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ABSTRACT: The concentration gradient of K+ across the cell
membrane of a neuron determines its resting potential and cell
excitability. During neurotransmission, the efflux of K+ from the cell
via various channels will not only decrease the intracellular K+

content but also elevate the extracellular K+ concentration. However,
it is not clear to what extent this change could be. In this study, we
developed a multiple-parallel-connected silicon nanowire field-effect
transistor (SiNW-FET) modified with K+-specific DNA-aptamers
(aptamer/SiNW-FET) for the real-time detection of the K+ efflux
from cultured cortical neurons. The aptamer/SiNW-FET showed an
association constant of (2.18 ± 0.44) × 106 M−1 against K+ and an
either less or negligible response to other alkali metal ions. The α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) stimulation induced an outward current and hyperpolarized the
membrane potential in a whole-cell patched neuron under a Na+/K+-free buffer. When neurons were placed atop the aptamer/
SiNW-FET in a Na+/K+-free buffer, AMPA (13 μM) stimulation elevated the extracellular K+ concentration to ∼800 nM, which
is greatly reduced by 6,7-dinitroquinoxaline-2,3-dione, an AMPA receptor antagonist. The EC50 of AMPA in elevating the
extracellular K+ concentration was 10.3 μM. By stimulating the neurons with AMPA under a normal physiological buffer, the K+

concentration in the isolated cytosolic fraction was decreased by 75%. These experiments demonstrate that the aptamer/SiNW-
FET is sensitive for detecting cations and the K+ concentrations inside and outside the neurons could be greatly changed to
modulate the neuron excitability.
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The asymmetric distribution of ions across a cell membrane
is important for various cellular activities, such as body

fluid electrolyte balance,1 acid−base balance,2 apoptosis,3

neurotransmission,4 and muscle contraction.5 The potassium
ion (K+) is the predominant cation inside a cell at the
concentration (CK

+) level of ∼140 mM. In contrast, the
extracellular K+ concentration (CK+

ex ) is typically ∼5 mM.
Comparatively, Na+ has the opposite asymmetric concentration
(CNa

+) distribution pattern to what K+ has. In the nervous
system, the resultant ionic gradients of Na+ and K+ across the
cell membrane are crucial to the generation of neuronal
electrical signals, including the resting membrane potential, the
action potential, and the synaptic potentials.6 Because
extracellular K+ ions diffuse in the very limited volume in the
interfacing space among neurons, even a modest K+ efflux from
neuronal cells can elicit considerable changes in CK+

ex .7 An

elevation in the CK+
ex will then affect the excitability of neurons,

but the extent of the exact CK+
ex changes remains unclear.

Advancements in nanotechnology over the past decade have
resulted in the emergence of novel, sensitive nanoscale sensors.
The high surface-to-volume ratio and the unique quantum
mechanical properties of nanomaterials make them ideal
candidates for the fabrication of biological/chemical sen-
sors.8−16 Moreover, due to their small sizes, nanomaterials
can compatibly form an interface with biological entities, such
as proteins, DNA, ribozymes, and so forth. Among the
nanoscale sensors, silicon nanowire field-effect transistors
(SiNW-FETs) have been extremely successful in sensing a
variety of target molecules in real-time with label-free, sensitive,
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and selective detections.8−13,15−19 The binding of biomolecules
on the SiNW surface leads to a significant conductance change
inside the SiNW-FET due to an electrical gating effect. By
modifying a suitable receptor on the SiNW surface, this SiNW-
FET platform can be an excellent biosensor for detecting
specific target biomolecules. While several technical improve-
ments have been made in the past years to increase the
detection sensitivity of SiNW-FETs, e.g., sensing in the
subthreshold regime,20 a frequency-domain measurement,21

and selective surface modification,22 efforts have also been
directed to entrap numerous SiNWs between the source and
drain electrodes, called a multiple-parallel-connected (MPC)
SiNW-FET, where a cumulative response, resulting from
multitudinous target-receptor bindings, could yield a drastic
signal increase.23

The telomeres of human DNA consist of many d-
(TTAGGG) repeats, which form a structure called the G-
quadraplex and offer a unique K+ binding site.24,25 In recent
years, many short single-strand oligonucleotides, 20−120
nucleotides, have been identified to possess specific binding
abilities to various molecules. These oligonucleotides, called
aptamers, are widely applied to biological research as sensors
(aptasensors)23 and therapeutic tools26 to regulate cellular
processes.27 In this report, we modified K+-specific DNA-
aptamers on an MPC SiNW-FET (referred to as aptamer/
SiNW-FET hereafter) to monitor the K+ efflux from stimulated
living neurons with a high detection sensitivity and target
selectivity. Henceforth, we utilized this biosensor to probe and
quantitate the CK+

ex changes around live neurons. The use of
aptamer/SiNW-FETs has several advantages compared with
other binding affinity-based biosensors. First, the molecular size
of an aptamer is generally smaller than conventional receptors
(e.g., enzymes or antibodies), and therefore, the captured target
molecules are drawn closer to the SiNW-FET surface, resulting
in a stronger gating electrical field, yielding optimal detection
signals. The closer distance from the target-receptor binding
site to the SiNW-FET surface also minimizes the Debye−
Hückel screening effect.28 Second, in contrast to antibodies that
have to be produced in vivo, aptamers can be synthesized using
in vitro methods. This eliminates the need for laboratory
animals in the antibody development and achieves minimal
variability from batch-to-batch sensor production. Third, an
aptamer formed by oligonucleotides is thermally stable
compared with proteins and antibodies, which may lose their
functionality irreversibly under thermal/chemical challenging
environments. Furthermore, denatured aptamers can recover
their functions by spontaneously refolding to return to their
ambient status, which makes it possible to develop reusable
aptamer/SiNW-FET biosensors. In the past, a cationic
conjugated polymer-G-quadruplex assembly,29 a G-quadru-
plex-induced aggregation of gold nanoparticles,30 and an
electrochemical aptasensor31 were developed for the selective
detection of K+, but their applicability to biological systems is
limited by the complicated nature of their sample matrix. In
addition, a labeling process makes the experiments relatively
complex, time-consuming, and expensive. Moreover, many of
them require complicated instrumentation and involve
cumbersome laboratory procedures, which restrict the scope
of their practical application.
Several earlier studies of adopting micrometer-sized metal-

