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Abstract—The patch clamp technique has been widely utilized
to measure extremely weak ion channel signals. In patch clamp
technique, the measurement accuracy and duration rely on the
tightness and stability of the seal between the aspirated cell
membrane and the recording micropipette. The current patch
clamp operations utilize a pressure-driven seal formation method
that can only provide a 2D driving force on a small part of
the aspirated cell membrane, which easily causes looseness or
even failures of the seal, significantly limiting the measurement
quality of ion channel signals. Addressing this, a robotic precise
patch clamp measurement method was proposed in this paper.
In this method, a 3D-driven seal formation method is devel-
oped to improve the measurement accuracy and duration of
ion channel signals by providing a tight and stable gigaohm-
scale seal (gigaseal). First, the forces applied by aspiration
pressure and voltage on the aspirated cell membrane inside
the micropipette are analyzed, respectively. Then, a dynamic
model of the gigaseal formation process driven by pressure
and voltage is established to provide a 3D driving force on the
target aspirated cell membrane. Further, a dual-input adaptive
sliding mode controller is developed to form a tight and stable
gigaseal to improve the measurement accuracy and duration in
patch clamp operation. Finally, a robotic precise patch clamp
measurement process was established based on the above work.
Experimental results on CA1 pyramidal neurons of mouse brain
slices demonstrate that, in comparison to the current 2D-driven
method, the proposed patch clamp measurement method has a
30% higher gigaseal formation success rate, 52% higher gigaseal
resistance, and a fourfold increase in the success rate of 1-
hour duration recordings, demonstrating the formation of a
tighter and more stable gigaseal using our method. With the
above advantages, a 3 dB-higher signal-to-noise ratio (SNR) was
achieved, and long-term glycine-induced dynamic increases in
amplitude and frequency of spontaneous excitatory postsynaptic
currents (sEPSCs) were detected using the proposed method.
With aforementioned higher measurement success rate, higher
SNR and longer recording time, our patch clamp recording
is expected to be applied in brain science and nervous system
disease research in the future.

Index Terms—Robotic patch clamp, gigaseal formation, elec-
trophysiological recording, cell micromanipulation, 3D driving
force, electroosmotic flow.
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S INCE its invention by Neher and Sakmann in 1976 [1],
the patch clamp technique has been widely recognized

as the “gold standard” in cellular electrophysiology research
due to its ability to measure the extremely weak ion channel
signals of cells, which are usually at picoampere level (10−12

A) [2], [3]. As shown in Fig. 1, the patch clamp technique
usually utilizes a microsized micropipette filled with conduc-
tive solution and inserted with an electrode wire to aspirate
part of cell membrane into its opening to measure the ion
channel signals. Before measurement, a gigaohm-scale seal
(gigaseal) between the aspirated cell membrane and the inner
surface of the micropipette should be formed first to shield
the environmental electrical noise, enabling the detection of
extremely weak ion channel signals. So, the measurement
accuracy and duration of the ion channel signals in patch
clamp are mainly determined by the tightness and stability
of the gigaseal, respectively. Thereby, to achieve precise and
long-time measurement of ion channel signals, a tight and
stable gigaseal is required in patch clamp.

In conventional patch clamp operations [4], the operator
empirically applies gentle suction pressure inside micropipette
to aspirate part of cell membrane to form a gigaseal. As shown
in Fig. 1, the cell membrane aspirated into micropipette usually
has an Ω-shape. The aspiration pressure mainly generated
pulling force on the free top surface of the aspirated cell
membrane. The force being exered on the side surface of
the aspirated membrane adhering to the inner wall of the
micropipette is ignorable in comparison. Thus, only a 2D
planar driving force is exerted on the top surface of the 3D Ω-
shaped aspirated cell membrane during gigasealing formation
process. When the above 2D driving force on free top surface
is not balanced with the friction force between side surface and
the inner wall of the mciropipette, it may cause the aspirated
cell membrane to fold, tear or detach [5] from the inner wall
of the micropipette during gigaseal formation porcess, which
finally leads to looseness or even failures of the gigaseal. To
form a tight and stable gigaseal, an extra driving force on the
side surface of aspirated cell membrane is prefered to form
a 3D whole driving force of the aspirated cell membrane,
making the aspirated cell membrane in a balanced state to
creep smoothly along the inner wall of the micropipette to
form a high quality gigaseal.

In recent years, numerous approaches have been reported
to improve the tightness and stability of gigaseal. Since the
tightness and stability of the gigaseal are positively correlated
with the adhesion between the cell membrane and the inner
surface of the micropipette, these efforts mainly focus on
enhancing the adhesion. For example, adding reducing agents
[6] or changing the ionic composition [7] in the bath solution

This article has been accepted for publication in IEEE Transactions on Instrumentation and Measurement. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TIM.2025.3635816

© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: NANKAI UNIVERSITY. Downloaded on November 29,2025 at 02:22:56 UTC from IEEE Xplore.  Restrictions apply. 



2

electroosmotic
flow

ion
channel

lipid
bilayer

cytoskeleton

negative
pressure

electrode wire

negative
voltage

membrane

neuron

objective
lens

pressure
channel

digitizeramplifier
electrode

wire

electronic
regulator

gigaseal

micropipette
electrode

micropipette
electrode

top surface

side surface

computer

Fig. 1. The schematic diagram of gigaseal formation in patch clamp operation.

has been shown to enhance the adhesion between the cell
membrane and glass surface by modifying the properties of
the cell membrane surface. However, the effects of reducing
agents and ions on biological systems limit these methods to
being used only for specific ion channel studies. Fire polishing
of the micropipette [8] or modifying the hydrophilicity of its
surface through chemical methods [9] have also been reported
to improve the adhesion of the cell membrane. However,
since the micropipette is usually single-use for each recording,
these methods for micropipette treatment significantly increase
the cost and complexity of the recordings. Moreover, the
above methods enhance the tightness of the gigaseal by
modifying the surface properties of the cell membrane or the
micropipette, but they do not consider the effect of the gigaseal
driving process on the tightness and stability of the seal.

