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Sequence-Dependent Fluorescence of DNA-Hosted Silver
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By Elisabeth G. Gwinn,* Patrick O’Neill, Anthony J. Guerrero, Dave Bouwmeester,
and Deborah Kuchnir Fygenson

Artificial structures built from synthetic DNA are emerging
as platforms for device science that offer greatly enhanced
resolution and simplicity of fabrication compared to tradi-
tional solid-state structures. These advantages arise from the
nanometer-scale control over geometry provided by aqueous
self-assembly of designed DNA sequences, which yields ro-
bust “scaffolds” in a palette of nanometer-scale geometries
ranging from octahedra to two-dimensional lattices of all
types. [1–10] Future applications that arise from such DNA scaf-
folds may include nanometer-scale optics, nanometer-scale
electronics, and single-molecule detection proteomics.[2]

Realizing the promise that DNA-based materials hold for
nanometer-scale device science will require the development of
functional nanoelements for patterning of DNA scaffolds. In
analogy to the layout of logic and memory elements on a semi-
conductor chip, nanoelements with properties that can be varied
in a controlled manner across the underlying scaffold are
needed. Such nanoelements should have lateral dimensions no
larger than a few nanometers, in order to take advantage of the
ultrafine, 6 nm resolution currently available in DNA scaf-
folds.[10] Nanoelements should be hosted within DNA strands
that can integrate into the scaffold structure, to enable precise
positioning. Finally, nanoelement properties should depend on
the base sequence of their host DNA strand, to provide site-spe-
cific behavior. Such a combination of properties would increase
flexibility and function in comparison to current approaches for
patterning DNA scaffolds with attachments, such as Au nano-
particles[3,4] and proteins,[5–7] which are relatively bulky and lack
sensitivity to the sequence of nearby DNA bases.

Here we show that silver nanoclusters bound to short, syn-
thetic DNA strands provide optically functional nanoele-
ments with the desired small size, sequence sensitivity, and
suitability for integration into DNA scaffolds. Our work

builds on the initial discovery of fluorescence from few-atom
silver clusters attached to a 12-base, single-stranded DNA
sequence.[11] We use six 19-base DNA oligomers to show that
visibly fluorescent silver clusters form only in single-stranded
regions of the DNA hosts. This selectivity opens the possibili-
ty of precise positioning of optical nanoelements on DNA
scaffolds through use of DNA “hairpin” sequences, which
have already been used to create patterns of high complexity,
with resolution below 10 nm, upon double-stranded DNA
scaffolds.[10] We find that the spectral characteristics of these
silver-DNA nanoelements can be controlled by the base se-
quence and secondary structure of the DNA strands that host
the silver atoms, a result that may ultimately contribute to
achieving sequence-programmed optical addressing with
nanometer-scale resolution.

Scheme 1 represents the oligomers studied here.[14] Colored
circles indicate the bases: blue = cytosine (C), green = thy-
mine (T), red = guanine (G), and yellow = adenine (A).
C-Strand and G-Strand are complementary sequences that,
alone in solution, are each predominantly single-stranded (ss),
but form a purely double-stranded (ds) “Duplex” when ther-
mally annealed together under our solution conditions. The
hairpin oligomers C-loop, G-loop, A-loop and T-loop are par-
tially self-complementary sequences with a common, 7-base
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Scheme 1. Cartoons of the 19-base DNA oligomers used in this work.
Blue = cytosine (C), green = thymine (T), red = guanine (G), and yel-
low = adenine (A). Black dots represent base pairing and solid lines the
sugar-phosphate backbone. The TM are calculated values [12] that agree
with measured hairpin melting temperatures [13]. Top: C-Strand and
G-Strand form the Duplex when annealed together. Bottom: Hairpins
C-loop, G-loop, T-loop and A-loop.



pair stem that closes a single-stranded loop,
roughly 2 nm across, that is composed of five iden-
tical bases. The C-rich sequences C-loop and C-
Strand differ only in the reversal of the order of
the seven bases on the 3’ ends of the sequences.[14]

The G-rich sequences G-loop and G-Strand differ
only in the reversal of the order of the seven bases
on their 5’ ends.[14] The hairpins have measured
melting temperatures,[13] TM, near 60 °C, in good
agreement with calculated values[12] that also give
TM near 60 °C for the Duplex, and much lower TM

for C-Strand and G-Strand (25 °C and 36 °C, re-
spectively). Thus, at room temperature, the dou-
ble-stranded stem firmly closes the hairpins, the
Duplex is expected to have no single-stranded re-
gions, and C-Strand and G- Strand are expected to
have just two, barely bound base pairs.

