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� A label-free K+ biosensor with extra
low limit of detection was developed.

� It is based on a new finding that K+

destabilizes G quadruplex –
Thioflavin T complex.

� The sensor can be used to detect K+ in
real urine samples without
interference.
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The determination of potassium ion K+ in body fluids is important in health monitoring and diagnoses.
One of the interesting and simple methods for K+ detection is the use of label-free biosensors based on
DNA G-quadruplexes (GQs) coupled with a specific fluorescent probe, such as Thioflavin T (ThT), which
lights up when bound with K+-stabilized GQs. However, these biosensors are not generally sensitive. In
this work, we found a solution: at a low concentration, K+ competes with ThT in binding to a bimolecular
GQ or a tetramolecular GQ, resulting in a decrease in ThT fluorescence emission with increasing K+.
Therefore, we developed a label-free turn-off fluorescent K+ sensor. The sensor provides a very low detec-
tion limit of 21.87 ± 0.59 nM. Other possible interfering components in urine did not exert any effect even
at quantities that were 10-fold greater than their upper limit of normal concentrations found in urine
samples. With its only requirement of diluting samples, the developed low-cost label-free probe and sim-
ple sensor was successfully applied to the direct detection of K+ in normal urine samples with high accu-
racy (recoveries ranged from 90% to 100%).

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

Potassium ion K+ plays vital roles in maintaining body functions
[1,2]. It is present in blood at 3.5–5.0 mM [3], and even a slight
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deviation from this range could cause serious complications [4].
Therefore, the determination of K+ in body fluids is critical in diag-
noses. One of the most popular methods for K+ detection is the use
of potassium ion-selective electrodes (ISEs) [5]. However, to
explore the possibility of developing other simple analytical meth-
ods, several research groups have developed electrochemical [6,7]
and optical K+ biosensors [8,9]. Electrochemical K+ biosensors are
attractive because they are generally very sensitive. However, they
often require complicated electrode preparation steps to ensure
high selectivity and minimize interferences. By contrast, optical
K+ biosensors are less sensitive to interferences, and they can be
developed to suit high-throughput applications or point-of-care
detection.

One of the most popular K+ sensing elements in optical biosen-
sor development is the DNA G-quadruplex (GQ), which is a non-
canonical tertiary DNA structure comprising layers of four
guanine molecules (called G-quartets) held together by Hoogsteen
hydrogen bonding [10]. In minimizing the electrostatic repulsion
between guanine’s carbonyl oxygens, a cation such as K+ is inserted
between two adjacent G-quartets [11]. Therefore, one can poten-
tially quantify K+ indirectly by measuring the amount of DNA
GQs present. This measurement can be readily performed by, for
example, labeling fluorescent dyes on the DNA with GQ forming
sequences [12,13] or using fluorescent probes that bind specifically
to DNA GQs [14,15].

A major caveat of using DNA GQs for K+ detection is the low
selectivity toward other monovalent cations, such as Na+ [16],
Pb+ [17], and Sr+ [18]. DNA GQs have stronger binding affinities
to K+ than to other monovalent cations [15], but their application
becomes challenging when samples have a highly concentrated
amount of competing cations, such as Na+. Several research groups
have attempted to solve this problem. For example, Verdian et al.
[19] presented a K+ fluorescence sensor that is based on a triple
helix GQ molecular switch strategy with a detection limit of
14 lM in the presence of 2.0 mM Na+. This sensor shows an
improved selectivity but at the cost of dual labeling. For further
improvement, Yang et al. developed a GQ with additional selectiv-
ity toward K+ by using a selective amplification method [20]. In
their work, they found a G-rich oligonucleotide that can form a
bimolecular GQ with exceptionally high selectivity to K+, with
the selectivity coefficient being 232 (i.e., the binding to
5.0 mM K+ is 232 times more efficient than to 150 mM Na+). As
expected, their proposed biosensor shows great selectivity toward
K+, even when used with whole blood samples. However, high
selectivity often comes with a high limit of detection. In the cur-
rent work, we found a solution to such problem. Our method is
based on a competitive binding between K+ and Thioflavin T
(ThT) to the DNA G Quadruplexes formed from the DNA sequence
used by Yang et al.

