Few-Atom Silver Clusters as Fluorescent
Reporters
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Abstract Silver clusters, composed of only a few silver atoms, have remarkable
optical properties based on electronic transitions between quantized energy levels.
They have large absorption coefficients and fluorescence quantum yields, in com-
mon with conventional fluorescent markers. But importantly, silver clusters have
an attractive set of features, including subnanometer size, nontoxicity and photo-
stability, which makes them competitive as fluorescent markers compared with
organic dye molecules and semiconductor quantum dots. In this chapter, we review
the synthesis and properties of fluorescent silver clusters, and their application as
bio-labels and molecular sensors. Silver clusters may have a bright future as
luminescent probes for labeling and sensing applications.
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1 Introduction

Luminescence of silver by quantum confinement has been known for several decades
e.g., silver clusters in zeolites [1-3], in cryogenic noble gas matrices [4, 5], in
inorganic glasses [6—8] and in silver oxide films [9-11]. In the 1980s and 1990s, silver
clusters could be prepared in aqueous solution, often using radiolysis, however they
were rather unstable and their luminescence was not reported [12—14]. For example,
Henglein wrote about “long-lived” silver clusters that live “for many hours” [14, 15].
Obviously, for many practical applications a lifetime of hours is not sufficient. Stable
aqueous solutions containing small silver clusters and their luminescence were
reported in 2002 in the pioneering work by Zheng and Dickson [16]. Meanwhile,
silver clusters have gained importance [17], and basically two kinds of applications
have been explored: (1) their use as fluorescent labels for microscopic imaging, and (2)
their use as fluorescent probes in molecular sensing.

In general, silver clusters in solution are prepared by reduction of silver ions.
Proper scaffolds, e.g., DNA, proteins, dendrimers and polymers, are essential to
prevent the aggregation of clusters to larger nanoparticles. Although it is clear that
the emission originates from few-atom silver clusters, many aspects of this exciting
class of nanoscopic metals are not yet fully understood.

Current fluorescence applications mostly involve organic fluorophores (e.g.,
rhodamine dyes) or semiconductor quantum dots (e.g., CdSe), both have their
own weaknesses and strengths (see Table 1). For example organic fluorophores
exist in a wide range of chemical structures and spectral properties; however, their
main weakness is that they are prone to photobleaching. On the other hand,
semiconductor quantum dots are photostable; however, their large physical size
may hinder their use as fluorescent reporters of binding events and, in addition, they
are toxic, which may compromise their use for in-vivo applications. Silver clusters
combine their positive properties. They are extremely bright, photostable, and
nontoxic, have a subnanometer size, and do not blink at time scales relevant for
biological applications (0.1 ms—1 s) [18, 19]. These properties allow their use even
in single-molecule studies [19]. Recently, Ras et al. demonstrated that silver

Table 1 Comparison of silver clusters with conventional fluorophores [18]

Silver clusters Organic dyes Semiconductor quantum dots
Size <1 nm ~1 nm 10-20 nm
Photostability Stable Bleaches Stable
Toxicity Nontoxic Toxic/nontoxic Toxic

Blinking No Yes Yes
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clusters exhibit electrogenerated chemiluminescence (also called electrochemilu-
minescence) [20]. In summary, silver clusters have an appealing set of features that
complements the conventional fluorophores.

In this chapter, we discuss first how the silver clusters relate to silver atoms and
silver nanoparticles. Then we overview the formation of fluorescent silver clusters
in aqueous solution, using silver salts as precursors and various scaffolds as
stabilizers. Finally we discuss applications of silver clusters in fluorescent labeling
of biological tissues, and their use as fluorescent probes for sensing of molecules.

2 Metal Clusters: The Missing Link Between Single Atoms
and Plasmonic Nanoparticles

The behavior of metals goes through several noticeable transitions when their size
is varied (Fig. 1). Metals of macroscopic dimensions, such as silver jewelry and
copper wires, have a mirror-like luster and are good electrical conductors. This

Metal Metal Metal
Atom Cluster Nanoparticle

0.1 nm 1rm 10 nm 100 nm 1 pm 10 um

Size-quantized
electronic transitions

Fig. 1 The effect of size on metals. Whereas bulk metal and metal nanoparticles have a continuous
band of energy levels, the limited number of atoms in metal clusters results in discrete energy
levels, allowing interaction with light by electronic transitions between energy levels. Metal
clusters bridge the gap between single atoms and nanoparticles. Even though in the figure the
energy levels are denoted as singlets, we must remark that the spin state of the silver clusters is not
yet firmly established
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behavior finds its origin in that the atoms in bulk metal share their valence electrons
into a homogeneously distributed sea of freely moving electrons. In bulk metal, the
energy levels of the electrons are squeezed to such an extent that they appear as a
continuum. As metals do not have a band gap between the valence band and the
conduction band, electrons do not experience a barrier to populate the conduction
band. In bulk, the scattering of the electrons is determined by the electron mean free
path, which is 52 nm in the case of silver [21].

When the size of metals is comparable or smaller than the electron mean free
path, for example in metal nanoparticles, then the motion of electrons becomes
limited by the size of the nanoparticle and interactions are expected to be mostly
with the surface. This gives rise to surface plasmon resonance effects, in which the
optical properties are determined by the collective oscillation of conduction elec-
trons resulting from the interaction with light. Plasmonic metal nanoparticles and
nanostructures are known to absorb light strongly, but they typically are not or only
weakly luminescent [22-24].