oxide semiconductor FET (MOSFET) for the investigation of
the K+ ions released from living cells were reported; however,
these employed MOSFET devices were not modified with a

specific receptor to confer the target selectivity for K+.32−34 In
this study, we utilized aptamer/SiNW-FETs to measure the CK+

ex

released from stimulated living cortical neurons. We examined
the electrical responses of an aptamer/SiNW-FET to the
escalated K+ efflux from α-amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid (AMPA)-stimulated neurons. With the
neurons pretreated using 6,7-dinitroquinoxaline-2,3-dione
(DNQX), an antagonist of AMPA, a substantial suppression
of the AMPA-induced conductance change in the aptamer/
SiNW-FET was detected. In addition, the CK

+ in the isolated
cytosolic fraction detected by aptamer/SiNW-FET was
decreased by ∼75% after AMPA stimulation. These electrical
measurements with aptamer/SiNW-FETs allow us to quanti-
tate the CK+

ex released from stimulated living neurons and to
characterize the CK

+ on both sides of the cell membrane.
Henceforth, our novel approach provides a tool to study how
the CK

+ fluctuation modulates the neurotransmission.

■ EXPERIMENTAL SECTION
Fabrication of the MPC SiNW-FET Devices. The MPC SiNW-

FET devices were fabricated according to the procedures described
previously.23,35 Briefly, single-crystalline boron-doped SiNWs (Si:B =
4000:1) were grown catalytically with the assistance of 20 nm gold
nanoparticles (Au NPs) in a chemical vapor deposition (CVD)
reaction through the vapor−liquid−solid (VLS) growth mechanism.
The Au NPs were dispersed onto a Si wafer chip with a 400 nm oxide
layer, which had been incubated in a 0.1% aqueous solution of poly(L-
lysine) for 10 min to increase the adhesion of the Au NPs. The Si
wafer containing the Au NPs was then washed with deionized (DI)
water, blown dry with N2 gas, and cleaned in oxygen plasma (100 W
and 50 sccm O2 for 300 s). The p-type SiNWs were grown from the
CVD reaction at 460 °C for 12.5 min in 10 sccm Ar, 6 sccm SiH4
(10% in He), and 15 sccm B2H6 (100 ppm in He) at a total chamber
pressure of 25 Torr. The diameters of the as-synthesized SiNWs were
generally between 20 and 30 nm. The SiNWs were transferred onto a
photoresist (S1805)-patterned Si wafer with a 400 nm oxide layer
using a contact printing method. The SiNW-FET devices were
fabricated following standard photolithographic procedures. The metal
contact regions (defined by photolithography) were cleaned with
oxygen plasma (100 sccm and 30 W). Meanwhile, the native silica
sheath of the SiNW in the contact area was removed with a buffered
oxide etching (BOE) solution. The metal layers (70 nm Ni and 100
nm Al) were deposited consecutively using thermal evaporation on the
areas defined by a photomask with a few sets of interdigitated patterns.
After liftoff, the MPC SiNW-FET devices were further annealed in
forming gas (10% H2 and 90% N2) at 360 °C for 3 min to ensure a
good electrical contact between the SiNWs and the metal electrodes.
Meanwhile, the surface of the MPC SiNWs was thermally oxidized to
form an insulating layer of silica to prevent both the charge transfer
between the MPC SiNW-FET and the analyte molecules and an
electrical leakage in the subsequent biosensing measurements in
aqueous solution.

Immobilization of DNA-Aptamers on an MPC SiNW-FET. The
as-fabricated MPC SiNW-FET chip was washed with ethanol and
blown dry with N2 gas. For surface modification, the MPC SiNW-FET
chip was immersed in a 1% (v/v) ethanol solution of APTMS and
PTMS (1:5) and allowed to incubate for 1 h to facilitate the methoxy
groups of both APTMS and PTMS to react with the silanol group on
the SiNW surface to form the APTMS/SiNW-FET. The chip was
washed again with ethanol, blown dry with N2, and cured at 110 °C for
5 min. The mixture of APTMS and PTMS (1:5) allows for the ability
to control the density of the aptamers on the SiNW-FET surface to
ensure enough space for the proper folding of the aptamers in
association with the target molecules. On average, only ∼15% of the
SiNW surface contains APTMS as the active sites (amine groups) to
be modified with the aptamers. Apart from controlling the density of
the aptamers on the SiNW-FET surface, the PTMS also provides a
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chemically inert surface to prevent nonspecific binding in the
biosensing experiments.
A solution containing 5 mg N,N′-disuccinimidyl carbonate (DSC,

