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D
NA-based silver nanoclusters (AgNCs),
which have a high brightness and
good photostability and are fairly in-

expensive to produce, have recently provided
a new prospect for the development of bio-
labels and molecular sensors due to the dif-
ferent emissive species that span the whole
visible range.1�28 A combination of the func-
tional aspects of DNA with the spectroscopic
features of DNA-encapsulated AgNCs enables
the retrieval of spectroscopic information
about the presence of analytes, by enhance-
ment or quenching of the emission intensity
and/or by shifting the emission wavelength.
For instance, yellow emissive AgNCs in a DNA
probe can be transformed into 500-fold
brighter red emitting AgNCs when the probe
is partially hybridized with a complementary
sequence with a guanine-rich overhang.8

Alternatively, the red emission from AgNCs
in a 12 cytosine base strand is quenched by
the presence of mercury ions.29 Also, a single
point mutation in a gene can be analyzed by
fluorescent quenching with a DNA/AgNC
probe.30 Guo et al. synthesized a DNA probe
(Str-C) that forms a duplex with a partial
fragment of the hemoglobin beta chain
(HBB) gene and has a six cytosine base loop.30

When the Str-C binds to a normal HBB frag-
ment, it generates no significantfluorescence,
whereas upon binding to the mutated HBB
fragment, substantial emission is observed.
Strategies using both quenching and en-
hancement can also beused as demonstrated
by Petty et al.14 A bifunctional sensor strand
with a scaffold for a silver cluster and a target
recognition site were applied with a statically
quenching strand to detect target DNA.14

In the presence of a target strand, the
quenching strand (which is partially com-
plementary to the bifunctional strand) is

competitively displaced, resulting in near-
infrared emission. These interesting strate-
gies can be applied to create very specific
and sensitive biosensors, in which spectro-
scopic features are drastically altered by
target recognition.
Previously, we reported a new strategy

for a plant microRNA (RNA-miR160) detec-
tion using a DNA-12nt-RED-160 sensor
strand that displayed unusually strong and
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ABSTRACT

The influence of the nucleic acid secondary structure on the fast (1 h) formation of bright red

emissive silver nanoclusters (AgNCs) in a DNA sequence (DNA-12nt-RED-160), designed for the

detection of a microRNA sequence (RNA-miR160), was investigated. The findings show that

especially the propensity for mismatch self-dimer formation of the DNA probes can be a good

indicator for the creation and stabilization of red emissive AgNCs. Also, the role of the thermal

stability of the secondary DNA structures (mismatch self-dimer and hairpin monomers) and the

observed AgNC red emission intensity were investigated. These findings can form the basis for

a rationale to design new red emissive AgNC-based probes. As an example, a bright red

emissive AgNC-based DNA probe was designed for RNA-miR172 detection. The latter opens the

possibility to create a variety of AgNC-based DNA probes for the specific detection of plant and

animal miRNAs.

KEYWORDS: mismatch self-dimer . hairpin . DNA/AgNC probe . miRNA
detection . fluorescence . silver nanoclusters . native gel electrophoresis
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fast formation (1 h) of red-emissive AgNCs.13 Like the
bifunctional sensor strandmentioned earlier, the DNA-
12nt-RED-160 sensor has two functional units, a 12-
nucleotide part (DNA-12nt-RED) that acts as the AgNC
scaffold and a 21-nucleotide target recognition site
(160) for RNA-miR160 (see Figure 1 for a schematic
illustration).14 In contrast to the DNA strands by Petty
et al. that show near-infrared emission upon target
hybridization, the microRNA (miRNA) detection probe
developed in our lab has a strong red emission by itself
and displays a dramatic drop in the observed red
emission in the presence of target miRNA.14 In our
efforts to create a series of probes to detect other
miRNAs in plants, we noticed that when the RNA recogni-
tion sequence is replaced with another target recognition
site, not all probes form fast, bright red emission. The latter
indicated that not only the DNA-12nt-RED part but the
structure of the whole probe plays an important role for
the creation of the bright red emissive AgNCs. Recently,
several studies have indicated that the secondary struc-
tures of the DNA scaffolds are important for AgNC forma-
tion: For instance, fluorescent AgNCs can be encapsulated
by hairpin structures with 3 to 12 cytosines in the hairpin
area, resulting in AgNC emission maxima ranging be-
tween 526 and 688 nm.10 Cytosine-rich DNA sequences
are also able to form intermolecular C�C base paring that
allows the formationof an I-motif structure. Itwas reported
that I-motif forming DNA sequences generate red and
green emissive species in a pH-dependent manner.4

Similarly, G-rich sequences can form a G-quadruplex
structure due to the G�G base paring and host red
emitting AgNCs (686 nm) in acidic conditions.21 Interest-
ingly, when the G-rich sequences are annealed with

complementary C-rich sequences to form double-
stranded DNA, the red emission shifted to near-infrared
(708nm).21With respect to these studies andourprevious
work, the fast formation of bright red emissive AgNCs in
the DNA-12nt-RED-160 probe likely arises as a conse-
quence of the specific secondary structures it can form.13

In order to explain why certain probes did not perform
sowell,modified versions of theDNA-12nt-RED-160were
studied to gain insight in the red emissive AgNC forma-
tion in the DNA-12nt-RED-160 probe. Ultimately, we
show that the insight gained here for the modified DNA-
12nt-RED-160 sequences allowedus to explainwhyother
probes gave less red AgNC emission. In this paper, we
chose the DNA-12nt-RED-172 probe as an example, and
we show how it was redesigned to give a similar perfor-
mance to the original DNA-12nt-RED-160 probe.

RESULTS AND DISCUSSION

Correlation between Structure and Observed Red AgNC Emission
in DNA-12nt-RED-160-Based Probes. Our design starting point
was the DNA-12nt-RED-160 probe created to detect a
target RNA-miR160 sequence and which formed bright
red fluorescence within 1 h after addition of AgNO3 and
reduction with NaBH4.

