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D
NA self-assembly offers the oppor-
tunity to create nanostructures with
unique optical properties that arise

from the spatial organization of metal par-
ticles at length scales much smaller than
visible light wavelengths. Recent efforts to
exploit this potential used double-stranded
DNA constructs to control near-field inter-
actions in noblemetal nanoparticle arrays,1�5

resulting in modified optical phenomena
such as visible-wavelength chirality and
Fano-like resonances. Because fluorescence
quantum yields are low (10�7 to 10�6) for
bulk-like metal particles with diameters of a
few to tens of nanometers,6 photon emission
is difficult to detect. Instead, the spatial
organization of metal particles by the DNA
was reported by changes in photon absorp-
tion and scattering.1�5

As size is reduced from the bulk nano-
particle regime to the limit of quantum-size
clusters with 10�20 atoms and dimensions

of up to a few Fermi wavelengths, the
availability of nonradiative decay paths
falls and fluorescence quantum yields rise.7,8

Thus, the organization of quantum-size metal
clusters on DNA constructs has the potential
to produce optical functionalities based on
photon emission, rather than absorption or
scattering, to report interactions that arise
from near-field couplings. Fluorescence de-
tection has numerous advantages, including
intrinsically low background, high specificity,
and availability of sophisticated techniques
for single emitter detection and for direct
imaging at length scales down to ∼10 nm.
Producing such small metal clusters in

aqueous solution requires the use of stabi-
lizing ligands to prevent agglomeration.
Fluorescent clusters of silver have been
realized using a variety of ligands,9 including
dendrimers,10 peptides,11 and polymers.12

Fluorescent silver clusters have also been
stabilized by smallmolecules such as thiols,13
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ABSTRACT We develop approaches to hold fluorescent silver clusters composed of only

10�20 atoms in nanoscale proximity, while retaining the individual structure of each cluster.

This is accomplished using DNA clamp assemblies that incorporate a 10 atom silver cluster and

a 15 or 16 atom silver cluster. Thermally modulated fluorescence resonance energy transfer

(FRET) verifies assembly formation. Comparison to Förster theory, using measured spectral

overlaps, indicates that the DNA clamps hold clusters within roughly 5 to 6 nm separations, in

the range of the finest resolutions achievable on DNA scaffolds. The absence of spectral shifts in

dual-cluster FRET pairs, relative to the individual clusters, shows that select few-atom silver

clusters of different sizes are sufficiently stable to retain structural integrity within a single

nanoscale DNA construct. The spectral stability of the cluster persists in a FRET pair with an organic dye molecule, in contrast to the blue-shifted

emission of the dye.
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glutathione,14 and dihydrolipoic acid15 as well as in
microemulsions.16 Particularly promising are silver
clusters stabilized by DNA oligomers.17 Recent work
has demonstrated that monodispersed clusters with
fluorescence quantum yields close to unity18,19 can be
isolated for sizes ranging from 10 to 20 silver atoms
when these clusters are stabilized by suitably chosen
DNA sequences. The ability to separate DNA-wrapped
clusters that differ in cluster size by just onemetal atom
is essential to controlling optical properties: contrary to
10 nmmetal nanoparticles, which contain∼104 to 105

atoms,20 and are consequently insensitive to single
atom changes in size, metal clusters at the 10 atom size
scale exhibit significant changes in optical properties
with addition or subtraction of just one atom.21,22

Emerging applications for DNA-stabilized, fluores-
cent silver clusters include fluorescence signaling of
target strands,23�26 biosensors based on photoin-
duced electron transfer,27 and logic devices that em-
ploy ion-tuned fluorescence.28 The ability to tune silver
cluster color throughout the visible and near-IR spec-
trum using sequence modification8,29�31 is a unique
feature thatmakes silver clusters particularly promising
candidates for photonic elements within DNA-based,
nano-optical structures. An order ofmagnitude smaller
than semiconductor quantumdots, the 1�2 nmhydro-
dynamic radii of DNA-stabilized silver clusters32 would
permit incorporation into DNA scaffolds at spacings that
fully exploit the high resolution positioning attainable
through current techniques of DNAnanotechnology.33�36

Select oligomers have been shown to template silver
clusters that are more photostable than high quality
organic dyes,37 facilitating detection of the emission spec-
tra from individual silver clusters.38 Lastly, the high polar-
ization dependence of silver cluster emission, which
appears to arise from a rod-like cluster structure,18 is
promising for realization of directional information pro-
cessing along DNA-based optical arrays.
Despite these unique features of DNA-stabilized

silver cluster emitters, there is no evidence that such
few-atom metal clusters can actually be assembled
within nanoscale proximity. DNA nanotubes have been
decorated with silver cluster emitters that were stabilized
by single-stranded DNA extrusions from the double-
stranded tube scaffold, but the separation distance be-
tween clusters was large (∼1000 nm), and each emitter
was held in the same cluster-templating sequence.39