In recent years, research on robotic patch clamp systems
has made significant progresses due to the rapid development
of computer technologies and robotics. However, according to
the best of our knowledge, few of them have made significant
improvements in the quality of the gigaseal. For example, the
planar patch clamp system uses a microhole array connected
with a pump to aspirate multiple floating cells and measure
them at one time automatically [10]. However, the hole-in-
plane structure makes it hard to form a tight and stable
gigaseal, which makes the final sealing impedance in the plane
patch clamp usually smaller than that of conventional patch
clamp system. Besides, the hole-in-plane structure makes the
plane patch clamp system not suitable for adherent cells
or cells in vivo. The blind patch clamp systems utilize the
measured impedance of the micropipette electrode to conduct

patch clamp operation on adherent cells and even cells in
vivo automatically without visual feedback [11]. However, a
lack of visual guidance usually leads to lower success rates of
gigaseal formation in comparison to conventional patch clamp
systems. As improvements, differential interference contrast
(DIC) imaging [12] and two-photon microscopy imaging [13]
which are able to depict label-free neurons in brain slices and
the fluorescence dye-labeled neurons in live animal brains,
respectively, have been utilized to conduct robotic patch clamp
on these cell types. Specially, we previously developed a
robotic patch clamp system utilizing the measured 3D cell
morphology to select an appropriate contact point on cell
surface to perform gigaseal formation [14] thereby improving
the success rate of gigaseal formation. In addition, we designed
a robotic stepwise micropipette navigation process [15] that
nearly doubled the operation speed of the micropipette from
its initial position to the target neuron surface. The previously
reported automated methods and our own previous work have
all focused on the micropipette navigation step of the patch
clamp operation. However, in the essential gigaseal formation
step, they still relied on empirically preset pressures [10]–[14]
or only provided a 2D driving force that mimic manual opera-
tion [15], thereby limiting improvements in gigaseal tightness
and stability. Therefore, a new robotic gigaseal formation
method is still desired to improve the tightness and stability
of gigaseal, and thereby, increase the recording accuracy and
duration of the patch clamp.

As mentioned before, to facilitate the formation of a tight
and stable gigaseal, an extra driving force is preferred to
be generated on the side surface of the aspirated membrane
to form a 3D driving force combined with aspiration pres-
sure. The creeping of the aspirated cell membrane along the
glass surface of the micropipette has been observed to be
voltage-sensitive by Gil et al. [16]. Suchyna et al. [5] further
found that applying positive and negative voltages to the
micropipette can respectively promote and inhibit the creeping
of the membrane patch along the micropipette in suitable
solutions. They attributed this effect to electroosmosis caused
by the charges present on both the membrane and the glass.
Therefore, the voltage applied to the micropipette can induce
electroosmotic forces on the side surface of the aspirated cell
membrane adhering to micropipette. Compared to pressure-
induced force which only acts concentrately on the free top
surface membrane (see Fig. 1), the electroosmotic force is
more precise and uniformly distributed at the side surface of
aspirated membrane. Thus, it may be utilized in conjunction
with pressure to provide a 3D force to drive the aspirated cell
membrane to smoothly creep along inner wall of micropipette,
finally forming a tight and stable gigaseal.

In this paper, a robotic precise patch clamp measurement
method was realized based on a tight and stable gigaseal. A
novel 3D-driven gigaseal formation method is developed to
improve the tightness and stability of gigaseal, and thereby in-
crease the accuracy and duration of patch clamp measurement
method. First, the forces applied by aspiration pressure and
voltage on the aspirated cell membrane inside the micropipette
are analyzed, respectively. Then, a dynamic model of the
gigaseal formation process driven by pressure and voltage
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is established to provide a 3D driving force on the target
aspirated cell membrane. Further, a dual-input adaptive sliding
mode controller is developed to form a tight and stable
gigaseal to improve the measurement accuracy and duration in
patch clamp operation. Finally, a robotic precise patch clamp
measurement process is established based on the above work.
The robotic whole-cell patch clamp experiments on 20 CA1
pyramidal neurons of mouse brain slices demonstrate that in
comparison to the conventional 2D-driven method and the re-
ported automated gigaseal methods, the proposed patch clamp
measurement method has a significantly higher success rate in
gigaseal formation (85% vs. 55% and 60%, n=20) and higher
final seal resistance (3.09±0.58 GΩ (n=17) vs. 2.03±0.62
GΩ (n=11) and 2.13±0.56 GΩ (n=12)). Further, a fourfold
increase in the number of successful long-time (longer than
one hour) measurement of ion channel signals was achieved in
comparison to both the conventional method and the reported
automated method (8 vs. 2 and 2 successful 1-hour recordings
in 20 trials), proving the improved stability of the gigaseal
formed using our method. Potentially attributed to the above
tighter and more stable seal, our method achieves a 3 dB higher
signal-to-noise ratio (SNR) (12 dB vs. 9 dB) in the measure-
ment of spontaneous excitatory postsynaptic currents (sEPSCs)
in comparison to the above two methods. Additionally, action
potentials and sEPSCs of the target neurons measured using
the proposed method prove no significant negative influence
on electrophysiological activities of operated cell using our
method. Besides, a 32% dynamic increase in amplitude and a
132% dynamic increase in frequency were observed in sEPSC
recordings using our method after 60 minutes of glycine
treatment. The results prove the effectiveness of our robotic
patch clamp measurement method in investigating the long-
term variations of electrophysiological activities of neurons
induced by drugs, which is of great meaning in the study
of pathological and pathogenic mechanisms of neuron system
diseases and their potential treatment research. With the above
advantages, our method is highly expected to be applied in
brain science and nervous system disease research.

