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Silver cluster-assembled materials for label-free
DNA detection†

Saikat Das,a Taishu Sekine,a Haruna Mabuchi,a Sakiat Hossain,a Subhabrata Das, b

Shun Aoki,c Shuntaro Takahashi *b and Yuichi Negishi *a

Herein, we report two newly synthesized silver cluster-assembled

materials (SCAMs), [Ag14(StBu)10(CF3COO)4(bpa)2]n (bpa = 1,2-bis(4-

pyridyl)acetylene) and [Ag12(StBu)6(CF3COO)6(bpeb)3]n (bpeb = 1,4-

bis(pyridin-4-ylethynyl)benzene) composed of Ag14 and Ag12

chalcogenolate cluster cores, respectively, bridged by acetylenic

bispyridine linkers. The linker structures and electrostatic inter-

action between positively charged SCAMs and negatively charged

DNA confer the SCAMs with the ability to suppress the high back-

ground fluorescence of single-stranded (ss) DNA probes with SYBR

Green I nucleic acid stain, leading to high signal-to-noise ratio for

label-free target DNA detection.

Silver nanoclusters1,2 have flourished as enticing nanomater-
ials by virtue of their remarkable photoemission with quantum
yields as high as 95%,3 high catalytic activities,4 and sensing
properties.5 That said, research on silver nanoclusters has been
mostly limited to fundamental studies focusing on the syn-
thesis and isolation of new clusters, resolving their geometric
structures, and exploring different surface organic ligands and
anion templates as stabilizing/directing agents. The primary
concern limiting its applicability is its proneness to oxidization,
thereby imparting it with a compromised stability. In light of the
foregoing, the transformation of molecular clusters into the
extended structure regime have endowed silver cluster-assembled
materials (SCAMs)6 with the advantages of structural diversity,
precise designability, and superior stability. SCAMs are crystalline

frameworks consisting of polynuclear silver clusters linked
together by organic linkers.

The first report on SCAM appeared from Mak and co-
workers who exchanged the acetonitrile (CH3CN) ligands in
[(Ag12(StBu)6(CF3COO)6(CH3CN)6]�CH3CN cluster with 4,40-
bipyridine (bpy) ligands to construct the two-dimensional
(2D) SCAM [(Ag12(StBu)8(CF3COO)4(bpy)4)]n that exhibited
significantly improved stability over one year and 60-fold
greater quantum yield.7 Since then, the library of SCAMs has
expanded by combining the diverse geometry and composition
of silver cluster nodes with a wide array of organic linkers.8–12

The combination of silver clusters and organic linkers has not
only endowed the SCAMs with augmented stabilities but also
with unprecedented performance such as enhanced photo-
luminescence quantum yields13–16 and superior photocatalytic bac-
terial inactivation,17 among others. However, acetylenic bispyridine
linkers have not hitherto been reported to construct the SCAMs. In
this study, two novel SCAMs, [Ag14(StBu)10(CF3COO)4(bpa)2]n (here-
inafter Ag14bpa) and [Ag12(StBu)6(CF3COO)6(bpeb)3]n (hereinafter
Ag12bpeb) were successfully obtained utilizing two acetylenic link-
ers, bpa and bpeb (bpa = 1,2-bis(4-pyridyl)acetylene, bpeb = 1,4-
bis(pyridin-4-ylethynyl)benzene). Interestingly, the SCAMs, by merit
of p-stacking and electrostatic interaction between negatively
charged sugar-phosphate backbone of DNA and positively charged
cluster assembly, can contribute to fluorescence background
quenching of ssDNA probes with fluorescent dye, entailing signifi-
cant improvement in signal-to-noise ratio (SNR) for label-free DNA
detection.

Ag14bpa and Ag12bpeb were prepared in high yields through
the one-pot reaction of metal salts (AgStBu, CF3COOAg) and the
organic linkers (bpa or bpeb) in a mixture of solvents (aceto-
nitrile/chloroform for Ag14bpa or dimethylacetamide/toluene
for Ag12bpeb). First, the reaction took place between AgStBu
with CF3COOAg in the aforementioned solvent mixtures. Next,
the solutions containing the organic linkers bpa or bpeb were
added dropwise. Following solvent removal by slow evaporation,
high-quality yellow and colorless single crystals were obtained
for Ag14bpa and Ag12bpeb, respectively (ESI† includes full details).
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The structure of Ag14bpa SCAM was determined by single-
crystal X-ray diffraction (SCXRD) studies that exhibited mono-
clinic crystal system, space-group type C2/c (Table S1, ESI†).
Similar to the situation in Ag14apy,15 the core of the Ag14 cluster
in Ag14bpa adopts the shape of a slightly distorted ortho-
bielongated square pyramid (Fig. S1, ESI†) in which the Ag5
atoms are located at the apical sites (Fig. S2, ESI†) and the Ag14

