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ABSTRACT

Guanine activation of fluorescence in DNA templated
silver nanoclusters (AgNCs) is an interesting physi-
cal phenomenon which has yet to be fully understood
to date. While the individual role of cytosine and gua-
nine has been established, there is still a knowledge
gap on how the AgNC-DNA system switches from
dark to bright state. Here, we present evidence on
the universal role of the DNA spacer sequence in
physically separating two Ag*-binding cytosine sites
to maintain the dark state while holding them to-
gether for structural re-organization by the guanine-
rich strand to activate the bright state. The extent of
turn-on signal could be modulated by adjusting the
spacer length and composition. The ATATA spacer
sequence was found to have negligible dark state
fluorescence and a turn-on effect of 2440-fold, which
was almost five times of the highest factor reported
to date.

INTRODUCTION

Silver nanocluster (AgNC) is a class of metallic nanomate-
rials with a size typically smaller than 2 nm and possesses
unique optical and chemical properties (1). It has emerged
as a promising candidate for biological labelling and detec-
tion (2) due to its higher photostability than organic dye
(3), as well as the smaller size and lower toxicity than quan-
tum dots (4). Various methods of synthesizing water-soluble
AgNCs have been explored, e.g. radiolytic, chemical reduc-
tion and photoreduction (5). A stabilizing scaffold, e.g. den-
drimers, polymers and biomolecules, is required to prevent
aggregation of the nanoclusters and control their fluores-
cence properties (6). The use of DNA as a templating scaf-
fold, first reported by Dickson’s group in 2004 (7), stands
out as a facile synthesis method that can potentially gen-
erate a library of fluorescent AgNCs simply by tuning the
nucleotide sequence (8,9).

DNA binds to silver (I) ions (Ag*) primarily at cytosine-
rich sites since cytosine is known to have the strongest bind-

ing affinity to Ag* (10,11). Besides the primary DNA se-
quence, successful formation of AgNCs also depends on the
secondary structure of the DNA template. Brighter AgNCs
are obtained from having the cytosine-rich sites in relatively
flexible hairpin loops or i-motifs rather than rigid double-
stranded DNA (12-14). This suggests that reconfiguration
of the DNA structure in presence of the newly formed Ag®
may be necessary for forming fluorescent AgNC-DNA.

A guanine-assisted turn-on fluorescence format was re-
cently reported by Yeh et al. where a 500-fold turn-on
fluorescence is achieved upon hybridization to a guanine-
rich complementary strand (15). Here, the green-emitting
AgNC with extremely low quantum yield (‘dark’ state) is
obtained upon synthesis and then converted to the much
brighter red-emitting AgNC (‘bright’ state) upon hybridiza-
tion to a guanine-rich strand. The exact mechanism of the
guanine-assisted fluorescence is yet to be clearly under-
stood, though it is believed that a combination of physical
interaction between N7 of guanine and silver (16), and the
electron transfer from guanine to the AgNC, contributes
synergistically to the re-organization of the AgNC and re-
sults in the strong turn-on fluorescence (15,17). This turn-
on system is subsequently applied for the detection of single
nucleotide polymorphism (SNP) based on subtle changes in
the emission color (18) and in conjunction with rolling circle
amplification for the one-pot detection of enzymatic activ-
ity (19). However, the questions of how the as-synthesized
AgNC-DNA maintains its dark state and the physical pro-
cess involved in switching the AgNC-DNA to the bright
state remain.

In this work, we fill this knowledge gap by presenting the
critical role played by the DNA spacer sequence between
the two distinct Ag*-binding cytosine sites in modulating
the fluorescence turn-on effect (Figure 1A). The whole Ag*-
binding domain was split into a CCC-spacer—-CCCC for-
mat instead of viewing it as a single entity, which was the
conventional thinking prior to this work. We hypothesized
that the spacer spatially separates the two cytosine sites to
maintain a quenched dark state, while at the same time
physically bridging the two cytosine sites within close prox-
imity to facilitate the guanine-assisted remodeling into a
highly fluorescing bright state (Figure 1B). The proposed
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Figure 1. (A) The two-strand DNA-templated silver nanocluster (AgNC-DNA) system is characterized by the ‘dark’ state of the templating strand which
turns on to a ‘bright’ state upon hybridization to a guanine-rich activating strand. The binding domain can be further broken down into a spacer region
separating the two Ag*-binding cytosine sites. (B) We propose that the spacer plays an important role in physically separating the two smaller, green-
emitting AgNCs formed on the respective cytosine sites to maintain the quenched dark state. The guanine-rich enhancer domain then physically folds the
green AgNCs, facilitated by the flexibility of the spacer, into a single larger, highly-fluorescing red-emitting AgNC.