ThT, or 4-(3,6-dimethyl-1,3-benzothiazol-3-ium-2-yl)-N,N-dim
ethylaniline chloride, is an interesting probe originally used for
misfolded protein detection [21]. It comprises benzothiazole
(BTZ) and dimethylaniline (DMA) linked by a single C–C bond.
When mobile, BTZ and DMA rotate freely around a single bond
[22]. If the ThT molecule is in an excited state, the rotation induces
a twisted intramolecular charge transfer (TICT), which essentially
quenches its fluorescence [23]. Meanwhile, the fluorescence quan-
tum yield of ThT is significantly enhanced upon binding with large
structures, such as amyloid fibrils [24], because the ThT molecule
loses the rotational freedom and TICT is hindered. Numerous prior
studies have reported that ThT can also emit strong fluorescence
emission upon binding with DNA GQs [25,26]. ThT fluorescence
is enhanced by up to 1,700 folds in the presence of DNA GQs and
by only 250 folds in the presence of single-stranded DNA or
double-stranded DNA [25]. Therefore, ThT is highly selective
toward DNA GQs, and it has been used to probe the tendency of
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GQ formation in genomic DNA [25]. In addition, ThT has been
widely utilized in developing GQ-based biosensors, such as those
used in the detection of metal ions [27], small molecules [28], pro-
teins [29], and DNA [30] on the basis of fluorescence measurement.

ThT–GQ-based biosensors operate on the basis of the mecha-
nisms through which target analytes alter GQ stability. GQ stability
comes from two major factors: (1) Hoogsteen base pairing among
guanine that helps stabilize an individual G-quartet and (2)
cations, mostly K+, that help with screening the electrostatic repul-
sion between two adjacent G-quartets [11]. Therefore, agents that
alter the hydrogen bonding between guanines or the presence of
stabilizing cations can be potential target analytes of ThT–GQ-
based biosensors. ThT is generally perceived as a reporter with a
high fluorescence when GQs are stable for ThT binding, and vice
versa. Interestingly, prior publications have shed new light on
the issue by showing that ThT itself, at a certain extent, induces
the formation of GQs even in the absence of stabilizing cations
[25,31,32]. This finding helps explain why ThT is superior to similar
GQ-specific dyes, such as N-methyl mesoporphyrin IX [33], in
terms of binding to GQs. Nevertheless, the idea of cooperation
between stabilizing cations and ThT in biosensing remains popular.
For example, a novel ThT derivative, that is, ThT-E, was developed
and used in conjunction with DNA GQs to detect metal ions, such
as K+ [31] and Pb+ [17], in urine and lake water. However, the syn-
thesis of ThT-E requires experts, and there is still room for
improvement on the detection limit.

In the present study, we discovered that K+ at low concentra-
tions compete with ThT in the binding to a bimolecular GQ or a
tetramolecular GQ formed from the DNA sequence used by the
groups of Yang [20] and Sun [31]. Similar findings have been
reported on thrombin competing with ThT in binding to thrombin
aptamers (TBA15 and TBA29) [32,33]; the mechanism has been
used to construct highly sensitive thrombin biosensors. The com-
petition between thrombin and ThT is explained as follows: throm-
bin induces GQ conformation conversion from a parallel (favors
ThT binding) to an antiparallel (disrupts ThT binding) one. How-
ever, to the best of our knowledge, no study has reported on K+

being capable of converting a parallel GQ to an antiparallel one.
Moreover, sensors based on competitive GQ binding between K+

and ThT do not exist. In the current work, we show that the com-
petition between K+ and ThT does occur but that no evidence
proves the involvement of parallel/antiparallel GQ conformational
switching. In addition, competition occurs effectively only at very
low concentrations of K+. This finding leads us to develop a new
GQ-based biosensor for K+ detection. The sensor’s fluorescence
decreases with increasing concentration of K+ (i.e., turn-off sens-
ing) because of the disruptive competition between K+ and ThT
in GQ binding. Our sensor still inherits the exceptional selectivity
of prior sensors [20], but it offers an unprecedented limit of detec-
tion for label-free sensing. In general, the detection of K+ in real
urine samples is challenging for optical biosensors. The proposed
sensor offers a solution as it is able to perform such detection with
minimal sample preparation that simply involves dilution.
2. Materials and methods