II. SYSTEM SETUP

The precise patch clamp measurement method was per-
formed using the robotic patch clamp system developed within
our laboratory [14]. As shown in Fig. 2, an immovable stage
mounted on a vibration-isolation table is utilized to position
the storage chamber containing brain slices. A standard upright
microscope (Eclipse FN1, Nikon) mounted on the motor stage
capable of moving in X-Y plane (with a travel range of 50
mm×50 mm, a maximum speed of 1 mm/s, and repeata-
bility of ±0.1 µm; MP285, Sutter Instrument) is utilized
to observe the neurons. A CCD camera (IR-2000, DAGE-
MTI) is mounted on the microscope to acquire images at
60 fps. A motorized focus device (with a repeatability of
±0.1 µm; ES10ZE, Prior) is installed on the microscope to
position the focal plane. An X-Y -Z micromanipulator (with
a working space of 50 mm×50 mm×50 mm, a maximum
speed of 1 mm/s, and repeatability of ±0.1 µm; MP285, Sutter
Instrument) is used to position the micropipette. A signal
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Fig. 2. Robotic patch clamp system setup.

amplifier (Multiclamp 700B, Axon Instruments) and a data
acquisition device (DAQ USB-6211, National Instruments) are
used for voltage control and signal acquisition, respectively.
An in-house developed pneumatic control box provides an
aspiration pressure with a range from −5 psi to 15 psi
and a resolution of 10 Pa. The custom-developed human-
machine interface (HMI), written in C++, controls all the
aforementioned hardware in a multi-threaded manner. The
HMI allows the operator to monitor the system state in real-
time, such as resistance values, pressure values, manipulator
positions, imaging, and error warnings, etc. It also supports
manual intervention during automated patch clamp processes
when necessary.

The preparation of mouse brain slices and micropipettes
can be found in the “Materials Preparation” section of the
“Supplemental file.docx”. All experimental procedures in-
volving mice were approved by the Committee for Animal
Experimentation of the College of Life Sciences at Nankai
University (No. 2008) and were performed in accordance
with the NIH Guidelines for the Care and Use of Laboratory
Animals (No. 8023, revised in 1996).

III. KEY METHODOLOGIES AND TECHNOLOGIES

To achieve a smoother and more controllable gigaseal
formation process for tight and stable gigaseal, the driving
forces of aspiration pressure and voltage in gigaseal formation
are modeled, respectively. Then a dynamic model of gigaseal
formation process under the combined 3D driving force pro-
vided by pressure and voltage is established. Based on the
above work, a dual-input adaptive sliding mode controller is
designed to control the gigaseal formation process along the
designed smooth sealing resistance trajectory.

A. Pressure-Induced Force Modeling in Gigaseal Formation

The force induced by the pressure on the cell membrane
aspirated into micropipette is analyzed in this section.

First, the geometry of the micropipette tip in the gigaseal
formation region is reasonably simplified to facilitate the
following analysis. Although the tip of the micropipette is
typically conical due to the pulling process, it is often post-
polished [8], [17] to smooth the tip for improving sealing
process, which reduces the variation of inner diameter of
the tip. Since the gigaseal only forms at the very tip of
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the micropipette, where the variation in diameter is relatively
small, the inner diameter of the micropipette tip is modeled
as a constant in the following analysis.

The aspirated cell membrane usually has Ω-shape under
high resolution microscopy [18] (see Fig. 3). The portion of
the cell membrane adheres to micropipette (side surface) due
to the lipid-glass adhesion interaction (caused by hydrogen
bonds, van der Waals forces, etc. [19]). The remaining portion
of the membrane not in contact with the inner wall of
micropipette (top surface) forms a freestanding dome under
the aspiration pressure.

Strictly speaking, when the pressure ∆P is applied inside
the micropipette, the resulting force on the aspirated cell mem-
brane comprises two components: the force directly acting on
the freestanding top surface and the force acts on the adhered
side surface exerted by the pressure induced flow. The above
two forces are analyzed and compared as follows.

1) The force directly acting on the top surface: Considering
that the volume of the aspirated membrane patch is only at the
cubic micron scale, containing a limited amount of proteins
and cytoskeleton, their effects are neglected in the following
analysis. Under these conditions, an ideal freestanding mem-
brane with a radius of curvature Rf satisfies the Laplace law
[18], [20]

Tf =
∆PRf

2
(1)

where Tf is the surface tension of the freestanding membrane,
indicating the force per unit length, Rf is the radius of
curvature of the freestanding membrane. At the interface
between the freestanding and adhered membrane (see Fig.
3), Tf2 is the component of Tf perpendicular to the surface
of the micropipette, which balances with the maximum line
adhesion tension between the membrane and the micropipette.
Meanwhile, Tf1 is the component of Tf parallel to the surface
of the micropipette, which is the source of the force that pulls
the cell membrane to creep along the micropipette. According
to (1) and the geometric relationships, Tf1 can be calculated
as

Tf1 = Tf cosβ =
∆PRf

2

Rp

Rf
=

∆PRp

2
(2)

where β is the contact angle between the membrane and the
inner surface of the micropipette, and Rp is the inner radius
of the micropipette. Thus, the force directly acting on the
membrane which pulls the cell membrane can be calculated
as

Fp = 2πRpTf1 = πRp
2∆P (3)

2) The force exerted by the pressure induced flow on side
surface: Assuming that the adhesion structure between the
aspirated cell membrane and the glass is flat common black
films [21], which contain a free liquid layer with a thickness
of about 10 nm between a hydrophilic lipid layer and a glass
surface (see Fig. 3). When the pressure ∆P is applied across
this liquid layer, it induces a parabolic Poiseuille flow of low-
Reynolds number [19]:

uy(x) =
1

2η

∆P

L
x(h− x) (4)

where uy(x) is the velocity of the laminar flow in the direction
of y, with a velocity distribution along the x-axis, η is the
kinematic viscosity of the liquid, L is the length of the
adhered membrane, and h is the thickness of the liquid layer.
According to Newton’s law of viscosity, the force exerted by
this flow on the membrane surface can be obtained as

Fs = τp · S = −η duy
dx

∣∣∣∣
x=0

· 2πRpL = πRph∆P (5)

where S is the area of the adhered cell membrane, τp is the
shear stress exerted by the flow on the side surface, indicating
the force per unit area in the direction of y.

The thickness of the liquid layer h (approximately 10 nm)
is much smaller than the inner radius of Rp (approximately
1−2 µm), which means Fs ≪ Fp according to (3) and (5).
Therefore, in the two components of the pressure’s effect on
the cell membrane, the force exerted by the pressure induced
flow within the liquid layer can be ignored. Thus, the force
induced by pressure mainly acts on the top surface of the
aspirated membrane, providing a 2D driving force.