role was found to be universal across spacer sequences of
varying lengths and nucleotide compositions. This new in-
sight fills the missing gap in understanding the roles of in-
dividual DNA template domains used for AgNC synthe-
sis and contributes a general framework to design template
sequences rationally. This understanding culminated in an
optimal ATATA spacer design with negligible dark state flu-
orescence and ca. 2440-fold turn-on effect.

MATERIALS AND METHODS
Materials

All DNA oligonucleotides used in this study were pur-
chased from Integrated DNA Technologies (IDT) at the de-
salted grade. The actual sequences used are shown in Sup-
plementary Table S1. The lyophilized DNA was reconsti-
tuted in 1x Tris-EDTA buffer (1x TE, pH 8.0) to give
100 pM stock and stored at 4°C. The following chemi-
cals were used as received: magnesium acetate tetrahydrate
((CH3COO0);Mg-4H,0, >99.0%), silver nitrate (AgNOs,
>99.0%), sodium borohydride (NaBH4, 99%) were pur-
chased from Sigma Aldrich. 0.1 M phosphate buffer (pH
7.4) was prepared using sodium phosphate dibasic, an-
hydrous (NayHPOy4, >99.0%) from Fischer Scientific and
sodium phosphate monobasic dehydrate (NaH,PO4-2H,O0,
>99%) from Kanto Chemical Co. Inc. Milli-Q water (UP)
with resistance >18.2 MQ/cm was used throughout the ex-
periment.

Synthesis of DNA-templated silver nanocluster (AgNC-
DNA)

540 pM of AgNO; was added to 15 uM of templating
strand in 20 mM phosphate buffer (pH 7.4). The mixture
was vortexed for 5 s and spun down at 14 000 rpm for 30
s. The processed mixture was incubated at 4°C overnight
(ca. 15 h). 180 .M NaBHy was freshly prepared in ice-cold
Milli-Q water and added immediately to the Ag—DNA mix-
ture. The reaction mixture was vortexed vigorously for 30 s
and left undisturbed for 5 h on benchtop. The stated reac-
tant amount refers to the final reaction concentration and
the appropriate volume of the respective reactant prepared
at a higher stock concentration was added accordingly. The

reaction volume was kept constant at 100 pl in this study.
All synthesis steps were performed in the dark. The final
reactant ratio was DNA:Ag*:NaBH, = 1:36:12. The syn-
thesis condition was optimized using the original TTAAT
spacer sequence (Supplementary Table S2) and kept con-
stant throughout all analysis in this work.

Hybridization of AgNC-DNA and activating strand

All hybridization reactions were performed within 5-7 h
post-synthesis to avoid unnecessary variability in results
(explained alongside Figure 8). For all sequence screening
analysis, 1 .M of the as-synthesized AgNC-DNA was incu-
bated with 1 wM of activating strand in hybridization buffer
of 20 mM phosphate buffer (pH 7.4) and 1 mM magnesium
acetate for 1 h at room temperature. For characterizing the
limit of detection of the AgNC-DNA system, 100 nM of
the as-synthesized AgNC-DNA was titrated with varying
concentrations of activating strand in the same hybridiza-
tion buffer condition.

Optical and mass spectrometry characterization of AgNC-
DNA

The absorption spectrum was measured using a UV-vis
spectroscopy (Varian Cary 60) and the photoluminescence
spectra were measured using a fluorescence spectropho-
tometer (Varian Cary Eclipse). The analysis volume was
kept constant at 1 ml in Hellma semi-micro quartz cuvette.
Prior to any photoluminescence measurement, the fluores-
cent solution was always diluted such that the absorbance
remained within 0.02-0.08 to avoid the inner filter effect
(20).