13 The DNA-12nt-RED-160 probe
consists of a sequence that was shown previously by
Richards et al. to generate red emissive AgNCs (DNA-
12nt-RED) and a complementary DNApart of themiRNA-
160 (160) target (see Figure 1).31 Attempts to expand this
idea and create probes for detecting different miRNA
sequences were not straightforward, as two out of eight
different miRNA probes did not form bright red emissive
AgNCs. An example of such a probe is DNA-12nt-RED-
172 (see Figure 1). This probe was constructed for the

Figure 1. DNA sequenceswith their abbreviations used throughout the article. In red, the original red emissiveAgNC creating
part (DNA-12nt-RED) is given. 15nt, 18nt, 21nt, 22nt, and 23nt are shortened versions of the DNA-12nt-RED-160 probe. A24,
T24, DNA-12nt-REDx2, cDNA-12nt-REDx2, and PC-DNA-12nt-RED are controls used in the gel electrophoresis and high-
resolution melting experiments. 10T, 15T, and 20T are modified versions of the DNA-12nt-RED-160 probe where the middle
part is replaced by an increasing section of thymine nucleotides (green). DNA-12nt-RED-172, DNA-12nt-RED-172GG, and
DNA-GG172-12nt-RED are probes constructed for the RNA-miR172 detection experiments.
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detection of RNA-miR172 (a miRNA sequence that is
important for flower development).32 SI Figure 1 shows
the red emission intensity of DNA-12nt-RED-172, 1 h after
addition of AgNO3 and NaBH4, excited at 540 nm. The
emission intensity is a factor of 10 lower than that of the
DNA-12nt-RED-160 probe (see Figure 2A). This data
indicated that not only the DNA-12nt-RED sequence
but the structure of thewhole probe play important roles
for the creation of the bright red emissive AgNCs. In order
to gain insight into these observed differences in red
emission intensity between the DNA-12nt-RED-160 and
the DNA-12nt-RED-172 and in order to find a general
rationale for designing quenching-based red emissive
AgNC probes for miRNA detection, a series of experi-
ments were performed, modifying the original DNA-
12nt-RED-160 probe. Figure 1 shows a series of DNA
sequences of varying length, based on the original DNA-
12nt-RED-160probe sequence. As oligonucleotide length
affects the tendency to form self-dimers or hairpin
structures, the effect of the nucleic acid secondary struc-
ture on the obtained fluorescence properties can be
investigated. The sequences 15nt, 18nt, and 21nt are
versions of DNA-12nt-RED-160 shortened at the 30 end,
while for 22nt and 23nt a section in the middle of the

DNA-12nt-RED-160 sequencewas removed aswell as the
adenine at the 30 end. Figure 2A shows the observed red
emission upon excitation at 560 nm, 1 h after addition of
AgNO3 and NaBH4 to the above-mentioned DNA se-
quences. Like the DNA-12nt-RED sequence, reported by
Richards et al., 15nt and 18nt sequences give very little
fluorescence after 1 h.31 As reported earlier, the emission
from the DNA-12nt-RED sequence does however gradu-
ally increase over time.13 Going from 18nt to 21nt, we see
a noticeable increase in the observed fluorescence in-
tensity, however still about a factor of 10 less than that
obtained for the DNA-12nt-RED-160 sequence. Besides
the original DNA-12nt-RED-160, also the 22nt and 23nt
sequences result in high fluorescence intensity after 1 h.
The emission maxima of both 22nt and 23nt are 30 nm
red-shifted compared toDNA-12nt-RED-160, to a valueof
650 nm. The amount of observed red emission after 1 h is
clearly sequence dependent, and it is likely related to the
different secondary structures that the DNA sequences
can adopt in solution. The latter can also be found in
previous literature reports where it has been observed
that secondary structures like hairpin loops and double-
stranded DNA sequences (with or without mismatches),
I-motifs, and G-quadruplex are good templates for the

Figure 2. (A) Emission spectra of the DNA-12nt-RED-160, 15nt (close to baseline), 18nt (close to baseline), 21nt, 22nt, and
23nt. The emission spectra (excited at 560 nm) were recorded 1 h after mixing and reducing the DNA/AgNO3 mixture with
NaBH4. (B) HRM analysis of 21nt, 22nt, 23nt, and A24. Native DNA without AgNCs was used in the HRM experiments, and the
observed green emission (monitored at 510 nm) is from the added SYBR green dye. (C) Native gel electrophoresis of (1) 21nt,
(2) 22nt, (3) 23nt, (4) A24, and (5) A24/T24 1:1 ratio mixture. AgNO3 and NaBH4 were added to all the DNA samples before
running the gel electrophoresis experiment. SD: mismatch self-dimer or double-stranded DNA. H/S: hairpin and single-
stranded DNA. (D) Two suggested secondary DNA-12nt-RED-160 structures of a mismatch self-dimer and a hairpin with
similar base pair interaction motif.

A
RTIC

LE



SHAH ET AL . VOL. 6 ’ NO. 10 ’ 8803–8814 ’ 2012

www.acsnano.org

8806

formation of AgNCs.4,6,8�11,14,21,33 Driehorst et al. showed
that the conformation plays a critical role in the stabiliza-
tion of emissive species AgNCs by electrophoretic
mobility and diffusivity measurements.11 Native gel elec-
trophoresis of the AgNC-containing DNA sequences
showed that especially the sequences that had the
highest red emission intensity (22nt, 23nt, and DNA-
12nt-RED-160) also contained the presence of mismatch
self-dimers (see Figure 2C and Figure 4D). SI Figure 2
shows a scatter plot between the amount of mismatch
self-dimer in thegel and the redAgNCemissionobserved
after 1 h at 25 �C. The amount of mismatch self-dimer
ranges between 1% and 5% for the bright red emissive
AgNC-containing sequences 22nt, 23nt, and DNA-12nt-
RED-160. For 21nt no clear self-dimermismatchbandwas
seen. In Figure 2C also two controls were added, A24 and
a 1:1 ratio mixture of A24/T24, both with AgNO3 and
NaBH4 reactants added before addition to the gel. As
expected, A24 shows up as a single-stranded structure,
while the A24/T24 mixture shows up as a double-
stranded DNA structure. In order to investigate the
strength of the secondary structures and the amount of
interacting base pairs, a high-resolution melting (HRM)