Further reduction of the particle size down to 1 nm or less leads to breaking up of
the band structure into discrete energy levels because the number of atoms becomes
limited. The metal at this small scale is called a metal cluster and is not a conductor
any more, as the energy levels are too far separated. Therefore, the collective
oscillation of electrons is also obstructed and the metal cluster is not plasmonic.
Interaction with light is still possible though, via electronic transitions between the
energy levels, similar as in organic dye molecules. The metal clusters have a
molecule-like behavior. The physics behind few-atom metal clusters is well described
in the review by Dickson and coworkers [25]. The nanoclusters of gold and their
biolabeling applications are described in the chapter of Muhammed and Pradeep [78].

3 Terminology

The materials described in this chapter are denoted in the literature mostly as “metal
clusters” or “metal nanoclusters”. However, the terminology “metal clusters” spans
various scientific disciplines and has consequently multiple meanings, including
plasmonic nanoparticles and various nanosized metallic structures. Therefore alter-
native names have been given, although they are at the moment supported only by a
fraction of the scientific community: quantum clusters [26], nanodots [27], metal
quantum dots [25] and superatoms [28].

A clear, commonly accepted terminology to describe few-atom subnanoscale
metals exhibiting quantized energy levels is lacking. The lack of a coherent
terminology leads to confusion and may hamper development. In this chapter, we
restrict the term “metal cluster” to describe few-atom metals with discrete energy
levels, and use “metal nanoparticle” for particles that have surface plasmon reso-
nance effects (approximate size range between 1 and 100 nm).

The quantized silver clusters can be considered as “metal quantum dots”,
because these are zero-dimensional materials where the band gap is formed by
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quantum confinement. The silver clusters can also be considered as a “superatom”,
since they may have a clear valence electron shell structure, similar as the electrons
in ordinary atoms.

4 Synthesis of Fluorescent Silver Clusters in Various Scaffolds
and Their Application as Bio-Labels

Silver clusters in solution are prepared by reduction of silver ions in the presence of
proper scaffolds, including DNA, proteins, dendrimers and polymers. The scaffolds
typically have multiple groups that allow strong interaction with silver ions, such as
complexation with DNA bases or ionic interactions with acrylate polymers. The
formation of clusters requires suitable conditions to avoid aggregation of the
clusters into larger nanoparticles, such as the initial ratio silver:scaffold, the overall
concentration, or the type of reductant. Even though many recipes exist for silver
clusters in solution, it is not yet understood why the accumulation of silver atoms
stops at the size of few-atom clusters. The reduction of silver ions to silver clusters
is carried out mainly by two methods, by using a chemical reductant, for instance
sodium borohydride, or by photoactivation, i.e., reduction initiated by ultraviolet
light [29, 30] or visible light [9, 31]. Furthermore, recent developments and
potential applications of fluorescent silver clusters as fluorophores in the field of
bio-imaging will be described.

4.1 DNA Oligonucleotides

The strong attraction of silver ions for DNA bases allows the use of these as
templates for the formation of silver clusters (Fig. 2a), but special care is needed
to avoid the formation of larger nanoparticles [33-39]. It is known that silver ions
bind preferentially the heterocyclic bases and not the phosphates [40—42] and prefer
the single-stranded DNA (ssDNA) over the double-stranded DNA [43-45].

In this section, the complexity encountered in the design of a proper oligonucle-
otide as template for the formation of highly luminescent and very stable silver
clusters will be shown. Some of the templates discussed in literature are summar-
ized in Table 2.

The first silver clusters made using DNA as template were reported by Dickson
et al. in 2004 [32]. The paper describes the time-dependent formation of silver
clusters in a 12-base (5'-AGGTCGCCGCCC-3’). The clusters have intense absorp-
tion in the region 400-550 nm (Fig. 2b) and emission at around 630 nm. The latter
band could be decomposed as the emission bands of two distinct excitations at 540
and 580 nm, indicating the existence of two different emitters. As the clusters do not
have inherent chirality, the induced circular dichroism associated with the silver
cluster electronic transitions is evidence that the clusters are bound to DNA (Fig. 2c¢).
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Fig. 2 (a) Schematic of the formation of silver clusters using DNA oligonucleotide as scaffold.
After complexation of DNA with silver cations, the mixture is reduced with NaBH, and the
fluorescent cluster is formed. (b) Absorption spectra of silver clusters acquired every 30 min using
[5-AGGTCGCCGCCC-3'] = 10 uM, [Ag*] = 60 uM, and [BH4 ] = 60 pM. The foremost
spectrum was acquired 9 min after adding the BH, ", and it has A, at 426 nm. The inset spectrum
shows the last spectrum in the series (692 min), with peaks at 424 and 520 nm. (¢) Induced circular
dichroism spectra. The cell path length was 5 cm. The spectra were collected 2 min (A, dashed-
dotted line), 20 min (B, dotted line), 40 min (C, fine dashed line), 60 min (D, coarse dotted line),
and 150 min (E, solid line) after adding the BH, ™ [32]

Although the final stoichiometry of the solution was 2:1:1 in bases:Ag™:BH, ™, the
complexes formed have a maximum of 4 Ag” or 4 Ag atoms per DNA strand, as
demonstrated by electrospray ionization mass spectrometry. This stoichiometry was
explained as an end-effect of the short oligonucleotide. Moreover, 'H NMR indi-
cates that silver interaction with cytosine base is stronger than with other bases.
This was the starting point of further studies on the formation of silver clusters
in oligonucleotides, for example in a 12-mer cytosine (5'-CCCCCCCCCCCC-3;
also denoted as dC,,). Using the same stoichiometry, 2:1:1 in bases:Ag™:BH, ",
emission spectra recorded at various excitation wavelengths reveal the presence of
multiple electronic transitions with emissions centered at 485 nm, 525 nm and
665 nm, this last one, from two different excitations (Fig. 3a). The evolution in
time after addition of the reductant shows an isosbestic point with a decrease in the
emission band at 665 nm and an increase of the bands at ~500 nm, suggesting a
chemical transformation between the emitters, at least at pH lower than 10