The charge and composition of the AgNC-DNA were
analyzed using electrospray ionization mass spectrometry
(ESI-MS) on a Bruker Compact microTOF-Q. To prepare
the sample for MS analysis, the as-synthesized AgNC-—
DNA was first centrifuged at 14 000 rpm for 30 min to re-
move any larger particulates. We then desalted the AgNC—
DNA using ethanol precipitation. Briefly, the AgNC-DNA
supernatant was mixed with 100% ethanol and 0.3 M am-
monium acetate (pH 5.2) in a 1:2.5:0.1 ratio (AgNC-DNA:
ethanol: ammonium acetate). The mixture was left at 4 °C
for 30 min before centrifuging at 14 000 rpm for 15 min.
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The AgNC-DNA formed a distinct pellet which was then
washed with 70% ethanol, left to dry completely at room
temperature, and reconstituted to 100 wM in UP. Before
MS analysis, the AgNC-DNA was diluted to 1 wM in 10
mM ammonium acetate solution. The mass spectra were
collected on negative ion mode set on a 3.8 kV capillary
voltage, 2 bar nebulizer pressure and 150°C dry gas tem-
perature at 120 wl/h flow rate over the range 500-2000 m2/z.

Fluorescence measurement of turn-on effect

All turn-on fluorescence study was carried out on a mi-
croplate reader (Tecan Infinite M200). The z-position and
gain were optimized using the i-control software tool and
kept constant throughout the analysis for a given AgNC-
DNA concentration. The equipment was pre-equilibrated
to the reaction temperature of 25°C prior to all reac-
tions and measurements. All analysis volume was kept con-
stant at 20 pl in Corning NBS 384-well low-volume black
polystyrene plate. All experiments were performed in tripli-
cates. Error bars correspond to the sample standard devia-
tion whenever presented.

The extent of turn-on effect was quantitatively repre-
sented by the signal-to-noise (S/N) ratio, which can be un-
derstood as the ratio of bright state fluorescence to dark
state fluorescence. We define signal to be the fluorescence in-
tensity obtained after hybridizing with the activating strand
(bright state) and noise to be the fluorescence intensity ob-
tained in absence of the activating strand (dark state). 20
wl hybridization buffer was used as a blank control in all
experiments which was subtracted from the respective raw
fluorescence measurement data.

All AgNC-DNAs synthesized using different spacer se-
quences were compared at their individual excitation and
emission peaks. First, the hybridized AgNC-DNAs were all
excited at 600 nm to determine their emission peaks. The
excitation spectrum of individual AgNC-DNAs were then
collected at their respective bright state emission peak and
the corresponding excitation peak was used to collect the fi-
nal emission spectrum. The S/N ratio was defined at the re-
spective emission peaks. For characterizing the limit of de-
tection of the ATATA spacer sequence, the excitation and
emission wavelengths were fixed at 597 and 656 nm respec-
tively.

RESULTS AND DISCUSSION
Spacer controls the on/off state of AgNC-DNA fluorescence

We first established the critical role of the spacer by compar-
ing two cases: (i) the reported binding domain (15) which
contained a TTAAT spacer sequence (S5: CCC-TTAAT-
CCCC) and (i1)) when the spacer was omitted (S0: CCC-
CCCC). AgNC-DNA was synthesized according to the re-
ported protocol with some modifications (15). Two trends
were observed in Figure 2A: the absence of spacer resulted
in (i) a rise in the dark state fluorescence (denoted as noise)
by ca. 5.3-fold and (ii) reduction of the bright state fluo-
rescence (denoted as signal) by ca. 60%. This effectively de-
pressed the turn-on effect from 452-fold in S5 to a mediocre
32.5-fold in S0, which confirmed that the spacer sequence

played a significant role in controlling the on/off state of
the AgNC-DNA fluorescence.

We next varied the nucleotide identity (adenosine,
thymine, cytosine and guanine) within the five-nucleotide
length spacer. Having cytosine and guanine in the spacer
generated appreciable level of dark state fluorescence (Fig-
ure 2B). The result was unsurprising as a 12 cytosine
binding site is known to fluoresce (21) while guanine is
the strongest electron donor among the nucleotides (22).
The spacer design space was therefore restricted to adeno-
sine and thymine nucleotides which exhibited relatively
quenched dark state. The overall trend was also in line with
the reducing power of nucleotides, i.e. G > A > T (cytosine
was not considered due to its additional role of binding Ag*
ions) (22), which supports that electron transfer contributed
to the AgNC-DNA fluorescence.