To synthesize optically functional Ag-DNA
nanoelements, we added AgNO3 to DNA strands
hydrated in ammonium acetate, followed by reduc-
tion with NaBH4. Final concentrations were 25 lM

in each DNA strand,[15] 140 lM in AgNO3

(5.6 Ag/strand), 280 lM in NaBH4, and 40 mM in
ammonium acetate at pH 6.9.

For all of the oligomers, the reduced solutions
were pale yellow to the eye and fluorescent. Fluo-
rescence was not observed in the absence of DNA,
nor in solutions of DNA without AgNO3, nor in
unreduced AgNO3-DNA solutions. The yellow col-
or, but no fluorescence, was observed when Ag re-
duction by NaBH4 was performed in the absence of DNA,
and is characteristic of surface plasmon absorption by silver
nanoparticles 10–50 nm in diameter.[16] Thus DNA-Ag nano-
clusters produced the observed fluorescence, and the much
larger Ag nanoparticles also present in solution contributed
only to the visible absorption.

The intensity of the fluorescence from the DNA-Ag solu-
tions increased gradually over roughly 24 hours after reduc-
tion by NaBH4, and decayed slowly thereafter over a period
of days to several weeks, depending on sequence (presumably
due to oxidation of Ag clusters). Fluorescence data shown
here were therefore collected 22–26 hours after reduction.
Relative fluorescence intensities of the different DNA-Ag so-
lutions were similar at 5, 10, and 24 hours post-reduction; thus
the time-evolution of the fluorescence is similar in all cases
and the differences in fluorescence properties shown below
are characteristic of the oligomer sequences.

To characterize the number of silver atoms in the Ag-DNA
species, we collected time-of-flight mass spectra (electrospray
ionization). Figure 1 shows the data over the range of mass to
charge ratio, M/Z, that spans the dominant charge state. The
spectra are normalized by the integral of the signal over the dis-
played range of M/Z, and were collected roughly 20 hours after
addition of NaBH4. The dominant charge state was Z = –4 for
all oligomers under the conditions used, except for the Duplex,
for which the Z = –7 charge state had the highest signal. Rela-

tive abundances were similar for other values of Z. Mass spectra
of the hairpin solutions exhibited peaks for the monomer strands
only,[17] as expected for the DNA concentrations used here.

In Figure 1, vertical, gray lines mark peaks corresponding
to oligomers with NAg = 0, 1, 2 ... attached silver atoms. The
closely spaced peaks at slightly greater M/Z correspond to the
additional attachment of 1, 2, 3... sodium atoms. Dashed lines
indicate the average number of attached Ag atoms, <NAg>.

All of the oligomers bind Ag atoms, as shown in Figure 1
(Supporting Information shows the mass spectrum of T-loop).
Because previous studies of the binding of Ag cations to
DNA found no detectable interaction of Ag+ with phosphate
groups,[18] we expect that Ag atoms are bound only to the
bases. All of the oligomers exhibit <NAg> below 5.6, the num-
ber of silver ions added per oligomer and per Duplex. This is
as expected from the coexistence with the DNA-bound nano-
clusters of much larger, non-fluorescent Ag nanoparticles that
compete for the Ag.

We find that strikingly different fluorescence spectra result
from using the different oligomers as hosts for Ag. Figure 2
shows the fluorescence intensity as contour maps in the exci-
tation (kex)–emission wavelength (kem) plane. The wave-
lengths displayed capture the dominant spectral features de-
tected for excitation at visible wavelengths, kex, fixed every
10 nm in the range 400–700 nm (Supporting Information
shows individual spectra). In all plots, the black contour lies at
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Figure 1. Mass spectra of the DNA-Ag solutions, for (left column) C-Strand, G-Strand,
and Duplex, and (right column) C-loop, G-loop, and A-loop. The mass spectrum pro-
duced by T-loop (Supporting Information) is similar to that for A-loop. Spectra are
normalized by the integral of the signal over the displayed range. Gray lines mark the
M/Z corresponding to attachment of NAg = 0, 1, 2, ... Ag atoms. Dashed lines: aver-
age number of Ag atoms per strand, <NAg>.



half the peak signal, the contour interval is 1/29 of the peak
signal, and the upper legend indicates the peak intensity (pur-
ple) and base contour (red).

Both C-Strand and G-Strand produce brightly fluorescent
DNA-Ag solutions (Fig. 2a and c), However, despite the pres-
ence of attached Ag (Fig. 1), the Duplex produces negligible
visible fluorescence (Supporting Information). Apparently
the mode of binding of Ag to dsDNA yields electronic config-
urations without excitations in the visible or/and that undergo
rapid non-radiative decay. We expect that the primary loca-
tions for silver attachment to the Duplex are the N7 sites of
the guanine bases, based on previous studies of the binding of
Ag to ds DNA.[18] The guanine N7 site is not involved in base
pairing between strands.

