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Abstract

A bifunctional oligonucleotide integrates in situ synthesis of a fluorogenic silver cluster with

recognition of a target DNA sequence. With the template C3AC3AC3GC3A, a complex forms with

10 silver atoms that possesses electronic transitions in the near-infrared and that is detected at nM

concentrations using diode laser excitation. Pendant to this cluster encoding region, the

recognition component binds a target DNA strand through hybridization, and decoupling of these

two regions of the composite sensor renders a modular sensor for specific oligonucleotides. A

target is detected using a quencher strand that bridges the cluster template and recognition

components and disturbs cluster binding, as indicated by static quenching. Competitive

displacement of the quencher by the target strand restores the favored cluster environment, and our

key finding is that this exchange enhances emission through a proportional increase in the number

of emissive clusters. DNA detection is also accomplished in serum-containing buffers, by taking

advantage of the high brightness of this fluorophore and the inherently low endogenous

background in the near-infrared spectral region. Cluster stability in this biological environment is

enhanced by supplementing the solutions with Ag+.
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As sensors, nucleic acids offer robust platforms for detecting a diversity of analytes.1,2 DNA

and RNA are prominent targets for analysis, as stringent detection is imposed by base

pairing and stacking between the target and sensor.3 This selectivity is exemplified by

molecular beacons that balance intramolecular association within the stem against

intermolecular hybridization of the desired sequence within the loop, thereby allowing

discrimination of sequences that differ by one nucleotide.4–6 A wider range of analytes is

accessible through the multifarious structures available to nucleic acids.1,7,8 Folding of

secondary structural elements such as stems, loops, and bulges into a composite aptamer

structure produces binding pockets that allow fine distinctions between ligands, as illustrated
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by the 10,000 fold difference in affinity for theophylline and its methylated variant

caffeine.9–11 Through the process of systematic evolution, aptamer sequences have been

developed for a diverse range of analytes, from metal ions to proteins to cells.1,10,12

When target recognition is coupled with signal transduction, the diagnostic capabilities of

nucleic acid sensors are experimentally realized. A diverse range of techniques are

fundamentally linked by the ability to conveniently and precisely modify the sensing nucleic

acid strand.1,7 For surface-based techniques, oligonucleotides are terminally attached to

project sensor binding sites into the bulk solution, and target analytes can trigger

electrochemical changes that achieve sensitive analyte detection in a range of matrices.2

Nanomaterials provide alternative sensing platforms that exhibit high surface areas with

enhanced mass transport, high receptor loading with synergistic amplification of the target

response, and translation of the surface binding event to a spectroscopic response.13

Homogeneous assays based on fluorescence rely on the positioning of exogenous

chromophores that transduce ligand binding by intensity, lifetime, and anisotropy

changes.14,15 Such assays are rapid and cost-effective because sensitivity minimizes sample

demand while selectivity minimizes purification and enables multiplexed analysis.

A new perspective on nanomaterial biosensors is provided by DNA-based silver clusters, in

which a DNA matrix encapsulates a small (~10 atoms) aggregate of silver atoms.16–18 The

base sequence of the oligonucleotide host encodes the formation of specific clusters that

have distinct spectra covering the blue-green to near-infrared region.19,20 These metallic

fluorophores efficiently excite to and relax from higher-lying electronic states, and they

feature short-lived dark states that both enhance the overall emission rate and that can be

optically addressed.21,22 Combining these spectroscopic features with the functionality of

the host DNA matrix, these hybrid nanomaterials are promising biosensors. Emission

quenching represents one method of target recognition, as illustrated by the Hg2+

suppression of red emission from a dC12-based cluster.23 Likewise, thiols quench cluster

emission, and their association can be specifically reversed by Cu2+ via oxidation and

concomitant disulfide bond formation.24 The range of analytes has been extended to

proteins, with nM detection of thrombin using an aptamer combined with the DNA sequence

for a red emitting cluster.25 Another approach uses DNA context to influence the cluster

environment and hence emission properties. The potential impact of DNA-encapsulated

silver clusters as sensors is exemplified by a 500-fold increase in emission intensity that

accompanies the conversion of nonemissive to emissive clusters based on guanine

proximity, exceeding responses from related sensors utilizing organic chromophores.26,27