Herewe focus on assembling clusters of different size
at 100 times smaller separations. Achieving suchmulti-
cluster, nanoscale constructs is a challenging goal
for DNA nanotechnology. For bare silver clusters, size-
dependent freeenergiesandelectrochemicalpotentials40,41

tend to drive structural reorganization of different
sized clusters in an aqueous environment. The inter-
action of silver clusters with the DNA bases might, in
principle, provide stability. However, solutions contain-
ing various DNA-stabilized silver clusters of unknown

composition exhibited changes in fluorescence color
and brightness when mixed with additional DNA
oligomers,42,43 indicating that the initially formed clus-
ters were structurally altered when the overall DNA
surroundings changed.
These results raise the question of whether silver

clusters of different size, held in their particular DNA
templates, can remain stable when brought together
into one nanoscale construct, a step that necessarily
alters the DNA environment. Currently, this question
cannot be answered from first principles because the
mechanisms by which the DNA base composition sets
the sizes and stabilities of fluorescent silver clusters are
not understood.
Thus, whether DNA constructs can hold fluorescent

silver clusters of different size at nanometer-scale separa-
tions is anopenquestion thatmust be addressed in order
to determine whether the unique properties of these
clusters can be exploited in nanoscale, multicolor con-
structs. We approach this question by seeking to form
bicolor, dual cluster assemblies using clusters with spec-
tral properties that would enable Fluorescence Reso-
nance Energy Transfer (FRET) if each silver cluster of
different size retained its structural integrity.
In FRET,44,45 an excited “donor” fluorophore transfers

energy nonradiatively to a nearby “acceptor00” fluoro-
phore, which then emits a photon. The signature of
FRET is emission from the acceptor (A) for excitation of
the donor (D). FRET requires donor and acceptor to be
at separations less than or comparable to a character-
istic length scale, R0, which depends on the spectral
overlap of the donor emission spectrum with the
acceptor absorbance spectrum. Since the underlying
resolution of DNA scaffolds is typically 5�10 nm, test-
ing whether silver clusters can be arrayed at length
scales that exploit this resolution requires stable donor
and acceptor clusters for which R0 is in the 5�10 nm
range. Here we design nanoscale DNA assemblies to
incorporate such clusters and establish that select
clusters exhibit both the requisite spectral properties
for FRET and the requisite structural stability to enable
assembly into a single, nanoscale construct.
Figure 1 shows schematics for the dual cluster

assembly designs. In each case, the green and red
cartoons represent the donor (D; green) and acceptor
(A; red) clusters, which are held within their respective
DNA templates. The double-clamp (DC) assembly
flanks these templates with complementary regions
designed to clamp the clusters together at both ends.
The single-clamp (SC) assembly holds the clusters
together at just one end, on the same side of the
hybridization clamp. The end-to-end (EE) assembly
places the cluster templates at opposite ends of the
clamp. The hybridization tails are sequences of A and T
bases, with 13 bases for each of the two tails in the DC
assembly, and 30 bases in the SC and EE assemblies
(sequences are listed in Materials and Methods).
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RESULTS AND DISCUSSION

To obtain unequivocal evidence for or against for-
mation of the desired bicolor assemblies, our approach
is to separately purify the DNA strand monomers that
contain the donor and acceptor clusters and then to
assemble the monomers into dual cluster constructs
by hybridization of their complementary tails. This
approach is necessitated by the heterogeneity of as-
synthesized silver-DNA solutions. Prior work has shown
that reduction of silver ions on DNA strands typically
produces multiple fluorescent and nonfluorescent pro-
ducts that contain different numbers of silver atoms.18,46

