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Abstract A new planar-type ion channel biosensor with the
function of cell culture has been fabricated using silicon on an
insulator substrate as the sensor chip material. Coating of the
sensor chip with fibronectin was essentially important for cell
incubation on the chip. Although the seal resistance was quite
low (∼7 MΩ) compared with the pipette patch-clamp giga-
ohm seal, the whole-cell channel current of the transient
receptor potential vanilloid type 1 (TRPV1) channel express-
ing HEK293 cells was successfully observed, with a good
signal-to-noise ratio, using capsaicin as a ligand molecule.

Keywords Ion channel biosensor . SOI . Extracellular
matrix . Fibronectin . Nystatin

Introduction

The pipette patch-clamp is an extremely powerful and
already established technique for investigation of many
electro-physiological subjects such as cell biological func-
tions, neural cell signal transduction characteristics, and
effects of chemical compounds on ion channels. However,
it is almost impossible to apply this technique to multi-point
measurements such as high-throughput screening. To
overcome this weak point of the pipette patch-clamp tech-
nique, planar type patch-clamp techniques have been
proposed [1–11].

The planar patch-clamp technique not only has good
prospects for high-throughput screening in drug discovery,
but also has a potential attractiveness for investigation of
cell functions by measuring several cell-biological param-
eters at the same time. Many groups have attempted to
fabricate planar patch-clamp substrates from various mate-
rials [1–7], and some commercial planar patch-clamp
devices are already available [8–11]. However, the very
short life of the cells directly attached to the substrate is a
serious problem in this method. From the viewpoint of
applying the planar type patch-clamp biosensor to cell
function analysis, it is of great importance to increase the
lifetime of the attached cell.

The electrical resistance of the narrow extracellular space
in brain tissue affects the propagation of neuronal excitation
in dendrites and axons and also the electrical interaction of
neurons and glia cells [12], yet little is known about it.
Giaever et al. determined the impedance between electrodes
with cultured cells on them using the electric cell-substrate
impedance-sensing (ECIS) method [13, 14]. Wegener et al.
evaluated the resistance by impedance measurement of
confluent cell layers grown on gold-film electrodes [15]. In
the reports of these experiments, however, the measured
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resistances contained the contributions from many cells
attached and spread on the electrodes Fromherz et al.
determined the sheet resistance of the cleft between the
single cell membrane and the substrate surface by mea-
surement of voltage-transfer from cells to silicon chips [16,
17], from the bath to silicon chips [18] using field-effect
transistors, and from silicon chips to cell membranes using
voltage-sensitive dyes [12, 19]. Although the resistances of
the cleft under individual cells adsorbed on the substrates
were evaluated in these reports, it is impossible to precisely
measure the ion channel current using these methods.

Fibronectin (FN) is an intracellular matrix glycoprotein
known to improve cell attachment and spreading [20]. The
FN molecule consists of two almost identical subunits,
which are composed of three types of module (Type I, Type
II, and Type III) arranged like a string of beads and
crosslinked close to the C-terminus by disulfide bridges
[21]. The most important module is Type III, which
contains the arginine–glycine–aspartic acid (RGD) recog-
nition sequence. RGD has been identified as a key motif
interacting with cells [21]. The materials coated with FN
are promising as substrates for cell-based sensors or tissue
engineering [22]. There are many reports attesting to
enhanced cell attachment and spreading on the FN-coated
substrate surfaces [23–32]. For immobilization of FN on
various materials surfaces, different methods have been
used. Adsorption is the most commonly used method,
because it is convenient and less damaging to the confor-
mation of the adsorbed molecules [32].

In this study, silicon-on-insulator (SOI) substrates in
planar type ion channel biosensors [7] were modified with
FN. The FN-coated substrates were characterized by AFM
and cell spreading assays, which indicated that the
substrates are suitable for cell adhesion and spreading by
incubation. After the cell covered the pore and spread, the
resistance of the cleft between the cell membrane and
substrate surface was measured and compared with calcu-
lated values. The perforated whole-cell configuration was
then formed by the application of nystatin, and the whole-
cell current of TRPV1 channel expressing HEK 293 cell
spread on the pore activated by capsaicin was recorded.