Because the constituent, C- and G-Strands of the Duplex
each host fluorescent Ag species (Fig. 2a and c), while the
Duplex does not, we conclude that Ag atoms bind to single-
stranded DNA via sites that are rendered inaccessible by Wat-
son–Crick base pairing. Different modes of binding of Ag to
ssDNA and to dsDNA are also suggested by the qualitative
differences between the mass spectrum of the Duplex and
those of C- and G-Strand (Fig. 2): the single strands exhibit
bimodal mass spectra with low NAg (0–4) and with high NAg

(10–14) components, while the Duplex mass spectrum exhibits
only intermediate NAg. Studies of silver bound to other organ-
ic molecules with high densities of amine and/or carbonyl oxy-
gen sites, such as dendrimers,[19] polymer microgels,[20] and
molecular polygels,[21] have also observed fluorescent Ag spe-
cies. We infer that carbonyl oxygen and/or amine groups parti-
cipate in binding Ag to bases on ssDNA.

The main fluorescence peaks for C- and G-Strands (Fig. 2a
and c) are much stronger than all satellite features, suggesting
a predominant emissive species that interacts with a fluctuat-
ing environment. The fluorescence spectral features are highly
reproducible over repeated syntheses. The lower legends in
Figure 2 specify the excitation and emission wavelengths, Kex

and Kem, that correspond to the maximum fluorescence inten-
sity. We found Kex and Kem from Gaussian fits to three inde-
pendent data sets taken on solutions synthesized from sepa-
rate batches of the DNA. The peak excitation and emission
wavelengths for G-Strand were constant to within 1 nm
among data sets (lower legend, Fig. 2c); while for C-Strand
they were constant to within 3 nm (Fig. 2a).

The primary fluorescence peaks produced by C- and
G-Strands lie at distinct wavelengths: Kex = (572.2 ± 2.3) nm,
Kem = (647.6 ± 2.4) nm and Kex = (509.2 ± 0.6) nm,
Kem = (573.6 ± 0.1) nm, respectively. We conclude that the
fluorescence spectrum generated by ssDNA hosts depends on
the base sequence, as originally proposed in reference [11]. The
similar fluorescence intensities produced by C- and G-Strand
((363 ± 90) AU and (622 ± 96) AU, respectively, averaged over
three data sets) and their similar mass spectra (Fig. 1) indicate
that Ag binds with comparable affinities to chemically similar
sites on C and G bases at neutral pH. The different peak wave-
lengths in the fluorescence spectra then reflect differences in
local environment provided by the different base stacking in-
teractions within the two strands. The apparent similarity in
binding affinities of Ag for single-stranded G and C differs
from the interpretation of previous studies[11] of Ag bound to a
12-base oligomer, 5’-AGGTCGCCGCCC-3’, which used
NMR to identify cytosine as the main site for Ag attachment;
however, because the solutions studied had roughly 40 times
higher concentrations than used here, the dominant mode of
Ag binding may have been different.[18]

To improve understanding of the relationship between
DNA sequence and the spectrum of Ag-DNA fluorescence,
we designed a set of hairpin structures that present homopoly-
mers of each of the four bases in their single-stranded loops
(Scheme 1). Results for the Duplex show that the ds stems of
the hairpins should not contribute to fluorescence. Instead the
fluorescence from hairpin-Ag solutions reflects the interac-
tion of Ag with the bases in the ss loop, allowing a comparison
of the relative capacities of C, G, A, and T homopolymers to
host fluorescent species.

We find that the attachment of Ag to the four different hair-
pins results in fluorescence properties that depend strongly on
the loop base. C-loop and G-loop solutions exhibit fluorescence
of similar brightness (Fig. 2b and d). A-loop solutions fluoresce
weakly, peaking at Kex = (471.0 ± 0.6) nm, Kem = (534.9 ± 2.8)
nm, with peak intensity less than 1/10th that of C- and G-loop
(Supporting Information). T-loop solutions produce no fluores-
cence for excitation at visible wavelengths.[22] Apparently sin-
gle-stranded T and A bases have low affinities for fluorescent
Ag clusters, which suggests that the attached Ag atoms may bind
to A-loop and T-loop primarily on their ds stems. Interestingly,
C-loop and G-loop, the hairpins that yield brightest fluores-
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Figure 2. Contour maps of fluorescence from DNA-Ag solutions. The
black contour lies at half the maximum intensity. Upper legend: contour
interval and peak intensity. Lower legend: wavelengths of the primary
peak, derived from three independent data sets. Shaded regions along
kex = kem: scattered light prevents detection of fluorescence. a) C-Strand.
b) G-Strand. c) C-loop. d) G-loop.



cence, bind fewer Ag atoms than do A-loop and T-loop (Fig. 1
and Supporting Information). One possible explanation is that
prior to reduction, charge repulsion and strand deformation
from Ag+ bound to C and G bases in the loops inhibit the bind-
ing of Ag+ ions to the ds stem.

