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Abstract

Potassium ion (Kþ) is widely involved in several physiopathological processes, and its abnormal changes are closely
related to the occurrence of brain diseases of cerebral ischemia. In vivo acquirement of Kþ variation is significant to
understand the roles of Kþ playing in brain functions. A microelectrode based on single-stranded DNA aptamers was
developed for highly selective detection of Kþ in brain, in which the aptamer probes were designed to contain an
aptamer part for specific recognition of Kþ, an alkynyl group used for stable confinement of aptamer probe on the gold
surface, and an electrochemical redox active ferrocene group to generate current response signal. The response range
of the microelectrodes could be rationally tuned by varying the chain length of the aptamer probe. The optimized
electrode, LAC, displayed high selectivity for in vivo detection of Kþ, and suitable linear range from
10 mmol$L�1e10 mmol$L�1, which could fulfill the requirement of Kþ detection in brain. Eventually, the microelec-
trodes were successfully applied for the detection of Kþ in the living mouse brains followed by hypoxic.
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1. Introduction

As the major cation of intracellular fluid, potas-
sium ion (Kþ) is widely involved in neural signaling
and physiopathological processes such as redox in
the brain [1,2]. Abnormal changes of Kþ concen-
tration may be closely associated with a number of
brain diseases, for example, cerebral ischemia and
hemorrhage [3,4]. To date, the detection methods
for Kþ include atomic absorption spectroscopy [5],
atomic emission spectroscopy [6], fluorescence
spectroscopy [7] and so on. However, these
methods are difficult to realize the in vivo detection
of Kþ in brain. Electrochemical methods with an
implantable microelectrode are widely used for ion
monitoring in vivo due to the advantages of high
spatial and temporal resolutions [8e13]. However,
the external electronic structure of Kþ is similar to

that of sodium ion (Naþ) and the concentration of
extracellular Naþ is 30e50 times higher than that of
Kþ [14]. Therefore, identifying and detecting Kþ

with high selectivity in the living animals remains a
great challenge (see Scheme 1).
Aptamers are single-stranded oligonucleotide

molecules that can be screened in vitro for highly
selective binding to a wide range of target analytes
including ions, small molecules, proteins and
peptides, and even whole cells [15e18]. By trig-
gering the spatial folding of the aptamer upon
binding to an ion, selective detection of Kþ has
been successfully achieved based on the signal
variation depending on the distance between
electrochemical response element and electrode
surface [19]. Unfortunately, the developed
aptamer-based electrochemical ion sensors
generally possess the linear range from nmol$L�1
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to mmol$L�1, which cannot fulfill the requirements
for Kþ with the level of ca. mmol$L�1 in living rat
brains. Thus, how to regulate the response of the
aptamer-based electrode for in vivo application is
still challenging.
To address these challenges, herein, an aptamer-

modified microelectrode with a controlled linear
range was designed and fabricated for the real-
time detection of Kþ in living brain through
rationally tuning the distance of response to elec-
trode surface. The aptamer TTTGGTTGGTGT
GGTTGGTTT part was used to specific recognition
of Kþ, in which the electrochemical redox pair
ferrocene was modified at the 50 end of the aptamer
as an electrochemical redox group, and the alkyne
group was modified at the 30 end to stably attach
the aptamer to the surface of a carbon fiber elec-
trode modified with gold particles. After recogni-
tion and capture of Kþ, the aptamer folded
conformationally to pull the Fc group closer to the
electrode surface, generating the increasing of
faradic current response. On the other hand, to
regulate the linear range of the microelectrode in a
controlled manner, we designed different modified
chain lengths of the aptamer to vary the distance
between the Fc and the electrode surface after
folding with Kþ, which effectively changed the
linear range of the microelectrode and made the
microelectrode suitable for in vivo brain detection
(Scheme 1). Eventually, based on a tunable elec-
trochemical sensor, we successfully achieved the
measurement of Kþ in the mouse brain under
hypoxia.

