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Ratiometric fluorescent sensing of the parallel
G-quadruplex produced by PS2.M: implications
for K+ detection†

Prashant S. Deore and Richard A. Manderville *

Fluorescent ligands that selectively bind to a specific G-quadruplex (GQ) topology (antiparallel, hybrid or

parallel) are highly sought after for aptasensor development and nanodevice construction. The cou-

marin–benzothiazole hybrid (BnBtC) is an internal charge transfer (ICT) ratiometric fluorescent probe,

which displays two well-resolved emission bands at ∼450 nm for the coumarin component and ∼650 nm

for the ICT band. The red ICT emission of BnBtC displays turn-on responses to protic solvent polarity and

upon binding GQ structures, especially those produced by the hemin binding aptamer (PS2.M). In the

present work, BnBtC was found to exhibit enhanced ICT emission upon binding the parallel GQ topology

of PS2.M that is selectively produced in the presence of K+. This ability to discriminate K+ from other

cationic metal ions through a turn-on ratiometric fluorescent response demonstrates the potential utility

of the BnBtC probe for biosensor applications.

1. Introduction

G-Quadruplexes (GQs) are secondary nucleic acid structures
produced by G-rich oligonucleotides that contain stacked
G-tetrads connected via loop residues.1–3 They are stabilized by
Hoogsteen hydrogen-bonding, G-tetrad stacking and cation
coordination within the central cavity of the G-tetrad. They can
also exhibit structural diversity and produce parallel, anti-
parallel or hybrid topologies, which are illustrated by the
GQ structures afforded by the human telomeric DNA repeat
sequence.4,5

The GQ structure is a common recognition element for
aptasensor development with diagnostic applications.6 Here,
the GQ-folding aptamer is typically incorporated into a DNA
nanodevice that undergoes controlled conformational changes
to activate a sensing mechanism.3,7 Examples include GQ-
single-strand,8 GQ-duplex9 or a GQ-GQ nanodevice10 that takes
advantage of the intrinsic structural polymorphism of GQ
structures. Optical/fluorescent ligands that selectively bind
to a specific GQ topology11,12 and display a readout signal
upon target binding are useful for construction of DNA
nanodevices.13–15 Such devices have previously been utilized
by our laboratory for aptasensor-based detection of
thrombin16–18 and the food toxin, ochratoxin A.10,19

Typical fluorescent probes used as signal readout molecules
for GQ structures (i.e. Thiazole Orange (TO),20 protoporphyrin
IX (PPIX),21 Crystal Violet (CV),22 and Thioflavin T (ThT)),23 act
as single emission sensors with quenched fluorescence in H2O
that lights-up upon GQ binding. However, sensors with two or
more emission wavelengths can serve as ratiometric probes
and possess critical advantages over single emission sensors
for microenvironment monitoring and quantifying levels of
target analytes with high selectivity and sensitivity.24,25 In this
regard, we recently reported the ability of the coumarin–hemi-
cyanine hybrid probe (BnBtC, Scheme 1) to ratiometrically dis-
criminate biopolymer targets with superior binding selectivity
towards hemin binding aptamer (PS2.M) over other examined
GQ-forming nucleic acid targets.26 BnBtC is an internal charge
transfer (ICT) ratiometric fluorescent probe with two well-
resolved emission bands at ∼450 nm for the coumarin com-
ponent and ∼650 nm for the ICT band. PS2.M binding by
BnBtC causes preferential light-up of the red-shifted ICT band
at 650 nm. However, because PS2.M exhibits structural poly-
morphism depending on the nature of the metal ion,27,28 we
were curious to further explore the interaction between BnBtC
and PS2.M and determine whether the probe would exhibit
ratiometric emission sensitivity toward a specific GQ structure
fueled by the addition of metal ions. We now report that
BnBtC displays preferential ICT emission for the parallel GQ of
PS2.M, permitting ratiometric K+ detection in the presence of
other cationic metal ions, particularly Na+ with the dye
responding to changes in GQ topology within a GQ-GQ nano-
device (Scheme 1). While numerous GQ-based K+ sensors have
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been designed,28–36 examples of ratiometric K+ detection have
been limited to the use of dual end-labelled GQ-folding oligo-
nucleotides either containing two terminal fluorophores that
undergo fluorescence resonance energy transfer (FRET)32 or
two pyrene chromophores to generate pyrene excimer emis-
sion33 upon formation of the GQ mediated by K+ ion addition.
To the best of our knowledge the present work outlines the
first example of a label-free GQ-based ratiometric K+ sensor
derived from a single GQ-specific dye.