Few-Atom Silver Clusters as Fluorescent Reporters 313

Table 2 Oligonucleotide sequences used as templates for the formation of silver clusters

Template sequence Emission max (nm) D (%) Ref.
5'-CCCTTTAACCCC-3' 485 - [46]
5'-CCCTCTTAACCC-3' 520 16.3 [46]
5'-CCCTTAATCCCC-3' 572 28.2 [46]
5'-CCTCCTTCCTCC-3’ 620 324 [46]
5'-AGGTCGCCGCCC-3' 630 - [32]
5'-CCCATATTCCCC-3' 660 18 [47]
5'-CCCTATAACCCC-3’ 680 37 [47]
5'-CCCTAACTCCCC-3' 710 31 [47]
dC, 700, 665, 485, 525 17 [19, 48]
dC4T4Cy 495 - [49]
dT4C4Ty 475 - [49]
dT |, 540 - [49]
dCyy 634 - [50]
TATCCGTCC-GCA 648 - [45]
/C_G N
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Fig. 3 (a) Fluorescence emission spectra (bottom axis) as a function of the excitation wavelengths
(right axis), for silver clusters prepared with the molar ratio dC,:Ag*:BH, ™~ of 1:6:6. The spectra
were acquired 4.5 h after adding the BH, . The dominant emission band occurs at (IV) J., = 580
nm/Ze,m = 665 nm. Three other bands occur at (I) 1., = 280 nm/A.,, = 665 nm, (I) 4., = 340
nm/2em = 485 nm and (III) Z, = 440 nm/Aer, = 525 nm. (b) Time evolution of the fluorescence
emission spectrum using J.x = 280 nm, which excites both the red- and green-emitting species.
The isosbestic point at 615 nm, results as the intensity at 495 nm increases, while the intensity at
670 nm decreases. Spectra collected every 30 min starting 3 h after adding the BH, ™ [48]
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(Fig. 3b). The conversion of red emitters into green emitters with time was
explained as an oxidation reaction confirmed by the addition of extra reductant,
which leads to the transformation of green emitters into red ones [48].

There are several publications describing the role of DNA bases and base
sequence on the formation of fluorescent silver clusters. The different bases have
different affinity for silver and the different base-silver cluster interaction produces
different emissions. For a given DNA strand, every particular base sequence creates
a different environment for the clusters and consequently a different emission. For
instance, Petty et al. have studied the influence of thymine (T) and cytosine (C)
bases by playing with their combinations in oligonucleotides [49]. Fluorescent
silver clusters formed in dT, and dT4C4T4 have similar properties. The emission
intensity increases with pH having a midpoint at pH 9.5, which is close to the pK, of
the N3 of thymine indicating that the deprotonated thymine forms a complex with
the fluorescent silver clusters. In nitrogen atmosphere, nonfluorescent clusters are
formed, whereas the presence of oxygen allows the formation of fluorescent
species, which suggests in this case that nonfluorescent species are reduced while
fluorescent ones are oxidized. A ratio bases:Ag” of 2:1 leads to a maximum in the
emission intensity when using both templates, dT,, and dT4C,T, interpreted by the
authors as the same cluster size is stabilized by both oligonucleotides. Silver
clusters show similar excitation maxima, but different Stokes shifts, pointing out
the role of the bases and their influence on the environment of the clusters and
therefore on the optical properties of the clusters. In the case of more cytosine-rich
oligonucleotides such as dC,T4C, similar properties were found but an additional
emitter was formed here, a red emitter.

Dickson et al. carried out a high-throughput analysis of 12-mer DNA strands and
found that the cluster properties are highly sequence-dependent, claiming that
discrete sequences lead to well defined silver clusters sizes and hence to distinct
emission properties ranging from visible to near-IR [46]. Three long-wavelength
emitters, yellow, red and near-IR, were prepared in oligonucleotides and presented
as good candidates for their use as single molecule biolabels (Fig. 4). The synthesis
of each of the emitters in oligonucleotides does not follow a general procedure,
since the optimal synthetic conditions differ for every case, for instance regarding
the use of buffered or unbuffered solutions and pH closer to 5 or to 8. However, the
efforts are rewarded since silver clusters protected by oligonucleotides present
many advantages, especially those emitting in the near-IR. For instance, these
clusters can be excited with low energy, which is beneficial for the photostability
of the clusters and preserves the chemical stability of the scaffold. Moreover,
biological samples have low background fluorescence signals in the near-IR,
providing high signal-to-noise ratio. These silver clusters present large absorption
coefficients and quantum yields exceeding 30% (Table 2). Compared to cyanine
dyes, these emitters have higher emission intensities (1,500 and 2,500 counts/s for
cyanine dyes and clusters respectively, Fig. 5) and longer lifetimes (decay to 1/e
emitters in 9 and 580 s respectively) [46]. They do not blink in relevant timescales
(0.1-1,000 ms) and the dark-state lifetime of 30 ps can be reduced to less than 10 ps
by increasing the intensity of the excitation [19].
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Fig. 4 Steady-state excitation and emission spectra for five distinct ssDNA encapsulated Ag
clusters. (a) Blue emitters created in 5'-CCCTTTAACCCC-3/, (b) green emitters created in 5'-
CCCTCTTAACCC-3, (¢) yellow emitters created in 5'-CCCTTAATCCCC-3, (d) red emitters
created in 5'-CCTCCTTCCTCC-3', and (e) near-IR emitters created in 5'-CCCTAACTCCCC-3'.
(f) Pictures of emissive solutions in (a)—(d) [46]

