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ABSTRACT: Potassium ion (K+) plays a crucial role in biological
systems, such as maintaining cellular processes and causing
diseases. However, specifically, the detection of K+ is extremely
challenging because of the coexistence of the chemically similar ion
of Na+ under physiological conditions. In this work, a K+ specific
biosensor is constructed on the basis of a dimerized G-quadruplex
(GQ) DNA, which is promoted by K+, and the enzymatic activity
of the resulting DNAzyme depends on the concentration of the K+.
The K+ in a 1−200 mM concentration range can be selectively
detected by visual color, UV−Vis absorbance or fluorescence even if the concentration of the accompanying Na+ is up to 140 mM at
an ambient condition up to 45 °C. In addition, this system can also be used to selectively detect NH4

+ in a 5−200 mM concentration
range. This dimerized DNAzyme offers a new type of biosensor with a potential application in the biological system.

G-quadruplex (GQ) is a noncanonical nucleic acid
structure with four helices formed by the guanine-rich

sequence with several stacked G-quartets.1 Cations, such as
potassium (K+), sodium (Na+), or ammonium (NH4

+) ions,
are required for the GQ assembly.2−5 These cations are sited in
the channel of GQ and coordinated to the carbonyl oxygen
atoms from guanines,5,6 and the size and desolvation of cations
determine the binding affinity of GQs.7,8 Therefore, GQ is a
type of natural biosensor for some specific cations.9−14 Besides
monomeric GQ, covalent dimeric GQ was also found to be
used as a biosensor.15,16

K+ is one of the most abundant cations in living cells and
organisms, which is vital for cellular processes.17 The
intercellular and intracellular K+ concentrations vary from
around 10 to 140 mM in living organisms.17 Abnormal K+

homeostasis and dynamics are assumed to be related to
diseases.18 For example, the local K+ levels within the tumor
interstitial fluid are elevated to above 40 mM.19 A number of
GQ based K+ sensors has been developed in the last two
decades.20−42 Though K+-specific sensors constructed by
fluorescent proteins43,44 or small organic molecules45−47 have
been used under physiological conditions, the applications of
these GQ based K+ sensors are limited to physiological
conditions because of either low sensing concentrations within
a narrow detection range or a poor selectivity in the presence
of a high concentration of Na+.20−42

In this work, we developed a K+ sensor based on the
dimerized GQ, which is assembled from a K+-supported GQ/
hemin DNAzyme with a highly catalytic property.48 Either
visual color, UV−Vis absorbance or fluorescence can be an
output. This dimerized DNAzyme is demonstrated to be a
powerful sensor to specifically detect K+ even in the presence

of a high concentration of Na+ or the presence of other kinds
of metal ions (for example, Li+, Mg2+, Ca2+, etc.) within a wide
K+ concentration range of 1−200 mM. The availability at
temperatures up to 45 °C further demonstrates the feasibility
for sensing in vivo. Besides being used as a K+ sensor, this
system is also available for NH4

+ detection.
A six nucleotides sequence TTAG3 (5′-TTAGGG-3′) from

human telomere folds into a stable GQ scaffold with three G-
quartets as a monomer and further assembles into a dimer with
six G-quartets through noncovalent stacking at the 3′ interface
in the presence of K+, as shown in Figure 1A, which has been
characterized by NMR, nondenaturing polyacrylamide gel
electrophoresis (PAGE), and size exclusion chromatography
(SEC).48−50 A peroxidase-mimicking DNAzyme could be
formed by mixing the GQ DNA with hemin as a cofactor.
Here, the oxidation of 2,2′-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS) to a green product ABTS•+ by H2O2
was used to probe the activity of DNAzyme. The oxidative
product ABTS•+ can be detected at the absorbance of 414 nm
by UV−Vis measurement. It is found that there is an obvious
absorbance change only in KCl, while in either LiCl or NaCl,
the absorbance is at a background level (Figure 1B), indicative
of a high selectivity toward K+ over other alkali metal ions such
as Na+ and Li+. PAGE analysis in Figure 1C shows that the

Received: February 25, 2021
Accepted: April 29, 2021
Published: April 30, 2021

Letterpubs.acs.org/ac

© 2021 American Chemical Society
6907

https://doi.org/10.1021/acs.analchem.1c00872
Anal. Chem. 2021, 93, 6907−6912

D
ow

nl
oa

de
d 

vi
a 

15
4.

12
6.

