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In this work, the use of DNA-stabilized fluorescent silver nanoclusters for the detection of target pyrimidine-rich
DNA sequences by formation of parallel and antiparallel triplex structures is studied by molecular fluorescence
spectroscopy. In the case of parallel triplexes, the probe DNA fragments are Watson-Crick stabilized hairpins, and
whereas in the case of antiparallel triplexes, the probe fragments are reverse-Hoogsteen clamps. In all cases, the
formation of the triplex structures has been assessed by means of polyacrylamide gel electrophoresis, circular
dichroism, and molecular fluorescence spectroscopies, as well as multivariate data analysis methods. The results
have shown that it is possible the detection of pyrimidine-rich sequences with an acceptable selectivity by using

the approach based on the formation of antiparallel triplex structures.

1. Introduction

The best-known DNA structure is the B-DNA, which is the right-
handed double helix firstly proposed by Watson and Crick in 1953.
Genomic research has revealed that around 98% of biological DNA is
comprised of non-coding regions with important biological functions.
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These regions are characterized by repetitive DNA sequences that have
the potential to fold into non-B DNA structures such as G-quadruplex
[1,2], i-motif [3], or triplex [4], among others.

Triplex structures are formed by the addition of a triplex-forming
oligonucleotide (TFO) strand to a duplex structure which, in turn, may
be formed by two independent strands or by a single strand folded into a
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Fig. 1. Schemes of triplex structures. (a) Parallel triplex formed by a hairpin stabilized by Watson-Crick bonds and a C,T-rich strand (TFO). (b) Chemical structure
and hydrogen bonding scheme of the triads present in parallel triplex DNA. (c) Scheme of the antiparallel triplex formed by a clamp sequence and a pyrimidine-rich
strand. (d) Chemical structure and hydrogen bonding scheme of the triads present in antiparallel triplex DNA. In (a) and (c), 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.

hairpin. In addition to the Watson-Crick base pairs observed within the
duplex, Hoogsteen and reverse-Hoogsteen base pairs are formed be-
tween bases within TFO and bases within duplex [5]. To form stable
triplex structures, the duplex should be formed by a purine-rich (i.e.,
with a high content of G and/or A bases) strand, paired to a pyrimidine-
rich (i.e., with a high content of C and/or T bases) strand [6]. Depending
on the orientation of the TFO with respect to the purine-rich strand
within the duplex, triplex structures are classified into two main cate-
gories: parallel and antiparallel. In addition, it is possible to have a
single stranded oligonucleotide to bind a duplex target sequence, or a
clamp or hairpin binding a single stranded target sequence. In the par-
allel triplex, a pyrimidine-rich TFO binds in a parallel way to the purine-
rich strand within the duplex (Fig. 1a), whereas in antiparallel triplex, a
purine-rich oligonucleotide binds antiparallel to the purine-rich strand
within the duplex (Fig. 1b). The protonation of cytosine bases within the
pyrimidine rich TFO is required to form stable parallel triplexes. For this
reason, the stability of these structures is pH-dependent being greater
near the pKj, of cytosine (around 4.5). On the contrary, the formation of
antiparallel triplex structures does not require protonation of any
nitrogenous base, being its stability largely pH independent. In this
work, two of the strands involved in the formation of either parallel or
antiparallel triplex structures are linked by means of a short loop,
forming a hairpin (Fig. 1a and c). This approach not only facilitates the
experimental preparation of equimolar amounts of duplex and TFO
strands, but also increases the stability of the final structures formed.

Fig. 1 should be near here.

In the case of antiparallel structures, this work uses the term “clamp”
to refer to single-stranded hairpins formed by two antiparallel purine-
rich tracts linked by a thymidine loop and bound by intramolecular
reverse-Hoogsteen bonds. In the bibliography these clamps are known as
Polypurine reverse-Hoogsteen hairpins (PPRH, [7,8]) but we prefer to
name them as “clamp” to differentiate with the Watson-Crick hairpins
that are used in this work for parallel triplex formation. The clamps
(PPRH) can bind in a sequence-specific manner to pyrimidine-rich se-
quences by Watson-Crick bonds, thus forming an antiparallel triplex
(Fig. 1c). These clamps have been described as gene silencing tools of
several genes mainly involved in cancer with the capacity to produce
strand displacement [9]. Additionally, they have been incorporated as
probes in biosensors for the detection of miRNAs [10], and SARS-CoV-2
[7], among other applications.

Metal noble nanoclusters (NCs) have been suggested as one of the
most important contributions of Nanotechnology to Nanomedicine due
to their excellent physical and chemical properties [11,12]. NCs are tiny
(below 2 nm) groups of a few metal atoms that have quantized molecule-
like orbitals, enabling the existence of spectroscopic phenomena, such as
fluorescence [1314]. Specifically, silver nanoclusters (AgNCs) prepared
by reduction of silver ions in the presence of short DNA oligonucleotides
have attracted a large interest as potential diagnostic tools for their
tunable and high fluorescent properties, such as brightness, wide spec-
tral range and photostability, as well as because of their good biocom-
patibility [15,16,17,18].