Fig. 5 (a) Image of single IR-emitting dC;,—Ag, molecules in a poly(vinyl alcohol) (PVA) film.
(b) Image of single Cy5.29 molecules in a PVA film. The image dimensions are 40 x 40 um, and
imaging conditions of (a) and (b) are identical [19]

Recently it was shown that optical modulation of the silver cluster fluorescence
could allow extracting weak signals from extremely fluorescing backgrounds. The
method consists in coillumination with an intensity-modulated secondary laser
(excitation ~800 nm) and produces a photobrightening of higher energy cluster
emissions by depopulation of the dark state without increasing the background
(Fig. 6a, b) [27]. In this way, silver clusters with emission at ~710 nm (upon
excitation at 633 nm) can be distinguished from background signals created by
autofluorescence (Fig. 6c, d) or dyes (Cy5) (Fig. 6e, f) [27].
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Additional studies confirmed the sequence dependency on the generation of
fluorescent silver clusters when using scaffolds of 19 bases, with a shape of a
hairpin or containing two single-stranded (C or G rich) sequences bound by two
base pairs (Table 2). In this case, the authors claim that based on mass spectra, silver
binds with comparable affinities to chemically similar sites on C and G bases. The
reason for the differences in the emission peaks might be the unique local environ-
ment offered by different base stacking between the two strands or by distinct of the
strand, since the incorporation of silver in the loop of the hairpin is more difficult
than in the open geometry. The discrepancy regarding the silver-oligonucleotide
affinity described by various groups could be also explained considering the
different relative concentrations used in the experiments. Authors claiming higher
affinity of silver for cytosine have used 0.5 silver per nucleotide, whereas authors
claiming similar affinities for cytosine and guanine have used 0.29 silver per
nucleotide and the preferences of silver might be different at different ratios [43,
44,51, 52].

The fluorescence properties and stability of silver cluster in hairpins were
reported to be related to the number of cytosines in the loop (varying from 3 to 12
cytosines) [53]. However, as a general rule, red emitters were brighter than green
emitters. Further specific studies on the 9C loop show that the red emitter corresponds
to Ag;3:DNA and the green emitter correlates with Ag;;:DNA. A great advantage of
silver clusters encapsulated in hairpins is that they are bright enough to be imaged by
using an epifluorescence microscope.

The high fluorescence quantum yield of DNA-encapsulated silver clusters
(g > 30%) [46, 50] makes them good candidates as fluorophores in cell imaging.
Aiming the application for cell imaging, the DNA-encapsulated silver clusters were
prepared as described before but using a longer strand, a 24-mer oligocytosine
(dC,4), linked to a protein, avidin. The presence of avidin does not affect the chemical
or photophysical stability of the clusters (emission maximum at 634 nm, excitation at
580 nm, fluorescence lifetime of about 2.86 ns and remarkable brightness).

First results in this research showed that biotinylated fixed cells became fluores-
cent upon staining with avidin-dC,4-Ag clusters (Fig. 7a, b). However, in the case
of living cells, loading with avidin-dC,4-Ag clusters produces bright spots, indicat-
ing endocytosis (Fig. 7c). The results were quite different when using an antibody,
heparin sulfate (HS) instead of avidin. HS-dC,4-Ag clusters can penetrate the cells
when incubated at 37°C showing fluorescent nuclei (Fig. 7d—f) [50].

4.2 Proteins and Peptides

A commonly used staining method for the cell nucleolus is based on silver
nanoparticles [54]. The proteins of the nucleolus, such as nucleolin, are known to
have high affinity to silver ions due to their amino-terminal domain. Subsequent
reduction leads to the formation of the silver nanoparticles stain. In spite of all the
efforts, a general and definitive conclusion regarding the attraction between silver
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Fig. 7 (a)—(c) Fluorescence images of NIH 3T3 cells stained with Avidin-dC,4-Ag. (a) Fixed
cells, biotinylated. (b) Fixed cells, nonbiotinylated. (c¢) Live cells, biotinylated. Images were
recorded on a Zeiss Axiovert 200 microscope with a CoolSNAP CCD camera (Roper Scientific).
Scale bar 30 pm. (d)—(f) Fluorescence images of live NIH 3T3 cells stained with anti-HS-dC,4-Ag.
Live cells incubated with anti-HS-dC,4-Ag at 37°C for 6 min (d, bright field; e, silver clusters;
f, merge). Images were recorded on Zeiss LSM 10 confocal microscope. The fluorescence images
were taken at 543 nm excitation. Scale bar 25 um [50]

ions and peptides cannot be easily extracted. In addition to the silver binding amino
groups, some authors have demonstrated higher degree of silver binding in peptides
rich in proline and hydroxyl residues [55], whereas others showed a preferential
affinity of silver for methionine-containing peptides compared to their nonmethio-
nine containing counterparts [56].

In 2007, Dickson et al. found that it is possible to stain fixed cells with
fluorescent silver clusters instead of silver nanoparticles by tuning the staining
conditions [57]. The new approach consists of staining fixed cells with a low
concentrated silver nitrate solution 20—100 mM, within 20 h at ambient conditions,
and reducing the silver by photoactivation, with the result of small silver clusters
that present a broad emission band between 500 and 700 nm (Fig. 8a—d). The
discovery that fluorescent silver clusters can be generated by photoactivation of
cells fed with silver salt, opens up new paths for the application of silver clusters in
biological systems.