analysis was performed. The HRM method was devel-
oped to detect a single base change in duplex DNA
molecules with extremely high resolution. In the HRM
experiments, SYBR green, which is added to the DNA
samples, becomes fluorescent upon intercalation in dou-
ble-stranded DNA segments. Hence the drop in SYBR
green emission can be used to monitor the amount of
interacting base pairs and the temperature stability of
hairpin stem regions and other base pair structures, e.g.,
like in mismatch self-dimers, upon heat denaturation.
In the HRM experiments, AgNO3 and NaBH4 were not
added to the DNA sequences. SI Figure 3 shows two
control experiments clearly demonstrating that the HRM
can be used for analyzing the temperature stability of the
short DNA sequences used in this article. HRM experi-
ments for A24, T24, a 1:1 ratio mixture of A24 and T24
(A24/T24), DNA-12nt-REDx2, cDNA-12nt-REDx2, and a 1:1
ratio mixture of DNA-12nt-REDx2 and cDNA-12nt-REDx2
(DNA-12nt-REDx2/cDNA-12nt-REDx2) were performed.
Only in the case for A24/T24 and DNA-12nt-REDx2/
cDNA-12nt-REDx2, where a mixture of complementary
strands is present, do we see high SYBR green emission
values as expected. Figure 2B shows the HRM curve for
21nt, 22nt, and 23nt, while the HRM curve for DNA-12nt-
RED-160 can be found in Figure 4C. A first observation is
that the signal intensity for DNA-12nt-RED-160 is much
higher than for 21nt, 22nt, and 23nt. This is not too
surprising since DNA-12nt-RED-160 is much longer than
21nt, 22nt, and 23nt, hence could potentially accommo-
date more SYBR green within its structure. More interest-
ing is to compare 21nt, 22nt, and 23nt, which are close to
each other in length. Despite the fact that 22nt and 23nt
give the highest initial SYBR green intensity at 25 �C, the
value for 21nt is not that much lower, indicating that the
number of interacting base pairs is not so dramatically
different compared to 22nt and 23nt. In SI Figure 4, the
normalized HRM curves for 21nt, 22nt, 23nt, and DNA-
12nt-RED-160 are given. In this way we can directly
compare the temperature stability of the four DNA
sequences. In this particular case, a correlation can be
observed in which the sequences that seem to generate
the most red AgNC emission in Figure 2A also have the
highest temperature stability. However, the fact that 21nt
had a substantially lower amount ofmismatch self-dimer
(as can be seen from the native gel electrophoresis
picture in Figure 2C) and a much lower red AgNC
emission indicates that the presence of mismatch self-
dimer structures can be a good indicator for the presence
of red emissive AgNCs. The possibility that red emissive
AgNCs can be stabilized by mismatch self-dimers is a
novel concept anddiffers frompreviously reportedAgNC
emission in mismatch dimers, where two nonidentical
DNA strands are required.18 Based on the initial findings
from the shortened versions of the DNA-12nt-RED-160
probe, a correlation can be drawn in which increased
emission from red emissive AgNCs seems to increase
when more secondary structures are present and when

Figure 3. (A) Red emission (intensity value of the emission
maximum, excited at 560 nm) from AgNCs formed with
DNA-12nt-RED-160 (indicated by 160), 21nt, 22nt, and 23nt,
monitored 1 h after formation at 25, 42, 55, 65, and 75 �C. (B)
Red emission (intensity value of the emission maximum,
excited at 560 nm) fromAgNCs formedwith DNA-12nt-RED-
160 (indicated by 160), 21nt, 22nt, and 23nt formed for 1 h
at the specified temperature of 25 �C, followed by heating
the sample for 1 h at 65, 75, and 85 �C. All the DNA
sequences were first denatured by heating at 100 �C for
10 min. For both (A) and (B), every data point is an average
of 3 experiments, with the error bar representing the
standard deviation.
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theseDNA structures have a higher temperature stability.
Despite the fact that the presence of a mismatch self-
dimer band is a good indicator for the formation of bright
red emissive AgNCs, the latter does not necessarily prove
that most of the red emissive AgNCs are stabilized in
mismatch self-dimer structures. The presence of a mis-
match self-dimer band in the native gel electrophoresis
could also indicate the presence of stable mismatch
hairpin structures with a similar base pair interaction
motif. Figure 2D shows that one can construct a hairpin
structure that is similar to the right-hand side of the
mismatch self-dimer, suggesting that if a stablemismatch
self-dimer can be formed, a similar mismatch hairpin
structure corresponding to half the mismatch self-dimer
could also be possible. It seems logical to assume that if
the base pair interationmotif is similar in both cases, they
would interact in a similar waywith the AgNCs. The latter,
combined with the much larger hairpin/single-strand
band in the native gel experiments, suggests that we
cannot fully exclude the possibility that a significant
fraction of the emissive AgNCs are in the hairpin region.
However, we cannot exclude that the gel running con-
ditions could physically denature a portion of the mis-
match self-dimer band and, as a result, under-represent
the amount of mismatch self-dimers that are present
in solution. A clear proof that self-dimers are good hosts
for stabilizingAgNCs is given in SI Figure 5. PC-DNA-12nt-
RED (see Figure 1) can form a perfect self-dimer with
itself. The full emission scan shows the presence of bright
red emissive AgNCs after 1 h, and the native gel electro-
phoresis shows only a single self-dimer band, excluding
the possibility of theAgNCs residing in the hairpin for this

particular DNA sequence. Upon heat denaturing at 70 �C
or higher, the red emission disappears, andwhen running
a native gel electrophoresis of the heat-denatured PC-
DNA-12nt-RED, one can see that the self-dimer band
has virtually disappeared. Although the perfect self-dimer
(PC-DNA-12nt-RED) gave very clear-cut results, from an
application point of view, we do notwant the interactions
of the DNA probe with itself to be too strong, potentially
blocking the hybridization with the microRNA target.
Therefore the mismatch concept is preferred for creating
red emissive AgNCs.