The presence of DNA strands enables the stabilization of AgNCs,
preventing further aggregation into larger and non-fluorescent silver
nanoparticles. Although many studies have been conducted trying to
correlate the DNA sequences, their lengths, and their secondary struc-
tures with the fluorescence properties of AgNCs [19,20], research is still
far to be completed [21,22]. It is known, for instance, that cytosine bases
bind to silver species much stronger than other bases, such as guanine,
adenine, or thymine. Hence, many of the published works about DNA-
stabilized AgNCs deal with cytosine-rich sequences. However, the sig-
nificance of the length and of the secondary structures of the DNA
templates on the emission properties of the resulting AgNCs is still
matter of research [23,24,25,26,27]. As example, some authors propose
that i-motif structures, which are formed by cytosine-rich sequences at
pH lower than 7, may stabilize AgNCs [28], where other authors propose
that only neutral cytosine bases at pH 7.4 may stabilize AgNCs [20].

Whereas the application of hairpin stabilized AgNCs to Nanotech-
nology and analysis has been widely studied [29], the use of AgNCs
stabilized by triplex structures has been studied in a few works. Ihara
et al. [30] reported a method for stabilization of the parallel triplex DNA
using Ag(I) ions. They found that Ag(I) ion could specifically displace an
N3 proton of a cytosine in the C-G-C" base site of triplex DNA to form a
new triplet (C-G-Ag-C), which would stabilize the parallel-motif triplex
even at neutral pH. This approach was later used by Feng et al. to design
site-specific, and homogeneous AgNCs with high stability against salt
using parallel triplex DNA as templates. They observe that Ag; clusters
could be obtained in the very position of CG-C™ site of triplex DNA [31].
Recently, the fluorescence of AgNCs encapsulated inside the loop of
parallel triplexes was studied as a function of pH and the presence of
duplex DNA [32]. Finally, Lu et al. proposed the detection of miRNAs
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Table 1
DNA sequences studied in this work. Bases in bold and underlined are those
corresponding to the loop. The stretch in red denotes the sensing sequence.

DNA name Sequence (5' —3') Role
H28 AGG AAG GAA AAG TTTT CTT TTC CTT CCT Probe
H28m AGG AAG GAA AAG CCCC CTT TTC CTT CCT Probe
H28red3 AGG AAG GAA AAG TTTT CTT TTC CTT CCT CCC ~ Probe
TAA CTC CCC
H28red5 CCC TAA CTC CCC AGG AAG GAA AAGTTTT CTT  Probe
TTC CTT CCT
Clampmod GAA AAG GAA GGA CCCCC AGG AAG GAA AAG Probe
Clampred3 GAA AAG GAA GGA TTTTT AGG AAG GAA AAG Probe
CCC TAA CTC CCC
Clampred5 CCC TAA CTC CCC GAA AAG GAA GGA TTTTT Probe
AGG AAG GAA AAG
Pyrl2 TCC TTC CTT TTC Analyte
Pyr12A1 TCC TTC CTT ATC Interferent
Pyr12A2 TCA TTC CTT ATC Interferent
CtrlDuplexred3 ~ GAA AAG GAA GGA CCC TAA CTC CCC Probe
CC5red3 GGA AAA GAA AGG TTTT GGA AAG AAA AGG Probe
CCC TAA CTC CCC
CCbtarget CCT TTC TTT TCC Analyte

using triplex molecular beacons and silver nanoclusters [33].

Concerning antiparallel triplex, to our knowledge very few works
deal with AgNCs involved in the formation of antiparallel triplex based
on the use of clamps. Wang et al. developed a sensor for melanine using
an approach based on antiparallel triplex structures [34]. This approach
has the advantage of being developed at neutral pH, like in vivo condi-
tions. Also working at neutral and basic pH values, Nagda et al. studied
the stabilization of AgNCs by triplex structures, and the formation of
DNA nanostructures [32].

In this work, the formation of parallel and antiparallel triplex
structures has been assessed firstly by means of several experimental
methods. Then, the fluorescent properties of the AgNCs stabilized by
modified hairpins and clamps have been studied. Finally, the changes of
the fluorescence of these AgNCs have been monitored in presence of
pyrimidine-rich sequences. The hypothesis behind this work is that the
fluorescence of the AgNCs stabilized by any of the probes (hairpins or
clamps) would be modified dramatically in presence of the target TFO,
making possible the detection of this sequence. The obtained results
have shown that the use of AgNCs and antiparallel triplex structures may
be a way to detect pyrimidine-rich sequences at neutral pH. This is an
attractive application of this methodology as it has been recently shown
that the genome of viruses may contain several pyrimidine-rich stretches
suitable for designing triplex-forming hairpins with analytical or ther-
apeutic purposes [7].

2. Experimental section
2.1. Reagents

The DNA oligonucleotides (Table 1) were provided by Sigma-Aldrich
(Merck KGaA, Germany). The integrity of all DNA oligonucleotides was
checked by means of MALDI-TOF Mass Spectrometry. DNA strand con-
centration 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 [35]. So-
dium acetate (pH 4.9) and potassium phosphate (pH 7.4) buffers, AgNO3
and NaBH,4 were purchased from Merck KGaA. MilliQ (Merck Millipore,
MA, USA) water was used in all experiments.

Table 1 should be near here.