Because the color, Stokes shift, and chemical stability
vary widely among these products, hybridizing the
unpurified solutions typically produces multiple fluores-
cence peaks at wavelengths that shift over time, provid-
ing little insight into whether the desired construct
forms as one of many possible hybridization products.
Use of homogeneous solutions containing suffi-

ciently stable clusters of known size is key to the work
presented here. We identify DNA templates that pre-
vious studies have found to produce silver clusters with
good quantum yields that are also stable enough to
purify and identify by high performance liquid chro-
matography with in-line mass spectrometry (HPLC-
MS),18 and that have spectral characteristics suitable
for FRET. The selected donor, D, is a green emitting
cluster (560nmpeak emission) containing 10 silver atoms
in a 19-base DNA template, as previously established by
mass spectrometry on thepurifiedmaterial.18 Theprimary
acceptor, A1 (670 nm peak emission), a 15 Ag atom red-
emitting cluster in a 28 base template,18 is used in all

design schemes (DC, SC and EE). A second acceptor, A2
(635 nmpeak emission), a 16 Ag atom cluster in a 22 base
template,18 is used in the SC scheme to test the generality
of silver cluster FRET. The fluorescence quantum yields of
these clusters are 40%, 75%, and 90% for D, A1, and A2,
respectively.18 All clusters are stable after HPLC isolation
and reconcentration by spin filtration on time scales of
several weeks to several months.
According to standard Förster theory,44,45,47 the

spectral overlap integral, donor quantum yield, and
relative orientations of the transition dipole moments
of D and A determine the Förster distance, R0:

R60 ¼
9ln(10)Q0K2(

Z
fD(λ)εA(λ)λ

4dλ)

128π5n4NA
(1)

Here, Q0 is the donor fluorescence quantum yield, n
is the index of refraction (1.33 for water), fD is the donor
emission spectrum normalized to unity integral over
wavelength λ, εA is the extinction spectrum of the
acceptor in SI units (cm2/mol), NA is Avogadro's num-
ber, and κ

2 is a unitless factor describing the relative
orientation of donor and acceptor.
The FRET efficiency,

EFRET ¼ 1=[1þ (r=R0)
6] (2)

gives the probability that excitation of the donor will
result in emission from the acceptor, where r is the
separation between the D and A silver clusters. For
r = R0, EFRET = 0.5; efficiency decays rapidly for larger r.
Because energy transfer to the acceptor reduces donor
emission, EFRET can be measured by comparing the
peak emission intensity of the donor monomer, ID, to
the peak donor emission intensity from the D�A
assembly, IDA.

47 Assuming all donor clusters in solution
are paired with acceptor clusters, the FRET efficiency is

EFRET ¼ 1 � IDA=ID (3)

We note that fluorescence lifetime measurements
can also be used to determine FRET efficiencies with-
out assumptions about the fraction of donors paired to
acceptors, if the lifetime difference between paired
and unpaired donors is sufficiently large.47 Here we
present only intensity-based measurements.
Figure 2 shows the well-separated emission spectra

(solid lines) and absorbance spectra (dashed lines) of
the HPLC-purified solutions of the donor cluster D
(green traces) and acceptor cluster A1 (red traces).
Spectra for acceptor A2 are shown in Supporting
Information (Figure S.1). For each D�A pair, the absor-
bance peak of the acceptor is significantly redder than
the donor absorbance peak. Thus, excitation of the
donor will not produce significant excitation of the
acceptor, except in the case of FRET.
A significant overlap between donor emission and

acceptor absorbance is also evident in Figure 2 and
Supporting Information (FigureS.1) (illustratedby shaded

Figure 1. Designs for thedesireddual cluster assemblies. (a)
Cartoons of the individual DNA-stabilized donor (D) and
acceptor (A) silver clusters. Distinct cluster-templating se-
quences, shown as wrapped around the clusters, select the
cluster size and corresponding color. The extensions repre-
sent hybridization tail sequences. (b) The double clamp (DC)
assembly design has complementary tails on both sides of
the cluster-templating sequences. (c) The single clamp (SC)
assembly design has hybridization tails on just one side of
the cluster templating sequences. (d) The hybridization tails
in the end-to-end (EE) assembly are designed to hold the
clusters apart.
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region). R0 values depend on this spectral overlap. We
estimated visible extinction coefficients, εvis, of the clus-
ters from absorbance spectra of the HPLC-purified
solutions together with the fluorescence (Fλmax) and
UV absorbance (A260) chromatograms recorded during
HPLC46 (Supporting Information Figure S.2a), where
Fλmax is the fluorescence signal at the peak visible
emission wavelength of the cluster.18 Comparison of
time-dependences of A260 and Fλmax chromatograms
provides an estimate of the purity after one round of
HPLC. To estimate concentrations, we assume that A260
of the DNA-bound cluster is dominated by the DNA, as
indicated by the similarity of UV spectra to the bare
oligomers (Supporting Information Figure S.2b). It
appears that high energy transitions of the clusters
contribute relatively little to absorbance near 260 nm,
where the DNA bases absorb strongly, as expected
fromcalculations for atomic silver chains.54,55 Thepurity-
scaled A260 and the known DNA extinction coefficient
of the strand provide the estimated concentration of
the cluster, which together with the peak Avis gives the
peak visible extinction coefficient, εvis. We find εvis =
(0.9 ( 0.2) � 105, (1.4 ( 0.2) � 105, and (2.1 ( 0.7) �
105 M�1 cm�1 for D, A1, and A2, respectively.
Because the orientations of the D and A clusters with