Comparison of the fluorescence spectra of C-Strand and
G-Strand (Fig. 2a and c) to those of C-loop and G-loop (Fig. 2b
and d) indicates that secondary structure influences the yield
of fluorescent species. The primary fluorescence peak for
C-Strand is roughly three times brighter than for C-loop and
the primary fluorescence peak for G-Strand is roughly five
times brighter than for G-loop, despite the identical numbers
of each base in C-Strand and C-loop and in G-Strand and
G-loop. Apparently the geometrical constraints enforced by
the hairpin loop make Ag incorporation more difficult, in
agreement with the mass spectra (Fig. 1), which show lower
<NAg> for C-loop and G-loop than for C-Strand and G-Strand.

The fluorescence spectra of the hairpins and Strands also in-
dicate that secondary structure affects fluorescence wave-
lengths. For C-loop and C-Strand, and G-loop and G-Strand,
we expect similar modes of Ag binding to ss bases, with spec-
tral shifts arising from the geometrical constraints imposed by
the hairpins. The peak emission and excitation wavelengths
for G-loop are red-shifted by roughly 40 nm relative to
G-Strand (Fig. 2c and d). This may be due to slight differences
in Ag bond lengths and angles, in analogy to the shifts in fluo-
rescence wavelengths observed for Ag clusters embedded in
different registrations relative to a noble gas matrix.[23] In con-
trast, the peak excitation and emission wavelengths for C-loop
and C-Strand (Fig. 2a and b) are similar, perhaps because of
smaller changes in base stacking associated with the smaller
size of cytosine than guanine.

Comparison of the mass and fluorescence spectra provides
rough constraints on the number of Ag atoms in the dominant
fluorescent species. From the mass spectra, we calculated the
fraction, fN, comprised by species with NAg = 0, 1, 2, ..., and
from the fluorescence spectra we calculated the integrated in-
tensity, IInt, over the main fluorescence peak. Assuming that a
single mode of Ag binding predominates for each number, N,
of Ag bound to the DNA, we expect the ratio IInt(C-loop)/
IInt(C-Strand) to be similar to the ratio fN(C–loop)/
fN(C-Strand) for the value of N that corresponds to the domi-
nant fluorescent species; and similarly for G-loop and
G-Strand. The fluorescence spectra give IInt(C-loop)/
IInt(C-Strand) = 0.27 and IInt(G-loop)/IInt(G-Strand) = 0.24.
The most similar mass fraction ratios are fN(C-loop)/
fN(C-Strand) = 0.78, 0.26, and 0.27 for NAg = 2, 3, and 4; and
fN(G-loop)/fN(G-Strand) = 0.63, and 0.14 for NAg = 2 and 3.
For all other numbers of attached Ag atoms, the fN ratios were
more than a factor of 10 different from the fluorescence in-
tensity ratios. Thus, hosts with two to four attached Ag atoms
are the most likely sources for the observed fluorescence. Be-
cause few-atom silver clusters in noble gas matrices[24] fluor-
esce at wavelengths closer to those we observe than do indi-
vidual silver atoms in the matrix (which emit at shorter
wavelengths), we conclude that Ag2, Ag3 and Ag4 clusters are

the probable fluorescent Ag-DNA species. Ag2 and Ag3 clus-
ters were also identified as likely fluorophores in recent stud-
ies of the sequence 5’-CCCCCCCCCCCC-3’.[25]

To determine whether individual DNA-Ag hairpins are
bright enough to image, an important issue for potential appli-
cations, we dried drops of the solutions onto coverglass and
examined the samples under a microscope equipped for epi-
fluorescence and transmission microscopy. Fluorescence was
collected for kem > 510 nm, with excitation centered at
kex = 475 nm, well away from the excitation peaks of C-loop
and G-loop. Even with this inefficient excitation, isolated
fluorescent dots were readily apparent, and increased in num-
ber under steady excitation, indicating a photoactivation pro-
cess. In contrast, dried drops of the A-loop solution showed
no fluorescent dots.