The h28 sequence is the non-modified DNA hairpin that will target
Pyrl2 sequence to yield a parallel triplex structure, according to scheme
shown in Fig. 1a. The h28m sequence shows a modified loop where
thymines have been replaced by cytosines, which are known to be the
nitrogenous bases that better stabilize AgNCs [36]. Both, the h28red3
and h28red5 sequences incorporate a 12-nucleotides sensing sequence
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(CCC TAA CTC CCC) at the 3’ or 5 ends, respectively, which has been
shown to stabilize fluorescent AgNCs [37]. All these four hairpins may
form parallel triplex structures with the Pyr12 sequence.

The clampmod sequence is a purine-rich strand that incorporates a
short stretch of five cytosine bases. This sequence may produce an
antiparallel triplex structure upon hybridization with the Pyrl2
sequence, according to the scheme shown in Fig. 1c. The stretch of
cytosine bases will be then located at the loop of the resulting antipar-
allel triplex. As in the case of the hairpins, clampred3 and clampred5
incorporate the sensing sequence at the 3’ and 5 ends, respectively.
Pyr12A1 and Pyr12A2 show one and two mismatches upon formation of
triplex structures. CtrDuplexred3 is a sequence that may form a Watson-
Crick intermolecular duplex with Pyr12. Finally, the sequences CC5red3
and CC5Target are oligonucleotides designed for the detection of SARS-
CoV-2 RNA and they have been used to confirm some of the results
shown in this work.

2.2. Procedures

2.2.1. PAGE measurements

Polyacrylamide gel electrophoresis assays were carried out mixing
the hairpin or clamp probes with the corresponding TFO (1:1 or 1:2
ratio) or each one of them alone in a 50 mM phosphate buffer at pH 7.2
containing 10 mM MgCl, and 100 mM NaCl with a concentration of 24
uM per oligonucleotide. The samples (20 pl) supplemented with 5 %
glycerol were incubated 30 min at 37 °C. Electrophoresis was performed
on a nondenaturing 8 % polyacrylamide gel containing 10 mM MgCly, 5
% glycerol and 50 mM phosphate buffer (pH 7.2). The gels were run at
110 mV (10 °C) for 3 h using a running phosphate buffer (pH 7.2) so-
lution of 50 mM and 10 mM MgCl,. A mixture of xylene cyanol and
bromophenol blue (1:1) was used as a dye to follow the progression of
the gel. Finally, the gels were stained using Stains-all.

2.2.2. Preparation of silver nanoclusters

DNA-stabilized AgNCs were synthesized using the procedures
described previously [38]. In a vial containing the appropriate medium
(acetate or phosphate buffer, magnesium chloride if needed), an aliquot
of the oligonucleotide stock solution was introduced. A certain volume
of AgNO3 was then added to achieve a 1:6 DNA:Ag(I) 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(I):borohydride 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 measurement. The AgNO3 stock
solution was prepared by dissolving in a 10 mL volumetric flask the mass
of AgNO;3 required to obtain a 0.1 M concentration solution. A1 - 10> M
AgNOg3 solution was obtained through a dilution cascade, which was
stored at room temperature in an amber volumetric flask to prevent
oxidation. The NaBH4 stock solution was prepared daily by dissolving
the appropriate amount of solid NaBH,4 in a 25 mL volumetric flask to
obtain a 0.1 M solution. From this, a 1-10° M NaBH, solution was ob-
tained by dilution, which was kept on ice until use.

2.3. 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. CD monitored melting experiments
were measured with a temperature ramp of 0.6 °C-min"_. In addition,
some measurements were also recorded by using molecular absorption
spectroscopy from 15 to 70 °C with a ramp 2 °C-min~! each 3 min. In
both cases, the determined melting temperatures (Ty) values were
similar.
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Fig. 2. Melting experiments of hairpins (a, b) and Pyrl2:hairpin mixtures (c, d). (a) and (c) are the normalized melting curves, (b) and (d) are the first derivatives of
the melting curves. Experimental conditions of the melting experiment were 20 mM acetate buffer, pH 4.9, 2 pM hairpin, and 2 pM Pyr12.

Fluorescence experiments were monitored using an AB2 Aminco-
Bowman (Thermo Fisher, MA, USA) spectrofluorimeter. For most of
the measurements, excitation and emission slits were set to 4 nm, and
voltage of the photomultiplier was set within the range 800-1000 V. A
Hellma quartz cell (2 x 10-mm path length, and 400 ul volume) was
used. 3D excitation-emission 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 MathWorks, Inc., MA,
USA) routines. The following spectral ranges were considered along the
manuscript: green (501-565 nm), yellow (566-590 nm), orange
(591-625 nm), and red (626-740 nm).

Atomic Force Microscopy (AFM) analysis was performed using a
commercial atomic force microscope (Dimension 3100 with electronics
Nanoscope V, Bruker, USA) in tapping mode using a rectangular-shaped
silicon cantilever with a pyramidal tip curvature of 10 nm and a nominal
spring constant of 15 N-m~

2.4. Multivariate analysis

Multivariate analysis uses data recorded at more than one channel.
In the case of molecular absorption or CD spectroscopies, a channel
corresponds to a wavelength at which absorbance or ellipticity was
measured along the considered experiment. Accordingly, either absor-
bance or CD spectra recorded along meltings were arranged in a matrix
D, the dimensions of which were m spectra x n channels. For instru-
mental techniques that provide a linear signal vs. concentration

response, it is possible to decompose this matrix D according to the
equation:

D=CS+E m

C is a matrix that contains the distribution diagram for all the com-
ponents present along the titration. The dimensions of matrix C are m x
nc, being nc the proposed number of components. S is the matrix that
contains the absorbance or CD spectra of each one of these components,
also called pure spectra. The dimensions of S are nc x n. Finally, E is the
matrix (m x n) of experimental data not explained by the multiplication
of C by S. For the appropriate number of components, data in E should
be randomly distributed.