respect to their DNA templates are unknown, we have
no a priori knowledge of the orientation factor, κ2.
Thus, we included a flexible linker sequence of three to
four T bases between the cluster templates and the
hybridization sequences to promote orientational
averaging of the relative transition moments of D
and A clusters in the SC and EE assemblies. In the case
of randomized transitionmoment orientations, κ2 = 2/3.
Using this standard orientation-averaged value gives R0
values of 6.2( 0.2 and 6.7( 0.4 nm for D�A1 andD-A2,
respectively. The same T-linkers were used at both ends
of the cluster template sequences for the DC assembly,
although in this case the constraints imposed by the
double clampwill tend to reduce orientational freedom.
If such constraints, or vanderWaals or other interactions
between the DNA-wrapped clusters, were to produce a

net, time-averaged alignment of the transition dipoles,
values for κ2 could range from κ

2 = 0, for perpendicular
alignment, to κ2 = 4, for end-to-endparallel alignment.47

All three D�A1 assemblies are designed to form by
hybridization of complementary tails appended to the
cluster-nucleating templates. Prior work demonstrated
that changes of just one base in aDNA strand can cause
formation of different clusters.48�51 Thus, appending a
hybridization tail sequence to the cluster templating
sequence could potentially destabilize the desired
cluster in favor of other silver-DNA products. Because
homopolymer strands of A and T bases do not form
fluorescent clusters,52 we chose to append comple-
mentary tails comprisingmixed A and T sequences23 to
the D and A1 (or A2) cluster templating sequences. The
calculated melting temperatures for these comple-
mentary tails are TM = 42, 30, and 42 �C for the SC,
DC, and EE assemblies, respectively.
Because the lengths of the templating sequences

with appended tails exceed 50 bases, cluster sizes
could not be determined using mass spectrometry
(the propensity for DNA-salt associations results in
poor ionization efficiencies and challenge mass spec-
trometry of long DNA strands).53 Thus, to test whether
the additionof hybridization tail and linker bases resulted
in formation of differently structured clusters, we com-
pared spectral properties of purified D and A clusters
formed on only the template strands with properties of
clusters formed on the template strands with appended
tails. The strand alterations leave spectral properties of
unhybridized D, A1 and A2 emitters unaltered
(Supporting Information Figure S.3). Because the optical
properties of few-atom silver clusters are sensitive to
changes in cluster size of just one atom, as well as to
cluster shape,18,54,55 the lack of spectral changes with
hybridization tails shows that the cluster structures are
essentially unaltered.
The AT tails we append might still bind nonfluor-

escent silver products,52 which could potentially hin-
der hybridization. To demonstrate that any such
nonfluorescent clusters do not inhibit donor�acceptor
binding, 10% native PAGE gels were run to compare
D�A1 and D-A2 pairs with their respective monomer
components. We additionally measured melting
curves for hybridized pairs (Supporting Information
Figure S.4) and found good agreement with calculated
melting temperatures for the complementary tails.
Measured melting temperatures for the SC and DC
assemblies are TM,meas = 49 and 30 �C, respectively.
The hybridization was carried out with roughly a

2-fold excess of A-bearing cluster strands in order to
minimize the presence of D clusters that are not
incorporated into D�A pair assemblies. This is impor-
tant because estimated FRET efficiencies, EFRET = 1 �
IDA/ID, are accurate only if the D�A pair solution
contains no unhybridized D monomers and no hybri-
dized assemblies with D clusters but not A clusters. The

Figure 2. Normalized absorbance and emission spectra of
donor D (green) and acceptor A1 (red) cluster. Dashed lines:
absorbance. Solid lines: emission. The shaded region marks
the range of spectral overlap between donor emission and
acceptor absorbance.
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pair solutions were prepared by mixing purified D and
A components in 50mMNH4OAc at room temperature
and incubating for 30 min. To remove unassembled
donor strands that would mask FRET, hybridized solu-
tions were then spin-filtered using 30 kDa centrifugal
filters (Supporting Information, Figure S.5).
Figure 3 shows a representative gel shift assay of the

double-clamp D�A1 pair solution. The purified D and
A1 monomers and the D�A1 pair solution were run in
lanes 1, 2, and 3, respectively. In the unstained gel