Spacer controls the physical separation between cytosine-rich
sites

Since the spacer length controlled the physical separation
distance between the two cytosine sites, we varied the spacer
length from zero nucleotide (T0) to seven nucleotides (T7).
Only thymine was used for this analysis due to its lowest
dark state fluorescence and also to avoid further compli-
cations from other nucleotides with higher affinity for Ag*
ions (23). The dark state fluorescence dropped drastically by
ca. 80% from the addition of just one thymine (T1) and de-
creased steadily until five thymine were added (T5) (Figure
3A).

As the spacer length increased, the bright state flu-
orescence increased up to an optimal length of three
nucleotides (T3), beyond which the fluorescence signal
dropped steadily and plateaued from five-nucleotide length
(T5) onward (Figure 3B). This may be understood at the
molecular level, where the spacer served as a bridge to hold
the two nanoclusters within close proximity for the guanine-
rich activating strand to contact and fold them upon each
other more easily. Initial increase in the spacer length con-
ferred greater flexibility to facilitate the refolding process.
However, when the spacer length and hence flexibility in-
creased further, its bridging effect was less effective, and
this increased the difficulty for the activating strand to con-
dense the binding domain. The combined effect on the dark
and bright state fluorescence culminated in an optimal sep-
aration distance between three to five nucleotides where a
drastic turn-on effect, i.e. signal-to-noise (S/N) ratio greater
than 1000, was observed (Figure 3B).

Nucleotide composition of spacer influences the AgNC-DNA
fluorescence

The nucleotide composition of the spacer could influence
the AgNC-DNA fluorescence due to its close proximity
to the AgNC, especially the first nucleotide flanking the
spacer on either end. Using three-nucleotide spacer length
as the simplest model, different nucleotide permutations of
thymine and adenosine were designed. For each flanking
pairs, i.e. A_A, T_A and T_T, we consistently observed that
having thymine as the middle nucleotide promoted higher
bright state fluorescence with S/N >1000 (Figure 4A). Of
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Figure 2. (A) Comparison of the dark state (denoted as noise, graph in grey) and bright state (denoted as signal, graph in blue) fluorescence intensity
between zero spacer length (S0) and five-nucleotide spacer length (S5: TTAAT). The full fluorescence spectra are shown in Supplementary Figure S2. (B)
For a five-nucleotide spacer length, the dark state AgNC fluorescence obtained in absence of the activating strand was ranked as follows: C > G > A > T.
Inset: Magnified background fluorescence of fully-A (black) and fully-T (red) spacer.
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highest S/N ratio of 2440. Error bars correspond to the sample standard deviation (n = 3).

the three cases, ATA generated the brightest signal and and ATAAA versus AATAA versus AAATA (Figure 4C),

highest S/N ratio. This suggests that having an adenosine having thymine nearer the 5-end was advantageous for
pair as the flanking nucleotide facilitated the turn-on pro- generating strong turn-on signal. Also, increasing propor-
cess. One reason could be that adenosine is the stronger elec- tion of thymine nucleotides resulted in stronger turn-on
tron donor of the two and contributed more significantly signal. However, having contiguous thymine increased the
toward signal enhancement after the activating strand re- dark state fluorescence (Figure 5). The poor turn-on effect
organized the AgNC into the bright state. was similarly observed when contiguous adenosine was in-

After retaining the adenosine pair as the flanking nu- volved, e.g AAA and TAA (Figure 4A). Generally, we rec-
cleotide, we investigated other nucleotide permutations for ommend having adenosine and thymine as close to equal

four- and five-nucleotide spacer lengths to determine the proportion as possible in the spacer while avoiding contigu-
positional effect. Comparing ATAA vs AATA (Figure 4B), ous stretch of either nucleotide.
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Proposed mechanism for spacer-modulated turn-on fluores-
cence

The turn-on effect arising from a quenched dark state and
guanine-activated bright state was consistently observed
across all spacer sequences tested (Figure 6). This further
validated the role of the spacer within the binding domain
in modulating the extent of turn-on fluorescence. It was re-
ported that DNA-stabilized AgNC typically consists of four
or six silver atoms (Ag’) which correspond to two magic col-
ors of green and red respectively (24). In the single-stranded
templating strand, two distinct cytosine sites (‘CCC’ and
‘CCCC’) are present. Given that the dark state AgNC is
predominantly green-emitting, it is possible that two dis-
tinct ‘magic’ clusters of three to four Ag’ are formed in-
stead of six or more Ag’ as expected from a seven-cytosine
sequence. The physical presence of the spacer separates the
two cytosine sites to maintain the AgNC in the smaller,
green-emitting form (Figure 1B). The guanine-rich activat-
ing strand then comes into physical contact with the two
dark nanoclusters, held together by the spacer, and folds
them upon themselves for re-organization into a single ca.
six-atom red-emitter.