Materials and methods

Preparation of substrates

The thicknesses of the Si and SiO2 (box) layers of the SOI
substrates were 3±0.5 and 3.9±0.2 μm, respectively. The
resistivity of the SOI layer was 50–75 Ωcm. The fabrication
of the substrate is described in detail in the previous report
[7]. In brief a 0.2 μm thick SiO2 layer was formed on the
SOI substrate surface by thermal oxidation at 900 °C with

water-saturated O2 flow. A large well on the reverse side
was made by diamond drilling. Subsequently the pyramid-
shaped hole was formed by the 8% (v/v) TMAH etching at
90 °C for about 40 min, which reaches the buried SiO2

layer. Finally a micro-pore of diameter 1.2 to 1.5 μm in the
silicon membrane was made by focused ion beam (FIB)
milling from the reverse side. After each use, the substrates
are cleaned again for recycling by dipping into acetone and
methanol for 20 min each, then placing in boiling piranha
solution (H2O2:H2SO4 1:4, v/v) for 20 min, thoroughly
rinsed with deionized water, dried with nitrogen, and
sterilized by ultraviolet light.

FN-coating on the substrate surface

Fibronectin from human plasma, lyophilized from
0.05 mol L−1 Tris-buffered saline, pH 7.5, was obtained
from Sigma–Aldrich (St Louis, MO, USA). The FN vial was
first equilibrated at room temperature and dissolved in sterile
deionized water for at least 30 min at a concentration of 1 mg
mL−1. The dissolved FN solution could be stored in
working aliquots at −20 °C. The working aliquot was
diluted in phosphate-buffered saline (PBS) at 500 μg mL−1

concentration before use. For FN adsorption by the
substrate surface, a droplet of fibronectin solution was put
on the substrate and incubated for 1 h at 37 °C followed by
rinsing with sterile deionized water, then dried in air. All
the operations were performed on a clean bench.

An SPI 3800 scanning probe microscope (Seiko Instru-
ment) was used to analyze the topography and roughness of
the substrates before and after coating with FN. Images
were obtained in the dynamic force mode (tapping mode)
using an Si cantilever with spring constant of 36 N m−1 and
resonance frequency of 338 kHz.

Cell spreading

Human embryonic kidney 293 (HEK-293) cells were
transfected with transient receptor potential vanilloid type
1 (TRPV1). The cells were cultured in a dish filled with
Dulbecco’s modified Eagle’s medium (DMEM, Sigma–
Aldrich) at 37 °C in 5% CO2. In these experiments, DMEM
was always supplemented with 10% (v/v) fetal bovine
serum (FBS, Biological Industries), 1% (v/v) gluta max
(Gibco), 0.5% (v/v) penicillin–streptomycin (Gibco), and
500 mg mL−1 geneticin (G418, Gibco)

For cell spreading, HEK-293 cells from a dish were
prepared as follows. The culture medium was removed by
aspiration and the cells were washed twice with phosphate-
buffered saline (PBS, Wako). The cells were then incubated
in trypsin–EDTA (Gibco) for 3–4 min in an incubator at
37 °C and detached from the dish surface by agitating
several times. The cells were then transferred to a conical
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centrifuge tube and spun down at 1000 rpm for 5 min.
Finally the cells were suspended in DMEM supplemented
with 10% FBS. HEK 293 cells were placed on the FN-
coated substrates and incubated at 37 °C with 5% CO2.

Actin staining

HEK 293 cells were distributed on the FN-coated substrates
and incubated at 37 °C in 5% CO2 in an incubator for 24 h,
48 h, and 72 h. They were washed with PBS, fixed with
3.7% formaldehyde (HCHO, in PBS) for 5 min, permeabi-
lized in 0.2% Triton X-100 (in PBS) for 5 min at room
temperature, and then washed with PBS three times. Cells
on the substrate were stained for 30 min in 70 nmol L−1

fluorescent phalloidin (in PBS) at room temperature. Cells
were then washed three times. Finally a droplet (about
25 μL) of Vectashield hard set mounting medium with
DAPI (Vector Laboratory) was added to the cell and the
substrate was covered with a cover glass.