2. Experimental section

2.1. Chemicals and reagents

Carbon fibers were purchased from Tokai Car-
bon Co. (Tokai, Japan). AuCl3$HCl$4H2O,
K3[Fe(CN)6], NaCl, CaCl2, KCl, MgCl2$6H2O,

CuCl2$2H2O, FeCl3$6H2O, ZnCl2, AlCl3$6H2O,
Ascorbic acid (AA), dopamine (DA), uric acid (UA),
Cysteine (Cys), glutamine (Gln), Histidine (His)
and arginine (Arg) were purchased from Aladdin
Chemistry Co. Ltd. (Shanghai, China). Artificial
cerebrospinal fluid (aCSF) powder was purchased
from Adamas-Beta (Shanghai, China). C^CeH
and ferrocene (Fc) double modified aptamers [17]
were synthesized by Shanghai DNA Bioscience
Co.Ltd. Chooses the sequence of SAC:
Fce50eTTTGGTTGGTGTGGTTGGTTTe3eC^
CeH, MAC: Fce50eTTTGGTTGGTGTGGTTG-
GTTTTTTTTTTTTTe30eC^CeH, LAC: Fce50e
TTTGGTTGGTGTGGTTGGTTTTTTTTTTTTTTT-
TTTTTTTTe30eC^CeH.

2.2. Preparation of microelectrodes

Carbon fiber microelectrodes (CFME) were pre-
pared as previously described [20,21] and soaked
in acetone to clean the surface before use. Subse-
quently, gold micro-sheets were surface modified
by CFME electrodeposition in 0.1 mol$L�1 HAuCl4
solution at �0.2 V vs. Ag/AgCl for 10 s. The elec-
trode was rinsed with water to remove the attached
solution and then dried under N2 for 6 h.

2.3. Modification of aptamers onto electrode surfaces

The C^CeH and ferrocene (Fc) double modified
aptamers were prepared in 100 mmol$L�1 aqueous
solution with N2 to remove the O2 dissolved in
water. Then, the prepared AuS/CFME was
immersed in aptamer solution for 6 h at 60 �C to
modify the aptamer on the electrode surface [22].

2.4. The in vivo mice cerebral hypoxia experiments

All animal experiments were performed ac-
cording to the guidelines of the Care and Use of
Laboratory Animals formulated by the Ministry of

Scheme 1. The schematic diagram of working principle of microelectrode.
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Science and Technology of China, and were
approved by the Animal Care and Use Committee
of East China Normal University (the approval no.
mþ R20190304, Shanghai, China). To achieve the
detection of Kþ in the hippocampal region of the
brain of living mice, C57BL/6 mice were anes-
thetized with 2% isoflurane. The mice were then
fixed on a brain stereotaxic instrument and the
scalp was cleaned of connective tissue after inci-
sion with scissors. The skull surface of the brain
was then placed to the midline bregma position at
AP ¼ e 1.30 mm, L ¼ 0.75 mm anterior to bregma,
and V ¼ 1.25 mm from the surface. A small hole
was drilled in the surface of the skull. The micro-
electrodes were carefully implanted into the brain.
Hypoxia experiments were performed by placing
the mice in a homemade gas-tight box with a
flowing gas mixture (5% O2 and 95% N2).

3. Results and discussion

Carbon fibers with good electrical conductivity
and biocompatibility were chosen as the substrate
to fabricate the functional microelectrodes (CFME)
(Fig. 1A). The dense gold micro-sheets were in situ
electrodeposited on the CFME surface, which is
denoted as AuS/CFME (Fig. 1B and C). The
reduction peak of AuS/CFME in the cyclic

voltammetric (CV) curve in 0.01 mol$L�1 H2SO4 at
ca. 0.9 V (vs. Ag/AgCl) could be used to calculate
the charge consumption (Fig. 1D). The electroactive
area of the electrode can be estimated using the
following equation [22],

A ¼ Q/386

in which Q is the charge consumed, and Q ¼ 386
(mC$cm�2) per unit area of the clean Au electrode.
The calculated electrochemical active area of AuS/
GO was 0.05 cm2, which is ca. 7.8 times larger than
the geometric area of bare CFME. The CV curves
in 1.0 mmol$L�1 K₃[Fe(CN)₆] (Fig. 2) show a “S"
characteristic current peak pattern, demonstrating
the typical microelectrode feature. Moreover, the
ultimate diffusion current of AuS/CFME was 2.4
times larger than that of bare CFME, which might
be originated from the enlarged electroactive sur-
face area (Curve b in Fig. 2).
Previous investigation has reported that under

physiological conditions, the thiol ligands can be
replaced by abundant biological thiol such as
glutathione (GSH), resulting in detection of distor-
tions and unstable adsorption of molecules onto the
gold surfaces [23,24]. To solve this problem, the
AueC^C bonding method has been recently
developed to enhance the stability of molecular-
assembly at electrode surface [22]. As a result, the