Besides the formation of luminescent silver clusters in fixed cells, likely due to
the presence of proteins, fluorescent silver clusters have been synthesized using
proteins as templates. In 2008, Pal et al. reported on the use of an enzyme, bovine
pancreatic a-chymotrypsin (CHT) as biotemplate during the chemical reduction of
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Fig. 8 Emission from formaldehyde-fixed NIH3T3 cells loaded with 100 mM silver nitrate for
20 h. (a) Fluorescence image; the inset is the intensity profile along the line drawn across the cell.
(b) Merge of (¢) and (d). (¢) Emission from RNASelect fluorescence (green channel); (d)
Emission from silver clusters (red channel); Scale bar 30 um [57]

silver ions to produce well dispersed and stable solutions of protein-conjugated
fluorescent silver clusters [58]. The protein-protected silver clusters show emission
at 680 nm when excited at 500 nm. The molar ratio of CHT:Ag":BH,~ was
1:10:100, where the large excess of NaBH, provokes two adverse effects in the
system. A first consequence of the excess of NaBHy, is that the reductant cleaves
disulfide bonds inducing denaturation of the protein. Partial reconstitution of the
protein was achieved with efficient oxidation, by dialyzing the sample against water
of pH 8.0-8.5 for 24 h in aerated conditions. The functional integrity of the protein
was confirmed by studying the enzymatic activity on a substrate Ala-Ala-Phe 7-
amido-4-methyl coumarin. The enzymatic activity of CHT-Ag was retarded by
2.8 times compared to the activity of native CHT. The origin of the retard might be
the reduction and oxidation processes since reconstituted CHT presents similar
delays. This indicates that silver clusters are not located in the enzymatic active site
of CHT. A second event caused by the excess of sodium borohydride is the increase
in the pH and a subsequent aggregation of the protein. However, the aggregation
might be reversible by lowering the pH with an exhaustive dialysis against pure
water.

Prior to these findings, in 2005, fluorescent silver clusters in combination with a
fluorophore, thioflavin T (ThT), were already used to image proteins [31]. Silver
clusters were prepared by photoreduction at ~330 nm of solutions containing ThT
and Ag"*. The emission band centered at ~450 nm grew by fivefold when ThT:Ag*
was 100:1 and by 50-fold when the ratio was 1:1 (Fig. 9a, b), suggesting the enor-
mous effect of silver. The authors proposed that the emission observed is originated
by both, intrinsic formation of fluorescent silver clusters (when the samples were
irradiated at 500 W/cmz) and by metal-enhanced fluorescence of ThT (with irradi-
ation at 1 W/cm?). Amyloid fibrils stained with ThT-Ag clusters present a time-
dependent increase of fluorescence with no photobleaching after 24 h of illumina-
tion at 475 nm (500 W/cm?) in contrast to ThT-stained fibrils, which have a rapid
decay of fluorescence (Fig. 9c¢). With this method, the authors managed also to
image a single fibril and claim that the luminescence produced by ThT-Ag clusters
is at least 100-fold higher than the luminescence reported in photoreduced silver
clusters formed in water solution with dendrimers [16] or in Ag,O films [9].
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Fig. 9 Epifluorescence microscopy images of the amyloid fibrils of PrP 90-231 (1 uM), stained at
room temperature with (a) ThT alone (10 pM) (exposure time 1.6 s), and (b) with preformed ThT-
Ag clusters (exposure time 0.02 s). ThT-Ag clusters were preformed by irradiation of aqueous
solutions of ThT (10 puM)/AgNO; (I uM) at 312 nm for 3 min. Scale bars = 10 pm. (c)
Photobleaching kinetics of the fibrils stained with ThT (black line) vs. photoactivation kinetics
of the fibrils stained with ThT-Ag clusters (red line). Data collected from a 5 pm x 5 pm area and
normalized to the intensity measured at zero time [31]

Taking advantage of the well-established affinity of silver cations for proteins as
shown before in the case of nucleolin and due to the importance of nucleolin in
actual investigations [59, 60], synthetic peptides derived from nucleolin were used
as scaffolds for the formation and protection of fluorescent silver clusters [57]. The
earliest peptide mentioned in literature as template for the formation of fluorescent
silver clusters was the histidine-rich AHHAHHAAD, but synthesis and optical
properties were only briefly described since that was not the main topic of the
publication [61]. The first detailed study of peptides as scaffold [57] describes
oligopeptides that contains 15—18 amino acids, including the most abundant amino
acids in nucleolin, like glutamic acid (E), lysine (K), and aspartic acid (D) as well as
cysteine (C), which is minor in nucleolin but it is known to bind silver [62]. The
resulting peptide allows formation of silver clusters by reducing a silver solution
(0.22 mM in peptide, 0.37 mM in AgNOj3) with sodium borohydride (18 mM). But
this peptide was not very effective as a stabilizer since it offers to the clusters a
chemical lifetime of only 3 days. To overcome this problem other peptides were
created. The tested peptides contain 18 amino acids, including D, C and K but also
histidine (H) and asparagine (N) or leucine (L). The peptide capable of stabilizing
silver clusters during 5 weeks had the sequence “HDCNKDKHDCNKDKHDCN?”,
and the silver clusters produce fluorescence at 630 nm when excited at 400 nm.
Giving a closer look to the composition of this peptide, one can notice that it is far
from the composition of nucleolin, for instance, it contains three histidines (H) and
three cysteines (C) which are minor constituents in nucleolin (~ 0.1% each) and
also three asparagines (N) (~3% in nucleolin) [63]. Although this peptide and its
use as scaffold in the synthesis of silver clusters represent a great advance in the
field, the different composition compared to nucleolin, clearly points to the lack of
understanding of the basics of cluster synthesis and calls for more exhaustive
research to identify both, the mechanism of formation of silver clusters in peptides
and the requirements for their stabilization.