In this work, decomposition of matrix D has been done by using the
Multivariate Curve Resolution based on Alternating Least Squares
(MCR-ALS) procedure. Briefly, the decomposition of D according to Eq.
(1) is accomplished by an iterative mode at the end of which matrices C
and S are calculated. The calculation implies the application of several
constraints to the values contained in matrix C, like the closure con-
centration (i.e., the sum of concentrations of all components is forced to
be constant) or non-negativity of concentration values. A deeper
description of this procedure, as well as its many applications in
Chemistry and Biophysics, may be found in previous works
[39,40,41,42].

3. Results and discussion

First, the formation of parallel triplex structures at pH 4.9 involving
Watson-Crick hairpins and the pyrimidine-rich sequence Pyr12 will be
assessed, and fluorescence properties of the AgNCs stabilized by these
hairpins will be studied, both in absence and presence of the Pyrl2
sequence. A similar rationale will be applied for antiparallel triplex at
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Table 2

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 297 (2023) 122752

Thermodynamic parameters calculated from the melting curves at pH 4.9 of hairpins and 1:1 hairpin:Pyr12 mixtures [44]. Experimental conditions of the experiments

were 20 mM acetate buffer, pH 4.9, 2 pM hairpin and 2 pM Pyr12.

DNA sequence Transition from the hairpin to the unfolded strand

Transition from the triplex to the mixture of hairpin and Pyr12

AH® AS°® AGSs T AH® AS°® AGSs Tm
(kJ-mol 1) K Lmol™h) (kJ-mol 1) (°C) (kJ-mol™1) K 1mol ™) (kJ-mol 1) (°C)
h28 —236+6 —729 £ 11 —26+2 50.8 + 0.5 -170 + 11 —438 + 30 —43+3 33.1+1.2
h28m —233+11 —707 + 34 —29+2 56.3 + 0.1 —209 £ 19 —580 =+ 64 —42+1 28.2 + 0.3
h28red3 147 £ 16 —453 + 52 ~16 +2 50.2 + 1.1 ~173 £19 —442 £ 59 —45 + 2 37.4+0.6
h28red5 ~154 +5 —478 + 16 ~16+1 49.6 + 0.8 -192 + 26 —-512 + 81 —45 + 2 33.6 + 0.9
a b C

x10°

Concentration/M

10
200 220 240 260 280 300 320 340 10 2 30

Wavelength/nm

Temperature /°C

Molar elipticity
|

-8
50 60 70 80 200 220 240 260 280 300 320 340

Wavelength/nm

Fig. 3. Melting of the 1:1 h28:Pyr12mixture at pH 4.9. (a) Experimental CD spectra. (b) MCR-ALS calculated distribution diagram. (c) MCR-ALS calculated pure
spectra. Blue: parallel triplex formed by h28 and Pyr12, red: mixture of the hairpin h28 and Pyrl2, orange: mixture of unfolded h28 and Pyr12. Experimental
conditions of the melting experiment were 20 mM acetate buffer, pH 4.9, 15 pM h28, and 15 pM Pyrl12.

pH 7.4.

3.1. Assessment of the formation of parallel triplex structures

Spectroscopically monitored melting experiments at pH 4.9 were
performed to assess the formation of the parallel triplex structures from
the 1:1 mixture of the corresponding hairpins and Pyr12.

First, the melting process of the h28 sequence was studied by means
of molecular absorption spectroscopy (Fig. 2a and b). A single transition
was observed at 260 nm, which could be fitted to a two-state transition
with a T, equal to 50.8 + 0.5 °C (Table 2). According to OligoCalc [35]
and Nupack [43], the intermolecular B-DNA duplex with the same
sequence as of h28 (i.e., without the T4 loop) would unfold with a Ty,
around 36-40 °C. Therefore, a dramatic stabilization was obtained when
working with hairpin instead than with the mixture of the comple-
mentary strands. Similar Ty, values were determined for h28red3 and
h28red5, showing that the addition of the sensing sequence had scarce
effect on the thermal stability of the hairpin (Fig. 2b). On the other hand,
the melting temperature of h28m was slightly higher (56.3 + 0.1 °C),
revealing a slight stabilizing effect due to the C4 loop. This is probably
related to the formation of one additional C-C* base pair, such as those
observed in i-motif structures. Thermodynamic parameters for the
folding of hairpins were calculated using a previously published pro-
cedure [26]. It was observed that the changes in enthalpy and entropy
were significantly smaller in the case of h28red3 and h28red5 than for
the h28 and h28m sequences. This fact may be related to a smaller
cooperativity of the folding process when the sensing sequence was
attached at either the 3’ or 5’ end of the hairpin. On the other hand, no
variation of the absorbance at 260 nm was observed in the case of the
Pyrl12 sequence (data not shown, which was related to the absence of a
highly ordered structure at low temperature. A CD-monitored melting
experiment was also carried out to confirm this point (Fig. S1).