2. Experimental
2.1 Materials and methods

The HPLC purified native 18-mer G-rich DNA (PS2.M) was pur-
chased from Sigma-Aldrich Ltd (Oakville, ON), suspended in
Milli-Q water and quantified using nanodrop. UV absorbance
at 256 nm, with ε = 177 400 L mol−1 cm−1. The sample of
BnBtC was available in our laboratory and was synthesized as
described.26 The 2 mM stock solution was prepared by dissol-
ving it in a spectroscopic grade DMSO prior to dilution with
aqueous buffer solution for spectrophotometric measurements
in which the DMSO content was assumed negligible. Water
used for buffers or spectroscopic solutions was obtained from
a filtration system (18.2 MΩ). 200 mM tris-acetate buffer was
prepared fresh as a 10× stock buffer solution by dissolving tris
base in milli-Q water and pH was adjusted to 6.7 using
aqueous acetic acid. 100 mM EDTA solution was prepared as a
10× stock solution in milli-Q water. All metal ion solutions
including Na+ and K+ were prepared as 20 mM stock solutions
in milli-Q water. The sampling for real-life experiment was
done by acquiring the water samples from drinking water
fountain as mineral water, regular tap water and water from
the speed river, Guelph, ON, Canada. The samples were used

as acquired for analysis. All the UV-Vis, fluorescence and CD
studies were performed in a 20 mM tris-acetate buffer at
ambient temperature (∼25 °C) except for CD spectra which
were acquired at 15 °C. The data shown is averaged from
minimum of three replicates of each experiment which were
performed independently.

2.2 Fluorescence measurements

Fluorescence spectra were acquired on the Edinburgh
Instrument Spectrofluorometer FS5 in quartz cells
(108.002F-QS) with a path length of 10 × 2 mm. Whereas,
other fluorescence responses were acquired on the Spectramax
i3 instrument using 384 well plate as an average of 25-point
scans. The fluorescence measurements were performed using
the BnBtc probe with the excitation and emission wavelengths
were set at 367/550 and 645 nm, respectively. Also, the DNA
and dye in the sample buffer were used in 1 : 5 molar ratio
with PS2.M at 1 µM and BnBtC at 5 µM concentration. The K+

binding study was performed in the 20 mM tris-acetate buffer
containing 100 mM NaCl. Binding constant (Kd value) was
obtained from the binding isotherm plot of the fraction of
aptamer folded versus K+ concentration, and it was generated
using sigma plot 11.0 software with one site saturation –

simple ligand binding model. The limit of detection (LoD) and
quantification (LoQ) were based on the standard deviation of
the response and the slope of calibration curve and were deter-
mined by the equations; LoD = 3.3σ/s and LoQ = 10σ/s, where,
σ = standard error of estimate obtained by standard deviation
of the y-intercept of the regression line sy/x; and s = slope of
calibration curve.37 The selectivity experiment for K+ against
other metal ions was carried out in 20 mM tris-acetate buffer
containing 10 mM EDTA. EDTA was added to diminish the
effect of certain heavy metal ions such as Pb2+ by forming
metal–EDTA complex, these metal ions can interfere with the
DNA secondary structures. The probe performance in real-life
water samples, such as mineral water, tap water and water col-
lected from the speed river that were spiked with the certain
amount of K+ and analyzed using Spectramax i3 instrument.
All these measurements were performed in an independent
triplicate using the Spectramax i3 instrument using 384 well
plate and averaged values were reported.

2.3 UV-Visible measurements and thermal denaturation
studies

Acquisition of all UV-Vis spectra and melting temperature (Tm)
measurements were performed on a Cary 300-Bio UV-vis
spectrophotometer. Absorbance spectra displayed in Fig. 1b
was acquired for BnBtC (15 µM) with or without PS2.M (3 µM)
in presence of 100 mM of Na+/K+ in tris-acetate buffer. Melting
temperatures (Tm) for GQ of PS2.M (3 µM) in Na+/K+ (100 mM)
independently in presence of BnBtC (15 µM) in tris-acetate
buffer. The temperature was ramped between 10–90 °C with an
increment of 0.5 °C min−1 and monitored at 295 nm as a func-
tion of temperature. Tm values were established by determin-
ing the first derivative of the DNA melting curves using Varian
thermal software as an average of four ramps.

