-4H]37
(abbreviated as M3'). Among them, the peak at m/z 1522.8301
can be well assigned to the fragment [Ag14(SG)11-SG-5H]37 ([M-
GSH]3', deviation: 0.0329) after one ligand in the parent ion
was lost; the peak at m/z 1660.4990 corresponds to the
adduct [Ag14(SG)11-5H+Ag]37 ([M+Ag-H]3', deviation: 0.0415)
after one silver ion was adsorbed on [Ag14(SG)11-4H]3f, etc. It is
worth mentioning that the multiple PAGE analysis in various
conditions (Figure S3) confirmed the mono-dispersity of the
product; and the further purification of the as-prepared
product doesn’t lead to the characterization difference by
UV/Vis/NIR spectroscopy and PAGE (Figure 1B). Furthermore,
the excellent agreement between the experimental and
simulated isotope patterns provides strong support for the
assignments (for details see Figure S4). Also inductively
spectrometry (ICP-AES)
provides another evidence. The measured content of silver in
the sample is 29.5% (+ 1.6%), close to the expected value for
Ag.4(SG)11. Finally, X-ray photoelectron spectroscopy (XPS)
analysis further provides support: the Ag/S atomic ratio
revealed by quantitative measurement is 1.26 (30.03):1, in
excellent agreement with the composition of [Ag14(SG)11-4H]37
(expected Ag/S atomic ratio: 1.27:1), but deviated from the
composition of [Ag14(SG)10-4H]3_ (expected Ag/S atomic ratio:
1.40:1) or [Ang(SG)11-4H]3_ (expected Ag/S atomic ratio:

coupled plasma-atomic emission

This journal is © The Royal Society of Chemistry 2015

1.36:1). It can thus be concluded that the nanocluster product
is composed of 14 silver atoms and 11 glutathione ligands.
Following the determination of formula of the Agy,
nanocluster, an interesting question pertains to the atomic
packing structure adopted in the Agy, core. Single crystal
parsing is known as a reliable approach to determine chemical
structures, however as a matter of fact, it is still a challenge to
grow high-quality single crystals of mono-thiolated silver
clusters (despite a success of Agu (p-MBA)3o).[10] Similar
compounds analogy is helpful to ascertain the structures of
chemicals, but severl reported silver nanoparticles including
Agls;[zsa] Ag32'[26a] Agsz;[zeb'cl Ag7o'[26d] Agzsz;[zed] Ag3zo'[2681 and
Ag490[26e] are not mono-thiolated, and even the recently
reported Ag14(SC6H3F2)12(PPh3)3[27] is also not really appliable
since its composition largely differs from that of Ag;4(SG)i1.
Therefore, it is highly desirable to probe the structure of Ag,,
nanocluster by other means, in particular, to confirm whether
its staple motif is similar to that of Au25[4] and Ag44.[1ol
Previously, we have successfully concluded the existence of
Au,(SG); surfaces in glutathione-protected Au,s clusters. (28]
Herein, NMR was employed to determine the type of the
staple motif of Ag;4. The 1D NMR spectrum of Agy, is shown in
Figure 2B, as a comparison, the 1D NMR spectrum of pure
glutathione is also presented. The splitting of H-7 is expected
due to the induction of chiral carbon-6 and the revolving
restriction of C-S bond after the formation of Au-S bond,
however, this was not observed in gold nanoclusters® for the
obvious splitting of proton 3 and slight splitting of proton 4,
ascribing to that the adjacent amine group strongly adsorbs on

Nanoscale, 2015, 00, 1-7 | 3
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silver core. Interestingly, overlapped multiple peaks are found
in the chemical shift ranging from 3.6 ppm to 3.9 ppm in the
1D NMR spectrum of Ag,s. The combination of homonuclear
correlation spectroscopy (COSY) and heteronuclear single
quantum correlation (HSQC) reveals that it is due to the
quadruplication of proton-9 signal, indicating that the adjacent
—NH— and —COOH groups have interactions with proton-9 (2D
NMR details in Figure S6). Such a phenomenon was also not
observed in the NMR spectrum of gold nanocluster.”® To
probe the staple motif of Ag,s, H-7 is the focus of attention
due to it is adjacent to Ag-S binding. The 1D NMR spectrum,
together with 2D COSY and HSQC demonstrates that there is
no other splitting of proton 7 except the chiral splits, different
from the case of Auzs,[zsl excluding the possible binding mode
of —[GS;—Ag—SG,—Ag—SG,]— which would result in two pairs of
H-7 peaks at 2:1 ratio. The novel staple type Ag,(SR)s
previously found in Ag,, is also excluded in this study as it will
lead to three pairs of peaks at 1:2:2 ratio; other staple types
like Ag,(SR)n.1 (n > 3) take even smaller possibility because all
of them will produce splits distinctly different from the
experimental results in this work. The most reasonable
situation is that dominant —[GS;—Ag—S,G]- staple motifs are
adopted.[leb]