Next, the formation of the parallel triplex structures was assessed.
The absorbance traces at 260 nm are shown in Fig. 2c. The mixture of
h28m + Pyrl2 clearly showed two clear transitions with maximum

values of the first derivative at 32 and 56 °C (Fig. 2d). These would
correspond to the disruption of the parallel triplex and the unfolding of
the hairpin, respectively. The melting of the 1:1 h28:Pyr12 mixture also
showed two maximum values of the first derivative around 37 and 52 °C,
respectively. For the h28red3:Pyr12 and h28red5:Pyr12 mixtures the
resolution of the two unfolding steps was not as clear as in the cases of
the h28:Pyr12 or h28m:Pyr12 mixtures.

To gain additional information, CD-monitored melting experiments
were carried out. As example, Fig. 3a shows the CD spectra measured
along the melting of the 1:1 h28:Pyr12 mixture at pH 4.9. The disruption
of the triplex structure is clearly observed in the region around 210 nm.
To gain insight into the nature of the transitions observed, multivariate
analysis was done by means of Multivariate Curve Resolution - Alter-
nating Least Squares (MCR-ALS) procedure [41]. This mathematical
deconvolution confirmed the existence of two transitions, i.e., three
components were present along the melting. Additional analysis was
done considering two or four components, and the best results (both in
terms of fitting as in the chemical interpretation) were obtained when
three components were considered. The distribution diagram and pure
spectrum for each one of these components were calculated (Fig. 3b and
3c, respectively). The first transition, which takes place from 20 to 45 °C,
approximately, is characterized by a Ty, value around 34 °C. According
to the spectral changes observed at 210 nm, this transition was
explained as the release of the Pyr12 strand from the triplex structure.
The second transition, which takes place from 45 to 70 °C, approxi-
mately, was explained as the result of the unfolding of a B-DNA hairpin
structure. From absorbance or ellipticity versus temperature curves,
thermodynamic parameters for the disruption of the triplex structure
were calculated (Table 2) [26].

A similar procedure was used to analyze the data recorded along the
melting experiments of mixtures involving Pyr12 and h28m, h28red3 or
h28red5. For the h28m:Pyrl2 mixture, the determined Ty, value for the
release of the TFO was slightly lower than in the case of the triplex
involving h28 (28.2 vs. 33.1 °C), which shows a destabilizing effect of
the C5 loop on the triplex. As the hairpin formed by h28m is more stable
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Fig. 4. EEM of h28 (a), h28m (b), h28red3 (c), h28red5 (d) and variation of fluorescence intensity of the most characteristics emission bands of AgNCs stabilized by
h28, h28m, h28red3, and h28red5 in presence of Pyrl2, and interferents (e). In all cases, hairpin and target concentration was 5 pM, Ag(I) and borohydride
concentration was 30 pM, 15 °C, 20 mM acetate buffer, pH 4.9. The voltage of the detector was set to 1100 (h28), 600 (h28m), and 800 V (h28red3 and h28red5).

than that formed by h28, and this additional stabilization could be
related to the formation of intramolecular C-C* base pairs, it could be
expected that the addition of positive charge would destabilize the
triplex structure. In the case of h28red3, the disruption of the triplex
structure takes place at higher temperatures than in the case of h28 and
h28m. Therefore, it seems that the sensing sequence may play a certain
role on the stabilization of the triplex, especially when is attached to the
3’-end (h28red3; 37.4 vs. 33.1 °C).

3.2. Fluorescence properties of AgNCs stabilized by parallel triplexes

Once the formation of parallel triplex structures was assessed, the
formation of DNA-templated silver nanoclusters by these hairpin-
forming sequences was studied. The synthesis was done according to
the procedure described above. AgNCs stabilized by the hairpins were
studied firstly by means of Atomic Force Microscopy. AFM images
(Fig. S3) indicated that the AgNCs stabilized by hairpins were spherical
particles within a certain range of diameters.

EEM spectra of the AgNCs formed by these hairpin-forming se-
quences at pH 4.9 are shown in Fig. 4. AgNCs synthesized using h28
showed weak fluorescence in the green region, as the voltage of the
detector was set to 1100 V (Fig. 4a). On the contrary, AgNCs stabilized
by the h28m sequence showed strong red fluorescence signal at 650 nm
(voltage set to 600 V), in addition to a weaker fluorescence in the green
region (Fig. 4b). These spectral trends are in line with those shown for
hairpins of 7 base-pair stems [45]. In this sense, the fluorescence of
hairpin stabilized AgNCs has also been discussed in terms of the intra-
molecular hairpin vs. intermolecular dimer equilibrium [24]. Hence it
has been hypothesized that the dimer structure is more suitable to
encapsulate orange emissive AgNCs, while the hairpin structure would
enable the generation of red-emissive AgNCs. The strong red fluores-
cence of AgNCs stabilized by h28m suggests the existence of a cluster of
Ag atoms stabilized by the cytosines of the loop. Other authors have

proposed the formation of a head-to-head ensemble of two hairpins,
bridged by the AgNC, which would emit fluorescence around 620 nm
[46]. AgNCs stabilized by the hairpin h28red3 showed orange fluores-
cence at 630 nm (Fig. 4c). On the other hand, the sequence h28red5
produced two clear fluorescence bands with similar intensities in the
green (530 nm) and red (620 nm) regions, which could be related to the
existence of two different AgNCs (Fig. 4d). According to previous works,
the emission wavelength could also be indicative of the number of Ag
atoms within each cluster [47]. Hence, emission in the green and
orange-red regions would correspond to nanoclusters involving four and
six Ag atoms, respectively.