B. Voltage-Induced Force Modeling in Gigaseal Formation

Due to the relatively negative potential inside the cell
compared to the outside during the resting phase, the outside
of the cell membrane is positively charged [19]. Additionally,
in standard aCSF (Artificial Cerebrospinal Fluid) with a pH =
7.4, the micropipette surface shows cation adsorption due to
chemical reactions between glass and ions, resulting in positive
charges on its surface as well [22]. In the adhesion structure
between the aspirated membrane and the inner surface of
the glass micropipette in Section III(A), when a potential
is applied across the liquid layer, it satisfies the conditions
required for electroosmotic flow: an electric double layer, elec-
trolyte solution, an applied electric field across a channel of
suitable dimensions [22], [23]. The net charge in the solution,
generated by the aforementioned electric double layers, will
move due to the Coulomb force induced by the electric field,
resulting in electroosmotic flow (see Fig. 3).
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In the electroosmotic flow under an applied potential ψp

with low-Reynolds number, the balance between viscous fric-
tion and Coulomb force satisfies the Navier-Stokes equation

η
d2uy
dx2

+ ρeEy = 0 (6)

where Ey = −ψp/L is the electric field in the direction of y,
ρe is net-charge density in the solution, which is described by
the Poisson-Boltzmann equation [22]

∇2ψ = − ρe
ε0εr

= −
∑
αie0Ci∞ exp(−αieψ/kBT )

ε0εr
(7)

where ψ is the electric potential distributed along the x-axis, ε0
is vacuum electrical permittivity (ε0=8.854×10−12F/m), εr is
the relative permittivity with respect to vacuum of the solution,
e0 is the electron charge, αi and Ci∞ are the valence and
the bulk concentration of type ith ion respectively, kB is the
Boltzmann constant (kB=1.380649 ×10−23J/K), and T is the
absolute temperature of the solution.

Substituting (7) into (6) obtains

η
d2uy
dx2

− ε0εrEy
d2ψ

dx2
= 0 (8)

Integrating equation (8) twice obtains (9) and (10), respec-
tively.

η
duy
dx

− ε0εrEy
dψ

dx
= k1 (9)

ηuy(x)− ε0εrEyψ(x) = k0 + k1x (10)

According to the boundary conditions, the fluid velocity
uy(x) at both the top and bottom walls is zero, which means
uy(0) = uy(h) = 0. Substituting these boundary conditions
into (10) obtains

k1 = ε0εrEy
ψ(0)− ψ(h)

h
(11)

Substituting (11) into (9), and according to Newton’s law
of viscosity, the shear stress τe, which represents the force per
unit area in the direction of y exerted by the electroosmotic
flow on the cell membrane, is obtained by

τe = η
duy
dx

∣∣∣∣
x=0

= −ε0εr(
ψ(0)− ψ(h)

h
+ ψ′(0))

ψp

L
(12)

where the surface potential ψ(0) of the membrane, the surface
potential ψ(h) of the micropipette and the potential gradient
ψ′(0) are determined by the cellular state, the composition and
the pH of the solution.

Consequently, the force induced by the voltage ψp on the
side surface of aspirated cell membrane is

Fv = τe · S = −2πRpε0εr(
ψ(0)− ψ(h)

h
+ ψ′(0))ψp (13)

After the gigaseal is established, applying voltage to the
micropipette changes the potential difference between the
inside and outside of the membrane. The potential difference
exceeding the threshold may activate some voltage-gated ion
channels on the membrane. Therefore, the voltage is applied
only before the gigaseal is established and is subject to the
constraint ψc ≤ ψp ≤ 0mV, where ψc is the lower constraint
of the applied voltage.
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Fig. 4. Force analysis and electrical model of gigaseal formation. (a) The
main forces involved in gigaseal formation. Forces generated by the pressure
and voltage is represented by Fp and Fv, respectively. The adhesive force
between the membrane and the micropipette is represented by Fa. The
viscoelastic force of the cell is represented by Fve. (b) The electrical model of
gigaseal formation. The distributed resistance at the membrane-glass adhesion
region is represented by Rseal. The cell membrane inside the micropipette is
modeled as a parallel resistance-capacitance circuit, represented by Rm1 and
Cm1, while the cell membrane outside the micropipette is modeled by Rm2

and Cm2. The series resistance between the amplifier and the micropipette
is represented by Rs. The capacitance of the micropipette glass wall is
represented by Cp.

C. The Dynamic Model of Gigaseal Formation Process Under
Combined 3D Driving Forces of Pressure and Voltage

According to the viscoelastic properties of the cell de-
scribed by the Kelvin-Voigt model [24], the cell membrane
being drawn into the micropipette is subjected to the cell’s
viscoelastic forces Fve. Additionally, as shown in Fig. 4(a),
under the combined action of pressure and voltage, the cell
membrane aspirated inside the micropipette is subjected to
the 3D forces generated by the pressure and voltage, as well
as the frictional force Fa due to adhesion between membrane
and glass interaction. Consequently, the resultant force on the
cell membrane within the micropipette is obtained as

F = Fp + Fv − µa2πRpL− keL− kvL̇ (14)

where µa is the frictional force per unit area of the adhered
cell membrane [25], which is assumed here to be constant
under small velocity variations, ke and kv are the elastic and
viscous coefficients of the cell, respectively.