Scheme 1 A representation for the GQ → GQ conformational switch
with turn-on response of BnBtC probe to the parallel GQ structure pro-
duced by PS2.M in the presence of K+. Step 2 involves K+-mediated con-
formational switch which is recognized by the light-up response of
BnBtC probe. Inset: Structure of coumarin–hemicyanine hybrid (BnBtC)
probe. The sequence of native PS2.M aptamer is 5’-
GTGGGTAGGGCGGGTTGG-3’.
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2.4 CD measurements

CD spectra were obtained on a Jasco J-815 CD spectrophoto-
meter equipped with a thermally controlled 1 × 6 multicell
block. It was performed in quartz cells (110-QS) with a light
path of 1 mm and monitored between 200–400 nm at a band-
width of 1 nm and scanning speed of 100 nm min−1 at 15 °C.
Samples of PS2.M (3 and 5 µM) were prepared in tris-acetate
buffer containing no metal ions or Na+/K+ in 100 mM concen-
tration and with or without BnBtC (25 µM, 5 equivalents to
DNA). The CD spectra were recorded immediately after manual
mixing of the samples.

3. Results and discussion
3.1 GQ structure-specific binding by BnBtC

The binding of BnBtC to GQ structures produced by PS2.M in
the presence of Na+ and K+ was investigated using UV-Visible,
fluorescence and circular dichroism (CD) spectroscopies
(Fig. 1 and Fig. S1, ESI†). The fluorescence of BnBtC (PS2.
M : BnBtC, 1 : 5 µM) displayed ∼3-fold turn-on of emission
intensity induced by binding to the GQ structure of PS2.M in
the presence of K+ (100 mM KCl, Fig. 1a). In contrast, little
change in fluorescence intensity was observed for BnBtC
binding to PS2.M in the presence of 100 mM NaCl. The exci-
tation spectra of BnBtC with PS2.M displayed a prominent
energy transfer (ET) band at ∼256 nm, which is indicative of

dye stacking interactions with the G-tetrad.38 A significantly
greater ET band was noted in presence of K+ (∼31-fold increase
compared to the free dye, Fig. 1a and Fig. S1a†) compared to
Na+ (∼8-fold increase, Fig. 1a and Fig. S1b†), suggesting
superior stacking interactions with the GQ produced by K+

addition. The ratiometric emission response of the PS2.M–

BnBtC system was recorded with excitation at 367 displayed a
13 nm red-shift in absorbance wavelength in 100 mM Na+ solu-
tion (λAbs = 546 nm), whereas in 100 mM K+ solution nm and
displayed turn-on fluorescence at 650 nm in K+ solution, while
virtually no response was observed in the presence or absence
of Na+ (Fig. S2†). As shown in Fig. 1b, the absorbance traces of
the PS2.M–BnBtC system (3 µM : 15 µM) displayed a 20 nm
red-shifted absorbance (λAbs = 553 nm) when compared to that
of the free dye in solution (λAbs = 533 nm).

Native PS2.M displays a GQ UV-thermal melting tempera-
ture (Tm) of 46 °C and 58 °C in the presence of Na+ and K+,
respectively,39 exhibiting a notable stabilization (ΔTm = 12 °C)
for the GQ structure produced by K+ over Na+. BnBtC binding
(5 equivalents) to PS2.M afforded a Tm of 44.6 °C (ΔTm =
−1.6 °C) in the presence of Na+ (blue trace, Fig. 1c) and 64.9 °C
(ΔTm = 6.9 °C) in the presence of K+ (red trace, Fig. 1c). Thus,
BnBtC preferentially increased the stability of the GQ produced
by K+ compared to Na+ with ΔTm = 20.3 °C. Overall, these
experiments provided evidence for preferential binding of the
BnBtC probe for the GQ topology of PS2.M produced in the
presence of K+.