Figure 3a shows an image of the fluorescent dots formed by
the dried G-loop solution. Results for C-loop were qualita-
tively similar. Slight defocusing revealed far-field dipole radia-
tion patterns[26] (Fig. 3b) whose orientation did not change
even as the isolated emitters fluctuated in intensity. Transmis-
sion images in bright field (Fig. 3c; green light) show scatter-
ing in the vicinity of the fluorescent dots and transmission im-
ages taken through cross-polarizers (Fig. 3d) reveal that
birefringence accompanies the scattering. Apparently the
DNA-Ag fluorophores are embedded in small salt crystals,
likely the birefringent salt NaNO3.[27] Dimmer, more rapidly
bleaching fluorescent dots were also present without asso-
ciated scattering in transmission. Thus protection of the
DNA-Ag species by an embedding medium enhances stability
and brightness. Recent experiments on Ag nanoclusters
bound to the DNA oligomer 5’-CCCCCCCCCCCC-3’ and
embedded in a polyvinyl alcohol (PVA) film found fluores-
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Figure 3. Optical microscopy of a dried drop of the G-loop solution.
a) Fluorescence, showing isolated emissive dots (different distances from
the focal plane produce variation in apparent size). b) Defocused fluores-
cence, showing fixed, dipolar emission patterns characteristic of single
emitters. c) Transmission of green light showing scattering in the neigh-
borhood of the fluorescent dots. d) Transmission of green light through
crossed polarizers, showing birefringence in the neighborhood of the fluo-
rescent dots. Transmission images (c), (d) indicate that individual emit-
ters shown in fluorescence (a), (b) are embedded in small salt crystals.



cence from single emitters bound to this non-hairpin se-
quence.[25] We have observed fluorescence from single hair-
pin-Ag emitters embedded in PVA, and, as expected for this
homogeneous embedding medium, no light scattering in the
neighborhood of the fluorescent dots. For dried and for PVA-
embedded Ag-DNA fluorophores, we find stable emission
over many weeks. Thus, encapsulation removes the slow fluo-
rescence decay found in aqueous solution.

The dipolar emission patterns (Fig. 3b) and the strong,
abrupt variations in intensity (Supporting Information) from
the immobilized DNA hairpin-Ag fluorphores are character-
istic of individual organic molecules[28] and quantum dots[29]

that respond as single quantum systems to environmental fluc-
tuations. We conclude that the isolated fluorescent spots are
emission from single emitters; thus, individual DNA hairpin-
Ag fluorophores are bright enough to image in standard epi-
fluorescence spectroscopy.

In conclusion, we have found that few-atom Ag clusters at-
tached to single-stranded DNA exhibit visible fluorescence
with spectral properties that are sensitive to the sequence and
secondary structure of the bases that comprise the strand. Iso-
lated, hairpin-based fluorophores exhibit fluorescence with
steady dipole radiation patterns and intermittency. These ob-
servations are promising for achieving precise placement onto
DNA arrays of nanoscale, DNA-based optical elements with
sequence-programmed properties.

Experimental

Materials and Synthesis: All strands were purchased from Inte-
grated DNA Technologies with standard desalting and used without
further purification. The strands were hydrated in ammonium acetate
(80 mM) to 50 lM concentration, heated to 98 °C, and cooled slowly to
favor folding into the structure of lowest free energy. To synthesize
optically functional Ag-DNA species, we added AgNO3 (0.56 mM) in
a 1:2 volume ratio and incubated the solutions for one hour at 4 °C,
then reduced them with NaBH4 (1.12 mM) that had been held at 4 °C
for 1 hour after mixing. DNA-Ag solutions were stored at 4 °C be-
tween measurements.

Characterization: Fluorescence spectra were measured at room tem-
perature in a 1 cm cuvette (Varian Cary Eclipse fluorimeter). Mass
spectra were measured using an Applied Biosystems PE SciEx Qstar
quadrupole time-of-flight mass spectrometer in negative ion mode at a
capillary voltage of –2.0 kV. We mixed the samples with 17 % metha-
nol immediately before measuring mass spectra, to promote desolva-
tion. (This did not significantly affect fluorescence spectra.) Images of
single emitters were taken using an Olympus IX-70 microscope fitted
with a DVC 1310 CCD camera (full gain, zero offset and 333 ms expo-
sure), with fluorescence collected via a 505 nm long-pass dichroic mir-
ror and a 510 nm long-pass filter. Samples were illuminated with a
100 W mercury arc lamp, through a (475 ± 20) nm bandpass filter. Sin-
gle emitters were easily visible by eye through the microscope.
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