A way to gain more insight into which specific
secondary structures (base pair interaction motif) are
more thermodynamically favorable is by using compu-
tational molecular biology programs. Although pro-
grams such as Autodimer and Mfold can predict
secondary structures ofmismatch self-dimers and hair-
pin structures with corresponding melting tempera-
ture (Tm) and ΔG values, these results are not very
representative for the DNA/AgNC complex due to the
effect thatmetal clusters andmetal cations have on the
structure of nucleic acids, and therefore we do not rely
here on their predicted stabilities.34,35 For example
several reports show that silver ions can promote
C�Ag�C base pairing and increase the Tm value of
hairpin and mismatch self-dimer structures.18,36,37

Also, it is interesting to note that in contrast to
bright emission formed from self-dimer structures (or
double-stranded oligonucleotide sequences, with or
without mismatches), DNA�RNA hybrids do not gen-
erate fluorescent AgNCs (at least not for several se-
quences tested so far).8,12,13,38 It was shown previously

Figure 4. (A) Emission intensity of red emitting AgNCs formed with 10T, 15T, and 20T compared to DNA-12nt-RED-160, 1 h
after creation at 25 �C. (B) Emission intensity of red emitting AgNC formed by 10T, 1 h after creation at the specified
temperatures: 25, 42, 55, 65, and 75 �C. (C) HRM analysis of DNA-12nt-RED-160, 10T, 15T, and 20T (no AgNCs were present
here). (D)Nativegel electrophoresis of (1) DNA-12nt-RED-160, (2) 10T, (3) 15T, and (4) 20T. AgNO3 andNaBH4were added to all
the DNA samples before running the gel electrophoresis experiment. SD: mismatch self-dimer or double-stranded DNA. H/S:
hairpin and single-stranded DNA.
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that RNA by itself is capable of forming fluorescent
AgNCs; however SI Figure 6 shows that the target
miRNAs that we used (RNA-miR160 and RNA-miR172)
do not form red emissive AgNCs.39 The absence of red
emissive AgNCs in the DNA�RNAhybrids could be due
to the different conformation the DNA�RNA hybrid
adopts.

Temperature-Dependent Creation of AgNCs with DNA-12nt-
RED-160-Based Probes. In the previous section, the tem-
perature stability for the DNA-12nt-RED-160-based
probes was determined by HRM. However, the HRM
experiments were performed on native DNA se-
quences, and therefore it is important to determine
the temperature stability of the AgNC-containing DNA
samples. For this, the AgNCs were created at preset
temperatures and the red emission intensity was mon-
itored after 1 h at this temperature. The predicted
outcome is that at elevated temperatures (above the
Tm values for certain secondary structures), a signifi-
cant drop in the observed emission intensity should be
observed, due to secondary structure denaturation. All
DNA samples were initially denatured at 100 �C for
10 min and subsequently cooled to preset tempera-
tures before AgNO3 and NaBH4 addition. The results at
different preset temperatures can be seen in Figure 3A.
The effect of creating the clusters at higher tempera-
tures differs depending on the sequence: For DNA-
12nt-RED-160, a steady drop is observed for the red
emitting AgNCs when created at increasing tempera-
tures. From 25 to 42 �C only a minor drop is observed.
At 55 �C (40% drop) and 65 �C (75% drop), significant
drops in the emission intensity are observed. At 75 �C,
most of the emission disappears. For 22nt and 23nt, the
fluorescence intensity increases from 25 to 55 �C, but
AgNC formation above 55 �C results in lower fluores-
cence intensity. The observed results of 22nt and 23nt,
where increased emission is observedwhen increasing
the temperature from25 to 55 �C,might look strange at
first sight. In an attempt to denature structures with
low Tm values (below 55 �C) we seem to create more
emission. A possible explanation can be found in the
fact that the formation of red emissive AgNCs for the
22nt sequence, when monitored at 25 �C, reaches its
maximum intensity slower than for DNA-12nt-RED-
160. SI Figure 7 shows that DNA-12nt-RED-160 reaches
its maximum emission intensity within 1 h, while a
steady increase is observed for 22nt over 5 h. One can
assume that for 22nt an increase in the temperature
accelerates the formation of red emitting AgNCs and
that the secondary structures that stabilize the AgNCs
in 22nt are more thermally stable. For 23nt, a similar
effect to that for 22nt can be observed, however less
pronounced. This correlates well with the lower in-
crease of the red emission as a function of time (SI
Figure 7). For 21nt the temperature effect on the
formation of the red emitting AgNCs seems minimal
from 25 to 65 �C, whereas at 75 �C, a drop can be

observed for 21nt. Also here, one could argue that the
lower temperature stability compensates the increased
creation speed of red emission at higher temperatures.
However, a more likely explanation could be that
the DNA-12nt-RED region in 21nt is not (fully) part of
the base interacting region; hence the DNA-12nt-RED
region behaves more like a single-strand scaffold. The
latter could explain not only the lower overall red
emission and similar HRM results to 22nt and 23nt but
also the limited temperature effect when increasing the
temperature from 25 �C to 65 �C.

In an alternative set of experiments, AgNCs were
synthesized, left at 25 �C for 1 h, and subsequently
heated to 65, 75, and 85 �C for 1 h (see Figure 3B). Red
emission intensities were found similar to those in
Figure 3A for all four sequences at 65 �C. The biggest
change compared with the data in Figure 3A is that for
22nt and 23nt the second procedure gives substan-
tially higher emission intensities at 75 �C. This indicates
that initial production of the AgNCs at lower tempera-
tures in these two sequences has an overall stabilizing
effect on red AgNC emission and probably the second-
ary structure. This is also to a lesser extent the case for
21nt. It is unclear from our data why this is not the case
for DNA-12nt-RED-160. The results from the tempera-
ture studies show that it is not straightforward to
correlate the results obtained from the HRM melting
experiments with the results when AgNCs are present
(e.g., 22nt and 23nt). The dynamical process of AgNC
creation and conversion can interfere with the inter-
pretation of the secondary structure stability determi-
nation, when using AgNC emission as a readout.