core is held by AgI� � �AgI argentophilic interactions (2.92–3.22 Å,
Table S2, ESI†), longer than the Ag–Ag bond length
(2.89 Å) of bulk silver,18 but shorter than the sum of two
standard AgI van der Waals radii (3.44 Å).19 The Ag14 cluster
node features eight square faces and eight triangular faces and
is stabilized by ten StBu� and four CF3COO� ligands (Fig. 1a).
The four m3-S (S2, S5) bind to Ag atoms (Ag2, Ag3, Ag4, Ag7) on
the square faces with average Ag–S bond length of 2.50 Å
(Fig. S2 and Table S3, ESI†) and Ag–S–Ag bond angle in the
range of 71.24–128.771 (Fig. S3, ESI†). The two m4-S (S4) bind to
Ag atoms (Ag1, Ag4, Ag6, Ag7) on the square faces with average
Ag–S bond length of 2.65 Å (Fig. S2 and Table S3, ESI†) and Ag–
S–Ag bond angle in the range of 64.78–111.471 (Fig. S4, ESI†).
The four m3-S (S3, S1) bind to Ag atoms (Ag1, Ag2, Ag3, Ag5, Ag6)
on the triangular faces with average Ag–S bond length of 2.46 Å
(Fig. S2 and Table S4, ESI†) and Ag–S–Ag bond angle in the
range of 75.08–124.081 (Fig. S5, ESI†). As can be seen from
Fig. S2 and Table S5 (ESI†), the two m2-CF3COO� (O1, O2) bind
to Ag atoms (Ag2, Ag7) on the square faces with average Ag–O
bond length of 2.36 Å. The two m2-CF3COO� (O3, O4) bind to Ag
atoms (Ag5, Ag6) on the triangular faces with average Ag–O
bond length of 2.40 Å. The Ag14 clusters are linked by four bpa

linkers with average Ag–N bond length of 2.31 Å (Table S6,
ESI†), resulting in a 2D rectangular net with ABA stacking
pattern.

Ag12bpeb SCAM crystallizes in the trigonal crystal system
with the space group of R%3m (Table S7, ESI†). The structure of
Ag12bpeb is built from the secondary building units (SBUs)
Ag12(StBu)6(CF3COO)6, which are connected to each other
through bpeb linkers (Fig. 2a). The cuboctahedron-shaped
Ag12 core features two equilateral and six isosceles triangles
(Fig. S6 and S7, ESI†). In the two equilateral triangles, the
average Ag1–Ag1 bond length is 2.96 Å and Ag1–Ag1–Ag1 bond
angle is 601 (Fig. S8, ESI†). In the six isosceles triangles, the
average Ag1–Ag2 bond length is 3.15 Å, Ag2–Ag1–Ag2 bond
angle 74.881, and Ag1–Ag2–Ag2 bond angle 57.481 (Fig. S9,
ESI†). The six m4-S (S1) bind to Ag atoms (Ag1, Ag2) with average
Ag–S bond length of 2.50 Å and Ag–S–Ag bond angle in the
range of 73.48-133.521 (Fig. S10, ESI†). The six m1-CF3COO� (O2)
bind to Ag1 atoms with average Ag–O bond length of 2.41 Å.
The Ag12 clusters are linked by six bpeb linkers with average
Ag–N bond length of 2.29 Å to afford a high-symmetry extended
2D hxl net that displays the ABCA stacking pattern.

The powder X-ray diffraction (PXRD) patterns of Ag14bpa and
Ag12bpeb are in good agreement with the simulated patterns,
indicative of the phase purity of the SCAMs (Fig. S11 and S12,
ESI†). Scanning electron microscopy (SEM) and optical micro-
scopy characterization of the SCAMs revealed single crystals
with well-defined morphology (Fig. 1c, 2c and Fig. S13, ESI†).
The lattice fringes of the SCAMs could be clearly observed from
the high-resolution transmission electron microscopy (HRTEM)

Fig. 1 (a) A step-by-step breakdown of the ligands (StBu� and CF3COO�) and bpa linkers connecting to the Ag14 core. (b) Extended structure of Ag14bpa.
(c) SEM image, (d and f) HR-TEM images of Ag14bpa. (e and g) Fast Fourier transform (FFT) patterns acquired from the areas shown in (d) and (f),
respectively.
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images (Fig. 1d, f and 2d, f). Thermogravimetric analysis (TGA)
showed that the Ag14bpa and Ag12bpeb remained stable up to
B200 1C and 150 1C, respectively (Fig. S14 and S15, ESI†). To
assess the chemical stability of Ag14bpa and Ag12bpeb, we
immersed the SCAMs in different organic solvents and water.
As evident from the PXRD patterns (Fig. S16 and S17, ESI†), the
structural integrity of the SCAMs was well-maintained after the
treatment.