(Figure 3a), UV excitation reveals the bands that con-
tain fluorescent silver clusters, while SYBR gold staining
(Figure 3b) shows all DNA products. The upper gel
bands in the pair lanes confirm that hybridization
formed the D�A assembly and that the D�A assembly
is fluorescent (Figure 3a). The lower gel bands in lanes 3
that co-traveled with the unassembled cluster-bearing
strands in lanes 1 and 2 show the additional presence
of unassembled strands in the pair lane. This is likely
due to partial melting of the assembled pair (TM =
30 �C) by the heat generated during electrophoresis,
though excess A1 cluster-bearingmonomers that were
not removed by spin filtering could also contribute.
The clear presence of D�A bands in the gel suggests

that FRET should be observable in solution if SC and DC
assembly designs do succeed in holding intact D and A
clusters at separations comparable toR0. Both SCandDC
schemes (Figure 1) are expected to bring distinct Ag
clusters within the 6 nm range and thus enable FRET.
The EE design, however, separates D�A pairs by at least
10 nm, so in this case we expect negligible FRET.
Figure 4 shows emission contour plots for the single-

clampDandA1monomers (Figure 4a,b) andhybridized
single-clamp D�A1 solution (Figure 4c). The monomer
emission spectra have beennormalizedby their respec-
tive concentrations relative to the spin-filtered D�A1
solution, as measured from the corresponding visible
absorbance peaks (Supporting Information, Figure S.6),

Figure 3. Gel shift assay of the silver cluster monomers and
the double-clamp (DC) assembly. (a and b) Lane 1 contains
the D cluster monomer, lane 2 contains the A1 cluster
monomer, and lane 3 contains the D�A1 pair. The lower
red lines mark the monomer bands and the upper red lines
mark the DC assembly. (a) Unstained gel. The UV lightbox
excites thefluorescent silver clusters in all lanes. (b) Stainedgel.

Figure 4. Inter-silver cluster FRET. (a) Fluorescence contour map for the 10 silver atom donor cluster, D. (b) Fluorescence contour
map for the 15 silver atom acceptor cluster, A1. (c) Fluorescence contour map for D�A1 single clamp (SC) assembly. Acceptor
emission appears at donor excitationwavelengths, a signature of FRET. (d) Data for 490nmexcitation (dotted line in (a)�(c)). Black
line: emission spectrum of the D�A1 assembly. Green line: emission spectrum fromD alone. Red line: emission spectrum fromA1
alone. In the D�A1 SC and DC assemblies, FRET quenches the donor emission and dramatically increases the acceptor emission.
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and all spectra have been normalized to the intensity of
the Xe arc lamp used for excitation. Figure 4b shows
that emission from the A1 monomer is not observed
within the excitation range of the donor cluster
(peak donor excitation is 490 nm, indicated by the
dashed line). However, upon hybridization, excitation
of the donor cluster produces emission from the A1
cluster, while simultaneously reducing donor emission
(Figure 4c). These are unambiguous signatures of FRET.
Both of these phenomena are also clearly seen in the

contour slice at the D cluster's maximum excitation
wavelength, 490 nm (Figure 4d). Emission of the iso-
lated donor (green line) is partially quenched in the
hybridized construct (black line), while acceptor emis-
sion rises dramatically relative to the isolated A1
monomer (red line). Spectral characteristics for FRET
displayed by SC (Figure 4) and DC (Supporting Infor-
mation Figure S.7) D�A1 pairs demonstrate that D and
A1 clusters are successfully brought within nanometer
proximity. Similar spectra were observed for the SC
D�A2 assembly (Supporting Information Figure S.8).
To confirm that the observed FRET signal does, in

fact, result from strand hybridization and not an acci-
dental transfer of one cluster onto the other strand,
fluorescence from D�A1 pair solution was monitored
during thermal cycling. Figure 5 shows representative
thermal data for the D�A1 double clamp (DC) assem-
bly, after correcting for the temperature dependence
of the emission fromD and A1 individually (Supporting
Information Figure S.9). The melting point of the
double-clamp assembly was determined to be TM ∼
30 �Cbymonitoring absorbance at 260 nmas a function
of temperature (Supporting Information Figure S.4).
Exciting D�A1 at 490 nm, we monitor both 670 nm