Secondary Structure Destabilization in the DNA-12nt-RED-160
Probe by Introduction of Thymine Units. The native gel
electrophoresis experiments, presented in Figure 2C,
indicated that DNA sequences where mismatch self-
dimers are present correlated with high red AgNC
emission. Therefore, in a next step we wanted to
investigate what would happen if we disrupted the
possibility of formingmismatch self-dimers. For this, 10
(10T), 15 (15T), and 20 (20T) thymine bases were added
in the middle of the DNA-12nt-RED-160 sequence (see
Figure 1). The native gel electrophoresis pictures in
Figure 4D confirm thatwhen a long T segment is added
in the middle of the DNA-12nt-RED-160 probe, the
amount of mismatch self-dimers drops dramatically.
Compared to DNA-12nt-RED-160, replacement of the
central part with 10, 15, and 20 thymines leads to less
red emission intensity from the DNA-stabilized AgNCs
(Figure 4A shows the red emission with 560 nm ex-
citation as observed 1 h following formation of AgNCs).
The temperature stability of 10T, 15T, and 20T was
determined by HRM analysis (see Figure 4C). The initial
SYBR green intensity and the temperature stability of
DNA-12nt-RED-160 are substantially higher than for
10T, 15T, and 20T. When the number of thymine bases
increases from 10T to 20T, a steady drop can be
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observed in the initial SYBR green intensity at 25 �C,
indicating that the number of interacting base pairs
drops. Figure 4B shows the temperature-dependent
creation of red emitting AgNC for 10T. In this particular
case, the drop in the red AgNC emission in Figure 4B
correlates well with the drop in the SYBR green emis-
sion observed in Figure 4C, indicating that the disap-
pearance of the red AgNC emission is linked to the
denaturation of the secondary structures in 10T (see SI
Figure 8). This means that the interfering effects from
different AgNC creation and conversion rates at higher
temperatures are minimal here. As a control we mea-
sured also the time-dependent evolution of red emis-
sion from 10T-based AgNCs. SI Figure 7 shows that the
creation of red emissive AgNCs does not change
significantly over a period of 5 h; hence we can use
the drop in red emission at elevated temperatures to
infer information about the stability of the secondary
structures (based on the native gel electrophoresis
picture in Figure 4D, most likely hairpin or single-
stranded structures in this case).

The results of Figure 4 clearly show that the introduc-
tionof a long thymine segment,whichespecially hinders
self-dimer formation, has a large impact on the intensity
of the observed red emission and on the temperature
stability. The results also show again that the sequence
propensity for mismatch self-dimer formation is a good
indicator for the presence of red emissive AgNCs.

Proof of Concept: Design of a Bright Red Emissive miR172-
Inspired Probe. On the basis of the findings of the
modified DNA-12nt-RED-160 probes, we looked back at
ourDNA-12nt-RED-172probeand tried to rationalizewhy

little red AgNC emission was observed. Because high red
emissiveAgNC formation in themodifiedDNA-12nt-RED-
160 probes was likely related to the possibility of forming
stable mismatch self-dimers and hairpins, native gel
electrophoresis experiments were performed on DNA-
12nt-RED-172, and the result is shown in Figure 5D.
Figure 5D shows that DNA-12nt-RED-172 forms no sig-
nificantmismatch self-dimer structures. This confirms the
previous results: Only when a clear mismatch self-dimer
band is present is a high red emission observed. In order
the increase the probability of forming mismatch self-
dimers, we inverted the positions of the DNA-12nt-RED
and172parts andadded twoguaninebases at the50 end.
This probe, called DNA-GG172-12nt-RED, did indeed
show a significant amount of mismatch self-dimers in
native gel electrophoresis experiments (see Figure 5D
and SI Figure 2). Figure 5A shows that the DNA-GG172-
12nt-RED probe has more red AgNC emission after 1 h at
25 �C than the DNA-12nt-RED-160 probe. Unlike DNA-
12nt-RED-160, DNA-GG172-12nt-RED does not reach its
maximum emission intensity within 1 h (see SI Figure 7).
On this basis we expected, similar to the 22nt case, that
creating the AgNCs at higher preset temperatures would
lead tomore red emission. Interestingly, as can be seen in
Figure 5A, creation of red emissive AgNCs for DNA-
GG172-12nt-RED at 42 �C does not give an increase in
emission intensity (it stays more or less constant). A likely
explanation could be that the Tm values of the secondary
structures that stabilize the red emissive AgNCs are lower
and that the increased formation speed for the AgNCs
at higher temperatures could be balanced out by the
destabilizing effect of the lower Tm value structures. From

Figure 5. (A) Emission spectra of DNA-GG172-12nt-RED, excited at 540 nm, recorded 1 h after creation at the specified
temperatures: 25, 42, 55, 65, and 75 �C. (B) Emission spectra of DNA-12nt-RED-172 (black curve) and DNA-12nt-RED-172GG
(red curve) excited at 540 nm, recorded 1 h after creation at 25 �C. (C) Fluorescence intensity of the AgNCs formed after
addition of AgNO3 and NaBH4 to a mixture containing 1.5 μM DNA-GG172-12nt-RED probe and RNA-miR172 target in a
concentration ranging from 0 to 1.5 μM. The fluorescence spectra were recorded, exciting at 560 nm. The inset shows the
Stern�Volmer plot. (D) Native gel electrophoresis of (1) DNA-GG172-12nt-RED, (2) DNA-12nt-RED-172, and (3) DNA-12nt-
RED-172GG. SD: mismatch self-dimer or double-stranded DNA. H/S: hairpin and single-stranded DNA.
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55 �C the red emission intensity for DNA-GG172-12nt-
RED starts to drop dramatically. As a control we also
created DNA-12nt-RED-172GG in which two guanines
were added at the end of the DNA-12nt-RED-172 se-
quence. This control shows that the addition of the
guanines by itself does not cause the formation of a
mismatch self-dimer band and increased red AgNCs
emission by itself; however in DNA-GG172-12nt-RED it
does because there it helps to stabilize the secondary
structures (mismatch self-dimer and hairpin). Figure 5D
shows that for DNA-12nt-RED-172GG no mismatch self-
dimer band is present and also a similar low red AgNC
emission to that for DNA-12nt-RED-172 is observed
(see SI Figure 1). For all three probes (DNA-12nt-RED-
172, DNA-12nt-RED-172GG, and DNA-GG172-12nt-RED)
HRM experiments were performed, and the results are
given in Figure 5B. Both DNA-12nt-RED-172 and DNA-
12nt-RED-172GG show a lower initial SYBR emission at
25 �C and have a lower temperature stability compared
to DNA-GG172-12nt-RED (see Figure 5B). Like for DNA-
12nt-RED-160, the experiments here show again a
correlation between high red emissive AgNC formation
and structures that can form amismatch self-dimer and
temperature-stable secondary structures. SI Figure 9
shows a comparison between the temperature stability
of DNA-12nt-RED-160 and DNA-GG172-12nt-RED. The
secondary structures of both have a high temperature
stability, but the drop is much more gradual for DNA-
GG172-12nt-RED than DNA-12nt-RED-160.