The hypothesis behind this work is that the fluorescence of the
AgNCs stabilized by any of the probes would be modified dramatically in
presence of the target TFO (the Pyrl2 sequence), making possible the
detection of this sequence. Therefore, the effect of the addition of this
sequence to the AgNCs stabilized by the hairpins was studied (Fig. 4e).
Upon addition of Pyr12 up to 1:1 h28:Pyr12 ratio, the green emission of
h28 does not show any variation and neither appears new fluorescence
in other spectral regions. Upon addition of Pyr12 up to 1:1 hairpin:Pyr12
ratio, the orange emission of h28m increased slightly, but no new
fluorescence bands appeared in the spectral range studied (500-800
nm). Addition of sequences that do not form the perfect triplex (Pyr12A1
and Pyr12A2) produced no changes on the fluorescence of the probe. For
AgNCs stabilized by h28red3 or h28red5, no clear changes were
observed upon addition of any DNA sequence. Therefore, it was clear
that, upon formation of the parallel triplex structures, any clear change
of the analytical signal that could be used to quantify, or even detect,
Pyr12 was observed. Hence, an alternative approach based on the use of
antiparallel triplexes was investigated.

3.3. Assessment of the formation of antiparallel triplex structures

The detection of the Pyr12 sequence was then investigated based on
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Fig. 5. (a) CD spectra of Pyrl2 (red), clampred5 (blue), and the experimental (yellow), and calculated (black) 1:1 mixtures. Experimental conditions of the mea-
surements were 20 mM phosphate buffer, pH 7.4, 20 mM magnesium chloride, 2 pM clampred5, and 2 pM Pyr12. (b) Experimental CD spectra measured along the
melting of the 1:1 clampred5:Pyrl2mixture at pH 7.4. (¢) MCR-ALS calculated distribution diagram. (d) MCR-ALS calculated pure spectra. In (¢) and (d): blue
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structure formed by clampred5 and Pyr12. Orange: mixture of unfolded clampred5 and Pyr12. Experimental conditions of the melting experiment in b-d were 20 mM

phosphate buffer, pH 7.4, 100 mM NacCl, 2 uM clampred5, and 2 pM Pyrl2.

the formation of antiparallel triplexes by the TFO and a fluorescent-
labelled clamp (Table 1). First, the formation of the triplex structures
was assessed by means of spectroscopy and PAGE experiments.

Fig. 5a shows the CD spectra of Pyrl2, clampred5, and of the 1:1
mixture of both strands (20 mM phosphate buffer, and 20 mM magne-
sium chloride). As described above, Pyr12 does not fold into any highly
ordered structure at these conditions, and the shape of its CD spectrum,
which only shows a positive band around 275 nm, reflects this low de-
gree of order. The spectrum of clampred5, on the other hand, shows well
defined positive and negative bands. The measured spectrum of the
mixture is compared with that calculated from the mathematical sum of
the CD spectra of Pyr12 and clampred5. The shape of the experimental
and calculated spectra is different, suggesting the formation of inter-
molecular structures in the mixture of Pyr12 and clampred5.

It is known that absorbance changes associated to the unfolding of
antiparallel triplex structures are less pronounced that those observed
along the unfolding of parallel triplex structures [48,49], making very
difficult the detection of antiparallel triplex with this method. Therefore,
CD spectroscopy, that is more sensitive to the DNA conformational

changes, was used instead to monitor the unfolding of a 1:1 mixture of
Pyrl2 and clampred5.

First, melting experiments were carried out in a 20 mM phosphate
buffer, and 20 mM magnesium chloride. However, it was observed the
presence of a precipitate at temperatures higher than 50 °C, approxi-
mately. This fact is in line with the structural role of magnesium ions on
the stabilization of triplex structures [50,51]. Upon unfolding of the
initial folded structure, magnesium ions would be released from it and
subsequent precipitation as hydroxide or phosphate would take place
[52]. Therefore, melting experiments were carried out in absence of
magnesium chloride. Fig. 5b shows the CD monitored melting of the 1:1
mixture of clampred5 and Pyrl2. At 5 °C, CD spectrum shows positive
signals at 218 and 278 nm, and a negative signal at 245 nm. Upon
heating, the intensities of these bands decreased and small shifts of the
band at 278 nm were observed concomitantly. From the CD signals at
245 and 278 nm it may be observed a relatively sharp transition between
20 and 40 °C, followed by a smooth transition at higher temperatures.

MCR-ALS was applied to the analysis of this data set. It was found
that two transitions, i.e., three species, were needed to explain the data,
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Table 3

Thermodynamic parameters calculated from the melting curves at pH 7.4 of 1:1
clamps:Pyr12 mixtures [44]. Experimental conditions of the experiments were
20 mM phosphate buffer, pH 7.4, 2 pM clamp and 2 pM Pyr12.