This context-dependent emission has been used to create NanoCluster Beacons that

spectroscopically signal target recognition with high discrimination. Spectroscopic

signatures of base pairing and mispairing arise from perturbed base pairing in regions

adjacent to the cluster template.28 All of these assays feature fluorescent reporters that are

conveniently synthesized simply by varying the nucleobase sequence and that enable

sensitive, in situ detection of the analyte using fluorescence spectroscopy.

This work focuses on a bifunctional oligonucleotide that both stabilizes a specific silver

cluster and binds a target DNA strand (Fig. 1). Using C3AC3AC3GC3A, a 10-atom silver

conjugate forms, whose fluorescence brightness and lifetime make it a viable probe for near-
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infrared detection.29,30 This cluster favors the 3' region of its DNA template, so the strand

recognition region was appended to this terminus with the goal of spectroscopically

signaling target binding. Decoupling of the target and recognition components of this

bifunctional oligonucleotide is indicated by the spectral similarities of the clusters bound to

the base template C3AC3AC3GC3A vs C3AC3AC3GC3A-duplex constructs, irrespective of

the base composition and length of the pendant duplex. Central to this detection scheme is

the quencher sequence that overlaps the target and recognition components within the

composite oligonucleotide. This strand perturbs the cluster through static quenching, as

demonstrated by comparing fluorescence intensities and lifetimes. From a structural

perspective, size exclusion chromatography shows that exchange of quencher and target

strands accompanies an enhancement in fluorescence intensity. Enumeration via

fluorescence correlation spectroscopy demonstrates that this signal amplification arises from

a proportional increase in the number of emitting species. These results indicate that the

quencher sequence invades and disrupts the favored binding site in the host

C3AC3AC3GC3A, and this perturbation is relieved by exchange with the target strand.

Another advantage of this fluorophore is its near-infrared electronic transition that allows

probe detection in biological media. Comparable intensity changes in pristine buffer vs.

buffer with serum support a common mechanism of strand exchange in these two

environments. Collectively, the utility of this DNA-encapsulated silver cluster fluorophore is

established through its convenient, base-programmable synthesis, its inherent brightness, a

tempered fluorescence response using a label-free quencher strand, and functionality in

complex biological environments.

Experimental Section

Oligonucleotides (Integrated DNA Technologies and Operon) were purified by desalting

and dissolved in deionized water (Barnstead Nanopure). Concentrations were determined by

absorbance using molar absorptivities based on the nearest-neighbor approximation. Silver

clusters were synthesized by combining DNA and Ag+ solutions in a 10 mM citrate buffer at

pH = 7 to give a relative concentration of 8 Ag+:oligonucleotide.18 Then, an aqueous

solution of BH4
− was added to give a final concentration of 4 BH4

−:oligonucleotide, and the

resulting solution was vigorously shaken for 1 min. The samples reacted overnight in the

dark at 4 °C. Prior to forming the clusters, duplexes were formed by combining their single-

stranded components in stoichiometric amounts and heating to 90 °C followed by slow (> 2

hr.) cooling at room temperature. For strand exchange, the target strand was added to yield a

final concentration of 50 μM in the 400 μL solution containing a total duplex concentration

of 25 μM of the cluster-conjugated quencher duplex in the citrate buffer. The resulting

sample was warmed to 42 °C for 5 min followed by equilibration to room temperature.

Absorption spectra were acquired on a Cary 50 (Varian), and emission spectra were

acquired on a Fluoromax-3 (Jobin Yvon Horiba) using an excitation wavelength of 725 nm.