acting as a chemical linker to immobilize the DNA-aptamers on the
APTMS/SiNW-FET) in 15 μL of N,N-diisopropylethylamine
(DIPEA) and 1.5 mL of anhydrous dimethyl sulfoxide (DMSO) was
prepared, and of that, a drop was placed on the APTMS/SiNW-FET
chip for a 2 h reaction. Prior to immobilizing the DNA-aptamers (a 27-
mer sequence of NH2-5′-ACCTGGGGGAGTATTGCGGAGGAA-
GGT-3′ synthesized by MDBio), the chip was washed twice with
anhydrous DMSO and was then immersed in an aqueous solution
containing the DNA-aptamers (1 μM) for 2 h to form the aptamer/
SiNW-FETs. The chip was washed again with DI water and blown dry
with N2 gas. To demonstrate that the DNA-aptamers could be
successfully immobilized on the SiO2/Si surface, we used a fluorescein
isothiocyanate (FITC)-tagged aptamer with an amino group attached
on the 5′-terminal (i.e., 5′-NH2-TTTTTTT-FITC-3′, referred to as
FITC-aptamer) to show that the FITC-aptamers could be uniformly
immobilized on a SiO2/Si substrate via the chemical linkers of DSC
and APTMS (Figure S2a). A homogeneous fluorescence image

indicates the uniform modification of the FITC-aptamers on the SiO2/
Si surface. The modification of the DNA-aptamers on an MPC SiNW-
FET was also examined by measuring the shifts in the Isd−Vg curves.
As depicted in Figure S2b, the shift of the Isd−Vg curve after the DNA-
aptamer modification was caused by a gating effect on the MPC
SiNW-FET due to the negatively charged backbone of the DNA-
aptamer, consequently increasing the electrical conductance of the p-
type MPC SiNW-FET.

Electrical Measurement. The Isd−Vg measurements of the
aptamer/SiNW-FETs were acquired with a lock-in amplifier (Stanford
Research System, SR830) operated at a Vsd = 10 mV, a modulation
frequency of 79 Hz, and a time constant of 100 ms. For the detection
of the metal cations by the aptamer/SiNW-FET, different sample
concentrations were dissolved in a 10 mM Tris buffer solution at pH
7.4 (with the Debye−Hückel length of ∼9.6 nm) to effectively detect
signals without causing severe electrolytic screening. The sample
solution was either dropped directly onto the aptamer/SiNW-FET
chip with a PDMS wall (Figure 1a) or delivered to the aptamer/
SiNW-FET devices through a PDMS microfluidic channel (L 6.26 mm
× W 500 μm × H 50 μm) driven by a syringe pump (KD Scientific,

Figure 1. Experimental setup for detecting K+ ions with the aptamer/SiNW-FETs. (a) Schematic illustration of using the aptamer/SiNW-FETs for
detecting the K+ ions released from cultured cortical neurons. The MPC SiNW-FET devices were modified with K+-specific DNA-aptamers (referred
to as aptamer/SiNW-FETs). The neurons grown on a coverslip were placed to contact the aptamer/SiNW-FETs encompassed by a PDMS wall. A
Pt electrode was used as a solution gate and was kept at ground potential during the electrical measurements. Upon stimulation, the K+ ions released
from the cortical neurons bind the aptamer/SiNW-FETs to induce a conductance change inside the MPC SiNW-FETs. (b) Process of modifying the
aptamers on the MPC SiNW-FETs (details in the Experimental Section). We first modified the SiNW surfaces with 3-aminopropyltrimethoxysilane
(APTMS) and propyltrimethoxysilane (PTMS) at a ratio of 1:5. We then chose N,N′-disuccinimidyl carbonate (DSC) as a chemical linker to react
the amino group of APTMS at one end and to immobilize the K+-specific DNA-aptamer at the other end (via the reaction with the amino group
attached on the 5′-terminal of the aptamer). The drawing is not to scale.
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KD-101). A Pt electrode, immersed in the sample solution throughout
the sensing experiment, was used as a solution gate with the voltage
supplied by a DAQ system (National Instruments, DAQ-NI2110) and
was maintained at ground potential to minimize the electrical noise in
the system. After each sensing experiment, the metal cations captured
by aptamer/SiNW-FET were washed off by flushing Tris buffer
through the PDMS microfluidic channel to return the aptamer/SiNW-
FET device to its original state without any binding metal cations.
Primary Culture of Cortical Neurons. A pregnant Sprague−

Dawley rat was anesthetized and the E14.5 embryos were isolated as
described previously.36 The procedure complied with the Animal
Welfare Regulations and was approved by the Institutional Animal
Care and Use Committee (Permit No. 103−30), National Taiwan
University. In brief, the dissected cortex was digested with papain and
recovered in a cold Ca2+ and Mg2+ free Hank’s balanced salt solution
(Ca2+/Mg2+-free HBSS, containing 5.33 mM KCl, 0.44 mM KH2PO4,
0.5 mM, 138 mM NaCl, 4 mM NaHCO3, 0.3 mM Na2HPO4, and 5.6
mM glucose, pH 7.4). The solution containing the neurons was
centrifuged under 168× g for 3 min at 4 °C, and the pellet was
resuspended in Neurobasal medium supplemented with B27
(Invitrogen). The cells were plated on 24 mm poly(L-lysine) coated
coverslips at a density of 3 × 106 cell/mL. The neurons were placed in
a humidified CO2 (5%) incubator, and the medium was replaced every
other day. For the electrical measurements with the aptamer/SiNW-
FETs, a neuron-seeded coverslip was placed atop an aptamer/SiNW-
FET device leading the cultured neurons to contact the device surface.
Prior to the cell experiments, the neuron-seeded coverslip was washed
with the NMG buffer twice to remove the adhering culture media.
Electrophysiology Recording. The whole-cell voltage- and

current-clamp recordings were performed at room temperature (22−
25 °C) with an EPC-10 amplifier and the Pulse program (HEKA
Elektronik, Germany, v 8.7) as described previously.37 The cells were
incubated in the NMG buffer, and the pipet solution for the recordings
contained 120 mM aspartic acid, 5 mM MgCl2, 40 mM HEPES, 0.1

mM EGTA, 2 mM ATP, and 0.3 mM GTP, pH 7.3 with KOH (310
mOsm/kg). After achieving a whole-cell configuration, the cells were
held at −70 mV for 5 min to ensure the stability of the seal. The
patched cells were stimulated with AMPA (10 μM in the NMG buffer)
ejected from a micropipette with an opening of ∼1 μm positioned 15
μm from the patched neurons.