The efficiency of the new DNA-GG172-12nt-RED
probe was also tested for its ability to detect target
RNA-miR172. Figure 5C shows that the DNA-GG172-
12nt-RED performance is similar to previously reported
DNA-12nt-RED-160.13 In the inset in Figure 5C, the I0/I
(I0 and I are the emission intensity value without and
with addition of RNA-miR172, respectively) intensity
versus RNA-miR172 target concentration is given and
was fittedwith a linear function that has a slope of 12(
0.6. The latter results in a KD

�1 RNA-miR172 target
concentration of 82 nM, at which the fluorescence is at
50%. The miR172 quenching experiments with the
redesigned DNA-GG172-12nt-RED probe clearly show
that the insight from the experiments with the mod-
ified DNA-160-12nt-RED probe enabled the rational
redesign of DNA-12nt-RED-172 to give the same ex-
cellent performance as the DNA-160-12nt-RED probe.
Also we tested the specificity of the DNA-GG172-12nt-
RED probe with five miRNA targets, and we found a
similar performance to that reported previously for the
DNA-160-12nt-RED probe.13 The results can be seen in
Figure 6. The RNA-miR172 target has the largest effect
on I0/I ratio (a 6 times drop in the fluorescence
intensity), while the presence of RNA-miR160, RNA-
miR163, RNA-miR166, or RNA-hsa-miR-21 target has
only a limited effect on the observed fluorescence
intensity of the DNA-GG172-12nt-RED probe (a max-
imum 2 times drop). We foresee that this approach will

be the foundation for the construction of a range of
sequence-specific miRNA probes.

Photophysical Characterization of the Bright Red Emissive
Probes. We have measured absorption and circular
dichroism (CD) spectra and fluorescence excitation
and emission spectra and performed time-correlated
single photon counting experiments in order to inves-
tigate in detail the photophysical properties of the
bright red emissive AgNC-forming DNA sequences.
Figure 7A shows the steady-state absorption spectra
for DNA-12nt-RED-160, DNA-GG172-12nt-RED, 22nt,
and 23nt. We here primarily discuss the absorption
peaks from 500 nm and higher, since these are mostly
responsible for the red emitting properties of the
AgNCs. However, for all sequences, several other ab-
sorption peaks are also observed throughout the
visible region below 500 nm. For 22nt, two absorption
maxima can be identified in the region above 500 nm,
one around 500 nm and one at 580 nm. The peaks at
500 and 580 nm can be identified in the fluorescence
excitation spectra at similar positions (see SI Figure 11),
indicating that we have at least two types of AgNCs or
AgNC environments that yield red emission (both
possibilities will be further referred to as AgNC species).
The emission spectra of 22nt show two well-defined
emission peaks, one centered at 600 nm and one at
660 nm. The 600 nmemission peak shifts to the 660 nm
peak upon increasing the excitation wavelength, in-
dicating that we are spectrally moving from exciting

Figure 6. (A) Sequences of theDNA-GG172-12nt-REDprobe
and five miRNA targets: RNA-miR160, RNA-miR163, RNA-
miR166, RNA-hsa-miR-21, and RNA-miR172. (B) Emission
spectra (excited at 540 nm) of 1.5 μM DNA-GG172-12nt-
RED probe (black curve) and mixtures of 1.5 μM DNA-
GG172-12nt-RED probe with 0.5 μM RNA-miR160 target
(red curve), RNA-miR163 target (dark yellow curve), RNA
miR166 target (green curve), RNA-has-miR21 target (pink
curve), and RNA-miR172 target (blue curve). (C) I0/I values of
the fluorescence intensity of the AgNC when adding 0.5 μM
target miRNA sequences to 1.5 μM DNA-GG172-12nt-RED
probe. The values are the average of 3 measurements each.
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one type of AgNC species to another. Once the emis-
sion maximum is at 660 nm, it does not shift further to
higher wavelengths. The circular dichroism spectrum
for 22nt, however, displays a negative peak, centered
close to 500 nm, corresponding well with the peak at
500 nm in the absorption spectrum. It seems that the
absorption peak (which matches the fluorescence ex-
citation peak that gives the highest red emission) at
580 nm does not appear in the CD spectrum. This
indicates that the two AgNC species absorbing at 500
and 580 nm are structurally distinct, yielding some
information about the location of the AgNC. Wu et al.
suggested that AgNCs can be formed at different
locations inside or at the side of a stretch of double-
stranded DNA.40 When inside the DNA double strand it
is possible that due to the chiral surroundings of the
DNA, the AgNC absorbance shows up with a chiral
signature in the CD spectrum, and this type of behavior
was recently demonstrated for a near-infrared emitter
by Petty et al.5 Thus here it could be that one type of
red emitting AgNC species is surrounded by the chiral

DNA and displays induced CD,while the other does not
or does so to a much smaller degree. A similar result is
observed for 23nt. Clearly, two absorption peaks are
seen in the region above 500 nm (at 510 and 580 nm),
with only one peak showing up around 500 nm in the
CD spectrum. A difference between 22nt and 23nt is
that the absorption peak close to 500 nm is about
10 nm red-shifted compared to 22nt. Also the fluores-
cence excitation spectra for 23nt do not as clearly show
two peaks like 22nt (see SI Figure 12), but the emission
spectra shift slightly upon increasing the excitation
wavelength. The fluorescence excitation spectra give a
maximum for red emission at 580 nm, which corre-
sponds againwith the absorption peak around 580 nm.
Since we observe a continuous shift of the emission
spectra, there could be more than two emissive AgNC
species present. Again, the AgNC species responsible
for the largest amount of red emission does not seem
to be very CD active. This shifting of the emission
maxima is even more pronounced for DNA-12nt-RED-
160 (see SI Figure 10). In the absorption spectra of DNA-
12nt-RED-160, two maxima can be seen at 525 and
620 nm. In the CD spectrum however, again only one
negative peak clearly appears close to 525 nm. The
fluorescence excitation spectrum gives the maximum
red emission at 600 nm; however we noticed that there
are variations in where the maximum is observed. In
some experiments the maximum is at 580 or 560 nm.
Together with the shifting in the emission spectra we
can conclude that there are definitely more than two
types of red emitting AgNC species present in DNA-
12nt-RED-160. Besides this, also a bit of green emission
(with an emissionmaxima at 540 nm; see SI Figure 10) is
generally observed, as was also reported previously.13

