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ARTICLE INFO ABSTRACT
Keywords: In this work, strategies for the detection of pyrimidine-rich DNA target sequences based on the formation of
Antiparallel triplex DNA duplex and antiparallel triplex structures are studied. The presence of the target is detected from the changes in
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fluorescence of silver nanoclusters stabilized by the corresponding complementary DNA probes. In all cases, the
formation of intermolecular structures has been assessed by means of melting experiments and multivariate
analysis.

In the case studied, it has been observed that the formation of antiparallel triplex structures produces changes
in fluorescence properties that could be more useful for analytical purposes than those observed when only
duplex structures are formed. In particular, the use of silver nanoclusters confined within a loop rich in cytosine-
type bases in the antiparallel triplex structure resulting from the interaction of probe and analyte has been shown
to produce an increase in red fluorescence. This latter probe has been shown to be selective against target se-
quences that have mismatches that could affect the formation of stable duplex structures, while it has been
shown to tolerate a small number of purine mismatches that could affect the stability of the resulting antiparallel
triplex structure. As a final remark, it should be noted that this methodology could also be used in the
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development of analytical procedures that allow the detection of antiparallel triplex structures, which are
difficult to observe with other spectroscopic methods.

1. Introduction

Nucleic acids may adopt a wide variety of spatial structures,
including duplex (A-DNA, B-DNA...), G-quadruplex, i-motifs, and
triplex, among others. Typically, nucleic acid triplex structures are
formed in homopurine-homopyrimidine sequences of duplex DNA by
interaction with a single-stranded triplex-forming oligonucleotide
(TFO). This binds to the major groove of the Watson-Crick double-he-
lical DNA by means of Hoogsteen hydrogen bonding [1,2]. The use of
triplex structures has been suggested for therapeutics applications [3,4]
or for diagnosis [5-8]. Overall, triplex structures may be classified into
parallel and antiparallel triplexes according to the relative direction of
the TFO in relation to the complementary purine-rich strand [1]. In the
parallel triplex, a pyrimidine-rich TFO binds parallel to the homopurine
strand within the duplex via Hoogsteen base pairs (Fig. 1a). Protonation
of cytosine bases is required for the formation of stable Hoogsteen base
pair between cytosine and guanine bases. For this reason, the stability of
parallel triplex is pH-dependent being more stable in acidic pH, near the
PKa of cytosine [1]. In antiparallel triplex, the TFO is made of purine
bases, and it binds antiparallel to the homopurine strand within the
duplex via reverse Hoogsteen base pairs (Fig. 1b). In this case, there is no
protonation to establish hydrogen bonds between bases and, conse-
quently, its stability is pH independent (Fig. 1c). In general, parallel
triplexes have been more studied from the structural and biochemical
point of view than antiparallel triplexes because they show clear hy-
pochromic changes in the UV spectra at 260 nm upon triplex formation,
which can be used to follow the association or dissociation of the TFO.
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Metal nanoclusters (NCs) are an important contribution of Nano-
technology to Nanomedicine due to their excellent physical and chem-
ical properties [9]. NCs are tiny (below 2 nm) aggregations of a few
metal atoms that have quantized molecule-like orbitals, enabling the
measurement of fluorescence [10,11]. Extensive and critical reviews on
this topic have been published [12-14]. In solution, NCs tend to form
larger aggregates, known as nanoparticles (NPs), which have different
properties to those shown by NCs. As example, NPs are not fluorescent,
which hinders their use in analysis. To prevent this aggregation,
different additives have been proposed [9,15]. Among them, DNA
strands have been shown to be an easy and efficient way to stabilize NCs.
As example, the fluorescence of adenine-templated gold nanoclusters
has been shown to be useful for the determination of melanine [16].
Adenine and thymine-rich DNA have been also proposed for the deter-
mination of tetracycline by monitoring the changes in the fluorescence
of copper nanoclusters [17]. Among DNA-stabilized NCs, most of the
research has been done on silver nanoclusters (AgNCs) [18,19]. Ag(I)
has more affinity with DNA bases than with the phosphate backbone, so
they interact with the bases, to which they bond covalently. Affinity
between DNA bases and Ag(l) can be enhanced by adding Mg(Il) to
neutralize the negative charges of the phosphate groups, reducing ionic
interactions between Ag(I) and negatively charged phosphate groups.
DNA-templated AgNCs provide an ideal platform for analysis of DNA
and RNA sequences, thanks to their wide range and adjust ability of
emitted fluorescence wavelength [20]. They have been proposed for the
detection of single nucleotide polymorphisms and abasic sites [21],
microRNAs [22,23], viral genomes [24], or for their antibacterial
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Fig. 1. (a) Scheme of a generic parallel triplex formed by two pyrimidine-rich sequences and a purine-rich strand. (b) Scheme of a generic antiparallel triplex formed
by two purine-rich sequences and a pyrimidine-rich strand. (c) Hydrogen bonding scheme of the triads present in antiparallel triplex DNA. Solid lines indicate
Watson-Crick hydrogen bonds, whereas dotted lines indicate non-Watson-Crick hydrogen bonds. Arrows indicate the 5’ to 3" orientation of strands.
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properties [25].