emission intensity, corresponding to fluorescence
from A1 (Figure 5a), and 560 nm emission intensity,
corresponding to fluorescence from D (Figure 5b), as
the temperature is cycled twice from 5 to 40 �C over a
period of 80 min. At low temperatures, the FRET pairs
are hybridized and 670 nm fluorescence from D�A1 is
observed. As the temperature is increased past the
melting point (indicated by black stars), 670 nm emis-
sion drops by roughly a factor of 7, which is signifi-
cantly greater than the expected heating effects56 for
the A1 monomer (dashed blue trace, Figure 5a). We
note that residual 670 nm emission is expected for the
D�A1 pair at the maximum temperature of 40 �C due
to incomplete melting of the hybridization tails.
The thermal modulation of 670 nm emission in D�A1

is anticorrelated with the temperature dependence of
560 nm emission from the donor cluster. At low tem-
peratures, well below TM, donor quenching by FRET
produces lower intensity emission, while increasing
T above TM removes the FRET loss channel for the donor,
resulting in brighter emission (Figure 5b).
As an additional control to confirm the correlation

between strand hybridization and FRET, we performed

the same experiment on D and A1 clusters formed on
strands with non-complementary tails and did not
observe FRET. The requirement for complementary
tails and the observed intensity modulation around
the hybridization melting point demonstrates that
FRET pairs are indeed forming via strand hybridization.
The FRET efficiency varied among the three dual-

cluster design schemes. As expected, the EE scheme
produced no discernible FRET signal. This lack of FRET
signal is reasonable because, with a cluster separation
distance of 10 nm or more, the calculated FRET effi-
ciency for this D�A1 pair in the EE scheme is 4% or less.
FRET was observed for both SC and DC schemes. For
the SC assembly, we used two normalization methods
to determine the decrease in donor emission from the
assembled D�A cluster pair solution relative to the D
cluster monomer (Figure 4d, eq 3). The first method of
normalizing relative concentrations involved using the
ratio of 560 nm emission intensities from D monomer
and SC D�A pair solutions at temperatures well above
TM, where there is no FRET quenching. These relative
concentrations agreed well with those made using the
second method, comparing the visible peak absor-
bance values at 490 nm in solutions of the Dmonomer
alone and of D�A assemblies (Supporting Information
Figure S.6). The two estimates from these methods
yielded EFRET = 0.6�0.65. For the DC assembly, we
found E = 0.6 by again using the relative 560 nm
intensities above Tm. These estimates of EFRET from
the partial quenching of donor emission provide a
lower bound on the true FRET efficiency because the

Figure 5. Fluorescencesignals from(a) acceptor,withdetection
at 670nmand (b) donor,withdetectionat560nm in thedouble
clamp (DC) D�A1 pair, using 490 nm excitation, as the tem-
perature is cycled twice from 5 to 40 �C (black dashed lines,
right axes). Black stars indicate the melting temperature of
the assembly as determined by A260 (Supporting Information
Figure S.4). The blue dashed line (a) shows the temperature de-
pendenceofA1, using600nmexcitation.Datawerenormalized
to remove effects of photobleaching and temperature-depen-
dent monomer brightness (Supporting Information Figure S.9).
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possible presence of hybridized strands that lack an
acceptor, or unhybridized strands containing only the
donor cluster, will reduce the apparent FRET-induced
quenching. We conclude that the SC and DC assem-
blies hold the D and A acceptors at separations within
∼5�6 nm.
For comparison to inter-silver cluster FRET, we also

studied a D�A pair in which the donor is an organic
dye and the acceptor is a silver cluster. For this
construct, the 30 end of the DNA template sequence
for silver cluster A1 was labeled with a donor Rhoda-
mine (Rh) dyemolecule, with peak excitation at 570 nm
and peak emission at 590 nm. Four T bases were
inserted between the dye and the template sequence
to promote orientational averaging of the relative
moment alignments of the dye and the cluster. The A1

cluster was synthesized directly on the Rh-labeled DNA
and purified by HPLC.
The characteristic vibronic sidebands of organic dye

molecules are apparent for the Rh-labeled DNA in
Figure 6 as the short wavelength shoulder in the
absorbance and the long wavelength shoulder in the
emission spectrum. These features are also apparent in
the corresponding fluorescence contourmap (Figure 7a).
Such structure is strikingly absent in the corresponding
spectra for the silver cluster synthesized on the DNA
template alone (Figures 6 and 7b). This absence of
vibronic structure in emission spectra from DNA-
stabilized silver clusters is also a feature of individual silver
clusters measured in the limit of very low temperatures
(2 K), attesting to the clusters' metal�metal bonding
character.18

