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Creating a versatile set of highly stable fluorophores capable
of high emission rates is crucial to advancing studies of
individual biomolecule function. While most biosystems exist
in a multitude of states, single molecule studies remove the need
for external synchronization, thereby allowing dynamics and
pathways to be directly resolved.1–4 Through direct measure-
ments of individual molecules, one can study dynamics on a
variety of time scales,5 determine transient intermediates,6 and
unravel complex dynamics.7 However, biological studies are
limited by existing fluorophores which suffer from inherent
deficiencies, most notably a lack of photostability and insuf-
ficient emission intensities,8–10 limiting study of long and short
time dynamics, respectively.

As water-soluble quantum dots have low photobleaching
quantum yields and very strong absorption, they hold promise
over organic dyes as single molecule probes.11–13 Still, they
present a number of issues when applied to biological systems,
including large physical size, strong fluorescence intermittency
on all time scales, and cell toxicity.14–16 Additionally, due to
penetration and background issues, the development of bright
emitters not only in the visible but also in the near-IR is needed
to eventually enable intracellular single molecule studies with
minimal perturbation.

We report on five distinct Ag nanocluster emitters encapsu-
lated in single-stranded DNA. Using oligocytosine scaffolds,
we have previously reported the creation of Ag nanocluster
emitters with very promising photophysical parameters,17,18 but
only in highly heterogeneous mixtures containing at least four
different inseparable species. A biocompatible complex with
optimizable strand length and base sequence, oligonucleotides
offer a convenient scaffold to tune emission based on cluster
size. As we report herein, this flexibility has enabled the creation
of five distinct and essentially spectrally pure emitters with
fluorescence tunable throughout the visible and near-IR.

Using DNA microarrays (Combimatrix) for high-throughput
analysis of 12-mer strands (attached to the substrate by a T12

linker which does not contribute to Ag nanocluster formation),
various oligonucleotides consisting of combinations of cytosine,
thymine, and adenine were analyzed to identify optimized
sequences for Ag cluster encapsulation. Guanine was excluded
due to its propensity for self-binding.19 Arrays were then imaged
at various excitation wavelengths. Emission intensities versus
pH were used to determine the best sequences for stabilizing
Ag nanocluster fluorescence (e.g., Figure 1).

The few most promising sequences stabilizing each emitter
were obtained and utilized for Ag nanocluster synthesis. Using
50 µM solutions of each oligonucleotide, a 6:1 molar ratio of

AgNO3 (Aldrich) was added. After 15 min, this mixture was
reduced with NaBH4 (Aldrich). Employing sequences identified
through these array experiments, we produced the five distinct
emitters shown in Figure 2. The two highest energy emitters
(Figure 2A,B) are only created in unbuffered solutions and
appear to be partially oxidized—further chemical reduction
transforms them into red-shifted emitters with clear isosbestic
points.20

The remaining species formed best in buffered solutions: the
yellow at a pH range of 6.5–8 (phosphate 20 mM, Figure 2C),
the red at pH 5 (citrate 20 mM, Figure 2D, stable up to pH 7),
and the near-IR at a pH range of 6.5–8 (ammonium acetate 20
mM, Figure 2E). Although array methods yielded our first
spectrally pure yellow species, parallel work has shown that
oligo length can help stabilize clusters. Consequently, a similar
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Figure 1. Emission from a DNA microarray excited with 543 nm light
showing the specificity of particular sequences for the formation of the red
emitting Ag nanocluster. These sequences were then used in bulk synthesis
to identify the oligonucleotide with the highest affinity for the formation
of the target cluster.

Figure 2. Steady-state excitation and emission spectra for five distinct ss-
DNA encapsulated Ag nanoclusters. (A) Blue emitters created in 5′-
CCCTTTAACCCC-3′, (B) green emitters created in 5′-CCCTCTTAACCC-
3′, (C) 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.
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sequence lengthened by oligocytosine (5′-AATTCCCCCC-
CCCCCCAATT-3′ at pH 7) yielded further improved photo-
physics, with quantum yield increasing by 30% for the yellow
emitter. With improved photophysics, the 5′ end similarity to
the array-identified nanocluster-binding internal sequence sug-
gests that end-binding is favorable, likely due to entropy
considerations. While near complete spectral purity has been
attained, detailed cluster size determinations await due to
incompatibility of mass spectroscopy and buffered conditions,
but all evidence indicates that all emitters are smaller than six
Ag atoms,17,20 with no nanoparticle formation. Smaller than the
∼3.3 nm hydrodynamic radius, RH, of Cy5-DNA, the RH of
ss-DNA encapsulated clusters shrinks to ∼2.5 nm.