■ RESULTS AND DISCUSSION

A schematic representation of using an aptamer/SiNW-FET for
detecting the K+ ions released from cultured cortical neurons is
illustrated in Figure 1. The MPC SiNW-FET device comprises
hundreds of p-type single-crystalline SiNWs (∼20 nm in
diameter each) as conducting channels, which are connected by
interdigitated source and drain electrodes (Figure 1a and details
in Figure S1a−b of the Supporting Information (SI)). The
device fabrication and the electrical measurements are
described in Experimental Section.23 The MPC SiNW-FETs
possess an ohmic contact at a source-drain bias voltage (Vsd) of
−200−200 mV (Figure S1b) and a high transconductance of
>1200 nS measured at Vsd = 10 mV in 1× PBS solution, pH 7.4
(Figure S1c). Compared with the traditional SiNW-FET, which
has only a single or a few SiNW(s) as a conducting channel, the
MPC SiNW-FET possesses a remarkably higher detection
sensitivity (i.e., larger transconductance) resulting in an
enhanced signal-to-noise ratio (SNR) in electrical measure-
ments.
As suggested by Rajan et al.,38 the intrinsic quality of an

SiNW-FET device is the major contribution to the SNR during
electrical measurements; other factors, such as pH, electrolyte
concentration, and composition, play a minor role. The MPC
SiNW-FET design composed of hundreds of SiNWs could

Figure 2. Detection of the alkali cations (K+ or Na+) by the aptamer/SiNW-FET. The plots in (a) and (c) present the Isd−Vg curves measured with
an aptamer/SiNW-FET in response to different CK

+ and CNa
+, respectively. The insets show the expanded scale at Vg = −90 to −80 mV. (b) and (d)

present the normalized ΔVg
cal/ΔVg

cal,max (where ΔVg
cal,max is the saturated ΔVg

cal) as a function of CK
+ and CNa

+, respectively. The insets show a least-
squares fit of the measured data points to the Langmuir adsorption isotherm model to yield association constants of forming the aptamer-K+

complex (Ka = (2.18 ± 0.44) × 106 M−1) and the aptamer-Na+ complex (Ka = (1.31 ± 0.23) × 105 M−1). The experimental data presented in (b)
and (d) are the mean ± the standard deviation and n = 3 measurements.
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reduce the device-to-device variation, because the noise is a
weighted average of the fluctuations from individual SiNWs of
discrete dopant concentration.39,40 For the SiNW-FETs with a
single SiNW as a conducting channel, the transconductance
might be smaller than the MPC SiNW-FETs, but the noise
could be minimized by a carefully tuned circuit and be reduced
by the interference from other SiNWs of low wire quality that
might occur in an MPC SiNW-FET. Overall, the MPC design
provides a convenient and stable circuit for SiNW-FETs and
improves the SNR by enhancing the driving current
response.39,40

The DNA-aptamer chosen for K+ sensing was an
oligonucleotide with a sequence of 5′-ACCTGGGGGAGTAT-
TGCGGAGGAAGGT-3′ (27-mer)41 that was immobilized on
an MPC SiNW-FET (as described in Figure 1b and Figure S2).
It is worth noting that in the immobilization of the K+-specific
aptamers on the SiNW-FET surface, the number density of the
aptamers was controlled by a mixture (1:5) of 3-amino-
propyltrimethoxysilane (APTMS) and propyltrimethoxysilane
(PTMS) to ensure enough space for the proper folding of the
aptamers in binding with the K+ ions. When the aptamer/
SiNW-FET captures K+ ions, the electrical conductance in the
FET device is altered, which can be read from the shift in a
source-drain current vs gate voltage (Isd−Vg) curve or from the
variation in a real-time (Isd−t) measurement. In our experi-
ments, the electrical measurements of the SiNW-FETs were
conducted with a lock-in amplifier, and a solution gate voltage
was supplied by a data acquisition (DAQ) system through a
platinum (Pt) electrode.14,42−44

To evaluate the sensitivity of the aptamer/SiNW-FETs for
detecting K+, we perfused different CK

+ in 10 mM Tris buffer
(pH 7.4) through a polydimethylsiloxane (PDMS) microfluidic
channel, which was coupled to the aptamer/SiNW-FET device.
Figure 2a plots the measured Isd−Vg curves of an aptamer/
SiNW-FET in response to various CK