DNA Transition from the ordered structure to the unfolded strands
sequence (intramolecular folding)
AH° AS® AGYs Tm (°C)
(kJ-mol ™) (K mol™h) (kJ-mol™)
Clampred3 —-116 + 10 —384 + 22 -5.3+1.0 28.8 £
1.2
Clampred5 —138+8 —458 + 16 —6.6 £ 1.5 29.5 +
0.8

and the corresponding distribution diagram and pure spectra are shown
in Fig. 5c and 5d (Table 3). In a complementary experiment, the melting
of the 1:1 mixture of Pyrl2 and CtrlDuplexred3 was done. Only one
transition was observed with a Ty, value equal to 24 + 1 °C (Fig. S2),
corresponding to the breaking of the duplex structure stabilized by
Watson-Crick bonds. Therefore, the first transition observed in Fig. 5c,
which takes place around 25 °C, would involve the breaking of the
Watson-Crick base pairs. As the stability of the reverse Hoogsteen base
pairs that stabilize the triplex structure is lower than that of Watson-
Crick base pairs, it is expected that the entire triplex structure unfolds
completely in one single step with a Ty, value around 25 °C. The second
transition would be related to the smooth unfolding of the intra-
molecular species formed by clampred5, according to Nupack calcula-
tions [43] (Fig. S4). Two additional melting experiments were done for
the 1:1 mixtures of CtrlDuplexred3:Pyr12 and clampred5:Pyr12 in 20
mM phosphate buffer and 100 mM NacCl. It was observed a shift of the
transition to 37 °C (data not shown), in agreement with the stabilizing
effect of cations on DNA duplex and triplex structures. Similar results
were obtained from the melting experiments of the 1:1 mixtures
involving clampmod and clampred3 with Pyr12.

According to the results obtained, at 15 °C the antiparallel triplex is
not fully formed and a small fraction of Pyrl12 would remain unhybri-
dized. To assess the formation of the antiparallel triplex structures,

10 9 8 7

triplex mafp—f= o == - . _____ _‘
unfolded »- _____ v ano W TEmT

1: Xylene cyanol and bromophenol blue

2: Pyrl12

3: clampred3
4: clampred5
5: clampmod
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PAGE experiments were carried out (Fig. 6). For clampred3 and
clampred5 a shifted band with less mobility was observed when Pyr12
was added compared with the control clamps in agreement with the
formation of a triplex structure. Yet, no shifted band was observed for
clampmod even with an excess of TFO (1:2) indicating that this sequence
cannot form the corresponding triplex. Furthermore, at a 1:1 ratio all
clampred5 is forming triplex, since only one shifted band can be
observed. However, for clampred3 two bands can be seen, suggesting
that the binding of clampred5 to Pyr12 could be slightly stronger than
that for clampred3.

3.4. Fluorescence properties of modified clamps

Once the formation of antiparallel triplex structures was assessed,
the fluorescence properties of the AgNCs stabilized by the clamps were
studied (Fig. 7). All three clamps showed intense fluorescence emission
signal around 630 nm. Upon addition of the target Pyrl2 sequence,
clampred3 showed the appearance of an intense red fluorescence around
700 nm (Fig. 7e). In the case of clampred5, an increase of the fluores-
cence at 700 nm is also observed in presence of the Pyr12 sequence, but
the change is not as dramatic as in the case of clampred3.

AgNCs stabilized by clampred3 were studied by means of AFM. Im-
ages in Fig. S3 indicated the formation of spherical particles with a size
range from 47 to 297 nm.

The changes of the fluorescence signal of the probe (clampred3 or
clampred5) are probably due, at least partially, to the formation of the
Watson-Crick stabilized duplex between the purine strand of the probes
and the pyrimidine-rich target sequence. To study this possibility, the
fluorescence of the AgNCs stabilized by the CtrlDuplexred3 in absence
and presence of the target Pyrl2 sequence was done (Fig. S5). It was
observed a small increase of the fluorescence in the red region, which
suggests that the appearance of the red fluorescence in the case of
antiparallel triplex was also partially due to the formation of the duplex
structure.

Interestingly, other interferent species present do not produce the
appearance of the red fluorescence in the case of clampred3. To gain
insight into the selectivity of AgNCs stabilized by clampred3, a new

6 5 4 3 2 1

6: clampred3+Pyr12 (1:1)
7: clampred5+Pyr12 (1:1)
8: clampmod+Pyr12 (1:1)
9: clampred5+Pyr12 (1:2)
10: clampmod+Pyr12 (1:2)

Fig. 6. PAGE analysis carried out at pH 7.4 for clamps and mixtures with Pyr12. Experimental conditions are described in the corresponding section.
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experiment was carried out to study the influence of interferents, as well
as the effect of aging time (Fig. 8). It was observed that the fluorescence
of the probe (i.e., AgNCs stabilized by clampred3) increased smoothly
over time. The fluorescence of the 1:1 mixture of the probe and the
perfect matching TFO (Pyr12) produced the observed increase of fluo-
rescence in the red region, being the maximum fluorescence reached
around 5 h, approximately. In the presence of the Pyr12A1 sequence,
which presents one mismatch, the measured fluorescence was half that
observed in the presence of the perfect TFO. In the case of Pyr12A2
sequence, which presents two mismatches, the recorded fluorescence
was like that of the probe, i.e., no triplex was formed. Finally, the
fluorescence of the mixtures of Pyrl2 and Pyr12Al1 (or Pyrl12A2)
showed an intermediate behavior, which could be related to a small
interferent effect of these sequences.