Substituting (3) and (13) into (14), and according to New-
ton’s law, the dynamic model of the aspirated cell membrane
in the micropipette is

F =mL̈

=πRp
2∆P + 2πRpε0εr(

ψ(0)− ψ(h)

h
+ ψ′(0))(−ψp)

−µa2πRpL− keL− kvL̇
(15)

where m is the mass of the cell membrane in the micropipette.
In patch clamp experiments, due to the interior of the tilting

micropipette is usually invisible, the length L of the aspirated
cell membrane in the micropipette is hard to be measured by
imaging. Addressing this, an electrical model of gigaseal is
established as shown in Fig. 4(b). Due to the high resistance
Rm1 and Rm2 of the membrane lipid bilayer [26] and the small
series resistance Rs in the circuit, the measured resistance R
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is approximately equal to the resistance Rseal of the adhered
region, which is commonly used to assess the condition of the
seal as feedback. The adhered region has been demonstrated
to have distributed resistance [1], assuming that this resistance
is uniformly distributed across it, and given that h≪ Rp, the
relationship between the membrane length L and the measured
resistance R is expressed as

L =
R

ρ
2πRph (16)

where ρ is the electrical resistivity of the seal media [3]. Let
x = L, u1 = ∆P , u2 = −ψp, a = −kv

m , b = −µa2πRp+ke
m ,

c =
πRp

2

m , and d =
2πRpε0εr

m (ψ(0)−ψ(h)h + ψ′(0)). Under
experimental conditions, c and d are both positive. Equation
(15) can be rewritten as

ẍ = aẋ+ bx+ cu1 + du2 + f(t) (17)

where f(t) is a function of both the unknown internal dy-
namics (including the dynamic changes of membrane proteins,
cytoskeleton, etc.) and the external disturbance. It is assumed
that the disturbance is uniformly bounded and there exists
positive constants δ1 and δ2 that |f(t)| ≤ cδ1 + dδ2.

In the model represented by equation (17), some parameters
are uncertain and dynamic in experiments, making them
difficult to be precisely measured. The above parameters
include the mass of the cell membrane in the micropipette, the
potential distribution in the liquid layer between the adhered
membrane and the glass, and the viscoelastic coefficients
of the cell. Addressing this, a dual-input adaptive sliding
mode controller (ASMC) is designed to facilitate the gigaseal
formation under the combined inputs of pressure and voltage
in the presence of various parameter uncertainties. Details of
the controller design and the stability proof are provided in
the “Controller Design for 3D-Driven Gigaseal Formation”
section, while the simulation results, including a comparison
between the single-input PID controller using pressure only
(SI-PID) and the dual-input PID controller using both pressure
and voltage inputs, are presented in the “Simulation of Dual-
Input ASMC” section of the “Supplemental file.docx”.

D. Robotic Precise Patch Clamp Measurement Process Based
on 3D-driven Gigaseal Formation

A robotic precise whole-cell patch clamp measurement
process based on 3D-driven gigaseal formation method is
established as shown in Fig. 5(a). First, the micropipette
is automatically lowered until a circuit current is detected,
indicating that the tip enters the extracellular solution. When
the micropipette tip is bathed in the solution, a low positive
pressure of 0.5 psi is applied inside the micropipette to
generate a fine flow out of the micropipette opening, reducing
clogging issues. The objective lens is then lowered to focus
the micropipette tip into view and move it to the image
center using image processing [27]. Further, the system lowers
the objective lens and micropipette simultaneously until the
neurons on the surface of the brain slice are in focus. During
this process, the micropipette tip is kept at 50 µm above the
focal plane to avoid touching the tissue. After the target neuron

is selected by mouse clicking, the micropipette approaches
the cell surface from above based on the calculated relative
position between the cell and the micropipette tip. During the
process, the resistance is monitored in real time. When the
resistance rises to a threshold (set in the experiments to be
0.5 MΩ higher than the bath resistance), the opening of the
micropipette is considered to be covered by the cell membrane.
Details of the robotic micropipette navigation process before
gigaseal formation can be found in the “Robotic Micropipette
Navigation Process” section of the “Supplemental file.docx”.

Then the dual-input ASMC begins to operate, increasing
the seal resistance along the desired trajectory, which is
determined through forces analysis of the gigaseal formation
process and experimental experience from more than 500
gigaseal formation trials. During gigaseal formation, the cell
membrane inside the micropipette is mainly subjected to the
following forces: viscoelastic forces Fve of the membrane, the
adhesion force Fa between the adhered membrane and the
micropipette, and the forces Fp and Fv applied by pressure
and voltage, respectively. Analysis of numerous experiments
indicates that the membrane aspiration process can be divided
into three phases: (i) In the starting stage, only a small
portion of the membrane is aspirated into the micropipette
tip, and the adhesion force is weak. To prevent detachment,
rapid aspiration is required, so the seal resistance needs to
increase rapidly. (ii) In the middle stage, the membrane creeps
along the inner wall of the micropipette. To ensure smooth
gigaseal formation, the seal resistance should increase at a
constant rate. (iii) In the ending stage, once the seal resistance
reaches the GΩ level, a sufficient length of membrane has
been aspirated into the micropipette. To avoid overstretching
and potential damage of the membrane, the applied pressure
and voltage are stopped. At this stage, the adhesion force
is large enough to maintain membrane attachment to the
micropipette wall, allowing the seal resistance to gradually
stabilizes. Based on the above force analysis and experimental
observations, the desired trajectory is set as a function which
initially increases with a constant acceleration of aL, then
continues to rise at a constant velocity vL until the resistance
reaches gigaohm-scale (see the desired trajectory in Fig. 6).
Subsequently, when the seal resistance reaches GΩ level, the
pressure and voltage inputs are stopped to prevent the cell
membrane from being damaged due to excessive stretching.
The seal structure then gradually stabilizes under the influence
of forces such as membrane-glass adhesion. When the absolute
value of the resistance variation rate remains below 10 MΩ per
second for more than 30 seconds, the gigaseal is considered
to be stable and considered as the final seal resistance. The
parameters of the desired trajectory were further refined using
resistance trajectory data recorded from experienced operators.
The parameters of the model and the desired trajectory set are
listed in Table I.

Then, negative pressure pulses with an amplitude of −5 psi
and a duration of 1 s determined through previous research
[28] are repeatedly applied inside the micropipette to break
the membrane patch at the micropipette tip, thereby estab-
lishing a whole-cell configuration for signal recordings. It is
considered a successful whole-cell recording in this system if
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Fig. 5. The robotic patch clamp process based on 3D-driven gigaseal
formation method. (a) The flow chart of the robotic patch clamp process.
(b) The control diagram of the robotic patch clamp system.

the resistance decreases to less than 500 MΩ within 5 pulses
(set based on the protocol described in [28]). Spontaneous
excitatory postsynaptic currents (sEPSCs) are then recorded
with the membrane potential clamped at −70 mV.