2.1. Oligonucleotides and chemicals

All oligonucleotides were synthesized and purified by high-
performance liquid chromatography from Integrated DNA Tech-
nologies (IDTDNA, Singapore). The stock solutions were prepared
in deionized water and stored at �20 �C in 200 lL aliquots until
use. The concentration of all oligonucleotides was measured at
260 nm by ultraviolet–visible spectrophotometry using the molar
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extinction coefficients from the manufacturer. The following
oligonucleotide sequences were used in all experiments:

oligo-3-T 50-TGAGGGAGGGGT-30.
TBA15 50-GGTTGGTGTGGTTGG-30.
22AG 50-AGGGTTAGGGTTAGGGTTAGGG-30.
21CTA 50-GGGCTAGGGCTAGGGCTAGGG-30.
ssDNA 50-TGCTACAGATCA-30.
ThT, TEMED (N,N,N0,N0-Tetramethylethylenediamine) and

ammonium persulfate were from Sigma-Aldrich (St. Louis, MO,
USA). The ThT stock concentrations were prepared using the molar
extinction coefficient of 36,000 M�1 at 412 nm [34]. Potassium
chloride was obtained from Ajax Finechem (New South Wales,
Australia). 40% acrylamide/bis-acrylamide, 19:1 solution and
10 mg/mL ethidium bromide solution were from Bio-Rad (Her-
cules, CA, USA). The ssDNA ladder was from Integrated DNA Tech-
nologies (10/60 Ladder, IDTDNA, Singapore) and the gel loading
dye mixture (6�) was from New England Biolab (Ipswich, MA,
USA). All chemicals utilized in this study were of analytical grade
and used without further purification. Deionized water
(18.2 MX cm resistivity) from a Milli-Q Direct water purification
system (Millipore Corp., Billerica, MA, USA) was used throughout
all the experiments.
2.2. Gel electrophoresis

Two rounds of gel electrophoresis were performed to support
our hypothesis that ThT induces the formation DNA G quadruplex
structures even in the absence of K+. Both gels are 20% polyacry-
lamide, but the first gel along with the 1� TAE running buffer con-
tained 6.25 lM ThT without KCl while the second gel and the 1�
TAE running buffer contained 50 mM KCl without ThT. Beside
the ssDNA ladder, the first lane in each gel contained oligo-3-T
and the second lane contained 22AG for comparison. The DNA
samples (either oligo-3-T or 22AG) were incubated in 50 mM acet-
ate buffer solution pH 4.5 containing either ThT (for running in the
first gel containing ThT) or KCl (for running in the second gel con-
taining KCl) for 1 h at room temperature prior to mixing with the
loading dye. The loading solutions contained 5.00 lM DNA and
6.25 lM ThT for the first gel or 50 mM KCl for the second gel. In
each well, 10.0 lL of a loading solution was carefully filled and
the gel electrophoresis was performed at 4 �C in a modified refrig-
erator at 100 V for 2.5 h for the gel containing ThT and 50 V for
3.5 h for the gel containing K+. The lower voltage was used in the
latter case to avoid excessive gel heating. Then the gels were
stained in 0.5 lg/mL ethidium bromide dissolved in DI water for
15 min followed by rinsing in DI water for another 15 min. The gels
were then imaged in a gel imaging system (Platinum HD2D-59LS-
26MX, UVITEC, UK).
2.3. Circular dichroism measurement

The structural transformations of the ThT–GQ complex result-
ing from the addition of K+ were investigated through the circular
dichroism (CD) spectra measurement with a Jasco J-815 CD spec-
tropolarimeter (Jasco Corp., Tokyo, Japan). The spectra were col-
lected in the range of 200–400 nm at 25 �C with a scanning
speed of 100 nm/min and a response time of 0.50 s. All CD mea-
surements were performed in a quartz cuvette with a 1.0 mm path
length. Typically, 5.0 lM of oligo-3-T was incubated with 1.0 lM
ThT in a 100 mM acetate buffer solution with a pH of 5.0 and dif-
ferent concentrations of K+ for 4.0 h before measurement. The
background signal of the buffer solution was subtracted from all
CD spectra.
3

2.4. Fluorescence measurement

DNA oligos and ThT were mixed in a 100 mM acetate buffer
solution with a pH of 5.0 before the addition of KCl. The mixture
was incubated for 4.0 h at 25 �C before being transferred to a micro
quartz fluorescence cuvette with a 10 mm path length. The fluores-
cence measurements were performed on a fluorescence spec-
trophotometer (LS55, Perkin Elmer, Waltham, MA, USA).
Florescence emission spectra were recorded from 470 nm to
700 nm with an excitation wavelength of 445 mm. The excitation
and emission slits were set at 5 and 20 nm, respectively. The ratio
of total fluorescence intensities (F0/F) was used as the sensor
response, with F0 and F being the areas under the emission spectra
in the absence and presence of K+.
2.5. Real urine samples