93
.2

17
 o

n 
M

ay
 1

4,
 2

02
1 

at
 0

5:
44

:2
8 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mingpan+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingya+Hao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenhui+Miao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenqin+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guoqing+Jia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Can+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.1c00872&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00872?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00872?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00872?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00872?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00872?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancham/93/18?ref=pdf
https://pubs.acs.org/toc/ancham/93/18?ref=pdf
https://pubs.acs.org/toc/ancham/93/18?ref=pdf
https://pubs.acs.org/toc/ancham/93/18?ref=pdf
pubs.acs.org/ac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.analchem.1c00872?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/ac?ref=pdf
https://pubs.acs.org/ac?ref=pdf


Figure 1. K+ selectivity. (A) Schematic representation of the K+-driven formation of the dimer GQ/hemin complex (right) and other cation-
assisted folding of the monomer GQ/hemin complex (left). GQ and hemin are given in blue and red, respectively. Only three G-quartet layers of
GQ are presented, and flanking residues are omitted. (B) Catalytic oxidation of ABTS (5 mM) promoted by H2O2 (1 mM) in the presence of GQ
(1 μM) and hemin (0.1 μM) in 40 mM, pH 7.5 HEPES buffer with 100 mM LiCl, NaCl, or KCl and 0.05% (v/v) triton X-100 at 25 °C. The
sample preparation procedure is optimized and summarized in Figure S2. PAGE analysis of TTAG3 in the presence of various other metal cations
without or with 100 mM KCl (or KNO3): (C) 100 mM LiCl, NaCl, RbCl, or CsCl; (D) 10 mM MgCl2 or CaCl2, 1 mM SrCl2 or BaCl2; (E) 100
μM CrCl3, MnCl2, CoCl2, or NiCl2; (F) 100 μM ZnCl2; (G) 100 mM KNO3, 10 μM(*), or 100 μM Pb(NO3)2. (H) Initial reaction velocity V0 of
TTAG3/hemin DNAzyme in different metal cations without and with 100 mM KCl. Reaction conditions and raw data are given in Figure S3. (J)
Increasement folds of velocity V0 of TTAG3/hemin DNAzyme in 100 mM KCl compared to other metal cations alone (black bar, left Y axis) or in
the presence of 100 mM KCl (red bar, right Y axis).
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dimer GQ is formed in the presence of KCl without and with
NaCl or LiCl, and only the monomer GQ is formed in the
presence of LiCl or NaCl alone. PAGE of other common metal
cations shows a similar result (Figure 1C−G). Circular
dichroism (CD) spectra of TTAG3 shows the parallel
structure of GQ formed in a high concentration of KCl is
not disturbed by the coexistence of other metal cations (Figure
S1A,B). Enzyme assay results in Figure 1H show only
background activity in other mono-, di-, and trivalent metal
cations, including Rb+, Cs+, Mg2+, Ca2+, Sr2+, Ba2+, Cr3+, Mn2+,

Co2+, Ni2+, Zn2+ and Pb2+, but once KCl was added to the
solution, the activity was restored to the same level of the
condition containing KCl alone: the initial reaction V0 after
adding KCl to different metal cations increased from nearly
zero to around 300 nM/s. These data of dimerized GQ
DNAzyme in Figure 1J clearly show a high K+ specificity and a
strong anti-interference ability.
SEC is a powerful tool to distinguish the monomer from

dimer GQs according to their difference in size.48 SEC analysis
results in Figure 2A show that the increasing concentration of

Figure 2. Dimer DNAzyme as a K+ sensor. (A) SEC analysis of TTAG3 in 10 to 200 mM KCl. (B) CD melting profiles of TTAG3 at 260 nm in 25
mM KCl (black) and 140 mM KCl (red). (C) V0 values of TTAG3/hemin DNAzymes at gradient temperatures and the calculated Kd values. (D)
V0 of TTAG3/hemin DNAzyme in LiCl, NaCl, and KCl from 10 to 200 mM. (E) K+ selectivity over Li+ and Na+: V0 values of TTAG3/hemin
DNAzyme in 10−200 mM ions of KCl, LiCl, or NaCl. (F) Catalytic activity of the TTAG3/hemin DNAzyme in 10−200 mM KCl in the presence
of 10 mM NaCl (black) or 140 mM NaCl (red).
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K+ drives the GQ aggregation equilibrium from monomer to
dimer. As we reported previously, the dimer species of GQ
endues a much higher catalytic efficiency of GQ/hemin
DNAzyme than that of the monomer fold.48 The V0 of
TTAG3/hemin DNAzyme in gradient concentrations of KCl
or KNO3 was nearly the same, indicating that it is the K+

cation but not the anion counterpart responsible for the
activity, and K+ sensing will not be affected by the anion
counterpart (Figure S4). GQ is stabilized at a high
concentration of K+, and the melting temperature of GQ in
140 mM K+ is 46 °C (Figures 2B and S5A,B). Then, the
disassociation constants (Kd) for K+ for this DNAzyme were
measured under a temperature range of 20−45 °C. Figure 2C
shows that there is a well fitted relationship between V0 and
the concentration of KCl, though the V0 shows a limited
decrease in the high temperature of 37 and 45 °C due to the
partial dissociation of GQ (Figure 2B). Kd values vary between
66 and 83 mM under 20−45 °C, which covers the
physiological temperature range for a possible use in vivo.
The V0 of TTAG3/hemin DNAzyme in different concen-