Cell spreading on the pore of the substrate

After being coated with FN, the planar patch-clamp
substrate was assembled in the chamber shown in Fig. 1.
DMEM was then injected into the upper chamber and the
lower chamber followed by checking of the conductivity of
the pore with an amplifier. Care was taken to remove the
bubbles in the solution. The cell suspension in DMEM was
then put in the upper chamber. After about 10 min the pore
was covered by one of the cells brought by the water flow
through the pore from the upper chamber to the lower
chamber. The upper chamber was then covered with a cover
glass to protect the cell from contamination. All operations
were performed on a clean bench. After confirming, with
the microscope, that the cell was covering the pore, the
system was put into the incubator at 37 °C with 5% CO2 for

incubation. After 2 h, the system was taken out to check the
spreading condition of the cell on the pore and the seal
resistance was measured.

Preparation of nystatin

Nystatin (Sigma–Aldrich) [33, 34] (10 mg) was dissolved in
1 mL methanol and HCl (1 mol L−1, 45 μL) was added to the
solution followed by addition of NaOH (1 mol L−1, 45 μL).
The nystatin stocks were diluted to 200–500 μg mL−1 with
pipette solution before use. Refrigerated nystatin methanol
stocks were used within two weeks and the final pipette
solution was used within 2 h of preparation.

Electrical measurements

Currents were recorded with the Axopatch 200B (Axon
Instruments) and the Digidata 1322A (Axon Instruments).
All traces were obtained with a filter frequency of 500 Hz.
A fluorescence microscope (Olympus BX51W1) was used
for optical measurement.

Results and discussion

Characterization of FN adsorption and cell spreading

Figure 2 shows the atomic force microscope (AFM) images
of the substrate surface before and after coating with 500 μg
mL−1 FN solution. The observed surface roughnesses of the
substrates were 0.12 nm and 1.91 nm, respectively.

Figure 3 shows the optical microscope images of cell
spreading on the silicon substrates without FN-coating
(Fig. 3a and b) and with FN-coating (Fig. 3c and d). These
assays were performed at the same cell concentrations of
5×105 cells mL−1. It can be seen that the number of cells on
the FN-coated substrate are larger than those on the
substrate without FN-coating. Moreover the cells adsorbed
on FN-coating substrate are distributed uniformly, whereas

Fig. 1 Schematic structure of the planar type ion channel biosensor
fabricated in this work

Fig. 2 AFM images (top, 5 μm×5 μm) and line scans (bottom) of the
substrate surface. (a) The silicon substrate without FN-coating. (b)
After being coated with FN, the roughness of the substrate surface
increases to 1.91 nm
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cells on the substrate not coated with FN are prone to
aggregate. The cells adsorbed on the FN-coated substrate
spread after 2 h incubation (Fig. 3c), whereas only a
fraction of the cells on the substrate not coated with FN
spread even after incubation for 5 h (Fig. 3b).

Cytoskeleton formation can be analyzed by selective
staining of F-actin of the HEK 293 cells. Figure 4 shows
the fluorescence microscope images of the cells after
incubation for 24, 48, and 72 h. The red color indicates
the F-actin stained with fluorescent phalloidin and the blue
indicates the cell nuclei stained with DAPI. The F-actin is
completely formed after 72 h culture and fully spread cells
display cytoskeleton organization.

Cell spread on the pore of the substrate and resistance
of the cleft

Figure 5a shows the schematic cross section of a cell
spreading on the pore of FN-coated planar patch-clamp
substrate. Cell membrane is separated from the substrate

by a cleft with a thickness of dJ. The cleft is filled with
an electrolyte with a resistivity ρ, which gives a resistance
RJ. The equivalent circuit of the cell–substrate junction is
illustrated in Fig. 5b, in which Rm and Cm are the
resistance and capacitance, respectively, of the cell
membrane, Cs is the capacitance of the substrate, RJ is
the resistance of electrolyte in the cleft between the cell
and the substrate surface, Ra is the access resistance, and
Rm is approximated as infinite compared with RJ. The seal
resistance can be therefore estimated by use of Eqs 1–3:

Rs ¼ Ra þ RJ ¼ R1 þ R2 þ RJ ð1Þ

R1 ¼ r
lp þ dJ
p � r2p

ð2Þ

R2 ¼ 4rL
2pL tanϕð ÞDþ pD2

þ r
2D

ð3Þ

Fig. 4 Fluorescence microscope images of the stained cells on FN-coated substrates after cell culture for (a) 24 h, (b) 48 h, and (c) 72 h. The
cytoskeleton organization and actin fibers are formed on FN-coated substrates

Fig. 3 Optical microscope im-
ages of cell adsorption and
spread on silicon substrates
without FN-coating (a, b) and
with FN-coating (c, d). Incuba-
tion times: (a) and (c) 2 h, (b)
and (d) 5 h
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where the total seal resistance is Rs, the resistance
resulting from electrolyte in the pore is R1, the resistance
resulting from the electrolyte in the well is R2 [35], the
pore length is lp, and the pore radius is rp. The depth of
the well L, the side length D of the bottom square with the
well formed by TMAH etching, and half of the conical
angle, ϕ, are shown in Fig. 5a. For confluently cultured
cells, additional resistance Re due to the narrow gap
between the neighboring cells is added to the total seal
resistance Rs. Rs ¼ Re þ RJ þ Ra. The resistance Rj of the
cleft between the cell and the FN-coated substrate can be
calculated based on the model shown in Fig. 6, in which
the circle with a radius of rp shows the micropore on the
substrate and the irregular figure shows a spreading cell on
the pore. The resistance of the sector i in Fig. 6 is given by
Eq. 4, and the resistance RJ is given by Eq. 5 with
θ=2π/n.

R ið Þ ¼ r
q � d ln

rp þ li
rp

ð4Þ

RJ ¼ 1
Pn

i¼1

1
R ið Þ

ð5Þ

where li is the length of each sector.
Figure 7a shows the optical microscope image (sample

#1 in Table 1) of the cell spreading on the pore, in which
the arrow indicates the pore position. For the cells adsorbed

on the FN-coated SiO2 substrate surface, we assume the
thickness of the cleft between the cell and substrate as
75 nm [18] and the resistivity of the electrolyte in the cleft
ρ as 0.72 Ωm [36]. In the model shown in Fig. 6, since the
calculated resistance RJ gives an almost constant value for
n>80, n=100 is used for calculations of all samples, where
n is the sector number defined in Fig. 6. The calculated and

Fig. 5 (a) Schematic cross section of a cell spreading on the pore of an
FN-coated planar ion-channel biosensor substrate. The cell membrane is
separated from the substrate by a cleft of thickness dJ. The cleft is filled
with an electrolyte of resistivity ρ. The resistance of the electrolyte in
the cleft is RJ. R1 and R2 are the resistances of the micropore region and
the well region, respectively. L is the depth of the well. rp and lp are the
radius and the length of the micropore, D is the side length of the

bottom square of the well formed by TMAH etching, and ϕ is the half
of the conical angle. (b) Equivalent circuit of FN-coated substrate and
cell contact. Rm and Cm are the resistance and capacitance, respectively,
of the cell membrane. Cs is the capacitance of the substrate. Ra is the
access resistance which is given by R1 + R2. Re is the additional
resistance originating from the narrow gap between neighboring cells,
which appears only when the confluent cell layer is formed

Fig. 6 Model for calculation of the resistance of the cleft of thickness
dJ between the cell membrane and the FN-coated substrate. The
irregular figure shows a spreading cell on the pore. The sector number
is n. θ=2π/n. rp is the radius of the micropore on the substrate. li is the
length of the sector i
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measured resistance values for three samples are listed in
Table 1.

Figure 7b shows the optical microscope image of a layer
of confluent cells on the substrate. The black circle
indicates the micropore and the white dotted line shows
the cell spreading on the pore. In this case, the seal
resistance Rs was measured to be 8.40 MΩ and the
resistance, RJ + Ra, was calculated to be 5.42 MΩ, therefore
the effective resistance Re due to the confluent effect is
estimated to be 2.98 MΩ.