A remarkable contribution regarding the use of peptide-protected fluorescent
silver clusters in biological systems came with the insertion of fluorescent silver
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Fig. 10 (a) Fluorescence image of methanol-fixed NIH3T3 cells loaded with peptide encapsulated
silver clusters for 1 h at room temperature. (b) Time profile of the time series images of cell stained
with silver nitrate showing the fast silver cluster emission centered in the nucleus at short times
with a maximum at 320 nm. Note that black indicates an intermediate intensity level in this color
scheme [57]

clusters in living cells. Living cells can be loaded with peptide-encapsulated
silver clusters even at low temperature, and the cells show evenly distributed silver
clusters emission indicating that clusters do not penetrate in the cells by endocyto-
sis. In fixed cells, there is an additional strong staining in the nuclear region
(Fig. 10a). The lifetime of silver clusters protected by peptides is similar to the
lifetime of fluorescent silver clusters formed in cells, and has two components, one
fast of 220 ps (33%) and one slow of 1,760 ps (67%). The fast component allows
high signal-to-noise ratio, minimizing contributions from autofluorescence or other
added dyes when using picosecond-gated microscopy (Fig. 10b). As a disadvan-
tage, the peptide-encapsulated silver clusters have still relatively low fluorescence
quantum yield, about 3% [50].

4.3 Polymers and Dendrimers

The first reported water-soluble fluorescent silver clusters were prepared in den-
drimers, by Dickson et al. The combination of second-generation OH-terminated
poly(amidoamine) (PAMAM) dendrimer (16 OH per dendrimer) and irradiation
with blue light (30 W/cm?, ~6 s) transforms a 1:3 dendrimer:Ag* (OH:Ag" 1:0.19)
solution into a highly luminescent solution containing silver clusters encapsu-
lated in dendrimers [16]. The silver clusters after more than 30 min of continuous
excitation (~500 nm, 300 W/cm?) keep still about 80% of their fluorescence
intensity providing a good photostability. Further studies showed that silver clusters
prepared in dendrimers have the similar level of cytotoxicity than that of the
corresponding dendrimers. For instance, the NH,-terminated PAMAM and its
succinamic acid-derivative show cytotoxicity only at high concentrations (1 puM),
and cells incubated with their silver nanocomposites show intracellular
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fluorescence which could make these composites suitable for applications as
biomarkers [64] although the composite size is quite large, between 3 and 7 nm.
Goodson et al. reported on the fluorescent properties of gold clusters prepared using
PAMAM dendrimers [65].

Microgel particles (220 nm) of poly(N-isopropylacrylamide-acrylic acid-2-
hydroxyethyl acrylate) (poly(NIPAM-AA-HEA)) were used by Kumacheva et al.
for the fabrication of fluorescent silver clusters from solutions with molar ratio
COOH:Ag of 1:1 and with UV irradiation (365 nm) [66]. The silver clusters present
an emission band at 610 nm at the excitation of 450 nm. With control reactions, the
authors determined that the presence of PAA (COOH) was decisive for the forma-
tion of fluorescent silver clusters, whereas the importance of HEA (OH) was less
obvious. Microgels respond to external stimuli like temperature, pH or ionic
strength by undergoing noticeable volume changes that influence the optical prop-
erties of silver clusters. A high pH (~8) favors deprotonation of the COOH groups
and swollen microgel particles, which lead to a higher emission intensity of the
silver clusters. The irradiation conditions were a bit different from the conditions
reported in PAMAM: weaker UV source (0.3 W/cm?) and longer irradiation
(minutes) were used here.

Similarly, fluorescent silver clusters could be prepared in so called molecular
hydrogels, formed by polyglycerol-block-poly(acrylic acid) (PG-b-PAA), using a
ratio COOH:Ag of 2:1 with UV irradiation (365 nm). The emission band centered at
590 nm reached a maximum after 200 min of irradiation. The authors claim
improved photostability of the clusters since they are still luminescent even after
9 h of irradiation, but it has to be mentioned that the irradiation source was weak,
only 0.5 mW/cm?®. They claim that it is the number of arms in the star polymer
rather than the length of the arms (thus the density of COOH) that plays a crucial
role in the formation of silver clusters [30].

In a more simple and cheap way, silver clusters can be prepared in aqueous
solutions of commercially available polyelectrolytes, such as poly(methacrylic
acid) (PMAA) by photoactivation using visible light [20] or UV light [29]. Ras
et al. found that photoactivation with visible light results in fluorescent silver
cluster solutions without any noticeable silver nanoparticle impurities, as seen in
electron microscopy and from the absence of plasmon absorption bands near
400 nm (Pg = 5-6%). It was seen that using PMAA in its acidic form, different
ratios Ag":MAA (0.15:1-3:1) lead to different emission bands, as discussed in
the next section (Fig. 12) [20]. When solutions of PMAA in its sodium form and
silver salt were reduced with UV light (365 nm, 8 W), silver nanoclusters were
obtained with emission band centered at 620 nm and P = 18.6%.

As alast example on the fabrication of silver clusters, it is worth mentioning that
they can also be prepared in microemulsions, where the small droplets of water act
as nanoreactors. The surfactant used was AOT and the reducing agent was a very
mild one, i.e. sodium hypophosphite. In this manner, fluorescent silver clusters with
less than ten atoms are formed and showed planar shape when deposited onto gold
substrates, as determined by scanning tunneling microscopy [67, 68].
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4.4 Transfer of Silver Clusters Between Scaffolds

Although many individual biomolecular functions have already been studied by
labeling bioactive molecules, proteins, antibodies and DNA strands with organic
dyes and quantum dots, the extraordinary properties of silver clusters suggest that
these species might be competitive alternatives (Table 1 and Fig. 11a). Nevertheless,
silver clusters present some disadvantages in their application to biological systems.