The fluorescence of silver nanoparticles[zgl has long been an
intriguing topic due to their potential application in sensing
and bioimaging, etc. Although highly fluorescent silver
nanoclusters protected by macromolecules (DNA, dendrimers,
peptides, etc.) have been extensively studied,Bo] highly
fluorescent silver nanoclusters protected by small molecules
Previously reported
studies revealed that both the ligands and the surface charge

challenge facile synthesis procedures.

on the metal core play pivotal role in the emission of thiolated
gold nanoclusters,m] but the lack of understanding of the
fluorescence fundamentals could be a key challenging the
design of efficient protocols to synthesize highly fluorescent
metal nanoclusters. Herein, it is revealed that Ag,, shows
obvious fluorescence with UV irradiation, as shown in Figure 3.
When excited at 400 nm, it exhibits a maximum emission at
640 nm with a large Stock shift. Further experiments reveal
that both the emission intensity and the emission maximum
wavelength are not influenced by the excitation wavelength in
the range of 400-490 nm, indicating the high purity and
stability of Ag,, nanoclusters. To be noted, both GSH and Ag-
SG show no obvious fluorescence in the same conditions, and
the excitation spectrum resembles the absorption spectrum
(for a comparison, see Figure S7). The fluorescence lifetimes
were determined to be 0.32 ns (+ 0.02 ns, 48.24%) and 2.72
ns (+0.14 ns,51.76%), as addressed in Figure S8. Also provided
investigation is salt effect on the fluorescence of the cluster
(see Figure S9). Note that with the concentration of NaCl
increased to 9.0 g/L, the fluorescence of Agy, is quenched by
26.7% with the maximum emission redshifted for ~10 nm.
Further lengthening the incubation time to 24 hours, another
9.9% decrease of fluorescence intensity was noted, indicating
is not essentially
influenced by the presence of salt. Ag,, shows high thermal

that the fluorescence of the cluster

4 | Nanoscale, 2015, 00, 1-7

stability in solid, and doesn’t discompose until ~ 200 °C, see
Figure S10.
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Fig. 3. Emission and excitation spectra of Agis. Inset, photographs of the clusters in
solid (or solution) irradiated by UV (b, d) or visible light (a, c).

Agi, can’t well disperse in non-aqueous solvents, however,
with the assistance of cetyltrimethyl ammonium bromide
(CTAB), it can dissolve in alcohol (including methanol, ethanol,
n-propanol and n-butyl alcohol), and it is found that the
fluorescence intensity increases with the decrease of solvent
polarity or dielectric constant (see Figure 511)[31] that is, the
highest fluorescence intensity is achieved in n-butyl alcohol
17.8), and the
intensity is acquired in methanol (dielectric constant: 33.0). On

(dielectric constant: lowest fluorescence
the other hand, the maximum emission wavelength redshifts
with the decrease of solvent dielectric constant from methanol
to ethanol, then to n-propanol (n-butyl alcohol is an except,
see Figure S11). One possible reason to explain the solvent
effect of the fluorescence intensity of Agy, is the rigidity
variety of the nanocluster surface in different solvents (the
hydrophilic ligand becomes rigid in non-polar
environment): with the decrease of solvent polarity, the
surface rigidity of Ag,, increases, leading to the decrease of
non-radiative transition and the increase of the fluorescence

surface

intensity as a result. B4 Considering that the fluorescence
intensity of Ag,, is dependent on the polarity of medium, we
deem that the fluorescence intensity of Ag,, in cell is even
higher than that in water, and speculate that the silver
nanoclusters could label the cell for imaging. A549 cells,
adenocarcinomic human alveolar basal epithelial cells, were
used to investigate the intracellular location of Ag,,. As results,
bright red fluorescence was observed in the living cells under
the one-photon excited confocal microscopy (see details in
Supporting Information, Figure S12), in strong contrast to the
case without the labeling agent (Figure S13). It should be
noted that the as-prepared nanoclusters accumulated in the
cancer cells bear no surface modification or conjugation,[32'33]
revealing that Ag,, has good penetrability in A549 cells. Two
reasons likely explain the good penetrability of Ag,,: one is due
to the ultrasmall size (~¥1nm) which reduces the spatial
membrane compared with big
particles, and the other is that the unique physicochemical
properties of surface small molecule benefits the penetration