In a previous work, two different strategies based either on the for-
mation of parallel or antiparallel triplex structures for the recognition of
short stretches of C,T-rich DNA were assayed [26]. In the first case, the
probe consisted of a hairpin stabilized by Watson-Crick hydrogen bonds,
which was tagged at either the 3' or 5’ end with a pyrimidine-rich DNA
sequence able to stabilize fluorescent AgNCs. In this scheme, the
recognition of the target would be based on the formation of a parallel
triplex structure involving the hairpin and the target, which would
function as a TFO. The formation of this triplex would produce a change
in the fluorescence of the AgNCs attached to the probe. In practice,
however, it was not observed any dramatic modification of the fluo-
rescence that could be used to develop an analytical method based on
this strategy. This could be due to the need of an acidic pH for the for-
mation of parallel triplex structures, which could affect negatively to the
fluorescence of AgNCs [27]. In the second strategy based on the for-
mation of an antiparallel triplex structure, the probe consisted of purine-
rich hairpins (or clamps) stabilized by reverse Hoogsteen hydrogen
bonds. These clamps were labelled at the 3' or 5’ extremes with the same
tag sequence used in the parallel approach. In this second scheme,
however, the recognition of the target was based on the formation of a
duplex between the target and one of the strands of the probe, whereas
the second purine-rich strand of the probe functioned as a TFO to yield
an antiparallel triplex. It was observed that the formation of the triplex
produced a modification of the fluorescence of the AgNCs, enabling the
detection of the target.

Even though the strategy based on the formation of antiparallel
triplex between the probe and the target pointed to a good starting point
for the proposal of an analytical procedure, many questions remained
unanswered. First, it was not clear the advantages (if any) of the strategy
based on antiparallel triplex could have over a strategy based on the
formation of the duplex between the target and the tagged comple-
mentary strand [22]. Second, other strategies based also on the forma-
tion of antiparallel triplex but not involving the use of a tag sequence
could be explored. In this sense, it has been shown that the fluorescence
of AgNCs encapsulated within a parallel triplex DNA structure with a
cytosine-rich loop can be turned on and off in response to pH changes
[28]. Hence, it could be of interest to evaluate whether a similar
approach could be used, this time in the framework of antiparallel tri-
plexes, for the recognition of a DNA target. Finally, the method was only
evaluated for a C,T-rich sequence that did not contain any purine
mismatch. The presence of these mismatches in wild-type pyrimidine-
rich stretches is the most usual situation and it affects to the stability of
the resulting antiparallel triplex [1,3].

In the present work, the strategy is extended to the detection of
longer pyrimidine-rich sequences including purine interruptions. We
have focused our attention on a 21 nucleotides long pyrimidine-rich
stretch (CC1Target) found in the genome of SARS-CoV-2 [29,30]. The
strategy based on the formation of antiparallel triplex structures is
compared with that based on the formation of Watson-Crick duplexes.
For this purpose, several instrumental techniques and experimental
procedures have been applied, including molecular fluorescence and
circular dichroism spectroscopies, or liquid chromatography, as well as
multivariate data analysis.

2. Experimental
2.1. Reagents and solutions

Sigma-Aldrich (Merck KGaA, Germany) provided the DNA oligonu-
cleotides (Table 1 and Fig. 2). The integrity of all DNA oligonucleotides
was checked by means of MALDI-TOF Mass Spectrometry. DNA strand
concentration was determined by absorbance measurements (260 nm)
at 90 °C using the extinction coefficients calculated using the nearest-
neighbor method as implemented on the OligoCalc webpage [31]. Po-
tassium phosphate (pH 7.1) buffer, AgNO3 and NaBH4 were purchased
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Table 1

DNA sequences used in this work. The colors follow the scheme shown in Fig. 2.
Single underlined purine nucleotides indicate interruptions affecting the sta-
bility of the resulting antiparallel triplex, whereas double underlined nucleo-
tides indicate mismatches affecting the stability of the resulting duplex.