Fig. 1. SEM images of CFME (A) and AuS/CFME (B and C), and CV curve of AuS/CFME (D) in 0.01 mol·L�1 H2SO4 aqueous solution. Scan rate
is 100 mV·s�1.
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alkyne group was selected and modified at the 30

end of the aptamer to attach the aptamer probe at
AuS/CFME with high stability. Meanwhile, an
electrochemical redox pair of ferrocenes (Fc) was
modified at the 50 end of the aptamer to be used as
an electrochemical response signal to indirectly
reflect the variation of Kþ concentrations. In order
to rationally modulate the response range of the
aptamer-based electrochemical sensors toward the
application in brain, three aptamers with different
chain lengths were designed and confined at Au
nanoparticles modified CFME. The corresponding
modified microelectrodes with different chain
lengths are denoted as SAC (Fce50eTTTGGTTG
GTGTGGTTGGTTTe30eC^CeH), MAC (Fce50e
TTTGGTTGGTGTGGTTGGTTTTTTTTTTTTTTe30

eC^CeH) and LAC (Fce50eTTTGGTTGGTGT
GGTTGGTTTTTTTTTTTTTTTTTTTTTTTe30eC^
CeH). Infrared spectroscopy (Fig. 3) was used to
track the modification of aptamer probes at AuS/
CFME. The appearances of CeO bonds, C]O
bonds and eOH originated from aptamers
demonstrated the successful modification of
aptamers on the AuS/CFME.
Next, differential pulse voltammetry (DPV) was

employed to track the modification steps owing to
its high sensitivity. As shown in Fig. 4, an anodic
peak was observed at 0.22 V (vs. Ag/AgCl) in aCSF
solution (pH 7.4) when SAC was modified at AuS/
CFME, which is ascribed to the oxidation of Fc to
Fcþ. Such anodic current signals of Fc/Fcþ were
found to be strongly dependent on the chain
length, which the largest current was determined
at the SAC electrode (Curve a), but the current
response was gradually decreased with the
increasing chain length of aptamer modified at the
AuS/CFME (Curves b and c). These results indi-
cated that the longer aptamer-modified chain

lengths gave rise to the longer distance of Fc/Fcþ to
underlying electrode surface, leading to the
weakened current response.
Then, the DPV curves of different aptamer-

electrodes were obtained in aqueous solution
containing different Kþ concentrations. As shown
in Fig. 5, the peak current density (Jp) obtained at
SAC electrode gradually increased with the
increasing of the Kþ concentration. Similar
increasing tendency of peak current on Kþ con-
centrations was also observed at MAC and LAC
electrodes. However, three kinds of aptamer-based
microelectrodes exhibited the different linear cur-
rent response ranges toward Kþ concentrations,
namely, 0.3 nmol$L�1e100 nmol$L�1 for SAC
(Fig. 4B), 3.0 nmol$L�1e10 mmol$L�1 for MAC
(Fig. 4D), and 10 mmol$L�1e10 mmol$L�1 for LAC
(Fig. 4F) electrodes. These results demonstrated
that the response of aptamer-based electrode was
strongly dependent on the concentrations of Kþ,
and the increasing of aptamer chain length could
rationally regulate the sensitivity of the

Fig. 2. CV curves of bare CFME (a) and AuS/CFME (b) in
0.05 mol·L�1 K3[Fe(CN)6] solution. Scan rate is 20 mV·s�1.

Fig. 3. Infrared spectra of SAC (a) and LAC (b).