The unique structural features of the SCAMs intrigued us to
explore their potential as label-free DNA sensors. As illustrated
in Fig. S20 (ESI†), the DNA detection assay was prepared by
hybridizing the probe DNA (40 nM) with the target DNA
(40 nM) in 10 mM phosphate buffer (pH 7.4) at 37 1C for
30 min. Subsequently, 0.245 mM SYBR Green I dye was added
and incubated at room temperature. Finally, Ag-SCAM
(2.0 mg mL�1) was added to achieve the desired concentration.
The final mixture was incubated at room temperature for
another 30 min, and then centrifuged at 20 000 � g for 5 minutes.
The supernatant obtained was directly used for fluorescence
measurement. The fluorescence measurements were captured
with an excitation wavelength of 490 nm, and the emission
wavelength was recorded at 521 nm.

Consistent with the literature,20 the principle of recognition
of target DNA goes as (Fig. 3a): the ssDNA probe with fluo-
rescent dye is adsorbed onto the surface of SCAMs, the latter
acting as an effective quencher for the fluorescence signal of
the former. When the ssDNA probe encounters a target DNA
strand, probe hybridization separates the double-stranded DNA
from the SCAMs making it inaccessible for quenching, thereby
producing signal amplification and high SNR.

As can be seen from Fig. 3b, the SNR of the DNA sensor
system is poor when unaccompanied by the SCAMs, the high
background fluorescence of ssDNA probes with SYBR Green I
nucleic acid stain being the central concern. With the addition
of the SCAMs, the background fluorescence shows a steady
decline, which in turn enhances the SNR. For Ag14bpa, the SNR
reveals a value of ca. 42.5 at a Ag14bpa concentration of
5 mg mL�1, a 2.5-fold increase in SNR compared to that before
the addition of Ag14bpa. In case of Ag12bpeb, the SNR attained a
value of ca. 32.5 at a Ag12bpeb concentration of 10 mg mL�1,
also a 2.5-fold enhancement in SNR than that prior to the
addition of Ag12bpeb. As the concentration of the SCAMs was
increased more, the SNR starts declining owing to the adsorp-
tion of further double-stranded DNA by the SCAMs.

We attribute the competency of the SCAMs to suppress the
high background fluorescence of ssDNA probes with fluores-
cent dye to the p-stacking and electrostatic interaction. Based
on linker structures, the SCAMs reveal a p-stacked conforma-
tion (Fig. 3c). We also tested the zeta potentials of Ag14bpa and
Ag12bpeb with and without ssDNA probe and SYBR Green I that
elucidated the negatively charged backbone of DNA and posi-
tively charged cluster assembly (Fig. 3d).

To conclude, Ag14 and Ag12 chalcogenolate cluster cores
were successfully reticulated with acetylenic bispyridine linkers
into extended frameworks. We also developed a simple and
label-free assay for HIV-1 DNA detection utilizing a DNA probe
to hybridize with target DNA sequences and the silver cluster-
based frameworks as quencher to diminish the high back-
ground fluorescence of ssDNA probes with SYBR Green I nucleic
acid stain. This work could chart the way towards harnessing

Fig. 2 (a) A step-by-step breakdown of the ligands (StBu� and CF3COO�) and bpeb linkers connecting to the Ag12 core. (b) Extended structure of
Ag12bpeb. (c) SEM image, (d and f) HR-TEM images of Ag12bpeb. (e and g) Fast Fourier transform (FFT) patterns acquired from the areas shown in (d) and
(f), respectively.
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cluster-assembled materials in DNA-based diagnostics and
molecular biology.
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Fig. 3 (a) Label-free approach to target DNA detection using SCAMs, (b) (left) signal-to-noise ratios (SNR) with varying concentration of the SCAMs, and
(right) fluorescence intensity of ssDNA probes with SYBR Green I nucleic acid stain versus concentration of the SCAMs. (c) p–p stacking system of
Ag14bpa and Ag12bpeb. (d) Zeta potential measurements of Ag14bpa and Ag12bpeb with and without ssDNA probe and SYBR Green I.
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