Based on the mass spectrum obtained from ESI-MS anal-
ysis (Supplementary Figure S3), we calculated the number
of neutral Ag® atoms and positively-charged Ag* atoms (re-
fer to SI for detailed method), and found that majority of
the DNA sequences used in this study generated AgNCs
with six neutral Ag’ atom and one or two Ag’ variation for
some strands (Supplementary Table S3), which was in line
with the magic number expected of AgNC-DNA (24). The
number of Ag* atoms was greater than Ag® atoms, in line
with existing knowledge that a highly positive cluster core is
essential for holding the structure of AgNC-DNA together
(25). There was no correlation between the number of Ag’
atoms and the AgNC-DNA brightness, extent of turn-on
signal or emission wavelength. These observations did not
fit into the existing rod shape model wherein having more
neutral Ag® atoms should increase the AgNC rod length
and hence the extent of emission red-shift (26,27). Perhaps
the rod shape model does not apply generally across all
AgNC-DNAs and alternative models such as the octahe-
dral geometry have been proposed recently (28). We were

unable to segregate the species responsible for ‘dark’ and
‘bright’ state as all Ag species were present on the single
DNA strand, though with different molecular configura-
tion which could not be distinguished by ESI-MS.

High quality AgNC-DNA with drastic turn-on effect

Among the spacer sequences explored in this work, ATATA
performed the best with the highest S/N ratio of 2440
(Figure 4C). This turn-on effect was 5-fold higher than
that reported by Yeh’s group (15). Even though the abso-
lute turn-on signal was slightly weaker for the longer five-
nucleotide spacer length compared to the shorter three-
nucleotide cases, the ATATA spacer sequence stood out
for its negligible dark state fluorescence which resulted in
a drastic turn-on effect.

The strong turn-on effect of the AgNC synthesized using
DNA template with the ATATA spacer sequence could be
attributed to three reasons (Figure 7A). First, the spacer de-
sign was effective in separating and quenching the two nan-
ocluster sites which minimized the unassisted formation of
bright state AgNC. Next, the bright state emission was in
the far-red region (A\e;, = 656 nm) with an excitation peak
at 597 nm which effectively minimized spectral cross-talk
with the dark state species (\ex = 500 nm, A¢y, = 563 nm)
(Figure 7B). Lastly, the optimized sequence generated a sin-
gle homogeneous emitter (Supplementary Figure S4) with a
narrow full-width half maximum (FWHM) of 72 nm which
contributed to the reproducibility of the fluorescence signal
(Figure 7B). This narrow FWHM was comparable to pu-
rified AgNC-DNA containing only a single AgNC emitter
with a reported FWHM of ca. 90 nm (14,26).

Next, we characterized the kinetics of AgNC-DNA for-
mation and guanine-activated turn-on effect by following
the changes in the UV-vis absorption spectrum using the
ATATA spacer strand. Within the first minute after reduc-
tion with NaBHy, a broad absorption spectrum formed be-
tween the 350 and 500 nm (Figure 8A). We visually ob-
served a dark yellow solution which corresponded to the
instant nucleation of small Ag particles in solution arising
from the rapid reduction reaction (29). In the next minute,
a sharp peak formed at ca. 363 nm with a shoulder in 400
nm range. This sharp peak gradually declined within the
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1 h post-hybridization. All characterization works presented were performed on the ATATA spacer sequence. Dotted lines were included in (B) and (D)

as a guide to the equilibrium state.

next 30 min while the original shoulder shaped to become
the new absorption peak at 409 nm. This represented the
growth stage of AgNC formation where the Ag® nuclei co-
alesce into larger clusters, which in this case, represented
the dark state AgNC (30). The number of Ag atoms per
species was limited by the DNA template which passivated
the surface of the newly-formed AgNC-DNA. The absorp-
tion spectrum stabilized from 2 h post-synthesis onward.
The stability of the AgNC-DNA over time was maintained
for at least three days, as confirmed by hybridizing with
the guanine-rich activating strand and measuring their flu-
orescence emissions at selected time points (Figure 8B). We
should point out that the AgNC-DNA stability differed ac-
cording to the DNA template sequence and a window pe-
riod of 5-7 h post-synthesis was optimal to obtain stable
peak intensity across all sequences (data not shown).