Urine samples obtained from Songklanagarind Hospital (Hat
Yai, Songkhla, Thailand) were used in this study. All samples were
collected in polystyrene tubes and kept at �20 �C until use. Before
measurement, the samples were thawed and diluted by 200,000
folds with a sodium acetate buffer solution at the optimal concen-
tration and pH values (50 mM, pH 4.5) before use. In testing the
matrix effect, a standard calibration graph and a matrix-matched
calibration graph obtained from a real sample spiked with K+ stan-
dards were plotted, and the slopes of the two graphs were com-
pared by two-way ANOVA. If the P value of two slopes was
greater than 0.05, the matrix effect could be ignored [35], and
the concentration of K+ in each urine sample was calculated
directly from a standard calibration graph. In the case in which
the matrix in real samples affected the sensor response (P
value < 0.05), the standard addition method was used. The K+ con-
centrations measured with our sensor were compared with those
measured with the ISE method used in Songklanagarind Hospital
to ensure accuracy.
3. Results and discussion

3.1. K+-dependent ThT–GQ binding

The proposed binding mechanism of ThT on the bimolecular GQ
or the tetramolecular GQ formed by oligo-3-T is illustrated in
Fig. 1A on the basis of the measured ThT fluorescence intensities
and the gel electrophoresis. As shown in Fig. 1B, the fluorescence
intensity of ThT (1.0 lM) in the acetate buffer solution was weak.
After the addition of oligo-3-T, the ThT peak fluorescence emission
(at 495 nm) increased by �20 folds, thereby indicating that ThT
induced two oligo-3-T sequences (50-TGAGGGAGGGGT-30) to form
a bimolecular parallel GQ or four oligo-3-T sequences to form a
tetramolecular parallel GQ structure even in the absence of K+. This
increment was unlikely to be from ThT binding on oligo-3-T in
single-stranded conformation because ThT fluorescence was
enhanced only by �1.1 folds when it bound with a single-
stranded DNA with the same length and concentration (similar to
those of oligo-3-T) but was not capable of forming a GQ structure
even in the presence of K+ (Fig. S1, Supplementary information).
The bright fluorescence signal of ThT indicated that the rotation
around the single C–C bond in the ThT molecule was restricted
after the GQ binding [36]. We hypothesize that at this stage, a
ThT molecule intercalated between two G-quartets (Fig. 1A at the
center), thereby following existing observations regarding the
interaction between ThT and bimolecular GQ in the absence of K+

[32,33]. After the addition of a low concentration (e.g., 1.0 lM, as
shown in Fig. 1B) of K+, ThT fluorescence slightly decreased. We
hypothesize that K+ attempted to fill the space between the two



Fig. 1. (A) Proposed binding mechanism of ThT on the bimolecular GQ or the tetramolecular GQ formed by oligo-3-T under the influence of K+. (B) Sample fluorescence
emission spectra from an initial measurement showing the reduction and increase (C) of fluorescence intensity of ThT in the presence of oligo-3-T and different
concentrations of K+ in 100 mM acetate buffer solution (pH 5.0).

Fig. 2. (A) CD spectra of solutions containing 5.0 lM oligo-3-T mixed with 1.0 lM ThT and different concentrations of K+: 0.0 lM (black line), 0.10 lM (red line), 1.0 lM (gray
line), 5.0 lM (light blue line), and 10.0 lM (blue line) in the same buffer condition as that in Fig. 1. (B) Corresponding fluorescence spectra. Note that the concentrations of K+

that cause the increase in ThT fluorescence are not the same as those shown in Fig. 1 because of the fact that CD spectroscopy requires high oligo-3-T concentrations to
produce significant signals. Therefore, the results and discussions from CD spectroscopy may be used qualitatively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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G-quartets surrounded by eight carbonyl oxygens but somehow
displaced the intercalating ThT molecule during the process. As
the concentration of K+ was still low, the stability of the newly
formed GQ–K+ complex was not high enough for ThT to rebind.
As a result, K+ at a low concentration caused the reduction in
ThT fluorescence. Meanwhile, at high concentrations of K+

(�1.0 mM), the ThT fluorescence increased with increasing K+

(Fig. 1C), thus indicating an increase in ThT binding to GQ. We
hypothesize that at this stage, the concentration of K+ was high
enough to stabilize the bimolecular GQ or the tetramolecular GQ
structure and thus allowed ThT to stack on the top or bottom G-
quartets [25], leading to an increase in ThT fluorescence.

3.2. Gel electrophoresis

From the results shown in Fig. S2 in the Supplementary infor-
mation, the lanes containing oligo-3-T show 2 bands at �20 nt
and �40 nt positions in both gels while the lanes containing
22AG show a single band. This suggests that oligo-3-T folds into
a bimolecular GQ and a tetramolecular GQ in the presence of either
ThT or KCl as hypothesized.