+ at 10−10−10−5 M, and
the Isd−Vg curves shift downward as CK

+ increases, indicating
the p-type characteristics of the aptamer/SiNW-FET device. To
have a correct interpretation of the electrical measurements
despite device-to-device variations, we converted the current
changes caused by receptor-target binding (ΔIsd at a certain Vg
relative to the buffer solution) to the changes in Vg (termed
“calibrated response”), which were represented by ΔVg

cal

according to the Isd−Vg transfer curve of the FET device
used (as shown in Figure S3).23,45 Figure 2b shows the
calibrated response of ΔVg, K+

cal as a function of CK
+, of which the

data were converted from Figure 2a at Vg = −90 mV where the
Isd−Vg curves are almost linear and the ΔIsd values are
significant. The ΔVg, K+

cal /ΔVg, K+
cal, max value shown in Figure 2b

increases as CK
+ increases and reaches a plateau at CK

+ > 1 μM
(i.e., ΔVg, K+

cal,max, the saturated ΔVg, K+
cal ). To calculate the

association constant (Ka) of forming the aptamer-K+ complex,
we plotted the CK

+/ΔVg, K+
cal against CK

+(in the inset of Figure
2b) and had a least-squares fit to the Langmuir adsorption
isotherm model (Section S2 of the SI). The association
constant of the aptamer-K+ complex was determined to be Ka =
(2.18 ± 0.44) × 106 M−1, which is close to an earlier report of
2.5 × 106 M−1.41 In the K+-sensing measurements with the
aptamer/SiNW-FETs, the nonspecific binding of K+ was tested
with a control experiment by employing a PTMS-modified
SiNW-FET (referred to as PTMS/SiNW-FET) without
immobilizing the K+-specific DNA-aptamer. The resultant
Isd−Vg curves, measured by PTMS/SiNW-FET (Figure S4a),
showed no apparent response to K+ at CK

+ = 10−10−10−5 M,

which was in sharp contrast to the prominent conductance
changes detected by the aptamer/SiNW-FET (Figure 2a,b and
Figure S4b).
Figure 2c shows the Isd−Vg curves of the same aptamer/

SiNW-FET device in reaction to different CNa
+ at 10−9−10−4 M.

The inset shows that Na+ has less of a gating effect than K+ to
the aptamer/SiNW-FET (in shifting the Isd−Vg curves
downward). The normalized ΔVg, Na+

cal /ΔVg, Na+
cal, max against CNa

+

are plotted in Figure 2d where the Ka = (1.31 ± 0.23) × 105

M−1 of forming the aptamer-Na+ complex was obtained from a
least-squares fit. These results reveal that the affinity of the
aptamer to K+ is approximately 17-fold greater compared with
Na+, indicating that most of the G-quadruplexes also have a
binding affinity to Na+ albeit much less than to K+.46 With
further tests, this aptamer/SiNW-FET device exhibited very
low affinities to Li+, Cs+, and Ca2+ (Figure S5), and
consequently, this aptamer/SiNW-FET device is suitable for
sensing K+ in biological buffers. The linear working range of
detecting K+ by the aptamer/SiNW-FET spanned from 10−9 to
10−6 M (Figure S6), and the limit of detection of ∼10−9 M was
generally better than those of several previously reported G-
quadruplex-based K+ sensors (Table S1). Consequently, this
sensory device is suitable for sensing minute changes in CK

+ in a
buffer containing various biological ions.
Biological samples usually contain both K+ and Na+ ions with

different ratios, but the total concentrations are about the same
to maintain a constant osmolarity. The presence of Na+ will
interfere the aptamer/SiNW-FET in sensing K+, although the
FET sensor favors the binding to K+ by 17 times over Na+. To
verify that the aptamer/SiNW-FET can respond to K+ in the
presence of Na+ under the same total ionic strength, we
prepared solutions containing a mixture of K+ and Na+ in
different concentration ratios and kept the ionic strength of the
analyte solutions constant throughout the measurements
(K+:Na+ = 0:10, 1:9, 3:7, 5:5, 7:3, 9:1, and 10:0, units in
μM). As shown in Figure S7a, an increase in the K+ ratio of the
K+-Na+ mixture induced a further downward shift of the Isd−Vg
curves, and after converting to the ΔVg

cal, the calibrated plot
shows a linear response as the proportion of K+ increases
(Figure S7b). This linear response reveals that the conductance
changes of the aptamer/SiNW-FET are mostly attributed to
CK

+, which can be applied to the CK
+ measure from a biological

mixture, especially when CK
+ is higher than CNa

+.
According to the electrochemical gradient of K+ ions in live

cells, K+ ions usually flow out of a cell and shift the membrane
potential negatively to modulate the excitability of a neuron.
Therefore, the opening of K+-related channels at the plasma
membrane leads to K+ efflux, thus increasing the local CK+

ex

despite the difficulty of measuring this local change. To
demonstrate the capability of an aptamer/SiNW-FET in
detecting the released K+ ions from live cells, we placed
cortical neurons grown on a coverslip atop the aptamer/SiNW-
FET with the neurons facing the device and stimulated the
neurons with AMPA dissolved in a Na+/K+-free N-methyl-D-
glucamine (NMG) buffer (containing 150 mM NMG, 5 mM
glucose, 10 mM 4-(2-Hydroxyethyl)piperazine-1-ethanesul-
fonic acid (HEPES), 1 mM MgCl2·6H2O, and 2.2 mM
CaCl2·2H2O, pH 7.4). It should be noted that we omitted
Na+ from the bath solution here to avoid the interference of the
Na+ ions (usually present in a normal physiological buffer) in
binding to the aptamer/SiNW-FETs. The AMPA targets a class
of ionotropic glutamate receptors, i.e., an AMPA receptor
(AMPAR), which mediates a fast synaptic transmission in the
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central nervous system.47 As illustrated in Figure 3a, the
activation of the AMPAR allows the inward Na+ and outward
K+