DNA code DNA sequence (5' — 3) Length

CClTarget CTC TCT ACT ACC CTT CTG CTC 21

CClTarget3MM  CAC TCT AGT ACC CAT CTG CTC 21

CCl1TargetSCR TCT CCC GTC CAT TCC ACC TTT 21

Tag CCC CTC AAT CCC 12

TagCompWC CCC CTC AAT CCC GAG CAG AAG GGT AGT AGA 33
GAG

CompWCTag GAG CAG AAG GGT AGT AGA GAG CCC CTC AAT 33
cce

TagCCl CCC CTC AAT CCC GAG CAG AAG GGT AGT AGA 58
GAG TTTT GAG AGA TGA TGG GAA GAC GAG

CClTag GAG CAG AAG GGT AGT AGA GAG TTTT GAG AGA 58
TGA TGG GAA GAC GAG CCC CTC AAT CCC

CC1_7C GAG CAG AAG GGT AGT AGA GAG CCCCCCC GAG 49

AGA TGA TGG GAA GAC GAG

from Merck KGaA. MilliQ (Merck Millipore, MA, USA) water was used in
all experiments.

The target (CClTarget) is a pyrimidine-rich sequence previously
identified in the reverse strand of the SARS-CoV-2 viral genome and
located at the replicase gene position 17,111 [29]. For this purpose, the
Triplex-Forming Oligonucleotide Target Sequence Search software from
University of Texas [32] was used. Parameters were set as follows: a
minimum of 15 nucleotides in length, a minimum of 40 % GC content
and a maximum of 3 pyrimidine interruptions, which have been
underlined in the CC1Target sequence shown in Table 1. The presence of
these three pyrimidine interruptions would not affect the stability of the
duplex but could affect the stability of the resulting antiparallel triplex.

Most of the probes that will hybridize the CClTarget sequence
contain a 12 nucleotides long tag sequence, denoted as Tag in the pre-
sent work. The AgNCs stabilized by Tag have been shown to emit NIR
fluorescence at certain experimental conditions [33]. The CC1Tag and
TagCC1 probes are formed by a purine-rich clamp, denoted as CC1, and
the Tag sequence attached at either the 3’ or 5 end, respectively. It is
expected that both probes will form antiparallel triplex structures in the
presence of CC1Target according to the scheme shown in Fig. 2. The role
of the TFO strand, shown in green in Fig. 2 and Table 1 will be evaluated
by studying two probes (CompWCTag and TagCompWC) composed of
the Tag sequence and the Watson-Crick forming duplex strand, i.e., in
these oligonucleotides the TFO sequence has been removed.

The design of the CC1_7C probe is based on a slightly different
approach. According to previous work [23], a Hoogsteen DNA parallel
triplex structure with a seven-cytosine loop can encapsulate red fluo-
rescent AgNCs, whose fluorescence is pH-dependent. We hypothesize
that the fluorescence of these encapsulated AgNCs will be affected by the
formation of triplex structures. Finally, in addition to the CClTarget
sequence, two others (CC1Target3MM and CC1TargetSCR) have been
designed. CClTarget3MM incorporates three additional mismatches
that would negatively affect Watson-Crick base pair stability, while
CC1TargetSCR is a random sequence with the same nucleotides as
CClTarget.

2.2. Instruments and apparatus

Absorbance spectra were recorded with an Agilent 8453 diode array
spectrophotometer. Hellma quartz cells (10 mm path length, 400 and
1500 pl volume, Germany) were used. CD spectra were recorded with a
Jasco J-815 (MD, USA) spectropolarimeter equipped with a Peltier
accessory for temperature control. Hellma quartz cells (10 mm path
length, 3000 pl volume) were used.

Fluorescence experiments were monitored using an AB2 Aminco-
Bowman (Thermo Fisher, MA, USA) spectrofluorimeter. For most of
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Fig. 2. Intermolecular structures proposed for the interaction of CC1Target with the duplex- and triplex-forming oligonucleotides listed in Table 1. Solid black lines
indicate Watson-Crick-type base pairs, whereas dotted black lines indicate reverse Hoogsteen-type base pairs. Solid yellow line in CC1_7C indicates the seven cy-
tosines loop. Polypyrimidine target, polypurine Watson-Crick and polypurine TFO are represented in blue, red, and green, respectively.

the measurements, excitation and emission slits were set to 4 nm, and
voltage of the photomultiplier was set to 600 V. A Hellma quartz cell (2
x 10 mm path length, and 400 ul volume) was used.

For reverse phase HPLC-UV, the chromatographic system consisted
of a Waters 2695 HPLC instrument equipped with a quaternary pump, a
degasser, an autosampler, and a photodiode-array detector, and soft-
ware for data acquisition and analysis. The chromatographic column
used for separation at room temperature was a Symmetry C18 (100 f\, 5
um, 4.6 mm x 250 mm, Waters). The compositions of mobile phases
were acetonitrile:0.1 M triethylammonium acetate (5:95, mobile phase
A) and acetonitrile:0.1 M triethylammonium acetate (70:30, mobile
phase B). A gradient from 100:0 (phase A:phase B) to 50:50 in 20 min
was used for the separation. The flow rate was set to 0.8 mL min~'. The
injection volume was 15 L.