3.3. Preliminary CD spectroscopy

CD spectroscopy is used to study various secondary structures
of DNA and RNA, such as duplexes in A-, B-, or Z-form; triplexes;
and G-quadruplexes [37]. In addition, CD spectroscopy can differ-
entiate GQ conformations, such as the parallel, antiparallel, or
hybrid types, because of the different orientations (anti vs. syn)
of the guanine bases around the sugar phosphate backbone of each
strand [38]. The parallel GQ topology comprises mainly anti guani-
nes, with a positive CD peak at 260–265 nm and a small negative
band at 240–245 nm [38]. As for anti and syn guanines, they are
often found in the antiparallel GQ topology with a positive peak
at �295 nm [39]. In this study, we used CD spectroscopy to verify
the binding mechanism between ThT and GQ under the influence
Fig. 3. Effect of various parameters on the sensitivity of sensor (slope of calibration plo
buffer concentration, and (E) incubation time (n = 3).
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of K+ (Fig. 1). As the G-rich portion of the oligo-3-T used in this
study is identical to that of the oligo-3 used by Yang et al. [20],
one can reasonably assume that our bimolecular GQ structure
adopted the same parallel bimolecular GQ conformation as that
shown in their work. Likewise, for the tetramolecular GQ, if it is
a parallel structure, the CD spectra will show a positive peak at
around 260 nm and that any changes in the stability of the parallel
GQ conformations should result in changes in peak height.

The CD spectra of 5.0 lM oligo-3-T mixed with 1.0 lM ThT in
different concentrations of K+ are shown in Fig. 2A, along with
the corresponding fluorescence spectra. In the absence of K+ (black
line), the CD spectrum showed a small negative peak at �240 nm
and a big positive peak at �260 nm; these peaks are a signature
of parallel GQ [37]. This result confirmed our hypothesis that two
strands of oligo-3-T assemble to form a parallel bimolecular GQ
or four strands of oligo-3-T form a parallel tetramolecular GQ with
the help of ThT in the absence of K+. In the presence of 0.10 lM K+

(red line), the CD signal at �260 nm decreased slightly, thus signi-
fying that K+ at a low concentration caused an instability in the
ThT-induced bimolecular GQ or ThT-induced tetramolecular GQ.
We hypothesize further that the GQ instability occurred concomi-
tantly with some liberation of ThT and the eventual reduction in
ThT fluorescence (red spectrum in Fig. 2B). Meanwhile, the CD sig-
nal at �260 nm was recovered in the presence of 1.0 lM K+

(Fig. 2A, gray line) and continued to increase when the concentra-
tions of K+ increased to 5.0 lM (Fig. 2A, light blue line) and 10.0 lM
(Fig. 2A, blue line). The recoveries in CD signal at �260 nm indi-
cated that K+ ions at a high concentration help stabilized the
bimolecular GQ or the tetramolecular GQ structure. Therefore,
the CD spectra support our hypothesis that ThT binds (likely via
intercalation) and stabilizes the bimolecular GQ and the
tetramolecular GQ in the absence of K+. Interestingly, previous
reports indicated a similar ThT–GQ binding mechanism [32,33] in
which ThT induces TBA to form a bimolecular GQ via intercalation
in the absence K+. Then, the presence of K+ at a low concentration
(e.g., 0.10 lM) perturbs the ThT-bound bimolecular GQ or the ThT-
t): (A) ThT concentration, (B) oligo-3-T concentration, (C) pH of buffer solution, (D)



Fig. 4. (A) Fluorescence emission spectra and (B) plot of F0/F ratio at different
concentrations of K+ (0.0050–1.0 lM). The linear relationship in Fig. 4B was plotted
between F0/F and K+ concentrations ranging from 0.025 lM to 0.500 lM. The error
bars indicate standard deviations (n = 3).
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bound tetramolecular GQ, whereas K+ at a high concentration helps
stabilize the complex (Fig. 1A).