fluxes of a cell under a normal physiological condition and
shifts the membrane potential positively and negatively,
respectively. Figure 3b shows the recording from a whole-cell
patched neuron in a voltage-clamp mode with a holding
potential of −70 mV, where the AMPA (10 μM, dissolved in
NMG buffer) stimulation evoked a transient outward current of
∼150 pA and then was gradually inactivated. By changing the
recording to a current-clamp mode to monitor the membrane
potential (Figure 3c), the AMPA stimulation hyperpolarized

the membrane potential. These patch-clamp data suggest that
AMPA induces an outward K+ current to hyperpolarize the
membrane potential from cortical neurons in the Na+/K+-free
NMG buffer.
To verify that the flow of K+ from the cytosol to the external

milieu changes the local CK+
ex , we placed a coverslip seeded with

cortical neurons (the experimental details are described in the
Experimental Section) in contact with the aptamer/SiNW-FET
and monitored the conductance change in Na+/K+-free NMG
buffer. Figure 3d shows that a decreased conductance (SNR >
3) in the aptamer/SiNW-FET was observed under AMPA

Figure 3. AMPA stimulation induces an outward current in cortical neurons and elevates CK+
ex . (a) Illustration of the activation and inhibition of an

AMPA receptor (AMPAR). The binding of AMPA to an AMPAR activates the conjugated ion channel to flux Na+ and K+ across the membrane
according to their respective electrochemical concentration gradients. DNQX, a competitive antagonist of AMPA, prevents the binding of AMPA to
the AMPAR resulting in the inhibition of the channel activation. (b,c) AMPA-induced electric responses from a patched cortical neuron. A neuron
incubated in Na+/K+-free NMG buffer was whole-cell patched in voltage-clamp (b) and current-clamp (c) modes to measure the ionic current and
the membrane potential evoked by AMPA (10 μM), respectively. (d) Electrical responses of an aptamer/SiNW-FET to the K+ efflux from AMPA-
stimulated cortical neurons. Neurons grown on a coverslip were placed atop the aptamer/SiNW-FET and were stimulated with 5 μM AMPA in a
Na+/K+-free NMG buffer. The conductance change of the aptamer/SiNW-FET was monitored in a real-time mode. The inset shows a control test
without cortical neurons. (e) Effect of DNQX. Neurons were treated with 5 μM AMPA (to induce ΔG = 80.3 ± 1.2 nS) and then were washed with
HBSS and the NMG buffer. After a 10 μM DNQX incubation, 5 μM AMPA was added again in the presence of DNQX to stimulate the neurons (to
cause ΔG = 28.5 ± 1.8 nS).
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stimulation, demonstrating the release of K+ from the neuron
cells. In contrast, the inset of Figure 3d presents a control
experiment where AMPA had no electrical effect on the
aptamer/SiNW-FET without the presence of cells. To further
confirm that AMPAR was involved in the AMPA-induced
conductance change, we pretreated the neurons with 10 μM
6,7-dinitroquinoxaline-2,3-dione (DNQX, an antagonist of
AMPAR), and subsequently, the AMPA-induced conductance
change was suppressed by ∼65% (Figure 3e). As a
consequence, these results demonstrate that the minute release
of K+ from neurons increases the CK+

ex (to a level of ∼10−7−10−6
M as will be shown later) which could be detected by the
sensitive aptamer/SiNW-FET.
The amount of neurotransmitters released from the

presynaptic neuron determines the number of receptors
activated at the postsynaptic neuron. To characterize that the
changes in CK+

ex are determined by the concentration of AMPA
(CAMPA) applied, we perfused the aptamer/SiNW-FET in the
presence of cortical neurons with different CAMPA (0.1, 1, 1.5, 2,
2.5, 3, 5, 10, 13, and 15 μM) and measured the electric
responses in Na+/K+-free NMG buffer (Figure 4a). The results

show that the electric response increased as CAMPA increased.
To convert the electric response to CK

+, we calibrated the ΔVg
cal

as a function of CK
+ (Figure 4b), which was conducted prior to

the cell experiment using the same aptamer/SiNW-FET.
Through the calibration curve, we plotted the CK+

ex (whose
amount was reflected by ΔVg

cal of the aptamer/SiNW-FET) as a
function of CAMPA (Figure 4c), where the CK+

ex increased from a
basal level under 50 nM at a CAMPA < 2.5 μM to a plateau of
∼800 nM at a CAMPA > 13 μM. The 50% effective
concentration (EC50) of AMPA for elevating CK+

ex was 10.3
μM, which was slightly lower than what was reported before by
measuring the dose-dependent AMPA current (17 μM).48 This
difference might be due to the low capacity of the aptamer/
SiNW-FET device. When CK

+ > 1 μM, the ΔVg
cal reaches a

saturation level at ∼1.8 mV (Figure 4b); however, when CAMPA

> 13 μM, the ΔVg
cal is ∼1.7 mV (Figure 4c) which is almost at

the maximal ΔVg
cal level that this device could respond.

Henceforth, even though high CAMPA activates more AMPA
channels to elevate the CK+

ex , the response of the aptamer/
SiNW-FET is already saturated resulting in an underestimation
of the EC50.