2.3. Procedures

Melting experiments were performed using DNA solutions in 20 mM
cacodylate buffer (pH 7.1) and 50 mM magnesium nitrate, previously
annealed overnight. These solutions were transferred to the cell and
allowed to equilibrate at the initial temperature for 15 min. Ellipticity
was measured at 275 nm, whereas spectra (210-310 nm) were measured
every 2 °C, being the heating rate 0.5 °C min*. The blank was removed,
and the spectra were smoothed by applying a Savitzky-Golay filter.

3D excitation-emission fluorescence maps (EEMs) were measured
from 400 to 700 nm (excitation), and from 500 to 800 nm (emission).
The Rayleigh scattering was removed by replacing the original values by
an estimate of the background fluorescence signal. This estimate was
calculated from the mean value of a wide region of the EEM where no
fluorescence was observed, and later addition of random noise. Finally,
the EEM was smoothed by applying a Savitzky-Golay filter. All these
procedures were done using in-house developed Matlab® (The Math-
Works, Inc., MA, USA) routines. The following visible spectral ranges
were considered along the manuscript: green (501-565 nm), yellow

(566-590 nm), orange (591-625 nm), and red (626-740 nm).

The general procedure used throughout this work for the synthesis of
DNA-AgNCs and subsequent measurement of EEM in the absence and
presence of the target is shown in Fig. S1 (blue route) [34]. In vials
containing the appropriate medium (20 mM cacodylate buffer, pH 7.1,
50 mM magnesium nitrate), aliquots of the probe stock solution were
introduced. A certain volume of AgNO3 was then added to achieve a 1:6
DNA:Ag(I) molar ratio, the mixture was shaken and allowed to stand for
15 min at room temperature and in the dark. Then, freshly prepared
NaBH4 was added to the DNA:Ag(I) mixture up to a 1:6:6 DNA:Ag():
borohydride molar ratio, and the solution was stirred vigorously for 1
min. The synthesized DNA-AgNCs were stored at 4 °C in the dark for one
hour before EEM measurement. For the measurement in presence of the
target, the whole procedure was repeated using a 1:1 target:probe
mixture. The 1:6:6 ratio was again referred to the concentration of
probe. For both samples, probe and mixture, the entire procedure was
performed in duplicate. As will be described below, an alternative
approach was also assessed in which the target was added to the pre-
viously synthesized AgNC-probe (Fig. S1, orange route). In this case, the
mixture was kept for 5 min in the dark before the measurement.

In all procedures, the AgNOs3 stock solution was prepared by dis-
solving in a 10 mL volumetric flask the mass of AgNO3 required to obtain
a 0.1 M concentration solution. A 1-10" M AgNOs solution was obtained
through a dilution cascade, which was stored at room temperature in an
amber volumetric flask to prevent oxidation. The NaBH, stock solution
was prepared daily by dissolving the appropriate amount of solid NaBH4
in a 25 mL volumetric flask to obtain a 0.1 M solution. From this, a 1-10"
M NaBHj, solution was obtained by dilution, which was kept on ice until
use.

2.4. Data analysis

CD-monitored melting experiments provided not only ellipticity vs.
temperature at a one single wavelength, but also a CD spectrum every
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2 °C from 5 to 80 °C. The measured spectra along a melting experiment
were arranged in a data matrix that was later analyzed by means of the
Multivariate Curve Resolution — Alternating Least Squares (MCR-ALS)
method. Briefly, this method allows the determination of the number of
components present along the melting (which have been assigned to
different folded conformations), as well as their corresponding concen-
tration profiles and pure CD spectra. The method has been applied
successfully to many biophysical and analytical studies, such as the
analysis of melting experiments [29,35], the interaction of drugs and
DNA [36], or the separation of i-motif structures by capillary electro-
phoresis [37] or HPLC analysis [38], among others. Extensive infor-
mation on the method is given in those articles.

3. Results

As stated above, the first objective of this work is to investigate the
potential advantages of the antiparallel triplex-forming strategy for the
recognition of pyrimidine-rich sequences using fluorescent AgNCs over
the strategy based on the formation of duplex structures. Because of this,
the application of this last strategy for the recognition of a target
pyrimidine-rich sequence (CC1Target) will be presented first. Then, the
formation of antiparallel triplex structures involving this target and
several probes will be assessed. Finally, the basis of a detection method
based on fluorescence changes due to the formation of triplex structures
will be presented and discussed.