Fluorescence lifetimes were measured using time-correlated single-photon counting using

excitation with a pulsed diode laser (730 nm) operating at 5 MHz. Emission was collected

with a microscope objective and spectrally filtered with a 735 nm long pass filter. TTL

pulses from the photomultiplier tube (R928, Hamamatsu) were recorded by a TPSPC

module (PicoHarp 300, PicoQuant). Fluorescence decays accounted for convolution of the
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fluorescence decay with the instrument response function. Fluorescence correlation

spectroscopy studies were conducted using diode laser excitation at 690 nm with current and

temperature control (LTC100, Thorlabs).30 A 63× 1.2 NA water immersion microscope

objective (Zeiss) was used in a laser epi-illuminated geometry to excite the sample and

collect the fluorescence. A long-pass dichroic (Semrock) was used to reflect the laser and

transmit cluster emission, which was passed through a long pass filter and coupled into a 50-

μm diameter fiber located at the image plane of the microscope. The fiber was connected to

actively-quenched single-photon counting avalanche photodiode detectors (SPCMAQR14,

Perkin Elmer) using a Hanbury Brown-Twiss setup.31 The resulting TTL signal outputs

were cross correlated (Flex02-01D, Correlator.com) to give an autocorrelation free of

afterpulsing artifacts, thereby improving time resolution. To determine the probe volume

and hence cluster concentrations, dilute reference solutions of Cy7 with known

concentrations were used.32,33 To fully model the correlation function, coupling of a dark

electronic state was included in the analysis.30 Size exclusion chromatography used a 300 ×

7.8 mm i.d. column (BioSep, Phenomenex) on an HPLC system (Prominence, Shimadzu)

using a 10 mM citrate buffer at pH = 7 with 300 mM NaClO4 to minimize matrix

adsorption.34 Absorbance and fluorescence measurements of the separated species were

made using the SPD-M20A and RF-10XL, respectively. For the thymine oligonucleotides

dT5, dT12, dT30, the averages and standard deviations were used in the linear fit to relate the

retention times to the hydrodynamic radii, from which the radii of the cluster conjugates

were determined using standard error propagation methods.35

Results

Bifunctional Oligonucleotide

DNA detection is accomplished with a sensing oligonucleotide that integrates synthesis of a

specific silver cluster and association with a particular DNA strand (Fig. 1). For the cluster

encoding region, C3AC3AC3GC3A complexes 10 silver atoms, and the resulting aggregate

emits at ~770 nm (λex = 720 nm) with a comparable brightness (ε × ϕf = 24,000 M−1cm−1)

to spectrally similar organic and quantum dot fluorophores (Fig. 2).29,33,36 Base

substitutions indicate that the cluster associates with the 3' region of C3AC3AC3GC3A, thus

the recognition component for DNA binding was appended to this terminus.30 The cluster

bound to C3AC3AC3GC3A-duplexes display similar spectra in relation to C3AC3AC3GC3A

alone, thus supporting integrity of the cluster binding site with the proximal duplex (Figs.

2A/2B and 1S). To establish secondary structure within the DNA-cluster assemblies,

chromatographic and spectroscopic efforts were directed towards the G–SA/SB construct, in

which the mixed-base, 12 base-pair SA/SB duplex is derived from the bacteriophage lambda

genome (Table 1).37 Size exclusion chromatography coupled with fluorescence detection

demonstrates that progression from C3AC3AC3GC3A (i.e.G) to G–SA to G–SA/SB correlates

with shorter retention times for the DNA-cluster complexes, indicative of their increasing

size due to oligonucleotide lengthening and hybridization (Fig. 3A). Because silver clusters

can perturb DNA conformation, duplex formation within the cluster complex with G–SA/SB

is established using a dT10 size reporter attached to SB (Fig. 3B).38 This thymine tail is

innocuous because it has a low affinity for silver clusters at neutral pH and because its 5'

terminal positioning does not interfere with hybridization.39 Based on five thymine
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oligonucleotide standards, addition of the thymine tail to G–SA/SB increases the overall

hydrodynamic radius of the cluster-host complex by 1.45 ± 0.06 nm, which is similar to the

1.6 nm hydrodynamic diameter of dT10 alone.40 This correspondence supports a structure in

which C3AC3AC3GC3A hosts the near infrared emitting cluster and has a duplex

appendage.