The major issue is the formation of silver clusters in situ in the presence of the
biomolecule to be labeled. On one hand, this problem is due to the fact that only
a few scaffolds are suitable systems providing the proper environment for the
formation of these very small species and preventing the formation of larger
silver nanoparticles. On the other hand, the biomolecules might be harmfully
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Fig. 11 (a) Photostability and comparison between Cy3-labeled and silver clusters-labeled cells
under identical staining conditions. (b) Silver clusters transferred from PAA to dCy,. Left panel,
normalized excitation spectra of reaction mixture detected at 640 nm before (red ) and after (white)
the addition of dC,,, which corresponds to individual excitation spectra of PAA-Ag clusters and
dC,,-Ag clusters, respectively. Right panel, tenfold increase in the fluorescence intensity after the
addition of dC, (white); excited at 545 nm. The inset shows PAA-Ag clusters (100 mL) prepared
in a Pyrex conical flask, under 354 nm excitation. (¢)—(d) Live NIH 3T3 cells stained with
FSP-dC,, with silver clusters transfer as the last step. Merge bright-field and silver clusters
fluorescence (pseudo color red, excited at 543 nm) in cells incubated with FSP-dC,, at (¢) 4°C
and (d) 37°C [69]
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affected during the reduction of silver either by a chemical reductant or by an
irradiation source. For example, silver salts can be easily reduced by sodium
borohydride, but this reductant may also reduce other functional groups, includ-
ing disulfide bonds to sulfhydryl groups and could destabilize the folding and
function of proteins.

To overcome the difficulty of finding a proper scaffold, which provides the
required environment for the formation of silver clusters being at the same time
stable during reduction of silver, Dickson et al. proposed a new approach where
silver clusters are first prepared using a polymer and then transferred, or shuttled, to
the desired biomolecule [69]. These two steps for labeling of cellular components
introduce additional advantages to those already mentioned. For instance, the
production of silver clusters can be optimized in the first step by adding 3-(2-
aminoethylamino)propyltrimethoxy silane (APTMOS) to complex silver ions
before stabilization with the proper organic polymer, in this case poly(acrylic
acid) (PAA) [69]. The silver clusters prepared in this way have tenfold increased
emission intensity (Fig. 11b) and the formation of nanoparticles, was eliminated. In
the second step, the transfer efficiency of fluorescent clusters to high-affinity
ssDNA sequences (oligocytosines) can be as well optimized for the specific
sequence by adjusting the temperature, the pH and the buffer in the transfer step
and by varying the ratio of Ag"/APTMOS in the reduction step.

The shuttle of silver clusters from PAA to oligocytosine due to the stronger
interaction of clusters with oligonucleotides was confirmed by a pronounced shift in
the excitation spectra from 515 to 570 nm (Fig. 11b). The specific conditions
required in each system for the successful shuttle of silver clusters represent an
enhancement in the selectivity of the labeling process. Using the cluster transfer, it
is possible to produce silver clusters in a polymer and then label ssDNA or
oligopeptides [77]. In a similar manner, antibodies conjugated with ssDNA were
labeled with fluorescent silver clusters and then the antibody-DNA-Ag clusters
were applied to tag live cells. Incubation of live cells at 4°C results in cell-surface
staining (Fig. 11c) whereas incubation at 37°C results in internalization of silver
clusters and staining inside the cells (Fig. 11d).

The concept of dynamic silver clusters capable to transfer between molecules
was also pointed out recently by Ras et al. for silver clusters prepared by photo-
activation using PMAA as scaffold [20]. Every specific initial ratio of silver ions to
methacrylate unit, Ag":MAA, results in distinct spectral bands (Fig. 12a, b). Thus,
an initial ratio 0.5:1 gives an absorption band at ~503 nm, whereas a ratio 3:1 gives
a band at ~530 nm. The shuttle effect was proven when for a given silver cluster
solution with ratio 3:1 and absorption at 530 nm, a blue shift was achieved by the
addition of pure PMAA. For instance if the added amount of polymer decreases
the ratio Ag":MAA from 3:1 to 0.5:1, the new optical band will match exactly with
the band corresponding to a solution with initial ratio 0.5:1, that is 503 nm
(Fig. 12c¢). The explanation given for this blue shift was the redistribution of
the existent silver clusters in PMAA chains over the newly available PMAA
chains, in other words that the clusters shuttle from partly clusters-filled chains
to empty ones.
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Fig. 12 (a) Image of PMAA-protected fluorescent silver clusters prepared with increasing initial
ratio Ag":MAA from 0.5:1 to 12:1 and equal irradiation time. (b) Absorption spectra of the same
samples as in (a). (¢) Variation of absorption maxima of some of the samples in (a) with molar
ratio. Black arrows indicate how the absorption band shifts to the blue with the addition of extra
polymer to a fluorescent cluster solution explaining the transfer effect of silver clusters among
PMAA chains [20]

5 Silver Clusters as Fluorescent Probes for Molecular Sensors

The silver clusters can be applied as fluorescent probes to retrieve information
about the chemical environment. There are reported three classes of sensors based
on silver clusters. First, we discuss silver cluster sensors of which the fluorescence
quenches in the presence of the analyte. Second, we discuss a sensor in which
fluorescent clusters are formed only in presence of the analyte. Finally, we discuss
the shift in the absorption and fluorescence bands of silver clusters while sensing the
chemical environment.