3.1. Detection of pyrimidine-rich DNA using complementary tagged
probes

In a previous work, Yang and Vosch proposed an analytical pro-
cedure for the detection of microRNAs [22]. This was based on the
quantitative reduction of the fluorescence of a probe after its hybridi-
zation with the target to yield a Watson-Crick stabilized duplex. The
fluorescent probe was formed by the complementary strand tagged at its
5" end with a short, cytosine-rich DNA sensing sequence prone to sta-
bilize fluorescent AgNCs. Upon formation of the duplex structure, the
fluorescence of the AgNCs decreased allowing the detection of the
microRNAs. In this work, we have explored the application of this
strategy using the TagCompWC and CompWCTag sequences, which are
able to form a duplex with the CC1Target, and which contain a AgNC-
forming tag sequence at the 5 and 3' ends, respectively (Table 1 and
Fig. 2).

Before the fluorescence measurements, the formation of stable
duplex structures between each one of these probe sequences and the
CClTarget was assessed by means of CD-monitored melting experiments
of each one of these sequences, as well as those corresponding to the 1:1
mixtures (Figs. 3 and S2, and Table 2). First, the melting curve of
CC1Target alone was analyzed (Fig. S2a). The shape of the spectrum at
5 °C is characterized by a positive signal around 275 nm and a weak and
broad negative signal centered at 245 nm, which are lost smoothly upon
heating. All together, these features pointed to a little ordered structure
at low temperatures and pH 7.1, in agreement with the base composition

Table 2

Melting temperatures (T,,) values from CD-monitored denaturation experi-
ments. Experimental conditions were 1 uM DNA strand, 20 mM cacodylate
buffer (pH 7.1), 50 mM magnesium chloride.

DNA strand Without CC1Target (Tp, With CC1Target (Ty, °C)

o

C

) Triplex — duplex — single
duplex strands

TagCompWC 43+ 1 69.8 + 0.5
CompWCTag 39+1;59+1 69.4 + 0.5
TagCC1 40.6 + 0.5 32+1 64 +1
CC1Tag 40.5 £ 0.7 32+1 65+ 1
CC1.7C 45.9 £ 0.8 34+2 70.7 £ 0.6
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of this sequence. For TagCompWC, the picture is different to that
observed for CC1Target (Fig. 3a). The CD spectrum of TagCompWC at
5 °C is characterized by intense positive and negative signals at 270 and
240 nm, respectively, which change dramatically upon heating. This
points out to the existence of an initial partially ordered structure, as
predicted by in silico analysis [39,40] (Fig. S3). Multivariate analysis
based on MCR-ALS has been applied to the analysis of all CD spectra
measured along the melting experiment. The result of this analysis
supports the assumption of a two-step unfolding process with a T, value
equal to 43 £+ 1 °C. (Fig. 3b and 3c).

Next, the melting curve of the 1:1 TagCompWC--CC1Target mixture
was analyzed. The CD spectrum at 5 °C showed spectral characteristics
that are slightly different from that of TagCompWC (Fig. 3d). The
analysis of the CD trace at 275 nm showed a cooperative transition at
69.8 + 0.5 °C (not shown), which was assigned to the disruption of the
Watson-Crick duplex formed by these two sequences. Multivariate
analysis showed that the whole unfolding process should be explained
considering three components (Fig. 3e and f). The second transition,
which takes place at 69.8 + 0.5 °C, is clearly related to the denaturation
of the duplex structure, whereas the first transition, which involves a
small spectral change, could be related to the unfolding of a minor
contribution of TagCompWC not involved in the duplex.

Concerning the melting of the CompWCTag strand (Fig. S2b), the
analysis of the ellipticity at 275 nm vs. T curve suggested a two-state
unfolding with a Ty, equal to 38.4 &+ 0.6 °C (not shown). However, a
wider look considering the whole CD spectra and appropriate multi-
variate data analysis demonstrated that the complete unfolding takes
place in two steps with Ty, values equal to 39 and 59 °C (Fig. S2c and d).
The differences between the meltings of TagCompWC and CompWCTag
could be related to the relative stabilities of the predicted structures at
15 °C (20 mM Nat and 50 mM Mg?"). Hence, whereas the Gibbs free
energies for the two most stable predicted structures for TagCompWC
were —4.5 and —4.0 kcal-mol’l, the values for the two most stable
predicted structures for CompWCTag were —4.0 and —3.7 keal-mol ™,
respectively (Fig. S3). Therefore, not only TagCompWC oligonucleotide
forms the most stable structure in terms of Gibbs free energy, but also
CompW(CTag is predicted to fold into a mixture of structures with more
similar stabilities (0.3 kcal~mol’1) than in the case of TagCompWC (0.5
keal-mol™1). Finally, the melting of the 1:1 CompWCTag:CC1Target was
well-modelled considering only one strongly cooperative transition at
69.4 + 0.3 °C, which obviously was related to the disruption of the
duplex (Fig. S2f and g). All together, these experiments confirmed the
formation of similar and very stable duplex structures between the
considered probes and the CC1Target at 15 °C.