Fluorescence Quenching

To spectroscopically detect hybridization of the target sequence SB with G–SA, a label-free

quencher sequence was designed to modify the cluster emission. Earlier studies of the pH

dependence of cluster emission showed that higher degrees of protonation of the N3 sites in

cytosine and thymine inhibit cluster affinity, and these results provided the basis for

considering how the cluster is influenced by base pairing.39,41 Through a series of 3'

additions to the anchoring SB sequence, complementary oligonucleotides progressively

encroach on the cluster binding region of C3AC3AC3GC3A and correspondingly diminish

the fluorescence intensity (Fig. 4). The steepest diminution over the range of 1 to 4

additional bases is consistent with perturbation of the favored cluster binding site on the 3'

end of C3AC3AC3GC3A. Our subsequent studies focus on the oligonucleotide with 4

additional bases, SB-TG3, which causes a three-fold reduction in the emission intensity.

Residual emission accompanying further extension suggests that the cluster binds to

alternate binding sites within the repeated motifs of the cluster template where it emits less

efficiently. These intensity changes are linked with environmental changes, as the emission

shifts to longer wavelengths with lengthening of the complementary sequences (Fig. 4). This

effect of base pairing in the cluster binding region provides the foundation for recognition of

specific DNA sequences.

Quencher Sequence

A quencher sequence was constructed that bridges the cluster template and target

recognition regions and consequently both reduces cluster emission and inhibits target

binding. Two design factors were balanced: the quencher should have a 3' terminus that

induces measurable quenching and should be competitively displaced by the target strand

(Fig. 1). Analogous to SB-TG3, the shortened variant SB
s-TG3 also has the 4 base sequence

TGGG that complements the 3' terminus of the cluster template and comparably quenches

the emission (Fig. 2B and 4). Relative its analog, SB
s-TG3 is truncated by 5 bases on its 5'

terminus to give an 11-base strand whose affinity is lower relative to the 12-base target

sequence SB. Conservation of the 3' terminus that is responsible for the diminished

fluorescence yields similar fluorescence spectra for the unmodified SB-TG3 and truncated

SB
s-TG3 quenching sequences. Furthermore, these similarities demonstrate that the run of 5

unpaired bases at the terminus of SA are not effective binding sites for the clusters and

therefore do not interfere with cluster binding on C3AC3AC3GC3A.

Spectroscopic and chromatographic studies establish that the target strand can be detected

by displacing the quencher strand. Starting with an overall duplex concentration of 25 μM,

cluster conjugates produced with G–SA/SB
s-TG3 exhibit similar spectra and lifetimes in

relation to clusters that form with C3AC3AC3GC3A alone (Fig. 2 and 5). These analogous

properties support the formation of the same 10-atom Ag cluster with both templates.30 The
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spectral differences indicate that the electronic environment for the cluster depends on the

DNA context, and the impact of the nucleobase environment is also evident in the two- to

three-fold enhancement in the emission when SB
s-TG3 is replaced by SB (Fig. 2B).

Comparable relative enhancements are observed for overall oligonucleotide concentration of

< 1 μM, where the buffer was supplemented with Mg2+ to promote duplex stability (Fig.