Due to the vibronic shoulders on the Rh donor
absorbance and emission spectra, the Rh�A1 spectra
(Figure 7c,d) have amore complex appearance than for
the dual silver cluster pair spectra (Figure 4). None-
theless, we observe clear FRET signals from the Rh�A1
pair. From spectral characteristics of Rh and A1, we
calculated R0 to be 7.2( 0.2 nm, assuming κ2 = 2/3. The
decrease in donor emission gives EFRET ≈ 67% (a lower
limit estimate since Rh-labeledDNA strands that do not
hold a A1 cluster may also be present). For comparison,
dye-based FRET studies of thymine homopolymer DNA
strands with lengths of 10�40 bases found compar-
able FRET efficiencies at 18-base strand lengths,57 after
correcting for the smaller R0 (6 nm) of the dye pair used
in that study. Prior studies18 indicated that the A1

Figure 6. Blue traces show spectra of the Rh dye attached to
the A1-templating DNA strand (without the A1 cluster). Red
traces show spectra of the A1 silver cluster. Dashed lines are
absorbance and solid lines are emission.

Figure 7. Rhodamine-silver cluster FRET. (a) Fluorescence contour map for the Rh donor dye, attached to the DNA strand. (b)
Fluorescence contourmap for the 15 silver atom acceptor cluster, A1, attached to the sameDNA strand in (a), but with no dye.
(c) Fluorescence contourmap for Rh�A1 assembly. (d) Data for 570 nmexcitation. Black line: Emission spectrumof the Rh�A1
assembly. Red line: emission spectrum from donor alone. Blue line: emission spectrum from acceptor alone. In the Rh�A1
assemblies, FRET quenches donor emission and dramatically increases acceptor emission.
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cluster attaches to several bases within the 28-base
DNA template, effectively making those bases part of
the cluster itself. Thus∼18 bases is a reasonable overall
length for the single-stranded DNA between the Rh
dye molecule and the A1 cluster.
We now turn to the issue of the structural stability of

the silver clusters. If assembly into dual cluster struc-
tures altered the number of silver atoms or significantly
changed cluster shape, we would expect large spectral
shifts in the spectra of D�Aassemblies relative to those
of individual clusters. Figure 8 shows that instead, the
clusters in the bicolor assemblies exhibit the same spectral
featuresas the individual clusters. Todisplay the lineshapes,
the emission data is plotted versus energy for the single
clamp D�A1 assembly and its individual cluster compo-
nents (Figure 8a) and for the Rh�A1 cluster assembly and
components (Figure 8b). The D�A1 data can be fitted
accurately by superposition of two Gaussians, with peak
wavelengths that match those of the individual clusters
within 2 nm. We conclude that the D and A clusters
retain their individual structures when incorporated into
nanometer-scale, dual-cluster assemblies.
For the Rh�A1pair, the Rhdyepeak shows a 6nmblue-

shift relative to the dye on the same DNA strand but
without the cluster. To extract the spectrum of
theA1cluster,wesubtractedarigidly shifteddyespectrum.
The resulting estimate of the cluster spectrum (orange line,
Figure 8b) is nearly indistinguishable from that of the
cluster alone (red dashed line). Apparently cluster forma-
tion affects the dyemolecule fluorescence, perhaps due to
altered dye-base pi stacking arising from changes in base
orientation upon cluster formation. Variations in the spec-
tral properties of Cy3, another commonly used fluorescent

dye molecule, due to changes in the dye molecule's local
environment, have also been demonstrated.58 However,
the silver cluster in the Rh�A1 assembly appears to be
unchanged in the presence of the dye.
All results discussed thus far pertain to D�A pairs

assembled from solutions of purified silver clusters. It
would be desirable to create dual cluster constructs
more simply, without purifying the individual silver
cluster components. An obstacle to this approach is the
heterogeneity of products produced by reduction of
silver ions on DNA templates. To investigate the ne-
cessity of a purification stage, we attempted several
different strategies to observe FRET without prepurifi-
cation for the EE, DC and SC configurations using the
silver clusters D and A1. These one- and two-pot
methods rely instead on sufficient chemical yields of
D and A1, with respect to other products, to result in a
clear spectral signature of FRET. A summary of these
attempts is in the Supporting Information. None results
in any significant FRET signal, indicating insufficient
chemical yields of the desired dual cluster assembly
when using the D and A1 templates. When the relation
between DNA sequence and cluster structure is better
understood, it may become possible to select stabilizing
templates that produce good yields of multicluster con-
structs without preliminary purification stages.