Figure 4. Cultured cortical neurons exhibit an elevated CK+
ex under AMPA stimulation. Neurons grown on the glass coverslips were placed atop of the

aptamer/SiNW-FET and were stimulated with AMPA of different concentrations. The electric responses of an aptamer/SiNW-FET to the K+ efflux
from the stimulated neurons were monitored. (a) The Isd−Vg curves were measured from the neurons stimulated with CAMPA = 0−15 μM in the
NMG buffer at pH 7.4. (b) Calibration curve. Prior to the experiment in (a), a calibration curve of ΔVg

cal vs CK
+ for the aptamer/SiNW-FET was

performed. (c) CK+
ex in the vicinity of neurons as recorded by the aptamer/SiNW-FET. The ΔVg

cal (right ordinate, blue circles) obtained with the data
from (a) was converted to CK+

ex (left ordinate, red circles) according to the calibration curve in (b). (d) The Isd−Vg curves measured from the neurons
pretreated with DNQX. Neurons were pretreated with DNQX (10 or 50 μM) 10 min before the application of AMPA (10 μM) and the electric
responses of the aptamer/SiNW-FET were recorded. (e) Normalized changes in the electrical conductance (ΔG) of the aptamer/SiNW-FET. Data
presented were the mean ± the standard deviation from at least 3 batches of neurons and the significance was analyzed by Student’s t-test. **, p <
0.01 when compared with the neurons treated with AMPA only.
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To further confirm that the AMPA-induced conductance
changes were mediated by the AMPAR, we pretreated the
neurons with DNQX, an antagonist of AMPAR, before the
AMPA stimulation. Figure 4d illustrates the Isd−Vg curves
obtained by pretreating the neurons with different CDNQX(10
and 50 μM) and subsequently exposing the neurons to 5 μM of
AMPA. The DNQX pretreatment decreased the AMPA-
induced CK+

ex as evidenced by the reduced downward shifts of
the Isd−Vg curves. The normalized conductance changes
(Figure 4e) revealed that 10 and 50 μM DNQX pretreatments
significantly inhibited the 5 μM AMPA-induced conductance
changes to only 35 ± 4% (n = 3, p < 0.05) and 21 ± 5% (n = 3,
p < 0.05), respectively. DNQX is a competitive inhibitor of
AMPA with a half maximal inhibitory concentration of ∼500
nM.49 As a result, the effectiveness of DNQX at suppressing the
AMPA-evoked response suggests that AMPAR is involved in
the AMPA-evoked conductance change.
The AMPA-evoked K+ efflux should increase CK+

ex and
decrease the intracellular CK

+(CK+
in ) simultaneously. To measure

the CK+
in remaining in the neurons after the 10 μM AMPA

treatment, we stimulated ∼106 neurons suspended in 0.5 mL of
a normal bath buffer containing Na+. After stimulation, neurons
were washed with NMG buffer and lysed as described in
section S4. The cytosolic fraction was then dissolved in 0.5 mL
of NMG buffer and diluted by 1000× for aptamer/SiNW-FET
measurements (Figure 5a). Briefly, three solutions were
prepared (1) from the medium containing no neuron cells,
(2) from the neurons without AMPA treatment, and (3) from
the neurons with the 10 μM AMPA treatment. Figure 5a shows
the shifted Isd−Vg curves of the aptamer/SiNW-FET tested by
the three solutions with the same amounts of lysates. Without
or with AMPA treatment, the ΔVg

cal values of the lysates
prepared from the neurons after the 1000× dilution were 10.96
± 0.55 and 8.30 ± 0.41 mV, respectively, corresponding to CK+

in

= 220 ± 20 and 54 ± 4 nM (Figure 5c) via the calibration
(Figure 5b). Although the SiNW-FET devices used in Figures

2, 4, and 5 were different, the semilog calibration curves of
normalized ΔVg

cal/ΔVg
cal,max against CK

+ shown in Figures 4b, 5b,
and S6 revealed that these aptamer-modified devices all have a
linear working range of CK

+ between 10−5 and 10−9 M. To
obtain a consistent result in measuring the CK

+ when using
different devices, we prepared a calibration curve every time
before the start of an experiment.
Supposing that the radius of a neuron is 10 μm; the deduced

cytosolic CK+
in was approximately 26.3 and 6.4 mM in the

neurons, respectively, without or with the AMPA stimulation
(Section S4). The CK+

in values obtained were much lower than
what is generally accepted of a CK+

in ∼ 140 mM. There are
several assumptions, which may underestimate the conversion,
such as the survival of neurons, the loss of K+ during
preparation, and the size of neurons. Despite these factors,
our results clearly demonstrate that the CK+

in is reduced by 75%
(i.e., 220 ± 20 nM vs 54 ± 4 nM) after the AMPA stimulation
under the same preparation procedure (Figure 5c) which hints
that the CK+

in could be greatly reduced under strong stimulation,
such as epilepsy; in the meantime, such a large amount of K+

fluxes out of the cell would elevate the CK+
ex . Henceforth, these

concomitant changes in the K+ concentrations across the
membrane would shift the membrane potential toward zero
and enhance the neuron excitability.
Under normal physiological conditions, the activation of

AMPAR allows the influx of Na+ and thus depolarizes the
membrane potential to activate the voltage-gated Na+ channels
for action potential generation. This depolarization then
activates the voltage-gated K+ channels resulting in an outward
K+ current which could reach several nanoamperes, in cortical
neurons to repolarize the membrane potential. By model
simulation, the accumulation of K+ in the interstitial fluid, due
to the repeated action-potential firings from one neuron, can
induce synchronized firings from nearby neurons.50 This effect
is even more pronounced in a neuron network, where many
factors, such as gap junctions, Na+/K+-ATPase, and K+ currents,

Figure 5. Cortical neurons reveal the declining CK+
in under AMPA stimulation. (a) The Isd−Vg curves measured from the diluted cytosolic solutions.