3.4. Effect of K+ on the stability of different ThT–GQ complexes

Even though ThT prefers binding to DNA GQs over single- and
double-stranded DNA, it does not bind to all DNA GQ topologies
equally well [40]. Therefore, we compared the disruptions of
ThT–GQ complexes by diluted K+ using four different GQs: an
intermolecular parallel GQ (oligo-3-T used in this work; its G-
rich portion is identical to that of oligo-3 discovered by Yang
et al. [20]), an intramolecular parallel GQ (human telomeric
sequence: 22AG) [25], an intramolecular antiparallel GQ (human
telomeric sequence variant: 21CTA) [41], and one that can be in
either intermolecular parallel or intramolecular antiparallel con-
formation depending on the salt conditions (thrombin aptamer:
TBA15) [33]. We found that 1.25 lM ThT binds to all DNA GQs
(1.0 lM) in the absence of K+, as observed from the high ThT fluo-
rescence signal. When the concentration of K+ was raised from
0.0 lM to 1,000 lM, the fluorescence intensity in the case of
ThT–oligo-3-T and ThT–TBA decreased by 1.8 and 1.2 folds, respec-
tively. By contrast, the fluorescence intensity in the case of ThT–
22AG showed a 2.2-fold increase while that in the case of 21CTA
remained virtually unchanged (Fig. S3, Supplementary informa-
tion). We found these results interesting because in the absence
of K+, oligo-3-T and TBA15 are likely to form bimolecular parallel
GQs [32,33]. Meanwhile, no prior study has reported that 22AG
and 21CTA are capable of doing so. Therefore, the reduction in
ThT fluorescence by the low concentration of K+ could have mainly
occurred with the parallel bimolecular GQ or the parallel
tetramolecular GQ conformation.

3.5. Detection of K+ in aqueous solution

As the ThT–oligo-3-T complex is highly sensitive to the pres-
ence of K+ at a low concentration, we propose to use the complex
as a biosensor to detect K+. As no labeling is required, the biosensor
is highly simple. According to the fact that it responds to a low con-
centration of K+, it could handle samples with colors through a
simple dilution. In ensuring an optimal performance, some impor-
tant parameters including the concentrations of ThT and oligo-3-T,
the pH and concentration of the buffer solution, and incubation
time were optimized. Herein, the optimization was performed by
varying one parameter while keeping the others fixed. The values
resulting in the highest sensitivity were then selected as the opti-
mal condition. The sensor’s sensitivities were the slope of the plot
between the ratio of total fluorescence intensity in the absence and
presence of K+ (F0/F) versus the K+ concentrations at 0.050, 0.10,
0.20, 0.30, 0.40, and 0.50 lM.

3.5.1. ThT and oligo-3-T concentrations
First, the concentration of oligo-3-T was fixed at 1.0 lM while

the concentrations of ThT were varied from 1.0 lM to 2.0 lM.
Fig. 3A shows that the increase of ThT concentrations from
1.00 lM to 1.25 lM resulted in an increase in sensitivity (slope
of the calibration plot) possibly because of the fact that increasing
ThT in this concentration range helps stabilize the bimolecular GQ
and the tetramolecular GQ, thereby making the reduction in ThT
fluorescence increasingly pronounce in the presence of K+. How-
ever, the sensitivity declined when the ThT concentrations were
raised to 1.50 and 2.00 lM. We hypothesize that the abundance
of ThT molecules results in highly stable ThT–GQ complexes, which
are more difficult for K+ to disrupt. Therefore, 1.25 lM was chosen
as the optimal concentration of ThT in this study. Second, the con-
centration of oligo-3-T was optimized, with 1.0 lM yielding the
highest sensitivity (Fig. 3B). We believe that at a low concentration
6

(0.75 lM), an excessively low amount of GQ was formed such that
the sensitivity was reduced. At a high concentration (1.25 lM), an
excess amount of oligo-3-T could bind with K+ without ThT, result-
ing in low sensitivity. Thus, 1.0 lM was chosen as the optimal con-
centration of oligo-3-T.

3.5.2. pH of buffer
ThT binding efficiency may be affected by the pH of the buffer

solution because the protonation of nitrogen atoms in ThT in an
acidic solution increases the ability of ThT to induce oligo-3-T to
fold into a bimolecular GQ or a tetramolecular GQ and emits
intense fluorescence [42]. Therefore, the buffer pH was tested in
the range of 4.0–5.5. Fig. 3C shows that the decrease of pH values
from 5.5 to 4.5 resulted in increasing sensor sensitivity possibly
because numerous ThT molecules were protonated as the pH
dropped, resulting in efficient ThT–GQ binding and high fluores-
cence enhancement before the addition of K+. However, the sensi-
tivity dropped at pH 4.0. We hypothesize that excessive
protonation could lead to extra ThT–GQ stability that hinders
ThT displacement by K+. Thus, a pH of 4.5 was selected as the opti-
mal pH value in this work.