trations of LiCl, NaCl, or KCl was measured parallelly (Figure
2D). Low activity close to the background is observed in a
wide concentration range of LiCl and NaCl up to 200 mM.
Meanwhile, V0 increases along with the increasement of KCl
from 10 to 200 mM, leading to a K+ disassociation constant
(Kd) of 76 ± 4 mM with a detection limit of 5 mM estimated
at the signal-to-noise ratio (S/N) of three. A high K+ selectivity
over Na+ or Li+ (V0,KCl/V0,NaCl or LiCl) is found in this large
concentration range of 10−200 mM covering both intracellular
and intercellular K+ concentrations as shown in Figure 2E. K+

selectivity even goes higher with the increasement of ion
concentration and is up to more than 100 in the presence of
200 mM Na+ or Li+. In addition, the catalytic activity of
DNAzyme can also be easily observed from the color change of
the solution (Figure S6A,B): there was no color change in LiCl
and NaCl, and as the concentration of KCl increased, the green
color of the solution became deeper. Besides using UV−Vis
absorbance and color change as outputs, the fluorescence was
also investigated (Figure S7).51 The K+ concentration in goat
serum detected by fluorescence also shows the potential
applicability in vivo.
Figure 2F shows that presence of a low (10 mM, equivalent

to the intracellular sodium concentration) or high (140 mM,
equivalent to the intercellular sodium concentration) concen-
tration of NaCl makes little difference in the catalytic activity
of the TTAG3/hemin DNAzyme in the KCl range from 10 to

200 mM, which demonstrates the potential application of
sensing K+ in vivo again, especially considering the highly
similar chemical properties between K+ and Na+. The TTAG3/
hemin DNAzyme is different from all other GQ based K+

sensors because its detection is based on the noncovalent
dimerization of GQ,52−58 and the exclusively high specificity to
K+ even in the presence of a high concentration of Na+ is the
most prominent advantage.
Besides metal cations, we further investigated the influence

of ammonium cations on the DNAzyme activity. In the
absence of K+, V0 values of TTAG3 in different types of
ammonium salts are as low as the background (Figure 3A); in
the presence of K+, NH4

+ can greatly enhance the enzymatic
activity, whereas other types of ammoniums including
methylammonium (NH3(CH3)

+), dimethylammonium
(NH2(CH3)2

+), trimethylammonium (NH(CH3)3
+), tetrame-

thylammonium (N(CH3)4
+), and tetraethylammonium (N-

(C2H5)4
+) exhibit no influence on the activities. This

selectivity might be caused by the ability of NH4
+ to coordinate

to the iron center of hemin blocked by the larger size of the
alkyl functional group in other types of ammonium salts.59,60

PAGE shows that in ammonium alone TTAG3 remains as a
monomer and the dimer occurs after the addition of KCl
(Figures S7B and S8A). Then, V0 values in gradient
concentrations of NH4Cl were measured over 5−200 mM in
the presence of different concentrations of KCl. The V0 shows
a linear relationship with the NH4Cl concentration at the given
potassium concentrations (Figures 3B and S9). The calculated
detection limit is 1.5 mM at S/N = 3 when the potassium
concentration is 0, and the detection limit decreases as the
potassium concentration increases (Figure S9). This shows the
potential of the TTAG3/hemin DNAzyme to sense NH4

+. The
reaction activity also can be easily visualized by the color
change of the solution (Figure S6C). PAGE analysis and
melting temperatures of TTAG3 in 100 mM KCl and different
concentrations of NH4Cl show that the existence of NH4Cl has
little influence on the dimerization and thermal stability of GQ
(Figures S5 and S8C).
The results of our TTAG3/hemin DNAzyme as a sensor for

K+ and NH4
+ are summarized and compared with some

reported results in Table S1. The TTAG3/hemin DNAzyme
system can detect a wide range of K+ concentrations of 1−200
mM with a high selectivity even in the presence of a high
concentration of Na+ and other metal cations. This DNAzyme
system’s availability for the dual detection of K+ and NH4

+ is a
breakthrough in the area of sensing as the noncovalent

Figure 3. TTAG3/hemin DNAzyme as a NH4
+ sensor. (A) Catalytic activity of the TTAG3/hemin DNAzyme in different ammonium cations

without and with 100 mM KCl (raw data in Figure S10). (B) Calibration surface plot of V0 as a function of NH4Cl and KCl concentration.
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dimerization of the DNAzyme scaffold has never been applied
as a biosensor.52−58 The detection can be monitored by the
visible light absorption measurement, fluorescence measure-
ment or easily visualized by the color changes.
In this work, we developed a DNAzyme based K+ sensor: K+

drives the noncovalent dimerization of GQs, which boosts the
activity of GQ based DNAzyme and triggers the color change
to indicate the K+ concentration. It was able to detect
potassium concentrations over a large range from 1 to 200 mM
at ambient temperatures of 20−45 °C with a high K+

selectivity in the presence of a high concentration of Na+

and a dozen of other metal cations. These results demonstrated
that the dimer DNAzyme exhibits the possibility of sensing K+

both intracellularly and intercellularly. In addition, this dimer
GQ/hemin/K+ DNAyzme is able to detect NH4

+ in a
concentration range from 5 to 200 mM with a high selectivity.
This kind of sensing strategy of DNA scaffold dimerization
may become a versatile strategy to further develop nucleic acid
based biosensors.
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