Next step was the study of the fluorescence of AgNCs stabilized by
TagCompWC and CompWCTag probes, and how it is modified upon the
corresponding interaction with the CC1Target. First, it was measured
the EEM of the 12 nucleotides long Tag sequence, which shows strong
orange fluorescence at 620 nm, together with weaker green and red
fluorescence at 520 and 690 nm (Fig. S4). This different emission sug-
gests the existence of several AgNCs with a different number of Ag(I) and
Ag(0) species. According to previous works, the fluorescence of AgNCs
species would be strongly dependent on the ratio of Ag(I)/Ag(0) species
[41], as well as on the size of the AgNCs [42]. Hence, it has been pro-
posed that, in most of the species stabilized by different DNA templates,
there are two types of dominant colors and Ag atom numbers, including
near 540 nm with four atoms and 630 nm with six atoms [43], which
roughly agree with the emission observed for Tag sequence.

Next, the fluorescence of the TagCompWC probe, which is based on
the proposed strategy by Yang and Vosch [22], was measured. As the
Tag sequence, the AgNCs stabilized by the TagCompWC also showed
intense orange fluorescence at 620 nm, together with a weak fluores-
cence at 690 nm (Fig. 4a). However, no fluorescence was observed at
520 nm. Next, AgNCs were synthesized by adding silver nitrate and
sodium borohydride to a 1:1 TagCompWC:CC1Target mixture (blue
route in Fig. S1). The observed fluorescence of the AgNCs in the mixture
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(Fig. 4b and 4c) showed a 63 % reduction of the fluorescence at 620 nm
in relation to that observed in absence of the target. This observation is
in line with those previously described by Yang and Vosch. It should be
stressed that the AgNCs potentially stabilized by the CC1Target did not
show significant fluorescence at the same experimental and instru-
mental conditions (Fig. S5).

The CompWCTag-AgNC showed strong orange fluorescence at 620
nm, in a comparable way to that observed for the TagCompWC sequence
(Fig. 4d). However, two main differences were observed. First, the
fluorescence intensity of the CompWCTag-AgNC at this wavelength was
50 % higher than that of TagCompWC-AgNC. Secondly, the addition of
the CC1Target did not produce any clear reduction of the fluorescence of
CompWCTag-AgNC, which is a different situation to that shown for the
TagCompWC probe. The reason for these differences between the fluo-
rescent properties of these two probes could lie on a different folding of
this oligonucleotides in presence of Ag species. Hence, it is deduced that
the position (5 or 3') at which the Tag sequence is attached to the
complementary strand may produce differences in the secondary
structure of the probe, which in turn would produce differences in the
spectral characteristics of the probe-stabilized AgNCs.

Even though the observed reduction of fluorescence is a way to
detect, and even quantify, a target, more sensitive analytical methods
are those developed based on the appearance of a net signal. In addition,
it has been suggested that the formation of antiparallel triplex structures
could be a way to increase the selectivity of a sequence towards its
complementary strand [8,44]. Therefore, alternative approaches based
on the formation of antiparallel triplex structures were assessed.

3.2. Assessment of the formation of antiparallel triplex structures by CD
spectroscopy

First, the formation of triplex structures was studied by CD-
monitored melting experiments of individual sequences and mixtures.
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Figs. 5 and S6 show the CD spectra measured along the melting exper-
iments of all sequences and 1:1 mixtures, and Table 2 summarizes the
results of the thermodynamic analysis.

For TagCCl, the intense CD spectra measured at low temperatures, as
well as the clear unfolding observed upon increasing the temperature,
pointed out to the existence of a well-ordered structure at low temper-
atures (Fig. 5a). Multivariate analysis allowed the definition of a single
transition with Ty, equal to 40.6 & 0.5 oC (Fig. 5b and 5c¢). Even though
the potential formation of internal hairpins cannot be ruled out, this
transition has been assigned to the unfolding of an antiparallel duplex
stabilized by reverse-Hoogsteen bonded base pairs, as suggested previ-
ously for the raw CC1 sequence (which lacks the Tag sequence) [29].