DNA-GG172-12nt-RED looks different from the previous
three sequences. In the absorption spectrum, only one
distinct peak can be observed, centered at 525 nm. This
is also clearly reflected in the fluorescence excitation
spectra, which show maxima that are all centered close
to 540 nm (see SI Figure 13). The emission spectra (see SI
Figure 13) show emission maxima close to 625 nm that
do not seem to shift when increasing the excitation
wavelength as seen for DNA-12nt-RED-160. This could
indicate that there is only one type of emissive redAgNC
species present or that the different AgNC species are
spectrally very similar. The CD spectra show no defined
negative peak around 525 nm, only a slope that extends
from 625 nm until 480 nm. Although the nature of this
slope is unclear, it seems that again the absence of a
clear peak in the CD spectrum corresponding to the
maximum of the most intense excitation spectra indi-
cates that the larger contribution to the red emission is
from AgNC species that are not strongly CD active.

Time-correlated single photon counting experi-
ments were also performed, and the results are given
in Figure 7C. The fluorescence decays were recorded,
exciting the samples at 561 nm and detecting the

Figure 7. (A) Absorption spectra of DNA-12nt-RED-160,
DNA-GG172-12nt-RED, 22nt, and 23nt (concentration 15 μM).
(B) Circular dichroism spectra for DNA-12nt-RED-160, DNA-
GG172-12nt-RED, 22nt, and 23nt (concentration 15 μM).
(C) Time-correlated single photon counting experiments for
DNA-12nt-RED-160 (1.5 μM, black curve), DNA-GG172-12nt-
RED (1.5 μM, red curve), 21nt (3 μM, blue curve), and IRF
(brown curve). The samples were excited at 561 nm, and the
fluorescence decay was monitored at 600 nm. Table with
the values from a triexponential fit of the fluorescence
decays of the 3 samples. Fluorescence decay times (τ) in
nanoseconds, normalized amplitudes (R), and fractional (f)
contributions to the overall fluorescence intensity.
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emission at 600 nm. Fitting the fluorescence decay
curve by instrument response function (IRF) deconvo-
lution required the use of a triexponential function (see
SI Figure 14 for comparison between one-, two-, and
triexponential fit). The three obtained decay times
from the fit were similar for DNA-12nt-RED-160, DNA-
GG172-12nt-RED, and 21nt, with values around 0.15 ns,
1.1 ns (DNA-GG172-12nt-RED had a slightly higher
value around 1.5 ns), and 3 ns. The amplitudes of each
of the decay components were different for each of the
compounds however. The major contributor to the
observed fluorescence is coming from the component
with a decay time around 3 ns. The amplitude of the
3 ns component was the lowest for 21nt (which showed
no significant mismatch self-dimer band in Figure 2)
with a value of 0.4, while it was significantly higher for
DNA-12nt-RED-160 and DNA-GG172-12nt-RED (0.54
and 0.69, respectively). The multiexponential fluores-
cence decay is different from the monoexponential
decay of 12nt, reported by Richards et al., who found a
single decay time of 2.23 ns.31 An explanation for this is
that 12nt has a low probability to form secondary
structures such as hairpin or self-dimer structures and
the emission coming from 12nt is due to a specific
position of the AgNCs within the 12nt. The latter
indicates that the multiple decay components for the
red emitting AgNCs might come from their position in
different surroundings (in either the self-dimer or hair-
pin structures). The latter also hints that the presence
of a counterpart to the 12nt area (either as a mismatch
self-dimer or as the stem region in a hairpin structure) is
what determines the spectral properties and bright-
ness of the AgNC. Additional support for this idea can
be found in the work by Yeh et al.,8 who attached a
yellow emissive sequence (as reported by Richards
et al.) to a probe sequence.31 Upon binding of a partial
complementary DNA sequence (and even for the
perfect complementary sequence) to the probe se-
quence, bright red emission was observed.

CONCLUSION

Here, we have shown a series of findings that
support a model where the propensity for mismatch
self-dimer formation is an indicator for the ability to

form bright red emitting AgNCs in the modified DNA-
12nt-RED-160 DNA sequences. While unstructured
12nt, 15nt, and 18nt showed lower, single-strand-like
emission intensities, 22nt and 23nt, which can form
mismatch self-dimers, showed higher emission than
DNA-12nt-RED-160 at their maximum excitation
(580 nm). When stable mismatch self-dimers can be
formed, corresponding hairpin structures similar to
half the mismatch self-dimer will also likely be stable.
The latter, combined with the limited amount (1�5%)
of mismatch self-dimer band in the native gel experi-
ments, suggests that we cannot exclude that a sig-
nificant fraction of the emissive AgNCs are in the
hairpin region. However, the amount of the mismatch
self-dimer could be under-represented in the gel due
to denaturing while running the experiment. A clear
proof that self-dimers are good hosts for stabilizing
AgNCs was given by PC-DNA-12nt-RED, which can
form a perfect self-dimer with itself. Here only a self-
dimer band was observed in the gel electrophoresis
experiments, and bright red emissive AgNCs were
formed in solution. The temperature studies showed
that the results obtained from the HRM experiments
can differ from the results when using AgNC emission
as a readout for secondary structure stability (e.g., 22nt
and 23nt). The latter is due to the dynamical AgNC
creation and conversion process and the additional
stabilizing effect the AgNC can have on the secondary
structure of the DNA. To confirm the importance of
secondary structure and the possibility to form mis-
match self-dimers, 10 bases in the middle of the DNA-
12nt-RED-160 probe were replaced with a series of
thymine bases. The results confirmed again that the
reduction in secondary structures also led to a reduc-
tion in the amount of red emissive AgNCs. On the basis
of the previous results, we rearranged the sequence of
the low-emissive DNA-12nt-RED-172 probe to increase
formation of secondary structure. The redesigned
DNA-GG172-12nt-RED showed a dramatic increase in
red emission, which strongly supports our rationale.
Furthermore, we showed that target RNA-miR172 effi-
ciently quenched our DNA-GG172-12nt-RED probe,
providing a rationale for the design of other DNA/
AgNC probes for miRNA detection.