The cytosolic solutions, collected from the neurons with or without AMPA stimulation, were diluted with the NMG buffer for the aptamer/SiNW-
FET measurements (details in Section S4). (b) Calibration curve. Prior to the experiment in (a), a calibration curve of ΔVg

cal vs CK
+ of this aptamer/

SiNW-FET was conducted. (c) Calibrated CK+
in in diluted samples. The ΔVg

cal (left ordinate) obtained from different solutions in (a) was converted to
CK+
in (right ordinate) according to the calibration curve in (b). Data presented were the mean ± the standard deviation; the significance was analyzed

by Student’s t-test. * p < 0.05, *** p < 0.001.
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work cooperatively to modulate the K+ lateral diffusion and
create a K+ environment that is optimal for the generation and
propagation of action potentials.51 Normally, the CK+

ex ranges
over 2−5 mM in the human cerebral microdialysate52 and can
reach even 55 mM in the cortex during ischemia or
epilepsy.53,54 The glial syncytium spatial buffering mechanism
disperses the local CK+

ex surge by translocating K+ from the sites
of elevated CK+

ex to those of lower CK+
ex .55,56 It is estimated that

80% of the K+ released by neurons would be sequestered by glia
cells in less than 10 s, resulting in returning the CK+

ex and
neuronal excitability to the basal level.57 Therefore, the
comprehending CK+

ex dynamics provides the necessary informa-
tion for understanding the interactions among neurons in a
network.
Although we measured the CK+

ex from neurons incubated in a
Na+/K+-free NMG buffer to block the generation of action
potential and the activation of voltage-gated K+ channels, our
results clearly showed that AMPA could elicit a significant
change in the conductance of SiNW-FET in a dose-dependent
manner. As shown in Figure 3b and c, the AMPA stimulation
elicited only a small outward K+ current of ∼100 pA and
hyperpolarized the membrane potential. In addition, the CK+

ex

monitored in this experiment is an average of the local
environment; because of the diffusion, the actual CK+

ex under
physiological buffer should be much higher in the vicinity of
cellular plasma membrane than we detected in this report.
Therefore, by improving the selectivity of the receptor
molecules modified on an MPC SiNW-FET, we could then
perform the same experiment using a normal physiological
buffer to estimate the CK+

ex under different stimulations. In this
study, DNQX of different concentrations attenuated the
AMPA-evoked conductance change to various levels; hence-
forth, instead of measuring the AMPA-evoked current by an
electrophysiological technique, we could use this aptamer/
SiNW-FET device to monitor the minute K+ efflux through the
AMPAR in the intact-cell mode to characterize the physio-
logical activities of the AMPAR. The whole-cell patch-clamp
technique is a powerful tool for measuring the electric activities
of ion channels; however, it interferes the intracellular content
and is not appropriate for characterizing the effect of the
intracellular signaling pathway.58 In this work, by measuring the
K+ released from the intact cells with MPC SiNW-FETs, we
could verify how the channels are modulated by various
signaling pathways.
Finally, this aptamer/SiNW-FET has a 17-fold K+ selectivity

over Na+ and is able to sense K+ ions from a mixture even with
Na+ ions in the background (Figure S7). For biological samples
of a K+−Na+ mixture, such as the cytosolic fraction that has a
CK

+ higher than a CNa
+, the changes in CK

+ can be detected and
quantitated by the aptamer/SiNW-FET upon proper calibra-
tion.
Each unit of the MPC SiNW-FET with interdigitated

electrodes has dimensions of 40 μm × 90 μm. With a sensor
of this size, we could not monitor the CK

+ at the surface of a
cell, but the CK

+ effluxed from a group of cells at the vicinity of
the circuit. Therefore, the diffusion of the accumulated K+ ions
from the cell surface to the MPC SiNW-FETs determines the
response time in the experiment. An ion-selective electrode
(ISE) coated with a specific ion exchanger material or
membrane could have good ion selectivity to detect the
concentrations of ions accumulated in the buffer; however, due
to the small tip diameter (0.5−1.0 μm) and the exchanger
material used, ISE has a high resistance ranging from 109 to

1011 Ω.59−61 Therefore, users must take special precautions,
such as cable connection, signal grounding, and electrical input
impedance of the signal amplifiers, to promise a tiny current for
the measurements. As the progress of nanotechnology, we
could reduce the size of MPC SiNW-FETs and exploit the
advantages of the nanowires to detect the K+ at a small region,
such as the cell surface.62−64

■ CONCLUSIONS
In conclusion, we demonstrate that an aptamer/SiNW-FET is a
reliable sensor for detecting K+ with high sensitivity in real-time
and with label-free capability. As the fast progress in
nanotechnology, the size of MPC SiNW-FETs used in this
report could further be reduced for the detection of biological
activities at subcellular domains. With the target selectivity and
the detection sensitivity of an aptamer against various cations,
the aptamer/SiNW-FET is able to monitor the target ions, such
as the K+ in this study, released from living neuron cells. Our
results reveal that even a small K+ efflux from a group of
neurons induces a significant CK+

ex elevation; in addition, the CK+
in

decreases significantly when stimulated under normal physio-
logical buffer. These suggest a substantial change in CK+

ex during
repetitive or strong neuronal activities, and the concomitant
CK

+ change on both sides of the plasma membrane would in
turn enhance the neuron excitability. With this sensory device,
we also measured the CK

+ from different biological samples to
characterize physiological activities, such as the effects of the
voltage-gated K+ channels on intracellular and extracellular CK

+,
neurotransmission, and so forth. Therefore, by selecting an
appropriate aptamer, the aptamer/SiNW-FET serves as a useful
biosensor that can detect the concentration changes of various
biological molecules released from live cells under different
physiological conditions.
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