Finally, a calibration curve was constructed for a probe consisting of
clampred3 4 uM and different concentrations of Pyr12. The fluorescence
was measured at 720 nm, being the voltage of the detector set to 950 V
(Fig. S6). In these conditions, the lowest concentration of Pyrl2 that
could be detected was 0.5 pM.

The proposed methodology was also tested with an additional
modified clamp (CC5red3), which is being studied for the detection of
SARS-CoV-2 by means of a strategy based on the formation of antipar-
allel triplex [7]. First, the formation of antiparallel triplex with the

corresponding target sequence CC5target was assessed (Fig. S7a). The
measured CD spectrum of the mixture showed similar trends to those
observed for the mixture of clampred5 and Pyr12. Also, the measured
spectrum was different from the calculated CD spectrum of the mixture.
Finally, the EEM maps of the AgNCs stabilized by CC5red3 showed the
clear appearance of red fluorescence in presence of the target sequence
(Fig. S7b and S7c¢), as in the case of clampred3 or clampred5 in presence
of their target analyte Pyrl2.

4. Discussion

The detection of single stranded sequences by hybridization to
AgNCs stabilized by the complementary sequence to obtain the duplex
has been already described [53]. In the present work, the goal was the
detection of target cytosine-rich DNA fragments based on the formation
of triplex structures. This strategy may show additional advantages to
the application of the duplex-based approach. Hence, a higher degree of
selectivity may be obtained due to the combined interaction of both
Watson-Crick and reverse-Hoogsteen purine strands with the target viral
RNA.

Two different approaches, based on the formation of either parallel
or antiparallel triplexes have been studied. In all cases, the formation of
triplex structures has been assessed by means of spectroscopic methods.
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In the case of parallel triplexes at pH 4.9, the probe consisted of AgNCs
stabilized by hairpins, whereas clamps were used as DNA stabilizing
strands in the case of antiparallel triplexes at pH 7.4. The results have
shown that detection based on the formation of antiparallel triplexes
could be possible when the sensing sequence was attached to the 3’ end
of the clamp.

Other authors have used hairpins for the detection of DNA or RNA,
but their approaches were different to those shown here. For instance,
Xia et al. designed hairpins where AgNCs were attached to the 3’ and 5’
ends, like in this work, whereas the stem and part of the loop was the
recognition site for a miRNA [54]. Upon hybridization, the hairpin was
unfolded, AgNCs were released, and a fall of fluorescence was observed.
Also, Feng et al. used pre-formed parallel triplex structures to react with
Ag(I) and later reduction with borohydride. The hypothesis behind that
work is that site-specific formation of fluorescent AgNCs could be car-
ried out by reducing Ag(I) ions in situ in the C:G-C" triplet [31]. In their
work, they did not observe fluorescence for the AgNCs stabilized by the
hairpin, and only green fluorescence was seen after incubation for three
days of the mixture of parallel triplex, Ag(I) and borohydride. In our
case, we observed fast-developing green fluorescence for the AgNCs
stabilized by h28, but any change was seen after immediate addition of
the target Pyrl2. Later, these authors proposed the use of AgNcs stabi-
lized by parallel triplex structures to detect thiols by using a combina-
tion of electrochemistry and fluorescence techniques [55].

The strategy based on the formation of parallel triplex structures was
shown not to be adequate to obtain any spectroscopic signal that could
be of analytical interest for the detection of Pyr12. The reason behind
this fact could be that DNAs used in this study showed cytosine-rich
sequences that could form i-motif or i-motif-like structures that could
compete with the formation of the triplex structures [56]. Also, it could
be that the formation of the triplex from the hairpin and TFO did not
produce dramatic changes in the environment of fluorescent AgNCs. In
this case, the appearance of a fluorescence signal in the red region in the
case of clampred3 at pH 7.4 would be related to a conformational
change of the probe in presence of Pyrl2.

Not only for AgNCs stabilized by clamps at pH 7.4, but also for those
stabilized by hairpins at pH 4.9 it was shown that the position of the
sensing sequence 5'- CCC TAA CTC CCC-3’ at the 5’ or 3’ ends of clamps
or hairpin may produce different fluorescent characteristics. It has been

10

shown that the properties of AgNCs such as stability, fluorescence and so
on are highly dependent on the nature and structure of the template
molecules used for nanocluster synthesis [24], like the polarity of the
hosting DNA sequence plays an important role on the fluorescence of
AgNCs [56].

The results obtained in this work pointed out to the detection of
pyrimidine-rich sequences by detecting the formation of triplex struc-
tures. Therefore, the approach may be also applied for the detection of
these structures, which assessment is not straightforward from spec-
troscopic measurements.

5. Conclusions

In this work, the application of a strategy based on the formation of
triplex structures for the detection of pyrimidine-rich sequences has
been investigated. It has been shown that different fluorescence bands
may be obtained depending on the position of the cytosine-rich sensing
fragment. The addition of this sensing element does not affect dramat-
ically to the formation of the parallel triplex at pH 5. However, little
changes in fluorescence of the probes were observed upon formation of
the parallel triplex structures, which hinders its application as sensors. A
different picture was obtained when working with clamps able to form
antiparallel triplex structures with the target pyrimidine-rich sequence.
In this case, it was observed that the attachment of the labelled sequence
at the 3’ end produced the appearance of strong fluorescence signal at
720 nm in presence of the target sequence, with relative high selectivity.
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