Fig. 4. CV curves obtained at SAC (a), MAC (b) and LAC (c) electrodes
in blank aCSF solution (pH 7.4).
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electrochemical sensor toward higher concentra-
tion levels. Since the basal concentration of extra-
cellular Kþ in brain was approximately
2.6 mmol$L�1, the LAC was eventually optimized
and selected as the electrochemical sensor for in
vivo detection of Kþ in the living brain.
Selectivity of electrochemical sensors is impor-

tant for in vivo application in complex brain envi-
ronments. Then, we performed the selectivity and
competition tests of the LAC for potential in-
terferences of co-existing various substances in
practical brain systems, including metal ions (Naþ,
Ca2þ, Mg2þ, Cu2þ, Zn2þ and Al3þ), biological spe-
cies (AA, DA and UA) and amino acids (Cys, Gln,
His and Arg). The results showed that all the in-
terferences were less than 3.5% (Fig. 6), demon-
strating the high selectivity of the aptamer-
modified microelectrode. In addition, the stability
of the electrodes was also investigated. Two mi-
croelectrodes with alkyne- and sulfhydryl-modi-
fied aptamers were immersed in GSH solution
(5 mmol$L�1) according to the living brain envi-
ronment (Fig. 7A). It was found that the alkyne-
modified microelectrode maintained 96.4% sensi-
tivity, while the sulfhydryl-modified electrode only
had 76.4% after immersing in GSH solution for 8 h.
The results demonstrated the effectiveness of the
alkyne-based modification method on gold sur-
faces against interference from other sulfhydryl-
rich substances. Next, the temporal stability of the
alkyne-modified microelectrodes LAC was also
tested in the artificial cerebrospinal fluid (aCSF)
without Kþ. The results showed that the LAC

maintained 96.3% sensitivity after 12-h continuous
immersion in aCSF, demonstrating the high sta-
bility of the LAC electrodes (Fig. 7).
To verify the feasibility of in vivo assays, LAC

was optimized and used to record changes in
extracellular Kþ concentrations in the hippocampal
region of the mouse brain before and after 10-min
hypoxia (Fig. 8A). It was found that the Kþ con-
centration in the hippocampus increased from
2.6 mmol$L�1 to 8.7 mmol$L�1 with the onset of
brain hypoxia in mice for 10 min (Fig. 8B and C).
Such variation might be caused by the depolari-
zation of brain cells in the hypoxic environment

Fig. 5. CV curves obtained at SAC (A), MAC (C) and LAC (E) in aqueous solution after continuously adding different Kþ concentrations, and the
corresponding linear plots of current density versus Kþ concentration obtained at SAC (B), MAC (D) and LAC (F).

Fig. 6. Selective (Red) and competitive (Blue) tests obtained at LAC for
determination of Kþ against various potential interferences. The
concentrations of Kþ were 1 mmol·L�1, Ca2þ and Naþ were
1 mmol·L�1, and Cu2þ and Fe3þ were 1 mmol·L�1, while other metal
ions, neurotransmitters and amino acids were all 10 mmol·L�1.
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[20]. In order to verify the reliability of the results
tested by the LAC electrode, we also sampled ce-
rebrospinal fluid from the hippocampus of the
mouse brain for testing in a blood gas analyzer,
and found that the difference between the Kþ

concentrations obtained by our developed LAC
electrode and blood gas analyzer was less than 4%,
demonstrating the high accuracy of the developed
LAC microelectrode.

4. Conclusions

The aptamer-modified microelectrodes with a
controlled linear range were designed and applied
for the real-time detection of Kþ in the living brain.
Three Kþ aptamers composed of different chain
lengths were designed, in which the alkyne group at
the 30 end to anchor the aptamer probe at the elec-
trode surface, and the 50 segment with ferrocene was
were used as the electrochemical response signal for
Kþ variation. We found that the linear response
range of Kþ detection by the microelectrode

gradually shifted to higher concentrations as the
length of the aptamer chain was increased. The LAC
with the longest modified chain displayed a linear
response in the range of 10 mmol$L�1e10mmol$L�1,
which enable it to meet the testing requirements in
the practical living brain. Finally, the LAC was
demonstrated to be applicable for in vivo Kþ detec-
tion in mouse brain followed by hypoxia. The
developed strategy for rationally regulating the
response range of the aptamer-modified sensor
might pave a new way to broaden the application of
the aptamer-modified sensor in different measure-
ment systems, in particular, brain analysis.
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