Insight into the secondary GQ structures produced by PS2.
M in Na+ and K+ solutions was provided by measuring CD pro-
files in the corresponding metal ion solutions (Fig. 1d). The
oligonucleotide produces an antiparallel GQ fold in the pres-
ence of Na+, displaying positive peaks at 295 and 250 nm, and
negative peaks at 265 and 237 nm (Fig. S3a†). However, the
antiparallel fold transformed into the hybrid topology upon
addition of BnBtC (up to 5 equivalents) as evidenced by loss of
the negative peak at 265 nm (blue trace, Fig. 1d, see changes
in Fig. S3a†). In the presence of K+, PS2.M folds into a parallel
topology with a strong positive peak at 265 nm that was ∼4-
fold more intense than the positive peak of the hybrid fold
induced by Na+ (Fig. 1d) Addition of BnBtC had little impact
on the parallel GQ structure produced in K+ solution
(Fig. S3b†). These results clearly indicated the presence of
three distinct GQ topologies of PS2.M with the fluorescence of
the BnBtC probe preferentially responding to the K+-stabilized
parallel GQ structure (Fig. 1a).

3.2 PS2.M–BnBtC as a K+ sensor

Given the selectivity displayed by BnBtC upon binding the par-
allel GQ produced by PS2.M in K+ solution (Fig. 1), its utility
for K+ detection was explored in more detail by performing
fluorescence emission titrations with selective excitation at
367 nm (Fig. 2a). A dose-dependent increase in fluorescence
emission intensity at 650 nm for K+ titration (0 → 200 mM)
was observed in 20 mM tris-acetate buffer (pH = 6.7) contain-
ing 100 mM of NaCl. Increased ET at ∼256 nm was also
observed (Fig. S4†). The binding isotherm was plotted (Fig. 2a,

Fig. 1 (a) Fluorescence excitation and emission spectra of BnBtC (5 µM)
in presence of Na+/K+ (dotted black traces) and PS2.M–BnBtC complex
(1 : 5 µM) separately in presence of Na+ (100 mM, dashed blue traces)
and K+ (100 mM, solid red traces) solutions. (b) UV-Vis spectra of BnBtC
(15 µM) in presence of Na+/K+ (dotted black traces) and PS2.M–BnBtC
complex (3 : 15 µM) separately in presence of Na+ (100 mM, dashed blue
traces) and K+ (100 mM, solid red traces) solutions. (c) The UV-melting
curves for the G-quadruplex of PS2.M (3 μM) induced by Na+ (100 mM,
blue trace) and K+ (100 mM, red trace) in the presence of BnBtC dye
(15 μM) which were measured at 295 nm with temperature ramped at
0.5 °C min−1. (d) CD spectra of PS2.M (5 µM) induced by Na+ (100 mM)
and K+ (100 mM), respectively in the presence of BnBtC (25 µM) probe.
All measurements were performed in 20 mM tris-acetate buffer (pH =
6.7) at ambient temperature.
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inset) for K+ binding to PS2.M–BnBtC system and an apparent
dissociation constant Kd = 4.8 ± 1.0 mM was determined. The
analytical validation of the presented K+ probe was performed
by obtaining its limit of detection, LoD = 39 µg mL−1 (∼1 mM)
and limit of quantification, LoQ = 118 µg mL−1 (∼3 mM)
values with R2 = 0.98 (Fig. S5†). These values are comparable
to other label-free platforms presented for K+ detection using
single emission sensors (LoD = 1 mM,29 and 0.5 mM (ref. 28)).
Alternative GQ-based platforms for K+ detection include colori-
metric peroxidase-like DNAzymes34,35 and dual-labeled
oligonucleotides32,33,36 that boast ultrasensitive LoD values in
the low μM-regime. However, the colorimetric signal from the
DNAzyme system can be slow to develop for K+ sensing
(∼1.5 h),35 while dual-labeled oligonucleotides can be challen-
ging to synthesize. Furthermore, the concentration of K+ ion in

household drinking water and biological matrices (human
serum) are in the mM-regime, making the simple label-free
platforms highly practical.

The results were further evidenced from the CD spectral
titration of K+ (0 → 100 mM) into the PS2.M–BnBtC (3 : 15 µM)
solution containing 100 mM of Na+ (Fig. 2b). The loss of inten-
sity at 295 nm with increasing amplitudes at 265 nm (positive)
and 240 nm (negative) were a clear indication of conformation-
al switch from hybrid to parallel topology mediated by K+

additions. The ability of the PS2.M–BnBtC (1 : 5 µM) system to
distinguish K+ from other potential metal ion interferences
was also determined (Fig. 3). For these experiments EDTA was
added to the buffer solution to trap certain heavy metal ions
such as Hg2+ and Pb2+, which are known to induce structural
changes in DNA.28,29,40 Under these specific conditions, the