Both the blue and green emitting species are excited at high
energy, 340 and 425 nm, respectively, and initial fluorescence
studies show a lack of photostability. However, the yellow, red,
and near-IR emitting species show great promise as potential
single molecule biolabels, as chemical stability in buffer and
photostability are drastically increased with these longer wave-
length emitters. They are stable at biologically relevant pH and
are excited with relatively low energy light, allowing for less
background fluorescence. We have previously reported near-
IR emitting single nanoclusters exhibiting constant intensity
trajectories lasting tens of minutes.21 These new spectrally pure
species behave similarly as single molecule fluorophores, as
reported herein through single molecule photostability com-
parisons with commonly used cyanine dyes (GE Biosciences).

The red emitting species and Cy3-conjugated 12-mer poly-
cytosine were separately isolated at low concentrations in
polyvinyl alcohol (PVA). Using weak green excitation from a
Hg lamp, CCD images of each were used to compare emission
intensities and photobleaching rates. A 2-D plot of intensity
versus failure time (Figure 3) for 100 molecules of each clearly
shows that the red emitting Ag nanocluster has a higher emission
rate and a significantly longer emissive lifetime than Cy3. At
these low excitation intensities, the Ag nanoclusters yield an
average of ∼2500 detected counts/s, while the Cy3 conjugated
to DNA yielded at an average detected count rate of ∼1500/s.
Similar results were obtained for the near-IR emitter compared
to Cy5 (not shown).

To achieve an accurate comparison of photobleaching, the
survival times of these same 100 molecules are plotted (Figure
3, inset). The number of red emitting Ag nanoclusters decayed
to 1/e at approximately 580 s, while the number of Cy3

molecules decayed to 1/e at approximately 9 s. These results
indicate that DNA encapsulated Ag nanoclusters represent a vast
improvement over the commonly used cyanine dyes. As shown
in Table 1, the yellow, red, and NIR emitting species show
photophysical parameters comparable or better than those of
cyanine dyes with large extinction coefficients and quantum
yields of over 30%. For these three species, the greatly reduced
bleaching and blinking21 lead to significant advantages over
existing dyes for single molecule studies. Limiting our fluo-
rescence correlation spectroscopy-based measurement of extinc-
tion coefficients, a decreased photostability and higher energy
excitation precluded full photophysical characterization of the
less-promising blue and green emitters.

Through the use of DNA microarrays, we have created new
Ag nanocluster fluorophores with outstanding spectral and
photophysical properties. The biodiversity inherent in ss-DNA
via modification of base sequence and strand length should
enable further optimization as well as identification of new Ag
nanocluster-based emitters for single molecule spectroscopy and
imaging. Comparisons to commonly used cyanine dyes show
this new class of fluorophores offers great promise in single
molecule and bulk fluorescence studies.
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Figure 3. Detected intensity versus failure time for 100 molecules each
of red emitting Ag nanoclusters and of Cy3 conjugated 12-mer oligocytosine
isolated in PVA under identical imaging conditions (∼30W/cm2, 510–550
nm bandpass Hg lamp excitation; MicroMax CCD detection (Princeton
Instruments)). Inset: survival times for the same molecules.

Table 1. Photophysical Parameters of Ag Nanoclusters

species emission (nm) lifetime (ns) Φ (%) ε (105 M-1 cm-1)

blue 485 2.98 ( 0.01
green 520 0.22 ( 0.01 16 ( 3
yellow 572 4.35 ( 0.01 38 ( 2 2.0 ( 0.4
red 620 2.23 ( 0.01 32 ( 4 1.2 ( 0.3
NIR 705 3.46 ( 0.01 34 ( 5 3.5 ( 0.7
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