Upon addition of the CClTarget, subtle spectral changes were
observed around 210 nm and at higher temperatures (Fig. 5d). Multi-
variate analysis allowed the resolution of two transitions along the
melting process (Fig. 5e and 5f). The first transition, which takes place
around 32 °C, has been related to the releasing of the TFO from the
antiparallel triplex structure. The second transition, which takes place at
64 °C has been related to the disruption of the remaining duplex
structure formed by CClTarget and one of the purine-rich strands in
TagCCl (Fig. 2). The small reduction of the Ty, value in relation to those
determined previously for the duplex formed by TagCompWC and
CC1Target (69.8 °C) has been related to the destabilizing effect of the
attached TFO strand, which fluctuates freely after being released from
the triplex. On the other hand, the reduction of the Ty, value of the first
transition from 40.6 °C (for the TagCCl duplex) to 32 °C (for the
TagCC1:CClTarget triplex) has been related previously to the destabi-
lization of the reverse Hoogsteen base pairs in the triplex because of the
simultaneous presence of the Watson-Crick base pairs (Fig. 1) [29].

The melting experiments of CC1Tag and the corresponding 1:1
mixture with CC1Target provided comparable results to those shown for
TagCCl (Fig. S6 and Table 2). Overall, the melting experiments sup-
ported the formation of antiparallel triplex structures between the
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probes and the CC1Target.

3.3. Detection of pyrimidine-rich DNA based on the formation of
antiparallel tagged triplex structures

Fig. 6 shows the EEMs of the AgNCs stabilized by the TagCC1 and
CC1Tag probes in absence and presence of the CC1Target. The EEM of
TagCC1 probe showed strong orange fluorescence at 620 nm and re-
sidual fluorescence at 520 and 690 nm. This EEM is like that observed
for the TagCompWC, which lacks the TFO strand. In presence of the
CClTarget, a 77 % reduction of the orange fluorescence was observed.
At this point, an alternative procedure was evaluated, where the
CClTarget was added to the previously synthesized TagCC1-AgNCs
(orange route in Fig. S1). This approach produced a 53 % reduction of
orange fluorescence. Overall, the spectral features related to TagCCl,
both in absence and presence of CC1Target, are like those observed for
TagCompWC, revealing the negligible effect of the polypurine TFO on
this scheme.

A different situation was observed for CC1Tag. In this case, the EEM
of the CC1Tag-AgNC showed not only intense orange emission at 620
nm, but also a weak red fluorescence at 690 nm and residual green
fluorescence at 520 nm. In presence of the CC1Target, the fluorescence
intensity at 520 nm increased dramatically, whereas minor variation
was observed at 620 nm. As in the case of TagCCl approach showed
above, more dramatic changes were observed when AgNCs were pro-
duced using the previously annealed mixture of CC1Tag and CC1Target
(blue route in Fig. S1, “Mixture” in Fig. 6) than when adding the
CClTarget to the AgNCs stabilized by CC1Tag (orange route in Fig. S1,
“CC1Tag + CClTarget” in Fig. 6).

Overall, the behavior observed for CC1Tag is clearly different from
that described for CompWCTag, a probe that hardly showed a 12 %
reduction of the red fluorescence (Fig. 3). We hypothesized that these
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differences could be related to the relative position of the Tag sequence
in both probes. In TagCC1, the Tag sequence is attached to the Watson-
Crick polypurine strand, which interacts with both the CClTarget
(forming Watson-Crick hydrogen bonds) and to the polypurine TFO
(forming reverse-Hoogsteen hydrogen bonds) (Fig. 2). On the other
hand, in CC1Tag the Tag sequence is attached to the polypurine TFO,
which only interacts with the Watson-Crick polypurine strand forming
reverse-Hoogsteen hydrogen bonds (Fig. 2). The different structural
variations when the target binds to the probe and the stability of the
hydrogen bonds that the strand directly attached to the Tag sequence is
forming could explain these differences.