5B).42 An intensity increase up to 1 SB:1 SB
s-TG3 is followed by a plateau, and this

stoichiometric trend supports a single binding site for the strands on G–SA with a relatively

greater affinity for SB (Fig. 2C). The origin of this emission amplification lies in strand

exchange on G–SA, as substantiated by size exclusion chromatography using near infrared

emission to track the cluster conjugates (Fig. 3C). A dT10 tail on SB was used to distinguish

the two duplexes, and this 5' addition to SB acts only as a size reporter, as the fluorescence

intensity changes are similar for reaction of both SB and SB-dT10 with the cluster conjugate

to G–SA/SB
s-TG3. Following this strand exchange using SB-dT10, the retention time of the

cluster is reduced, thus supporting its association with the newly formed, SB-based duplex.

The strand exchange process was further scrutinized through the stringency of hybridization

imposed by complementary base pairing. The cluster complex with G–SA/SB
s-TG3 was

challenged with two alternate sequences: (i) SB
rr has the identical base composition but with

reversed polarity in relation to SB and (ii) SA is abstracted from the bifunctional

oligonucleotide G–SA (Fig. 1S). With two-fold excess amounts of SB
r and SA, the cluster

conjugate with G–SA/SB
s-TG3 exhibits no intensity changes, and the inferred selectivity for

SB supports the necessity of strand exchange for fluorescence amplification.

Target detection via the cluster-DNA sensor is modular, as the recognition component of the

bifunctional oligonucleotide can be varied while retaining the C3AC3AC3GC3A template for

the near-infrared emitting cluster (Fig. 1S and Table 1). Mimicking SB
s-TG3, these new

quencher sequences also have the 3' terminal TGGG bases that pair with latter four bases of

the C3AC3AC3GC3A and are truncated on their 5' terminus to facilitate displacement by the

target oligonucleotide. These new quenchers suppress cluster fluorescence, and emission is

enhanced when they are expelled by the target strand. One set of studies reversed the

positioning of the target and recognition sequences to detect SA using the cluster conjugate

with G–SB. A second set of studies considered the reaction of SD, a 22 nucleotide DNA

analog of a cancer-related microRNA, with the cluster conjugate with G–SC/SD
s-TG3.43

Both exchanges produced two-fold increases in the fluorescence intensity, comparable to the

changes observed for the reaction of SB with the cluster complex with G–SA/SB
s-TG3.

Similar fluorescence enhancements among the above three systems support their common

basis in strand exchange. Absorption and correlation spectroscopy and fluorescence lifetime

measurements indicate that a target relieves perturbation of the cluster environment by the

quencher strand. In the absorption spectra of the cluster conjugate with G–SA/SB
s-TG3,

interchange of the quencher SB
s-TG3 and target SB strands shifts the absorption maximum

and increases the absorbance (Fig. 5A). These spectral signatures of the electronic

environment provide a context for interpreting the fluorescence intensity and lifetime

measurements of the DNA-bound clusters (Fig. 5B/5C). When SB
s-TG3 is replaced with SB

on G–SA, enhanced emission contrasts with the similar fluorescence lifetimes of 2.08 ± 0.03

ns and 2.05 ± 0.03 ns for the clusters bound to G–SA/SB
s-TG3 and G–SA/SB, respectively.
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Thus, the spectral shifts and the higher intensities while maintaining identical fluorescence

lifetimes support static quenching that is relieved by SB.15 Further substantiation of a

population shift that accompanies strand exchange is provided by direct cluster enumeration

using fluorescence correlation spectroscopy. Using confocal detection with diode laser

excitation, the probe volume occupancy and hence cluster concentrations were determined

from the amplitude of the slow component in the correlation function.32 Over the >10 fold

concentration range 2–27 nM for the cluster conjugate with G–SA/SB
s-TG3, addition of SB

is accompanied by a consistent 2–3 fold increase in the number of emitting species that

proportionally tracks the fluorescence enhancement (Figure 5 and Table 2). This

correspondence indicates that exclusive association of the target with the recognition site

restores the favored binding environment of the emissive cluster, thereby facilitating the

increase in the number of emissive clusters.