Fig. 2 (a) Ratiometric fluorescence titration of PS2.M–BnBtC (1 : 5 µM, λex = 367 nm) and (b) CD spectral titration of PS2.M–BnBtC (3 : 15 µM) with
increasing concentration of K+ (0 → 200 mM, blue to red traces) at 25 and 15 °C, respectively. Inset: Fluorescence responses of PS2.M–BnBtC to
increasing concentration of K+ at 25 °C. Where, F0 and F are the fluorescence intensities in the absence and varying K+ concentration, respectively.
Dissociation constant, Kd = 4.8 ± 1.0 mM was calculated using sigma plot software with one site saturation – simple ligand binding model. All titra-
tions were performed in 20 mM tris-acetate buffer (pH = 6.7) containing 100 mM NaCl.

Fig. 3 Selectivity of PS2.M–BnBtC to K+ detection. Fluorescence responses for (a) presence of individual metal ion (2 mM), and (b) coexistence of
the other metal ions (2 mM) with K+ (2 mM). Spectra were recorded in 20 mM of tris-acetate buffer (pH = 6.7) containing 5 μM of BnBtC, 1 μM of
PS2.M and 10 mM of EDTA at ambient temperature and reported values were averaged from three independent measurements. Fluorescence inten-
sities F0, F(M

+) and F(K
+) are the intensities obtained in the absence of any metal ion, presence of the metal ions and presence of the K+, respectively.
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parallel GQ-dye platform displayed excellent selectivity for K+

detection (Fig. 3a).
Moreover, the K+ selectivity was further demonstrated in a

competitive assay, in which the BnBtC probe displayed a con-
sistent ratiometric fluorescence response for K+ in the pres-
ence of other metal ions (Fig. 3b). The PS2.M–BnBtC-based K+

detection method was further verified by recovery experiments
in complex matrices (Table S1†). Three water samples
(mineral, tap and river) were spiked with varying K+ concen-
trations (1.0 and 2.0 mM) and the average recovery of K+ was
determined as 106, 101.5 and 99.3% for the three samples,
respectively. The results suggest that the parallel GQ PS2.M–

BnBtC platform may potentially be useful for K+ determination
in real samples.

3.3 Logic gate construction

Applicability of the probe is often investigated by converting
chemically encoded information into fluorescence signals.18,41

In this regard, a logic device containing ‘AND’ logic functions
was envisioned based on the present PS2.M–BnBtC platform
for K+ detection. The two inputs were PS2.M and K+, respect-
ively and fluorescence response was read at the fluorescence
output of 645 nm. Based on Fig. 4a, the threshold fluorescence
intensity at 645 nm was set at 2.5 × 104 counts. The intensity
higher than the threshold value was assigned as “1”, and lower
intensity was assigned as “0” portraying the “signal-ON” and
“signal-OFF” responses, respectively. The truth table depicted
in Fig. 4b was drawn for various possible combinations of
these two chemical inputs. While, the fluorescence response at
645 nm output is read as 1 (signal-ON) or 0 (signal-OFF), as

depicted in Fig. 4c, which was based on threshold fluorescence
intensity. Output values from the truth table suggested AND
logic functions for the PS2.M–BnBtC platform and logic gate
was constructed as shown in Fig. 4d.

4. Conclusions

In summary, the ratiometric coumarin–hemicyanine hybrid
(BnBtC) probe selectively targets the parallel GQ topology pro-
duced by the hemin binding DNA aptamer (PS2.M) in the pres-
ence of K+. Parallel GQ binding by BnBtC causes preferential
increase in the ICT emission at ∼650 nm. In contrast, the
emission of BnBtC exhibits only minor changes compared to
free dye emission when binding Na+-PS2.M, which favors an
antiparallel topology that is converted into the hybrid upon
BnBtC binding. This observation permitted the construction
of a metal fueled GQ-GQ nanodevice with the BnBtC probe
responding to parallel GQ formation (Scheme 1). The PS2.M–

BnBtC platform was then investigated as a ratiometric sensor
for K+ and was found to display an LoD = ∼1 mM with excel-
lent selectivity for K+ in the presence of other potential metal
ion interferences. Current efforts in our laboratory are focused
on the site-specific insertion of ratiometric dye types into DNA
aptamers to probe changes in the microenvironment of the
probe upon target binding and to generate new ratiometric
aptasensors for diagnostic applications.
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