Formation of perforated whole-cell arrangement
using ionophore and channel current measurements

After spreading of the cell on the pore, gentle suction was
applied to draw a cell into the pore. The seal resistance
increase during this process was typically 2–4 MΩ. Then
DMEM was changed to the bath solution in the upper
chamber and to the pipette solution in the lower chamber.
An ionophore nystatin was used to form the perforated
whole-cell mode by applying it to the lower chamber.
Nystatin inserted into the membrane across the pore in the
substrate makes the cell membrane electrically permeable
without rupturing it. Whole-cell mode formation was
certified by monitoring the change of the total capacitance
Cs + Cm. The total capacitance was typically 100 pF and
gradually increased by about 10 pF about 10 min after
addition of 200 μmol L−1 nystatin solution. Capsaicin
(0.5 μmol L−1), the ligand of TRPV1, was then added in the
upper chamber and washed out, and the whole-cell current

was recorded. Figure 8 shows the whole-cell current of the
TRPV1 channel expressing HEK-293 cell activated by
repeated capsaicin (0.5 μmol L−1) application and wash
out. The first application of capsaicin induces a large
current increase, and the current increase induced by the
second application is weaker. This behavior agrees well
with the report in the literature [37].

Discussion

Figure 3 data shows that surface coating by an extracellular
matrix protein such as FN is essential for fabrication of the
incubation type ion-channel biosensor. The good agreement
between calculated and measured values of Rs, as shown in
Table 1, indicates that the model of the gap between cell and
substrate surface shown in Fig. 5 and the assumed value of
the cleft thickness 75 nm are good approximations. In the
case of the pipette patch clamp, the high seal resistance, a
gigaohm seal, is the important factor when evaluating the
performance of the measurement system. In the case of the
incubation-type ion channel biosensor, however, a gigaohm
seal is difficult to realize due to the existence of the cleft. In
the present system, the current noise measured in Fig. 8 was
60 pA. This noise level corresponds to 20–30 channel
openings, and indicates that this technique is sufficiently
applicable to high-throughput screening for drug discovery.
However, since the whole cell current measured in the neural
cell signal transducing experiments is usually several tens to

Fig. 7 Optical microscope ima-
ges of cells spreading on the
pores in the substrates. The seal
resistance were measured to be
(a) 6.3 MΩ for sample #1 and
(b) 8.4 MΩ for the confluent
cells. The arrows show the
positions of the pores. The white
dotted lines show the cells
spreading on the pores. Round
cells are sitting on the spreading
cells

Table 1 Calculated and measured resistance of cells spreading on the
pores

Sample
(2rp, μm)

Calculated (MΩ) Measured
(MΩ)

R1 R2 RJ Rs R1 + R2 Rs

#1 (1.5) 1.55 0.0028 4.68 6.23 1.3 6.30
#2 (1.2) 2.61 0.0028 4.83 7.44 2.5 7.30
#3 (1.2) 2.61 0.0028 4.67 7.28 2.7 7.40

Fig. 8 Observed whole-cell current of TRPV1-transfected HEK-293
cell activated by repeated capsaicin (0.5 μmol L−1) applications. The
confluently cultured substrate shown in Fig. 7b is used. Desensitiza-
tion in the extracellular solution containing Ca2+ is observed. Holding
voltage is −30 mV. Data are not shown for the dotted line region,
where the signal is significantly disturbed by the noise induced by
washout operations
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hundreds of pA [38], several times lower noise level is
desirable when we apply this technique to analysis of neural
cell function. Furthermore, the position of the pore almost
always deviates from the center of the cell. This may be
improved by incubating the cell on the suitably-patterned
extracellular matrix protein.

Conclusion

By using a substrate coated with the extracellular matrix
protein, FN, planar type ion channel biosensor operation
using the cell cultured on the substrate has been success-
fully demonstrated, although improvements are expected in
the current noise characteristics and cell positioning. The
good agreement between calculated and measured values of
Rs indicates that the model of the gap between cell and
substrate surface and the assumed value of the cleft
thickness, 75 nm, are good approximations.
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