hindrance from the cell

This journal is © The Royal Society of Chemistry 2015
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of Agy, through cell membrane.®* These two merits may also
do good to the transportation of Agy, in living cells. Confocal
microscopy shows uniform fluorescence intensity inside the
living cells, indicating that Ag,4 not only stain the cell surface,
but also well disperse inside the cell (including the cytoplasm
and nucleus). Internalization of the Ag4(SG).1 silver clusters in
living cells indicates potential applications not only in labeling
cells to investigate extracellular dynamics but also in carrying
drugs for cancer therapy. It is worth noting that although Agy,
can well disperse in A549 cells, it can aggregrate outside
human-hamster hybrid (A(L)) cells (see Figure S14), indicating
some specificity of Agi, toward cell imaging. Here we
emphasize on the cytotoxicity of the Ag,, nanoclusters in A549
cells, evaluated by wusing a 5-dimethylthiazol-2-yl-2,5-
diphenyltetrazolium bromide (MTT) colorimetry method.
Figure 4 shows the viability of cells labeled with five different
concentrations of Agy, clusters (0, 12.5, 25, 50, and 100 pg/ml)
compared with the results of AgNO;, GSH, Ag-GSH complex,
and 8 nm silver nanoparticles by using the same manner and
incubated at 37 °C. After 24 hours incubation, cell viability was
still ca. 98% (£ 7.9%) in high Ag,, concentration up to 100
pg/ml, which indicates the very low cytotoxicity of Ag,
nanoclusters.

It is well known that silver nanoparticles and silver ions are
toxic due to their oxidation ability and/or relative large
electron affinity.[34'37] Systematic investigations of the
cytotoxicity for different silver species including Ag,4, AgNO;,
Ag-GSH complex, and 8 nm silver nanoparticles have also been
done in this study, for the results, see Figure 4e. In order to
better understand the low cytotoxicity of Ag,, nanoclusters,
we need to emphasize that the biocompatible glutathione
doesn’t exhibit cytotoxicity, and experimental results indicate
that Ag-GSH complex doesn’t show obvious cytotoxicity with
the concentrations up to 0.572 mmol/L due to the stability of
silver ions by glutathione. Therefore it is reasonable that the
glutathionate-protected Ag,, nanoclusters doesn’t show
obvious cytotoxicity even in higher concentration (200 pg/ml,
i.e. 0.572 mmol/L on silver atom basis). The reason why large-
sized silver nanoparticles are toxic probably imputes to two
facts:®”! one is lower S/Ag atomic ratio (e.g., 1:3 for ~8 nm
nanoparticles vs. 11:14 for the Ag,, nanoclusters) allowing
toxic redundant/released silver ions to interact with cells, the
other is the stronger oxidation ability of large nanoparticles
compared with the small silver clusters (a comparison of Ag3d
binding energies for 8-nm nanoparticles and Ag,, nanoclusters
is provided in Supporting Information, Figure 516).[38] It is
extremely meaningful to investigate the possibility of silver
nanoclusters as viable alternatives to state-of-the-art labeling
materials in terms of cytoxicity and photobleaching lifetime.
Figure S17 shows the cytotoxicity comparisons of Ag,
nanoclusters with CdTe/ZnTe %] and cdse quantum dots,ng]
and distinctly demonstrates that Ag,, is less toxic than the
investigated quantum dots. The photobleaching lifetime
comparison between Ag,, and Hochst 33342 and Acridine
orange (see Figure S18) also shows that Ag,, is of better
performance than the widely used organic fluorophores in
terms of photobleaching lifetime.*” Taken together, these

This journal is © The Royal Society of Chemistry 2015

facts unambiguously suggest that the as-prepared silver
nanoclusters is of potential biomedical applications.
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Fig. 4. (a) Viability of A549 cells at various concentrations of Agy4; (b) A comparison of
the viability of A549 cells in Agjs, AgNOs, GSH, Ag-GSH complex, and 8 nm silver
nanoparticles. The concentrations of Agysis 50 ug/ml(left), 100 ug/ml(middle), 200
ug/ml(right), respectively. For AgNOs, Ag-GSH complex and 8 nm silver nanoparticles,
the silver atom molar concentrations in every species are same to those of Agi, from
left to right pillar, respectively; For GSH, the molar concentrations was adjusted to the
same with those of glutathione ligand in Agy4 from left to right pillar, respectively.

In summary, a silver nanocluster Ag,, was synthesized by a
one-pot one-cluster fashion after subtly tuning the reaction
kinetics and thermodynamics. The nanocluster composition
was determined by isotope-resolved ESI-MS combined with
other analyses, and the structure was probed by 1D NMR
spectrum together with 2D COSY and HSQC. The fluorescence
properties of Ag,, were also investigated, pertaining to the
medium-dependent emission intensity. Importantly, Ag,, was
successfully applied to Ilung cancer (A549) imaging,
representing for the first time to image cells labeled with
small-molecule-protected silver nanoclusters. Furthermore, it
was found that Ag;, nanoclusters have low cytotoxicity
compared with some other silver species (including silver salt,
silver complex and large silver nanoparticles), and the
explanation was provided. The comparisons of silver
nanoclusters to state-of-the-art labeling materials in terms of
cytoxicity and photobleaching lifetime were also conducted.
The multiple merits such as facile synthesis, red-emission,
favorable penetrability, ultrasmall size, good biocompatibility
and long photobleaching lifetime make Ag,, very promising for
a wide range of potential applications.
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