During the above robotic patch clamp process, the PID con-
trollers are designed to control the motion of the micropipette,
microscope and focus device. The control diagram of the
robotic patch clamp system is shown in Fig. 5(b). Details of the
control diagram can be found in the “Control Diagram of the
Robotic Patch Clamp System” section of the “Supplemental
file.docx”. The above robotic patch clamp process is shown in
the “Robotic Precise Patch Clamp Recording Process.mp4”.

IV. EXPERIMENTAL RESULTS

A total of 60 healthy CA1 pyramidal neurons were ran-
domly selected from 20 brain slices (3 neurons for each slice)
obtained from 10 four-week-old mice (2 slices for each mice).
These neurons were randomly divided into three groups, each
containing 20 neurons. The first group was operated manually
by an operator with one year of patch clamp experience
using the conventional method, in which negative pressure was
generated with the piston of a 1 mL syringe to aspirate the
cell membrane [4], [8]. The second group was performed on
our system using the reported automated method [12], with an
empirically preset small negative pressure ranging from −0.2
to −1.0 psi applied during gigaseal formation process through
a pneumatic control box. The third group was performed using
the method proposed in this paper.

First, gigaseal formation experiments were conducted to
compare the success rate and quality of gigaseal formation

TABLE I
PARAMETERS OF THE MODEL

symbol value symbol value
Rp 1 µm ψ(0) 60 mV
m 1.017×10−11 g ψ(h) 30 mV
ke 1.3×10−3 N/m ψ′(0) 30 mV/nm
kv 9.6×10−3 kg/s ψc −70 mV
µa 600 N/m2 ρ 0.85 Ωm
εr 80 aL 4 MΩ/s2
h 1 nm vL 52 MΩ/s
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Fig. 6. Time course of the desired resistance, the measured resistance, the
applied pressure, and the applied voltage during the gigaseal formation process
using the proposed method.

using the above three methods. The number of successful
gigaseal and the final seal resistance were compared to evalu-
ate the tightness of gigaseal. Then, electrophysiological signal
recording experiments were conducted to compare the success
rate, SNR and duration of signal recording achieved by the
above three methods. The number of successful whole-cell
recordings, the SNR of the recorded sEPSCs, and the number
of successful 60-minute recordings were compared. Finally, in
order to validate the advantages of the high-quality long-time
recordings achieved by the proposed methods in neuroscience
research, long-time glycine-induced sEPSCs in the CA1 region
were recorded and analyzed.

A. Gigaseal Formation Experiments

The success rate of gigaseal formation critically impacts the
efficiency of patch clamp recordings. In the experiments, a fi-
nal seal resistance reaching the gigaohm-scale was considered
a successful gigaseal formation. The time course of the desired
resistance, the measured resistance, the applied pressure, and
the applied voltage during a gigaseal formation process using
the gigaseal formation control method is shown in Fig. 6. The
average root mean square error (RMSE) of tracking errors
for the desired resistance trajectory is only 58.85 MΩ (n=17),
which is less than 1.9% of the final seal resistance, indicating
that our method achieved a smooth gigaseal formation process.
As shown in Fig. 7(a), the conventional method, the reported
automated method, and the proposed method achieve gigaseal
formation success rates of 55% (11/20), 60% (12/20), and
85% (17/20), respectively. The superior success rate of the
proposed method over the other two methods demonstrates that
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the proposed gigaseal formation control method significantly
enhances the success rate of gigaseal formation.

After achieving a gigaohm-scale seal resistance, the pressure
and voltage inputs were stopped. The final seal resistances
described in Section III(D) of three groups were compared.
The experimental results shown in Fig. 7(b) demonstrate that
the conventional method, the reported automated method,
and the proposed method achieved final seal resistances of
2.03±0.62 GΩ (n=11), 2.13±0.56 GΩ (n=12), and 3.09±0.58
GΩ (n=17), respectively. The final seal resistance achieved by
the proposed method is statistically significant higher com-
pared to the conventional method (with ***p=0.00009) and
the reported automated method (with ***p=0.0001). As the
final seal resistance of gigaseal is positively correlated with the
adhesion tightness between the cell membrane and the inner
wall of the micropipette, the higher seal resistance achieved by
the proposed method indicates that our method forms tighter
gigaseals. The higher tightness of the seal is likely attributable
to the 3D driving force instead of 2D driving force, and
the smooth creeping of the cell membrane achieved by our
method during gigaseal formation process, which enhances its
adhesion to the inner wall of the micropipette. The higher final
seal resistance is beneficial for the stability of the gigaseal
structure and the SNR in subsequent signal recordings.
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Fig. 7. Experimental results of the conventional method, the reported
automated method, and the proposed method. (a) The number of successful
gigaseal formation, whole-cell recordings, and 1-hour recordings for each
group, with each group consisting of 20 trials. (b) The final seal resistances.
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Fig. 8. Signal recordings of patch clamp whole-cell configuration after the
operation of the proposed method. (a) The micropipette and the target neuron
during the recording. (b) Action potentials recorded from the target neuron
with a 1000 ms-long current injection pulse at 100 pA. (c) sEPSCs recordings
with a holding potential of −70 mV. The trace of sEPSC is shown in the box
on the right. The above recording is the current obtained using the proposed
method with a final seal resistance of 3.9 GΩ, while the below recording is
the current obtained using the conventional method with a final seal resistance
of 1.2 GΩ.

B. Electrophysiological Signal Recording Experiments

After the gigaseal resistance stabilized, negative pressure
pulses were applied to break the cell membrane aspirated into
micropipette, thereby establishing the whole-cell recording
configuration. The experimental results in Fig. 7(a) show that
the conventional method, the reported automated method, and
the proposed method achieved successful whole-cell recording
configurations for 6, 6, and 14 times, respectively. The higher
success rate of whole-cell recording achieved by the proposed
method is mainly attributable to the higher quality of the
gigaseal.