3.5.3. Buffer concentration
Ionic strength could affect the stability of GQ structures [43].

Hence, the concentration of the sodium acetate buffer solution in
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this work was optimized. As shown in Fig. 3D, the sensitivity of the
sensor increased from 0.342 ± 0.016 lM�1 to 0.631 ± 0.032 lM�1

when the concentrations of the buffer increased from 10 mM to
50 mM. This result was likely due to the increase of Na+ in the buf-
fer stabilizing the GQ structures and resulting in an enhancement
of the ThT fluorescence signal. However, a further increase in buf-
fer concentration reduced the sensitivity. A possible reason is that
a high Na+ concentration could have over-stabilized the GQ struc-
ture, thereby resulting in a drop in the response toward K+. There-
fore, 50 mM was chosen as the optimal buffer concentration.
3.5.4. Incubation time
The incubation time for K+ to displace ThT from the ThT–GQ

complexes was optimized. We varied the incubation times from
0.50 h to 4.0 h. The sensitivity sharply increased when the incuba-
tion time was raised from 0.50 h to 1.0 h, but it decreased there-
Fig. 5. Selectivity of developed sensor for K+ detection. The figure shows the sensor respo
with 0.20 lM K+ (B). The error bars indicate standard deviations (n = 3).
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after (Fig. 3E). Therefore, 1.0 h was selected as the optimal
incubation time.
3.6. ThT-K+ competitive binding verification

After the optimal conditions for fluorescence detection was
obtained, we performed another set of experiments to verify the
hypothesis that K+ at low concentration did compete with ThT in
GQ binding. First, to verify if ThT induces the formation of GQ in
the absence of K+, CD spectra of oligo-3-T titration by ThT under
the optimal buffer condition (50 mM acetate buffer pH 4.5) were
taken and we found that the CD signal at �240 nm becomes more
negative while that at �260 nm become sharper and slightly
increase with increasing concentration of ThT (Fig. S4 in the Sup-
plementary information) strenghtening our hypothesis that ThT
induces oligo-3-T to form a parallel bimolecular GQ or a parallel
nses to all interfering components when they are present individually (A) or mixed
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tetramolecular GQ structure. Next, to confirm that K+ at low con-
centrations do compete with ThT in GQ binding, we performed a
dialysis experiment. First, we incubated 5.00 lM oligo-3-T and
6.25 lM ThT in 50 mM acetate buffer pH 4.5 at 25 �C for 1 h to
obtain ThT-stabilized GQs. Then 500 lL of the mixture was filled
inside a dialysis bag with the molecular weight cut off (MWCO)
at 3,500 Da (No. 68035, SnakeSkin Dialysis Tubing, Thermo Scien-
tific, U.S.A.). With this low MWCO, it is expected that ThT readily
passes through the dialysis membrane while the DNA should be
largely retained. The filled dialysis bag was then suspended in a
beaker containing 5.0 ml of 50 mM acetate buffer solutions pH
4.5 with various concentrations of K+ (0.0, 0.50, 1.0, 1.5, 2.5 and
5.0 lM). After 30 min, the absorption spectra of the solutions
inside the dialysis bag were taken. It was found that the absor-
bance of ThT (at �425 nm) decreased with increasing concentra-
tion of K+, which indicated that ThT molecules were lost from
dialysis bag in the presence of K+ (Fig. S5 in the Supplementary
information). Therefore, it is likely that K+ competes with ThT
and displaces the dye from GQs. The observation from the dialysis
experiment was then confirmed by another set of CD spectra mea-
surements of 5.00 lM oligo-3-T mixed with 6.25 lM ThT upon
addition of K+ in the range of 0.0 to 5.0 lM (approximately 5 times
over the concentration range used in the fluorescence measure-
ment) to retain the same stoichiometry of the reactants. It is unfor-
tunate that the concentrations of oligo-3-T and ThT in the CD
measurement cannot be as low as that used in the fluorescence
measurements because the CD signal will be too low otherwise.
It was found that the CD signal at �260 nm continues to decrease
while that at �240 nm becomes less negative with increasing con-
centration of K+ (Fig. S6 in the Supplementary information). This
supports the hypothesis that increasing K+ in a low concentration
range destabilizes the parallel GQ structures, which likely results
in the displacement of ThT.

3.7. Analytical performance

The performance of the sensor was explored by measuring the
sensor response to standard K+ solutions under optimal conditions.
The fluorescence intensity of the sensor decreased with the
increasing concentration of K+ (Fig. 4A). The plot between F0/F
and K+ concentrations showed a linear relationship in the range
Fig. 6. Comparison of K+ concentrations measured from our sensor and the reference v
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of 0.025–0.500 lM (Fig. 4B). The limit of detection (LOD = 3Sa/b)
was 21.87 ± 0.59 nM, and the limit of quantitation (LOQ = 10Sa/
b) was 72.9 ± 2.0 nM; here, Sa is the standard deviation of the inter-
cept, and b is the slope of the calibration graph [44]. Interestingly,
the LOD value was extremely (approximately 5,000,000 times)
lower than the upper limit of urinary K+ excretion [45] and some-
what lower than the values reported in most prior publications
(Table S1, Supplementary information). This condition could make
our sensor extremely suitable for detecting K+ in complex samples,
such as urine, because the matrix effects could be minimized sim-
ply by sample dilution.