Serum Solutions

With electronic transitions in the near infrared spectral region, this silver cluster is well-

suited for direct analysis in biological samples. In the 650 – 900 nm window, solutions with

blood and serum exhibit reduced emission from endogenous chromophores as well as

diminished scattering and absorption of the excitation light.44–46 A resulting low spectral

background in conjunction with the high molecular brightness of this fluorophore favors

sensitive analysis in spectrally-challenging biological environments. However, the cluster is

less stable in buffer with 10% (v/v) serum, as indicated by the decay in emission intensity

over a 60 min time period (Fig. 2S). The integrity of the DNA-bound clusters could be

compromised by competing interactions with the electron-rich functional groups of the

serum proteins, as supported by the blue-shift in the emission band with serum (Fig. 2S).

Through the addition of Ag+ to the serum samples prior to adding the reduced silver

clusters, this instability and spectral alternation are reversed (Fig. 2S). Enhanced stability

and spectral shifts are accompanied by fluorescence quenching, but the reaction of SB with

the cluster conjugate with G–SA/SB
s-TG3 still produces the same relative fluorescence

enhancement observed in buffer. This correspondence suggests that supplementing with Ag+

stabilizes the clusters and does not interfere with strand exchange.

Discussion

This sensor has two overarching characteristics: a DNA recognition strand integrated with a

fluorogenic silver cluster and a quencher strand that signals analyte binding. Near-infrared

emission is elicited by association of a 10 silver atom complex with the host sequence

C3AC3AC3GC3A, and this favored cluster environment is preserved with 3'-appended

duplexes. Hybridization of a specific target sequence is directed through base pairing with

the recognition component, and this binding event is transduced using a competing quencher

strand that bridges the cluster template and strand recognition moieties within the overall

sensor. Transformation from lower to higher emission intensity that accompanies the

displacement of the quencher by the target is directly attributable to an increase in the

number of emitting clusters. Such a detection mechanism in which the binding event is

linked with a change in the number of fluorophores may be a general feature of DNA-bound

silver clusters. Fluorescence lifetime and brightness measurements show that thrombin

Petty et al. Page 7

Anal Chem. Author manuscript; available in PMC 2014 October 17.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



diminishes the net fluorescence intensity by reducing the number of red emitting clusters

associated with a cluster template – aptamer strand.25 Two methods of DNA detection are

based on how guanine-rich strands elicit enhanced red emission from proximal cluster-laden

strands.26 The fractional enhancement directly correlates with the number of emitting

clusters and the high 500-fold enhancement demonstrates the potential utility of silver

clusters for sensitive DNA detection.26 Shifting the cluster population may also be

accomplished using smaller analytes, as Hg2+ statically quenches emission from red

emitting clusters bound to dC12.23 Differences in how particular clusters respond to

perturbations may be a manifestation of large variations in their chemical behavior due to

their small sizes.47

Key to our studies is the use of both fluorescence correlation spectroscopy and fluorescence

lifetime measurements to demonstrate a population shift that accompanies strand exchange.

Static quenching is described by an equilibrium in which the florescence intensity depends

on the association constant for complex formation.15 In our case, this equilibrium describes

the extent to which the clusters are perturbed by base pairing, with a fraction remaining in

the favored binding site and retaining their inherent fluorescence lifetime. The balance of

clusters is not emissive and the increased concentration of clusters that accompanies strand

exchange is directly measured using fluorescence correlation spectroscopy. Progress in

understanding this mechanism of signal enhancement may lie in the repeated C3X (X = A or

G) motif of the silver cluster template. Quencher invasion into the 3' region of

C3AC3AC3GC3A may drive the cluster to a closely related binding site having a different

electronic environment, as suggested by the residual emission and the shift in the spectra

observed with longer complementary sequences (Fig. 4). Single base changes within this

particular repeated motif have been shown to impact the photophysical properties of the

clusters, and efforts are now directed to sequence variations to decipher the significance of

multiple binding sites. An alternative suggested by changes in the absorption spectra is that

other cluster species may be involved in this transformation, and we are currently exploring

chromatographic separation to understand the potential impact of these cluster-DNA

conjugates.18 Evaluating these possibilities will advance the use of this silver cluster-DNA

conjugate for sensing.