The micropipette and target neuron during whole-cell con-
figuration recording are shown in Fig. 8(a). Action potentials
generated by the neuron in response to a 1000 ms-long
current injection pulse at 100 pA are shown in Fig. 8(b).
sEPSCs are electrical signals that result from the spontaneous
release of neurotransmitters at excitatory synapses. Fig. 8(c)
shows sEPSCs recorded from the neuron with the holding
potential in the micropipette maintained at −70 mV. The above
results prove limited negative influences of our method on
neurons. The SNR is estimated using the sEPSC signal in
according to the “Signal-to-noise Ratio Calculation” section
in the “Supplemental file.docx”. For sEPSCs of approximately
20 pA, the SNR of recordings using the proposed method is
about 12 dB, which is 3 dB higher than the 9 dB achieved
with the conventional method and 2 dB higher than the 10
dB achieved with the reported automated method. The higher
SNR may be attributed to the higher seal resistance achieved
by our method.

Long-time recordings of sEPSCs are important for studying
synaptic transmission and plasticity [29]. Therefore, after

This article has been accepted for publication in IEEE Transactions on Instrumentation and Measurement. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TIM.2025.3635816

© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: NANKAI UNIVERSITY. Downloaded on November 29,2025 at 02:22:56 UTC from IEEE Xplore.  Restrictions apply. 



9

TABLE II
PERFORMANCE COMPARISON

indicator conventional
method [4]

automated
method [12]

proposed
method

gigaseal
formation

55%
(11/20)

60%
(12/20)

85%
(17/20)

gigaseal
resistance

2.03±0.62 GΩ
(n=11)

2.13±0.56 GΩ
(n=12)

3.09±0.58 GΩ
(n=17)

whole-cell
recording

55%
(6/11)

50%
(6/12)

82%
(14/17)

60-minute
recording

33%
(2/6)

33%
(2/6)

57%
(8/14)

SNR 9 dB 10 dB 12 dB

establishing the whole-cell recording configuration, sEPSCs
were continuously recorded for 1 hour to monitor long-
term synaptic activities. The experimental results shown in
Fig. 7(a) demonstrate that, in 20 trials for each group, the
conventional method, the reported automated method, and
the proposed method achieved 2, 2, and 8 successful 1-hour
sEPSC recordings, respectively. These results show that the
proposed method achieves a fourfold increase in the number
of long-time recordings, compared to both the conventional
method and the reported automated method. The higher suc-
cess rate of long-term recording may also be attributed to the
formation of a tighter and more stable gigaseal achieved by
our proposed method.

In the above experiments, key indicators for gigaseal for-
mation tightness and stability, including gigaseal formation
success rate, gigaseal resistance, whole-cell recording success
rate, 60-minute recording success rate, and SNR, were com-
pared among the proposed method, the conventional method,
and the reported automated method [12], and the results are
summarized in Table II.

C. Long-Time Glycine-Induced sEPSCs Recording Experi-
ments

It has been reported that glycine plays an important role in
activation of synaptic receptors [30], [31]. In an additional 5
long-time recordings using the proposed method, we studied
the impact of glycine on the long-term induction of sEPSCs in
CA1 hippocampal neurons. In each recording, the amplitudes
and frequencies of sEPSCs were initially recorded 10 minutes
before the application of glycine as a control group. Then
the bath and perfusion solutions were replaced with aCSF
containing 100 µM glycine, and the amplitudes and frequen-
cies of sEPSCs were recorded for 60 minutes following the
application of glycine (see Fig. 9(a)). The amplitudes and
frequencies of sEPSC were normalized to the values from
initial 10 minutes before the application of glycine. The whole
60-minute recording of Fig. 9(a) and the normalized values for
each time period can be found in Fig. S5 and Table SI in the
“Supplemental file.docx”, respectively.

The results in Fig. 9(b)-(c) demonstrate that following the
application of glycine for 15−60 minutes, both the ampli-
tudes and frequencies of sEPSCs increased (with a normal-
ized amplitude of 1.32±0.21 and a normalized frequency of

Fig. 9. Long-time sEPSC recordings before and after glycine application.
(a) Current signals recorded before 10 minutes and after 60 minutes of
glycine application (the downward peaks are sEPSCs). (b) Normalized sEPSC
amplitude from 0 to 60 minutes after glycine application. (c) Normal-
ized sEPSC frequency from 0 to 60 minutes after glycine application (0
minute, 0.96±0.25, 45 minute, 2.88±0.62, ∗p=0.008, 60 minute, 2.32±0.81,
∗p=0.014).

2.32±0.81 at 60 minutes, ∗p=0.014). This could be attributed
partly to the activation of postsynaptic N-methyl-D-aspartate
receptors (NMDARs) by glycine, which induces long-term
potentiation (LTP) [30].

The above results demonstrate the effectiveness of our
robotic patch clamp method in investigating the long-term
variations of electrophysiological activities of neurons induced
by drugs. This is of great meaning in research on pathological
and pathogenic mechanisms of neuron system diseases and
their potential treatments.

V. DISCUSSION

Gigaseal formation is fundamental to the success rate and
quality of patch clamp measurement. Our paper involves
adjusting the pressure and voltage to generate a 3D driving
force to promote gigaseal formation along a smooth, desired
trajectory. Although this process may take longer than con-
ventional manual method (approximately 30 s compared to
20 s), it results in a higher-quality gigaseal. Consequently,
both the final seal resistance and success rate are superior to
those achieved by conventional method. While our method
adds a few seconds to the operation time, this slight increase
in operation time is negligible in the context of the overall time
required for whole-cell patch clamp recordings, which can last
for tens of minutes [32]. Researchers prioritize the success rate
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and quality of long-time whole-cell recording. This advantage
significantly enhances the potential for broader applications of
our method.

In this paper, the whole-cell patch clamp success rate of the
proposed robotic method is significantly higher than that of the
automated method proposed in [12] (70% vs. 30%). It is worth
noting that the success rate of that automated method in this
paper is lower than the reported success rates in [12] (64% and
37% in rodent visual and somatosensory cortices and human
cortex, respectively). This is mainly because the success rate
of the patch clamp method can be influenced by many factors,
such as mouse age, brain region, incubation condition, room
temperature, as well as the geometrical parameters of mi-
cropipette and the contact point and depth on cell surface. Even
with the same gigaseal formation method, the success rate
may vary across experiments conducted on different samples.
Therefore, in our comparison of the conventional method,
the previously reported automated method, and our proposed
method, all experiments were conducted on pyramidal neurons
in CA1 region in brain slices obtained from four-week-old
mice under similar conditions. All the micropipette was pulled
by a pipette puller with the same parameters and 4-7 MΩ bath
resistance. The micropipette contact point was consistently
chosen as the center of the ellipse-fitted cell contour, and
the contact depth, estimated by the resistance increase, was
consistently set to 0.5 MΩ above the bath resistance. The
experimental comparison in this paper provides an objective
evaluation of the advantages of our method.