CONCLUSIONS
In conclusion, we have brought distinct silver nano-

clusters, with sizes in the range of 10�20 atoms, into
nanometer proximity. This was accomplished by using
strand hybridization to merge distinct clusters of dif-
ferent size into nanoscale constructs. The success of
the assemblies was verified using gel shift analyses and
by monitoring FRET, an optical readout only occurring
when donor�acceptor pairs are separated by just a
few nanometers. To date, the FRET signatures are also
temporally stable over times exceeding one month.
We find that both of the silver clusters participating in

FRET preserve their spectral properties, indicating that
each clustermaintains its original structure. The absence
of vibronic structure in the cluster spectra simplifies
the recognitionof FRET features, relative to organic dyes.
We find that Rhodamine is less spectrally stable upon
assembly than the silver clusters themselves.
Prior studies of heterogeneous solutions produced

by different template strands reported spectral
changes upon altering the DNA environment. The
structural stability we observe shows that appropriate
strand selection results in clusters that are suitable for
use in DNA-based nano-optical structures.

MATERIALS AND METHODS
Reagents and Synthesis. Samples were prepared by mixing

DNA, NH4OAc, and AgNO3 (pH 7). Following a 20min incubation

at 4 �C, solutions were reduced with freshly prepared NaBH4.

For A1 and D, final concentrations were 15 μM DNA, 188 μM

AgNO3, 94 μM NaBH4, and 10 mM NH4OAc. For A2, final

Figure 8. Analysis of the spectral stability of silver clusters in
bicolor assemblies. Data are plotted versus energy to display
lineshapes. (a) Black line: data for the SC dual silver cluster
assembly. Green and red lines: data for D and A1 clusters.
Purple line: dualGaussianfit todual cluster assemblydata. The
fittedwavelengths agreewith those of the separate clusters to
within 2 nm. (b) Black line: data for the Rhodamine�A1 pair.
Green and red lines: Spectra of Rh dye only on the DNA strand
and A1 cluster only on the templating DNA strand, respec-
tively. Orange line: Data after subtracting a blue-shifted Rh
spectrum overlie the spectrum of the A1 cluster.
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concentrations were 5 μMDNA, 50 μMAgNO3, 25 μMNaBH4, and
10 mM NH4OAc.

Oligonucleotides. The following strands (IDT, standard desalting)
were used in the reported designs:

A1 (SC, EE): CACCGCTTTTGCCTTTTGGGGACGGATA-TTTTATT-
AATAAATAATATTTAAAATTTATTATA
A1 (DC): AAAATTTATTATA-TTT-CACCGCTTTTGCCTTTTGGG-
GACGGATA-TTT-ATTAATAAATAAT
D (SC): TATAATAAATTTTAAATATTATTTATTAAT-TTTT-TGCCTTTT-
GGGGACGGATA
D (EE): TGCCTTTTGGGGACGGATA-TTTT-TATAATAAATTTT-
AAATATTATTTATTAAT
D (DC): ATTATTTATTAAT-TTT-TGCCTTTTGGGGACGGATA-
TTT-TATAATAAATTTT
A2 (SC): TTCCCACCCACCCCGGCCCGTT-TTTT-ATTAATAAA-
TAATATTTAAAATTTATTATA

The A,T tails were previously reported in ref 23.
Purification. All silver-DNA solutions were purified using a

Waters 2695 Separations Module with autoinjector and a Waters
2487 Dual Wavelength absorbance detector (10 μL volume), set
to monitor the visible peak of each silver cluster. Separations
used linear gradients from 15% to 35% of B (35 mM TEAA/
MeOH30) with A (35 mM TEAA/H2O

30) on a 50 mm � 4.6 mm
Kinetex C18 core�shell column with 2.6 μm particle size and
100 Å pore size (Phenomenex). Directly following HPLC purifica-
tion, samples were dialyzed overnight into 50mMNH4OAc using
10 kDa MWCOMINI dialysis units (Thermo Scientific). The higher
concentration buffer, relative to synthesis conditions, is used to
promote hybridization of AT complementary tails.

Assembly. Purified components were mixed with an estimated
2-fold excess of A strands and spun in 10 kDa MWCO centrifugal
filters (Millipore) to remove solvent and increase total DNA concen-
tration to∼1μM.Solutionswere left at roomtemperature for at least
30 min to allow complete hybridization. Hybridized solutions were
then spun three times using 30 kDa centrifugal filters (Millipore) to
removeexcessmonomers. Following each spin, bufferwas added to
ensure a final concentration of at least 50 mM NH4OAc.

Calculated Melting Temperatures. Melting temperatures were
calculated using 1 μMDNA and 50mMNaþ in the DINAMelt59,60

web server. We use ammonium acetate rather than buffers
containing Naþ, but prior work61 has shown that equal con-
centrations of Naþ and NH4

þ ions give similar Tm results.
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