3.4. Detection of pyrimidine-rich DNA using a cytosine-rich loop
antiparallel triplex

Until now, only the CC1Tag probe has shown the appearance of a
strong new fluorescence in the presence of the CC1Target. However, the
signal at 520 nm appears in the green region, where cellular and tissue
autofluorescence may interfere in hypothetical in vivo application of
these methods. At this point, the behavior of AgNCs confined within the
cytosine-rich loop of an antiparallel triplex has been studied. To do this,
an additional triplex-forming probe was tested (CC1_7C, Table 1), which
includes a cytosine-rich loop that has been suggested to provide strong
red fluorescence in Watson-Crick stabilized hairpins [28,45]. As in the
previous cases, the thermal unfolding of CC1_7C and of the 1:1 CC1_7C:
CC1Target mixture were studied firstly by means of CD spectroscopy
and MCR-ALS analysis (Fig. S7). As in other cases, it was assessed the
formation of a triplex structure at low temperatures with a Ty, value
equal to 34 + 2 °C. This uncertainty was because the spectrum of the
triplex hardly differs from that of the species that only forms duplex
(Fig. S7e). This similarity produces a poorly defined distribution dia-
gram (Fig. S7f) which, in turn, affects the determination of T,.
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comparison of the fluorescence intensities (c, f). “Mixture” and “TagCC1 + CC1Target” refer to the blue and orange routes in Fig. S1, respectively. In all cases, DNA
strand, silver nitrate and sodium borohydride concentrations were 5, 30, and 30 pM, respectively. The concentration of CC1Target was also 5 uM in the mixtures. The
solutions contained 20 mM cacodylate buffer (pH 7.1), and 50 mM magnesium chloride. Measurements were conducted at 15 °C.
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Concerning the fluorescence properties of the CC1_7C-AgNC, these
present also a strong fluorescence around 620 nm (Fig. 7a and b).
Interestingly, a 104 % increase of the fluorescence was observed in
presence of the CC1Target, which would make this probe more suitable
for the determination of pyrimidine-rich strands than TagCC1 (which
shows a slight reduction of the orange fluorescence at 620 nm) or
CC1Tag (which shows a dramatic increase of the green fluorescence at
520 nm).

The species related to the CC1_7C sequence were studied by HPLC-
UV (Fig. 7c). The naked DNA showed a single peak at 8.52 min, with
a small shoulder around 8.7 min. After the formation of the AgNCs, two
peaks were observed at 8.52 and 8.77 min. According to previous
literature, the presence of these two peaks could be related to the for-
mation of dimer structures linked through the cytosine bases at the loops
[45]. The peak at 8.52 min suggests that the hydrodynamic volume of
the DNA within the AgNC ensemble is like that of naked DNA, as sug-
gested by other authors based on CD spectroscopy measurements [46].
In this sense, the AgNCs stabilized by TagCompWC and TagCCl also
showed this behavior (Fig. S8).

Upon addition of the CC1Target, a major peak appeared at 9.21 min,
with shoulder at 9.46, and minor signals at 8.56 and 8.9 min. This
chromatogram is more complex than those recorded for the mixtures of
AgNC-TagCompWC:CClTarget (which forms a duplex) or AgNC-
TagCC1:CClTarget (which forms a triplex). Overall, the chromato-
gram indicates that the fluorescence signal of CC1_7C corresponds to a
mixture of species.

From the different probes essayed, the CC1_7C-AgNC appears to
produce the clearest changes in orange fluorescence upon interaction
with CC1Target. The selectivity of this probe was studied by measuring
the fluorescence produced in presence of two DNA sequences (CC1SCR
and CC13MM) of similar composition to the CC1Target (Table 1). The
CC1SCR is a scrambled sequence of equal composition than CC1Target,
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which should not produce any triplex structure in presence of CC1_7C.
On the other hand, the CC13M sequence includes three additional mu-
tations in relation to the CClTarget sequence that could produce
destabilization of the resulting CC1_7C:CClTarget duplex structure.
Fig. 7b shows the fluorescence measured in the presence of both se-
quences. It was observed that the CC1_7C-AgNC probe showed good
selectivity against these two sequences.

4. Conclusions

As described in the introduction, the main objectives of this work
were threefold: (i) to evaluate the potential advantages of the strategy
based on antiparallel triplex formation versus that based on duplex
formation, (ii) to explore other strategies that do not rely on the presence
of a tagged sequence at the ends of the probe, and (iii), to test the
methodology for sequences with mismatches that may affect duplex and
triplex formation. The following conclusions can be drawn from the
results obtained. First, the strategy based on the use of labeled probes
capable of forming antiparallel triplex structures has shown clear ad-
vantages over the use of labeled probes capable of forming only duplex
structures. Thus, both TagCC1 and CC1Tag have shown spectral changes
after addition of the target, whereas only TagCompWC showed a
reduction in orange fluorescence. Second, the use of AgNCs confined
within a cytosine-rich loop within a clamp (CC1_7C probe) has been
shown to be a useful tool for target recognition. Third, the approach has
been shown to be selective in front of sequences showing mismatches
that could affect the formation of stable duplex structures (CC1Tar-
get3MM and CC1TargetSCR), whereas it has been shown to handle a
small number of purine mismatches that could affect the stability of the
resulting antiparallel triplex structure (CC1Target). As a final remark, it
should be noted that this methodology could also be used in the devel-
opment of analytical procedures that allow the detection of antiparallel
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triplex structures, which are difficult to observe with other spectroscopic
methods.
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