5.1 Quenching

Quenching of silver cluster fluorescence is suitable to detect the presence of small
analytes such as cysteine [70] and metal ions [71-73]. Sensing is possible with a
low detection limit and high selectivity. Interestingly, Guo et al. show selectivity
for Hg>*, not for Cu** [72], whereas Lan et al. show the selectivity for Cu®*, not for
Hg?* [73]. This may seem at first sight a discrepancy; however, both papers use a
different DNA sequence leading to a different type of emitter. It shows that the
properties of a specific type of silver cluster cannot always be generalized to all
silver clusters. Figure 13 shows the case of cysteine detection, in which the silver



326 1. Diez and R.H.A. Ras

(D11,

FL Intensity (Normalized)

Wavelength (nm)

Fig. 13 (Left) Emission spectra of PMAA-Ag clusters in the presence of varying concentrations of
cysteine from (a) 0 to (r) 60 x 107° M. The inset displays the relative fluorescence intensity of Ag
clusters recorded at 615 nm vs. the concentration of cysteine. (Right) Fluorescence response of Ag
clusters in the presence of various o-amino acids [70]

clusters were prepared using PMAA as the scaffold [70]. As shown in Fig. 13, the
emission of silver clusters was strongly quenched by cysteine. The quenching
exhibited a good linear relationship by Stern—Volmer analysis in the range of
25 nM-6 pM. Other amino acids did not result in fluorescence quenching, demon-
strating the excellent selectivity for cysteine detection. The quenching indicates that
there is a strong interaction between the clusters and cysteine. Shang and Dong
propose that the thiol group of cysteine forms an Ag—S bond followed by oxidation
of silver by oxygen, resulting in the quenching of the fluorescence of silver clusters
[70].

5.2 Analyte-Induced Synthesis of Fluorescent Silver Clusters

The formation of silver clusters is known to be very sensitive to the local environ-
ment of the scaffold. For example, we described earlier in this chapter that in case of
DNA, the spectral properties depend strongly on the nucleotide sequence (see
Table 2). Recently Guo et al. reported on the application of silver clusters to detect
single nucleotide mutations in DNA [74]. In their paper they were able to identify
the sickle cell anemia mutation in hemoglobin beta chain (HBB) gene. A single-
nucleotide mutation (A instead of T) is responsible for the sickle cell disease. They
first synthesized a DNA strand (Str-C) that forms a duplex with a normal HBB
(Str-B) and has an additional six-base cytosine loop (C¢ loop) at two bases away
from the mutation point (See Fig. 14). The C¢ loop is the site where the silver
clusters form. When this probe DNA strand was hybridized with the normal HBB
gene, it could be used to synthesize intensely fluorescing silver clusters. However,
when the probe strand was hybridized with the mutated HBB gene (Str-A), no fluo-
rescence could be detected, indicating that the formation of clusters is prohibited.
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Fig. 14 Use of two different DNA duplexes with inserted cytosine loops working as synthetic
scaffolds to generate fluorescent silver clusters for the identification of the sickle cell anemia gene
mutation (black dots represent hydrogen bonds formed in base pairing and black dashed lines the
sugar—phosphate backbone) [74]

The duplex with the normal HBB gene has one hydrogen-bonded base pair more
than the duplex with the mutated HBB gene, and therefore the first duplex has more
double-helical region. The single-nucleotide mismatch has a significant effect on
the structure of the duplexes, which in turn strongly influences the local environ-
ment where the clusters could form.

5.3 Wavelength-Shifting

Silver clusters change color while sensing their surroundings [20, 75]. Ras et al.
have demonstrated that the absorption and emission bands of silver clusters are
tunable by changing the chemical environment, such as solvent (Fig. 15) or the
relative amount of silver ions (Fig. 12) [20]. In Fig. 15b is shown a photograph of
the clusters in a series of water—methanol mixtures. Figure 15¢ shows the fluores-
cence of the same samples under UV illumination. The absorption and emission
spectra clearly demonstrate a large solvatochromic shift without significant broad-
ening of the spectral bands (Fig. 15d, e). The principles behind the wavelength shift
are not yet known. The wavelength-shifting of plasmonic metal nanoparticles forms
the basis of localized surface plasmon resonance sensing, a technology which is
useful in detecting single molecules of chemical and biological relevance [76].
Analogously, we expect that wavelength-shifting of the fluorescent silver clusters
may lead to applications for molecular sensing.
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Fig. 15 Color tunability of silver clusters. (a) Absorption spectra in various solvents. (b) Photo-
graph under visible light and (¢) under UV light of Ag clusters in water/methanol mixtures, from
pure water on the left to pure methanol on the right. (d) Absorption and (e) emission spectra of the
samples imaged in (b) [20]

6 Conclusion

Fluorescent silver clusters that are stable in solution are a relatively new class of
materials, first reported less than a decade ago. They have optical properties based
on electronic transitions between quantized energy levels, resulting in excellent
figures of merit including high absorption coefficients and high fluorescence quan-
tum yields. In addition silver clusters have a subnanometer size, are nontoxic,
photostable and electrochemiluminescent. Silver clusters are very sensitive to the
local environment, which is put into advantage for sensing purposes. However,
their sensitivity to local environment also implies that the recipes for silver cluster
synthesis are suited only for a specific type of scaffold under specific synthesis
conditions and would require optimization to extend the recipe for a different
scaffold. In conclusion, fluorescent silver clusters have a unique set of properties
making them suitable as fluorescent reporters in labeling and sensing applications,
and in future may solve some issues related with organic fluorophores or semicon-
ductor quantum dots.
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