Upon hybridization with the guanine-rich strand, we ob-
served a decline in the absorption peak at 409 nm and an in-
crease in the 589 nm peak (Figure 8C). This corresponded to
an increase in the fluorescence intensity of the red-emitting
bright state AgNC (Figure 8D). We deduced that the 409
and 598 nm absorption peak corresponded to the dark and
bright state AgNC respectively, and that the molecular con-
figuration process was mediated by the guanine-rich strand.
Also, the bright state emission reached equilibrium ca. 1 h
post-synthesis (Figure 8D).

Demonstration of optimized template sequence for DNA de-
tection in picomolar range

The final optimized design was then tested for its perfor-
mance as a AgNC-DNA detection probe. We titrated 100
nM of the as-synthesized AgNC-DNA with varying con-
centrations of the activating strand. Strong turn-on fluores-
cence was observed within an hour of hybridization (Fig-
ure 9A). There was a clear linear relationship (R> = 0.980)
between the bright state fluorescence intensity and concen-
tration of the activating strand, which rendered this design
a potential tool for target quantification (Figure 9B). Due
to the lack of dark state fluorescence, a good limit of detec-
tion of 87 pM (defined as three standard deviations from
the mean of the blank measurement) was obtained. This
was noticeably lower than other similar guanine-activated
AgNC-DNA systems where the LODs are typically in the
nanomolar range (31-33).

Metallic nanocluster has great potential for biomedical
applications, e.g. as imaging probes and for photodynamic
therapy (34), and as an analytical tool (35,36). The use of
DNA template has the advantage of achieving specific tar-
get recognition through the direct incorporation of com-
plementary DNA or aptamer sequences without the need
for post-synthesis functionalization (37-40). There has been
increased understanding on how the structure of AgNC
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Figure9. (A) Fluorescence (FL) intensity of 100 nM AgNC-DNA with the optimized spacer sequence (ATATA) when titrated with different concentrations
of activating strand (0-100 nM). Inset: Magnified view for 0 nM (black), 0.5 nM (red) and 1.0 nM (pink) of activating strand. Notably, the dark state
exhibited negligible amount of fluorescence. (B) There was a clear dosage-dependence between the AgNC-DNA fluorescence intensity and concentration
of activating strand. The solid red line corresponds to the mean background noise while the dotted red line corresponds to 3 standard deviations from the
mean noise level. Error bars correspond to the sample standard deviation (n = 3).

correlates to its fluorescence properties (41-45); though for
AgNC-DNA to truly take off as a toolbox for biomedical
applications, the next technical hurdle is to generate DNA
sequences for templating AgNC-DNA with good stabil-
ity particularly in a chloride-rich environment (46). Some
strategies were previously proposed to enhance the stability
of AgNC-DNA, e.g. using triplex DNA (47) and specific se-
quence design (48). However, a concrete understanding of
the mechanism of stabilization or empirical guidelines on
the DNA sequence design for generating stable, brightly flu-
orescing AgNC is still lacking. We are currently investigat-
ing the sequence-function relationship between the DNA
sequences and the stability of the AgNC fluorescence in or-
der to enhance our current design framework for generating
bright and stable AgNC-DNA probes in the near future.

CONCLUSION

In conclusion, we established the role of the spacer se-
quence in the AgNC binding domain to spatially separate
the two smaller, dark state AgNCs in the templating strand
while bridging them sufficiently close for refolding by the
guanine-rich activating strand into the bright state form. As
such, the AgNC-DNA is fully defined in terms of template
sequence and can be designed rationally for improved pho-
tophysical properties and specific applications. An optimal
spacer length of three to five nucleotides was a good balance
point. We recommend using only adenosine and thymine
in the spacer to achieve a good turn-on effect. Contiguous
stretches of either nucleotide should be avoided as they of-
ten led to significant level of dark state fluorescence. Based
on these guidelines, we identified ATATA as the best spacer
sequence with a drastic turn-on effect of 2440-fold which
is the highest reported to date (five times that of the high-
est factor reported). Due to its highly quenched dark state,
strong turn-on effect could still be observed even at picomo-
lar concentration of the activating strand. More template
sequences can be evolved from this general framework to

generate better AgNC-DNA systems, e.g. with stronger flu-
orescence signal or improved photostability.
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