One such application is DNA detection in biological environments. This fluorophore has a

high molecular brightness when compared with its spectral counterparts, thus facilitating

strand detection in solutions with serum, which exhibit a relatively low fluorescence

background in the near-infrared spectral region. Similar magnitudes of the fluorescence

enhancements in pristine buffer relative to buffers with 10% serum suggest a common

mechanism based on strand exchange. However, with serum, chemical stability of the

cluster-DNA conjugate is compromised, as indicated by the loss of emission and the blue-

shift in the emission spectrum. This decomposition and electronic perturbation are reversed

by supplementing the solutions with Ag+, which may poison the electron-rich sites on the

serum proteins that could competitively complex with the clusters. Alternatively, Ag+ may

complex open coordination sites on C3AC3AC3GC3A, thereby modifying the host DNA

conformation and hence the solvent exposure of the cluster.48,49 Support for this interaction

is provided by fluorescence quenching that is associated with Ag+. Current efforts are
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focused on chemically stabilizing the clusters while maintaining the fluorescence

enhancement.

Conclusion

Our central finding is that an oligonucleotide for a silver cluster can be covalently modified

to recognize a DNA analyte, and modular detection is achieved using specific recognition

sites appended to the cluster template. A bridging quencher strand between the template and

recognition components within the composite sensor statically quenches emission and its

displacement by the target increases the number of emitting clusters. A key question is

whether other cluster templates can be likewise modified. Because minor variations in the

base sequence dictate the types of clusters and hence their emission spectra, multiplex

analysis of a broader range of analytes could be achieved. Such parallel analysis, along with

the ability to modify the regional DNA environment for fluorogenic silver clusters, may

open new strategies for sensitive, convenient, and specific analyte detection.
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Figure 1.
Representation of the strand exchange process using the bifunctional sensor strand with a

template sequence for the silver cluster (blue) and a recognition site (green) for the target

strand (red). The bridging quencher strand (black) statically quenches emission from a

fraction of the clusters bound to the DNA host. After the quencher is displaced by the target,

emission from the near-infrared emissive silver cluster is enhanced by a proportional

increase in the number of emitting species. This population shift could be associated with a

greater accessibility of the favored cluster binding site when the target binds.
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Figure 2.
(A) Emission spectra collected for cluster bound to C3AC3AC3GC3A, with the vertical line

depicting the emission maximum. (B) Emission spectra for the clusters conjugated with G–

SA before (black) and after (red) exchange of SB
s-TG3 with SB. The vertical line has the

same spectral position as the emission maximum in (A), and this spectral similarity between

the G and G–SA/SB bound clusters indicates their comparable environments. A two- to

three-fold enhancement in the emission was determined from multiple measurements with

different sample preparations. (C) Relative enhancement of the near infrared emission when

increasing amounts of SB are added to the cluster conjugate of G–SA/SB
s-TG3. The plateau

in the fluorescence intensity indicates saturation of the recognition site through hybridization

with the complementary sequence.
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Figure 3.
(A) Size-exclusion chromatograms derived from the near-infrared emission of the clusters

associated with G–SA/SB, G–SA, and G, in order of increasing retention times. This trend

supports the cluster bound to structurally-distinct DNA hosts. (B) Duplex formation within

the cluster complex with G–SA is supported by size-exclusion chromatograms of G–SA/SB

and GSA/SB-dT10 that differ by addition of the thymine tail. This shift in retention time is

arises from the size of single-stranded dT10. (C) Using a dT10 tail appended to SB, the

differences in retention times between G–SA/SB
s-TG3 and G–SA/SB–dT10 based clusters

allowed strand exchange to be followed chromatographically. A small peak following strand

exchange is not attributed to inefficient strand exchange based on the lack of change in the

relative intensities of the two peaks with up to 5 equivalents of SB>
s-dT10 and the same

relative pattern of intensities and retention times for the two peaks associated with the G–