EXPERIMENTAL SECTION
AgNO3 (99.9999%) and NaBH4 (99.99%) were purchased and

used as received from Sigma Aldrich. MiRNA targets and DNA
probes were commercially synthesized by Eurofins (HPLC
purified). The DNA sequences used in the publication are
described in Figure 1. All probes at 15 μM were dissolved in
autoclaved Milli-Q water, then denatured at 100 �C for 10 min
and immediately transferred to heat blocks that were adjusted
to preset temperatures (25, 42, 55, 65, and 75 �C) to anneal the
DNA structures for 20min. No pH buffer or salt was added to the
Milli-Q water. SI Figure 15 shows no significant influence on the
red AgNC emissionwas observed for DNA-12nt-RED-160 in a pH

range from 6 to 9.5 and upon addition of up to 1 mM NaNO3

before measurement (10 times dilution). Then, to make fluo-
rescent AgNCs, the DNA probes weremixedwith AgNO3 (250 μM)
and NaBH4 (250 μM) (1:17:17) to a final volume (50 μL) within the
heat blocks (for example, the experiments presented in Figure 2A
and Figure 3A). For the experiments presented in Figure 3B, DNA/
AgNCsweregenerated at 25 �C for 1h and then transferred to the
heat denaturing temperatures (65, 75, and 85 �C) for 1 h. Time-
dependent emission measurements were performed with five
separately prepared samples at 25 �C for each measurement
point (measured at 1, 2, 3, 4, and 5h after creation). For themiRNA
detection assay, we added various concentrations of RNA-miR172
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(0.2 to 15 μM) to DNA-GG172-12nt-RED (15 μM) and incubated for
20 min at 25 �C. For the miRNA specificity assay, 5 μM of different
miRNAs were added to 15 μM DNA-GG172-12nt-RED and incu-
bated for 20 min at 25 �C. Then, to make fluorescent AgNCs,
the DNA probes were mixed with AgNO3 (250 μM) and NaBH4

(250 μM) (1:17:17) to a final volume (50 μL). For all the fluores-
cence excitation and emission spectra recorded for the above-
mentioned experiments, the samples were diluted with 450 μL
(final DNA concentration: 1.5 μM) of preheated Milli-Q water with
the same temperature as the sample before the measurements
wereperformedwithafluorimeter (Horiba JobinYvon, Fluoromax-
4) in 10 mm plastic disposable cuvettes. To prevent any tempera-
ture changeswhilemoving fromheat blocks to fluorimeter, empty
plastic cuvettes also were preheated at the specific temperature
for 30 min. As a control, the fluorescence from several samples
measured in plastic cuvettes was compared with the quartz
cuvettes, but showed no significant difference between them.
The values reported in Figure 3A and B are averages of six
measurements. When creating AgNCs with DNA sequences for
which the emissionkeeps increasingdramatically in the first hours,
such as DNA-GG172-12nt-RED, significant differences in the initial
value after 1 h of the emission intensity can be observed. Also the
full spectral recordings in SI Figures 10�13were started at 1 h after
preparation, but due to the significant recording time, the spectra
might display higher emission values compared to the time-
dependent measurement in SI Figure 7, where only one emission
spectrum was recorded.
To detect the mismatch self-dimer structures from the DNA/

AgNC compounds, gel electrophoresis analysis was performed
with a native polyacrylamide gel (20%). A Mini-PROTEAN Tetra
Cell system (Bio-Rad) was used for the gel electrophoresis with a
TBE buffer (Tris base, 44.5mM; boric acid, 44.5mM; EDTA, 1mM).
The gels in Figures 4 and 5were run for 6 h at 60 V in ice. The gel
in Figure 2 was run for 5 h at 60 V in ice. All native gels were
imaged on a G:Box from Syngene using Genesnap software
(Syngene). The gel images were exposed from 300 to 1200 ms.
High-resolution melting analysis was performed with a Roter-
gene Q (Qiagene). For this, 45 μM of the DNA probes was mixed
with 10 μM SYBR Green I 10 000� (Invitrogen) in a final volume
of 15 μL. The temperature was increased from25 �C to 98 �C, at a
rate of 1 �C per 4 s, and the emission was monitored at 510 nm.
Absorption spectra were recorded on a Perkin-Elmer 1050

UV�vis�NIR with a 2 nm slit width and a data acquisition time
of 0.25 s/nm. Circular dichroism spectra were recorded on a Jasco
J-815 spectropolarimeter equipped with a CDF-426S Peltier Type
CD/fluorescence cell holder maintained at 25 �C. For both the
absorption and CDmeasurements, the samples weremeasured in
quartz cuvettes from Hellma (105250QS10x2mmZ85 mm), vo-
lume 200 μL, concentration 15 μM DNA.
The fluorescence decay times have been measured by a

time-correlated single photon counting setup described in
detail previously.41 Briefly, the 561 nm pulsed excitation light
(8.18MHz, 1.2 ps full width at half-maximum)was obtained from
the frequency-doubled output of an optical parametric oscilla-
tor (GWU) pumped by a Ti:sapphire laser (Tsunami, Spectra
Physics). The detection system consists of a subtractive double
monochromator (9030DS, Sciencetech) and a microchannel
plate photomultiplier (R3809U, Hamamatsu). The emission
was monitored at 600 nm. A time-correlated single photon
counting PC module (SPC 630, Becker & Hickl), which has two
constant fraction discriminators, a time-to-amplitude converter,
and an analog-to-digital converter on the PC board, was used to
obtain the fluorescence decay histograms. The decays were
recordedwith 5000 counts in the peak channel in timewindows
of 20 ns (4096 channels) and analyzed by instrument response
function deconvolution. The full width at half-maximum of the
IRF was typically on the order of 40 ps. The quality of the fits has
been judged by the fit parameters χ2 (<1.2), Zχ

2 (<3), and the
Durbin Watson parameter (1.8 < DW < 2.2) as well as by the
visual inspection of the residuals and autocorrelation function
as was reported in the literature.42 All measurements have been
performed inMilli-Qwater as solvent in 1 cmoptical path length
disposable PMMA cuvettes (VWR) at an optical density of less
than 0.1 at the excitation wavelength.
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