3.8. Selectivity

The selectivity of the sensor was tested by comparing the sensor
response (F0/F) to K+ at 0.20 lM (approximately at the middle of
the calibration graph) and to potential interfering ionic species
normally found in urine (at 10 times more concentrated than the
maximum levels) [45–47], which include Na+, Ca+, Mg2+, NH4

+,
Zn2+, Cu2+, Fe3+, Cl�, HCO3

�, SO4
2�, PO4

3�, and C6H5O7
3. In addition,

other possible interfering compounds, such as urea, uric acid, cre-
atinine, and albumin, were tested at concentrations that are 10
times the maximum levels found in normal urine samples [45].
The other interferences found at low levels in urine, such as ascor-
bic acid [48], were not tested. Fig. 5A clearly shows that the sensor
responses to all potential interfering species did not significantly
deviate from those of the blank. As shown in Fig. 5B, the sensor
responses to 0.20 lM K+ with or without the potential interfering
species were not significantly different even when they were pre-
sent at concentrations that are 10 times the maximum levels found
in urine. We explain that the good selectivity toward K+ detection
comes from the fact that only K+ can cause a competitive displace-
ment of ThT from the GQ structures. Therefore, our sensor is highly
selective toward K+ and could potentially be used with real urine
samples.

3.9. Real sample analysis

To demonstrate the practicality of the developed sensor, we
used it to detect K+ in real urine samples from a local hospital.
Six urine samples were collected and spiked with K+ to the final
alues obtained from the ion-selective electrode (ISE) method used by the hospital.
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concentrations of 5.0, 10.0, 20.0, and 25.0 mM before being diluted
with a buffer solution and mixed with ThT and oligo-3-T. At the
end, the urine samples were diluted 2 � 105 times such that the
total K+ concentrations (i.e., original plus fortified concentrations)
in all the urine samples fell within the linear detection range of
the sensor. This large dilution factor could be beneficial because
any matrix present in the real sample will be highly diluted. Then,
the sensor responses were measured under the optimal conditions.
To check the effect of the matrix in the urine samples, F0/F was
plotted against the K+ concentration to obtain a calibration graph,
which was then compared with a standard calibration graph. The
sensitivities of the two graphs were not significantly different (P
value > 0.05). The results of the two-way ANOVA indicated that
the matrix in the urine samples did not affect the sensor perfor-
mance and could thus be ignored at this dilution factor. Therefore,
the concentration of K+ in real urine samples could be calculated
directly from the standard calibration graph. The obtained K+ con-
centrations were compared with those obtained by the ion-
selective electrode (ISE) used by the hospital. The results from
the two methods (Fig. 6) were not significantly different (Wilcoxon
signed rank test (P value > 0.05)).

The recoveries were also calculated and found to be between
90% and 100% (Table S2), which are within the acceptable recovery
range (90–107% for 100 mg L�1 or 2.56 mM of K+ and 95–105% for
1000 mg L�1 or 25.58 mM of K+) according to the AOAC guideline
[49]. Therefore, the results from the real urine sample analysis
indicated that despite being very simple, our K+ sensor is highly
sensitive and reliable and can be applied to complex biological
samples.
4. Conclusion

In this work, we found that K+, when present at a low concen-
tration (25.0–500 nM), causes a reduction in ThT fluorescence
likely because of the displacement of the dye from the ThT–bi-
molecular GQ or ThT-tetramolecular GQ. This finding goes against
the conventional wisdom that K+ helps stabilize the GQ structure
suitable for ThT binding and results in the increase in ThT fluores-
cence emission. In other words, our finding suggests that depend-
ing on the concentration, K+ can be either the competitor or
supporter of ThT in GQ binding. We applied the finding to develop
a label-free yet very sensitive biosensor for K+ detection in urine
samples. The developed sensor was simple yet highly sensitive
and selective toward K+, with the LOD being 21.87 ± 0.59 nM,
which was lower than the normal range of K+ in urine samples
(0.75–2.61 g L�1 or 19–66 mM) [45]. As the sensor is very sensitive,
complex samples, such as urine, can be largely diluted to avoid the
matrix effect on detection.
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