SA/SB template.
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Figure 4.
Dependence of the fluorescence intensity (left axis, crosses) and emission maximum (right

axis, circles) on the length of the oligonucleotides that are anchored in the recognition site

and encroach into the cluster template. The oligonucleotides having 0, 4, and 10 additional

bases appended to SB are specifically depicted using the inset structures. The sequence SB
s-

TG3 provided the basis for the quenching strand used in our studies (circle).
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Figure 5.
Spectroscopic-based measurements before (black) and after (red) the addition of SB to the

cluster conjugate with G-SA/SB
s-TG3 support relief of static quenching using strand

exchange. Absorption spectra (A) show evidence of a shift in the electronic environment.

Emission spectra (B) show fluorescence enhancement while the fluorescence lifetimes (C)

are unchanged. The fluorescence lifetimes are 2.08 ± 0.03 ns and 2.05 ± 0.03 ns for the

clusters bound to G-SA/SB
s-TG3 and G-SA/SB, respectively, which are similar the lifetime

of 2.11 ± 0.01 ns when using the C3AC3AC3GC3A template alone. The fluorescence

enhancement (B) is accompanied by a transition from higher to lower contrast in the

fluorescence correlation function (D), indicating an increase in the cluster concentration

with strand exchange.
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Table 1

Oligonucleotides used for Strand Exchange Studiesa

DNA Sequence Denoted by

C3AC3AC3GCCCA G

C3AC3AC3GCCCA - AGGTCGCCGCCC + T C CAGCGGCGGG G-SA + SB

C3AC3AC3GCCCA - AGGTCGCCGCCC + GGGT TCCAGCGGCGGG G-SA + SB-TG3

C3AC3AC3GCCCA - AGGTCGCCGCCC + GGGT T C CAGCG G-SA + SB
s-TG3

C3AC3AC3GCCCA - GGGCGGCGACCT + C C CGCCGCTGGA G-SB + SA

C3AC3AC3GCCCA - GGGCGGCGACCT + GGGT CCCGCCG G-SB + SA
s-TG3

C3AC3AC3GCCCA - TCAA CATC AGTC TGAT AAGC TA + AGTT GTAG TCAG ACTA TTCGAT G-SC + SD

C3AC3AC3GCCCA - TCAA CATC AGTC TGAT AAGC TA + GGGT AGTT GTAG TCAG A G-SC + SD
s-TG3

Consistent with the color scheme in Figure 1, the silver cluster template has blue lettering, the recognition component has green lettering, the
quencher has black lettering, and the target sequence has red lettering. The second column provides the abbreviations used in the text to designate
these constructs.

a
The first column provides the sequences used for the strand exchange reactions.
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Table 2

Comparison of the Intensity and Cluster Ratios Derived from the Strand Exchange Reaction of G-SA/SB
s-TG3

with SB
a

[Cluster-G-SA/SB
s-TG3] (nM) Intensity Ratio Number Ratio

1.8 ± 0.1 1.7 ± 0.4 1.8 ± 0.2

5.0 ± 0.3 2.5 ± 0.4 2.0± 0.1

9.8 ± 0.4 2.4 ± 0.3 2.7 ± 0.1

11.5 ± 0.6 2.0 ± 0.2 2.5 ± 0.1

27.0 ± 0.3 2.7 ± 0.2 3.2 ± 0.1

The last two columns provide the ratio of the integrated emission intensity (second column) and the numbers of emitting species (third column)

before vs. after the reaction SB with the cluster conjugate with G-SA/SBs-TG3.

a
Based on FCS studies, the first column provides the concentration of near-infrared emissive clusters associated with G-SA/SBs-TG3.
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