It is worthy noting that there are still some limitations of
this study. Although gigaseal formation is an essential step, the
performance of patch clamp recordings can also be affected by
many other factors. For example, before gigaseal formation,
the micropipette tip is required to be sufficiently covered
by the cell membrane to facilitate membrane aspiration into
the micropipette. Therefore, the contact point selection be-
tween the micropipette opening and the 3D neuron surface
is important because it can affect the contact angle between
the micropipette opening and the cell surface, which further
affects the covered area of micropipette opening by the cell
membrane before membrane aspiration. In this paper, we used
the conventional method of pressing the cell from its center
point to make the micropipette tip covered by cell membrane.
Analyzing the 3D morphology of the cell could help determine
better contact points, thereby increasing the covered area of the
micropipette opening by the membrane and further promoting
gigaseal formation. In addition, after gigaseal formation, the
conventional break-in method, which applies a large negative
pressure pulse, is still used to rupture the membrane. This
approach may disturb the seal between the membrane and the
inner wall of the micropipette, thereby affecting its tightness
and stability. Using other low-disturbance break-in methods,
such as the perforated break-in technique, is expected to
further improve the performance of patch clamp recordings.
Moreover, there are still some control errors of resistance using
our method. These errors may be attributed to the assumptions
made in the modeling in Section III, such as the cylindrical
shape assumption of the micropipette tip, the common black
film assumption of the adhesion, and the solid wall assump-

tion of the cell membrane. Although the designed adaptive
controller can improve the performance of this system, the
models can still be optimized in the future by investigating
the effects of pressure and voltage on membrane creep under
high-resolution microscopy. In this way, the control error of
our method may be further improved in the future.

Gigaseal formation is an essential operational step in all
patch clamp configurations, including cell-attached, whole-
cell, inside-out, and outside-out configuration. In this paper,
our proposed gigaseal formation method was applied to single-
micropipette whole-cell patch clamp experiments on brain
slices, which is the most popular patch clamp configurations
due to its ability to measure the ion channels signals on the
whole cell membrane. Since the method does not rely on visual
guidance, it can be extended to all patch clamp configurations
and applied to various cell types, including adherent cells,
as well as in vivo systems such as blinded and labeled
patch clamp. In vivo and multi-micropipette experiments will
encounter more disturbances such as animal respiration, heart-
beat, or the movement of other micropipettes, which have
higher demands on the stability of gigaseal formation. In
the future, the proposed robotic method and system can be
specifically adapted to other patch clamp configurations and
cell types. For example, in in vivo patch clamp systems,
the micropipette resistance controller will need to be robust
against disturbances caused by respiration and heartbeat on
micropipette resistance. The proposed method will further val-
idate its effectiveness in improving the success rate and quality
of patch clamp recordings in more complex environments and
under various disturbances.

The main contribution of this paper is improving the tight-
ness and stability of gigaseal formation, thereby enhancing the
recording success rate and precision, and extending the dura-
tion of patch clamp recordings. This improvement is expected
to benefit a wide range of studies. For example, in behavioral
studies on awake animals, even with head fixation, body move-
ments, breaths and pulses in vessels can generate significant
disturbances to patch clamp recordings, making a tight and
stable gigaseal more essential for precise recordings of ion
channel signals. In addition, in pharmacological studies on
disease models, long-term patch clamp recordings are required
to monitor the sustained and dynamic effects of drugs on cells,
thereby extending the recording duration is therefore crucial.
We have observed a long-term increase in the amplitude
and frequency of sEPSCs in CA1 neurons following glycine
application, which is similar to the results from reference [30],
[31]. In the future, we will block potential glycine receptors to
exclude their effect on sEPSCs and perform longer recordings
using the proposed method to investigate the glycine-induced
LTP. Although our method has not yet been applied to disease
animal models, its higher success rate for long-time recordings
and improved SNR are expected to enable its use in the future
to study the pathogenesis, pathological mechanisms, and even
drug screening for neurological diseases in disease mouse
models.
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VI. CONCLUSION

This paper presents a robotic precise patch clamp mea-
surement method based on 3D-driven seal formation method
to improve the measurement accuracy and duration of ion
channel signals by providing a tight and stable gigaseal.
First, the forces applied by aspiration pressure and voltage
on the aspirated cell membrane inside the micropipette are
analyzed, respectively. Then, a dynamic model of the gigaseal
formation process driven by pressure and voltage is established
to provide a 3D driving force on the target aspirated cell mem-
brane. Further, a dual-input adaptive sliding mode controller
is developed to form a tight and stable gigaseal to improve the
measurement accuracy and duration in patch clamp operation.
Finally, a robotic precise patch clamp measurement process
was established based on the above work. Whole-cell patch
clamp experiments on CA1 pyramidal neurons of mouse brain
slices demonstrate that, in comparison to the current 2D-driven
method, the proposed patch clamp measurement method has a
significantly higher success rate in gigaseal formation (85% vs.
55% and 60%), higher final seal resistance (3.09 GΩ vs. 2.03
GΩ and 2.13 GΩ), and a fourfold increase in successful long-
time recordings compared to both the conventional method and
the reported automated method (8 vs. 2 and 2 successful 1-
hour recordings in 20 trials), demonstrating a tighter and more
stable gigaseal produced by our method. In sEPSC recordings,
our method achieves a 3 dB higher SNR (12 dB vs. 9 dB).
Based on long-time recordings using our method, long-term
glycine-induced increases in amplitude (32%) and frequency
(132%) of sEPSCs were detected. With above advantages, our
method is expected to facilitate the research on pathological
and pathogenic mechanisms of neuron system diseases and
their potential treatments.
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